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First principle calculations of point defect formation energies in group 3 - 6 transition metal 

(Me) nitrides MeNx are employed to explain the thermodynamic reasons for the large reported 

compositional range (typically x = 0.7-1.3) in the rocksalt structure. Both under-stoichiometric (x 

< 1) and over-stoichiometric (x > 1) compositions are due to relatively low vacancy formation 

energies that decrease from an average of 2.7 and 4.5 eV for nitrogen and cation vacancies in group 

3 nitrides (ScN, YN, LaN) to -1.8 and -0.8 eV in group 6 nitrides (CrN, MoN, WN), indicating 

that they become thermodynamically stable at zero temperature for group 6 and for group 4 – 6 

nitrides, respectively. Similarly, nitrogen and cation interstitials in tetragonal and 111- or 110-split 

configurations are unstable for groups 3-5 but become thermodynamically stable for group 6 

nitrides, consistent with the mechanical instability of the latter compounds. All antisite defects 

possess high formation energies and are unlikely to form. The nitrogen chemical potential at finite 

temperatures and in equilibrium with a N2 gas is strongly affected by the vapor phase entropy, 

leading to shifts in the defect free energy of, for example, 1.2 eV at 1 Pa N2 at 800 K, causing an 

increasing likelihood for nitrogen vacancies and cation interstitials at elevated temperatures. In 

addition, the configurational entropy of point defects causes a correction of e.g. 0.4 eV for a 1% 

vacancy defect concentration at 800 K. Considering these entropy contributions leads to predicted 

temperature windows for stoichiometry of e.g. 200-1100 K for TiN, 500-1400 K for ZrN, and 

1200-1400 K for HfN, while considerable cation and nitrogen vacancy concentrations are expected 

for temperatures below and above these ranges, respectively. Schottky pair defects are predicted 

in VN for T > 200 K and in NbN, TaN, and group 6 nitrides at all temperatures, independent of 

the N2 partial pressure. The overall results show that thermodynamic arguments (even in the 

absence of kinetic barriers) can explain many of the reported composition vs temperature and 

pressure relationships in rocksalt structure nitrides. 
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I. Introduction 

Transition metal nitrides are widely used as hard [1–4] and protective [5,6] coatings and as 

diffusion barrier layers [3,7–14] due to their excellent thermal stability, mechanical properties, and 

corrosion resistance [1,3,7,8,14–18]. Stoichiometric nitrides of the early transition metals 

generally crystallize in the rocksalt structure, including ScN [19], TiN [20], HfN [8], ZrN [21], 

VN [22], NbN [23], TaN [16], CrN [24], MoN [25], WN [26], although hexagonal phases of  NbN 

[27,28], MoN [29–31], TaN [32] and WN [33] have also been reported, indicating that growth 

conditions such as temperature and pressure influence the crystal structure. In addition, most of 

these nitrides exhibit large single-phase fields, that is, they exhibit a rock-salt structure over a 

considerable composition range. For example, rock-salt TiNx has been synthesized for x ranging 

from 0.67 – 1.3 [34–38], suggesting a considerable point defect concentration that results in the 
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reported compositional variation. In fact, it is often difficult to experimentally synthesize 

stoichiometric transition metal nitrides, which has been attributed to these refractory nitrides 

having high kinetic barriers for stoichiometric nitride formation including N2 dissociation but also 

exhibiting nitrogen loss at high temperature as reported for NbN [23], CrN [24], HfN [39], WN 

[26], TaN [16], and MoN [25], leading to the formation of point defects. In many cases, it is unclear 

which point defect type is responsible for the deviation from stoichiometry, as cation and anion 

vacancies, interstitials, and antisite substitutions all can result in comparable composition 

variations and have been proposed for various transition metal nitrides [23,34,36,39–45].  

Point defects cause significant changes to the structural, electrical and mechanical 

properties of transition metal nitrides. For example,  both cation and anion vacancies in semi-

conducting or semi-metallic rocksalt ScN [46,47] induce metallic conduction by acting as n- and 

p-type dopants. Vacancies also cause dramatic changes in mechanical properties, decreasing the 

elastic modulus for TiN [34,48], increasing the modulus for NbN [23] and HfN [49], and 

stabilizing the mechanically unstable cubic structures of WN [50] and MoN [26,51]. Furthermore, 

vacancies contribute to stabilizing thermodynamically metastable structures such as TixW1-xB2 

[52], Ti1-xAlxN [53], Mo1-xAlxN [54], and MoN [25,51]. Experimental studies have reported the 

presence of point defects for a range of transition metal nitrides, including TiN [36,40,41,55], HfN 

[40,42], ZrN [40,43], NbN [23,28], TaN [45,56] and CrN [44,57], suggesting the presence of 

cation/anion vacancies and anion interstials in these nitrides. In addition, some computational 

studies have explored the energetics of point defects in group 4 - 6 nitrides and found that anion 

vacancies are thermodynamically unfavorable for TiN  [58], ZrN  [58], HfN  [42,58], and magnetic 

CrN  [59], but are stable for MoN [60], TaN [60,61], and WN [50],  while cation vacancies are 

thermodynamically stable for all the above mentioned nitrides. Anion interstitials, meanwhile, are 

found to be thermodynamically stable for MoN [60], and TaN [60,61]. However, a comprehensive 

study of the various point defects in the transition metal nitrides of group 3-6 and a resulting 

prediction of the likely point defect for each nitride is still missing. In summary, point defects 

considerably affect the physical properties of transition metal nitrides. However, there is no 

established knowledge regarding which point defects are most likely to form for specific nitrides. 

This motivates our study focusing on the point-defect energetics of all transition metal nitrides that 

most commonly crystallize in the rocksalt structure. 

In this paper, we calculate the formation energies for cation and nitrogen vacancies, 

interstitials, and antisite defects using first principle methods. We find that anion and cation 

vacancies are the lowest energy defects, with formation energies decreasing with increasing group 

and row and becoming negative (indicating thermodynamic stability) for cation vacancies in group 

4 - 6 and for nitrogen vacancies in group 6 nitrides. Antisite defects in all nitrides and cation 

interstitials in group 3-5 nitrides have high formation energies and are therefore unlikely to form. 

Finite temperature effects are primarily due to the configurational entropy and the entropy of the 

N2 gas that the nitride is in equilibrium with. Both entropy terms cause a reduction in the overall 

defect energy with increasing temperature for those point defects which cause nitrogen deficiency 

such as nitrogen vacancies and cation interstitials. In contrast, the two dominating entropy 

contributions are competing for the case of defects which cause excess nitrogen content including 

cation vacancies and nitrogen interstitials. As a result, many nitrides exhibit a temperature range 

over which an approximately stoichiometric composition is thermodynamically stable, while a 
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considerable cation and nitrogen vacancy concentration is expected at low and high temperatures, 

respectively. 

 

II. Computational Procedure 

First principle calculations are performed with the Vienna ab initio simulation package 

(VASP) using a plane wave basis set, periodic boundary conditions, the Perdew-Burke-Ernzerhof 

generalized gradient approximation exchange correlation functional [62], and the projector-

augmented wave method [63]. Computational parameters were chosen such that the total cohesive 

energy of 64-atom supercells is converged to within 0.1 eV, corresponding to approximately 1 

meV/atom. This included a 500 eV energy cut off for the plane wave basis set and a Γ-centered 

6×6×6 k-point mesh. All calculations were done with cubic 64-atom 2a×2a×2a supercells where 

a is the lattice constant of the conventional 8-atom unit cell of the rock-salt structure. Convergence 

with respect to the super cell size was explored with larger 128-atom supercells with lattice vectors 

along <111> type directions that are 2 3 a long. This leads to calculated formation energies for, 

for example, a nitrogen vacancy, a tetrahedral nitrogen interstitial, and a nitrogen antisite defect in 

TiN that deviate by 0.021, 0.007, and 0.073 eV, respectively, from the result using the 64-atom 

supercell, indicating a defect-energy convergence for TiN < 0.1 eV. We assume the uncertainty to 

be approximately translatable to the other nitrides, such that all reported defect energies are 

expected to have an accuracy of ~0.1 eV.   

The total energy Econfig of defect-containing supercells is calculated by allowing atomic 

positions and the unit cell volume to relax until the energy is converged to 10-4 eV while 

constraining the cell to retain cubic symmetry even if the symmetry of the point defect does not 

exhibit cubic symmetry. In our study, the only defects which break the cubic symmetry are split 

interstitials. Test calculations of split interstitials in TiN indicate that the energy reduction due to 

cell shape relaxation is only 0.04 eV, which is below our overall computational accuracy of 0.1 

eV. Thus, the type of unit cell relaxation has a negligible effect on the presented formation 

energies. In addition, the approach of constraining the supercell to remain cubic corresponds to the 

expected overall average cubic structure of a crystal with randomly orientated point defects, as 

expected for experimental nitride growth. 

The formation energy Ef  of a point defect is determined using  

Ef  = Econfig – nMe μMe - nNμN,  (1) 

where Econfig is the total energy calculated for a particular relaxed configuration, μMe and μN are the 

chemical potentials of the transition metal and nitrogen, and nMe and nN are the number of transition 

metal and nitrogen atoms in the supercell, respectively. The chemical potential of nitrogen at zero 

temperature o

N  = -8.317 eV is the zero-temperature formation energy of a single nitrogen atom 

in a nitrogen molecule which is obtained by calculating the energy of a nitrogen molecule in a 

15×15×15 Å3 cube. The zero-temperature chemical potential of the transition metal is determined 

from o

Me  = EMeN/32 – o

N , where EMeN is the calculated energy of a defect-free 64-atom super 

cell. That is, we calculate the formation energy of defects using as standard states molecular 

nitrogen and rock-salt structure stoichiometric transition metal nitride. Finite temperature and 
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pressure effects due to volume changes are negligible, but affect the configurational entropy and 

the chemical potentials due to the entropy of the N2 gas, as discussed in more detail in Section IV. 

As an alternative to using the stoichiometric nitride and N2 gas as standard states, the defect 

formation energies can also be calculated with respect to the transition metal in its pure metallic 

ground state. For this purpose, the energy of the metal is calculated using a 2-atom hcp-structure 

unit cell for group 4 metals and a 2-atom bcc structure for group 5 and 6 metals. These calculations 

are done with the same 500 eV energy cut-off as used for the nitride calculations, however, with a 

larger 16×16×16 k-point mesh because of the smaller Brillouin zone. The lattice constant of the 

reference metals is obtained by fully relaxing the unit cell shape and volume until an energy 

convergence of 10-4 eV is achieved. Then, the zero-temperature chemical potential o

Me  of the 

metal atom is set equal to the calculated cohesive energy per atom, and used to calculate the 

formation energy of a defect. Clearly, the value for o

Me  here is different from above (where o

Me  

= EMeN/32 – o

N ), which means that the choice of the standard state of the metal affects the 

calculated point-defect formation energies. We note that both approaches to define o

Me have 

merit. More specifically, (i) defining energies using the metal in its ground state is the most 

common approach in thermodynamics, while (ii) the common experimental synthesis of transition 

metal nitride layers by reactive sputter deposition or related methods occurs in a nitrogen gas or 

mixed nitrogen-argon atmosphere that guarantees that the flux of N2 molecules impinging on the 

growing layer surface is typically 2-4 orders of magnitudes larger than the metal atom flux. 

Correspondingly, nitrogen exists both within the nitride and in its gaseous (N2) state while metal 

atoms always form nitride (in the rocksalt structure) without any pockets of metal in its native 

crystal structure, suggesting that choosing the metal nitride and N2 gas as standard states for all 

point defect configurations is most relevant from an experimental perspective. Hence, in Section 

III both pairs of standard states are used to present the calculated energies, while the subsequent 

Discussion Section IV uses (for the purpose of clarity and applicability) only the metal nitride and 

N2 gas as the standard states. More specifically, we present all calculated formation energies using 

stoichiometric nitride and N2 gas as reference states. In addition, for defects where nN > nMe, we 

also present values for Ef where o

Me  is determined from the metallic reference state and 

correspondingly o

N  = EMeN/32 – o

Me .  

Ten different point-defect types are investigated for each of twelve transition metal nitrides, 

including cation and anion vacancies, cation and anion antisite substitutions, and cation and anion 

interstitials with different symmetry. A cation or anion vacancy corresponds to one missing metal 

or nitrogen atom in the 64-atom unit cell, resulting in compositions of Me31N32 or Me32N31, 

respectively, where Me stands for the transition metal atoms. Cation or anion antisite defects are 

formed by a metal or nitrogen atom replacing an atom of the opposite type, leading to compositions 

of Me33N31 or Me31N33, respectively. Correspondingly, interstitial defects have compositions of 

Me33N32 or Me32N33. Both tetrahedral interstitial and split interstitial symmetries are explored: 

Tetrahedral interstitials occupy sites with a fractional position (1/8, 1/8, 1/8) in the cubic 64-atom 

supercell and have four cation and four anion nearest neighbors. Split interstitials are formed by 

two atoms of the same type occupying a single lattice site. For example, a split110 nitrogen 

interstitial corresponds to a configuration where two nitrogen atoms are positioned such that the 

center of mass of the two atoms lies on an anion lattice position and the unit vector connecting the 
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two nitrogen atoms is oriented along the <110> direction. Split interstitials with <111> and <100> 

orientations are also explored, but the split100 interstitials have considerably higher formation 

energies and are omitted in the following Results Section III that presents split110, split111, and 

tetrahedral interstitials. The effect of temperature on the entropy of the N2 gas is calculated using 

the Sackur-Tetrode equation [64] which calculates the entropy of an ideal gas using contributions 

from translational, rotational and vibrational degrees of freedom from statistical thermodynamics. 

The characteristic temperatures for rotational and vibrational degrees of freedom of N2 molecules 

used in these entropy calculations are 2.86 and 3340 K, respectively. 

 

III. Results   

Figure 1 is a plot of the calculated zero-temperature formation energy Ef of vacancy defects 

in nitrides of group 3 - 6 transition metals, which are also summarized in Table I. The solid circles 

and squares indicate Ef of cation and nitrogen vacancies with the zero-energy reference states being 

molecular nitrogen and defect-free rock-salt structure nitride, while the open circles show Ef for 

the cation vacancies when using the native elemental metal ground state as metal reference state, 

e.g. Ti in its hcp structure, as described in detail in Section II. The open circles have values that 

are o

MS  higher than the closed circles, where o

MS  is the chemical potential difference of the 

metal atom between the standard states, as also listed in Table I, which corresponds to the negative 

of the energy for formation of rock-salt nitride from elemental metal and molecular nitrogen.  

ScN has cation and anion vacancy formation energies of 5.1 and 3.1 eV. These values 

decrease when moving down in the group to YN with Ef = 4.9 and 3.1 eV and LaN with Ef = 3.6 

and 1.9 eV. The positive values indicate that both cation and nitrogen vacancies are energetically 

unfavorable for group 3 nitrides. The nitrogen vacancy formation energies of group 4 nitrides have 

similar positive values, with Ef = 2.5, 3.2, and 3.2 eV for TiN, ZrN, and HfN, which are in good 

agreement with previously reported computational results indicating 2.41 eV [58,65] for TiN, 3.15 

eV [58] and 3.22 eV [66] for ZrN, and 3.51 eV [58] and 3.12 eV [42] for HfN. On the contrary, 

the cation vacancy formation energies are negative, -0.2, -0.5, and -1.6 eV for TiN, ZrN, and HfN, 

respectively, indicating thermodynamic stability for metal vacancies in these nitrides. We note that 

the energies become positive, when correcting for entropy effects at finite temperatures, as 

discussed in Section IV. Also, using metal as reference state leads to positive Ef = 3.3, 3.0, and 1.9 

eV for TiN, ZrN, and HfN, indicating thermodynamic stability against dissociation of 

stoichiometric nitrides into nitrogen-rich (cation vacancy containing) nitrides and pure metal. 

These latter values are in good agreement with the previously reported 3.28 eV [65] for TiN, 2.91 

eV [66] for ZrN and 1.87 eV [42] for HfN.  

The vacancy formation energies decrease further when moving to the right in the periodic 

table to group 5 nitrides, with Ef = -0.7, -2.1, and -3.4 eV for metal vacancies in VN, NbN, and 

TaN, and Ef = 0.9, 0.9, and 0.0 eV for the corresponding nitrogen vacancies. The latter is in 

agreement with previously reported 0.1 eV for the formation of a nitrogen vacancy in TaN [61].  

These low and negative values indicate an increasing thermodynamic driving force for vacancy 

formation in rock-salt structure group 5 nitrides. The formation energy for cation vacancies is low, 

even if using the V, Nb, and Ta metal as reference states, yielding Ef = 1.3, -0.1, and -1.7 eV. The 

latter value is in good agreement with the reported -1.8 eV for cation vacancies in TaN [60,61]. 
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For group 6, all calculated vacancy formation energies are negative, ranging from -0.6 eV for an 

anion vacancy in CrN to -4.9 eV for a cation vacancy in WN, indicating a strong thermodynamic 

driving force for vacancy formation in group 6 nitrides. We note that, for consistency purposes, all 

calculations are done for stoichiometric non-magnetic cubic rock-salt structure nitrides, despite 

that their ground state may be a different phase. More specifically, the reported zero-temperature 

ground state for CrN is antiferromagnetic and has a 1.7° distorted structure with a magnetic 

moment of 2.4 µB [67–69]. We calculate for CrN in the antiferromagnetic phase vacancy formation 

energies of 1.8 and 1.6 eV for cation and anion vacancies, respectively, in reasonable agreement 

with the reported 2.28 eV [59]  for nitrogen vacancies. Similarly, MoN is most stable in a 

monoclinic phase [51], and the reported ground state for WN is a NbO phase [15,50,70]. The fact 

that the rock-salt phase of these three nitrides is thermodynamically unstable is consistent with 

both anion and cation vacancies having negative formation energies. This is because the latter 

indicates that the energy of the rock-salt phase can be reduced without changing its composition 

by the introduction of vacancies, which effectively means that lower-energy phases exist. 

The overall data in Fig. 1 indicates an increasing preference for the formation of both cation 

and anion vacancies when moving both down the group and along the period for nitrides of metals 

from groups 3-6. This suggest a decreasing stability of nitrides in the rocksalt structure with 

increasing group, that is when moving to the right in the periodic table. We attribute the decreasing 

stability to the filling of overlapping metal d-t2g orbitals, which increase the importance of cation-

cation bonds, therefore favoring structures with a reduced distance between neighboring metal 

ions. Conversely, the introduction of cation and/or anion vacancies reduces the number of electrons 

and therefore the filling of metal d-t2g orbitals, stabilizing the rocksalt structure. Similar arguments 

have previously been used to explain the mechanical stability/instability of transition metal nitrides 

[71–73]. Particularly, the defect-free rocksalt phase of group 6 nitrides (for which both the anion 

and cation vacancies are thermodynamically favorable) is mechanically unstable due to 

overlapping d-t2g orbitals which result in negative shear moduli [26,50,51,67,70,74,75]. We note 

that the magnetic character of CrN plays an important role in mechanically stabilizing the rocksalt 

structure, with a reported negative and positive shear modulus for paramagnetic and 

antiferromagnetic  rocksalt-structure CrN, respectively [74,75]. The vacancy formation energy 

also decreases while moving down the group. We attribute this to the increasing overlap of d-t2g 

orbitals associated with the increased screening when moving down in the periodic table. 

Correspondingly, moving down favors a reduced electron density in metal d-orbitals, which is 

facilitated by the introduction of vacancies.  

A Schottky pair is a defect structure consisting of an anion and a cation vacancy. Its 

formation or annihilation does not affect the overall composition, that is, Schottky defects can form 

within nitrides without the need to adsorb or release nitrogen from/to the vapor phase. 

Correspondingly, their formation energies are unaffected by the chemical potentials μMe and μN 

which are dependent on the reference state, particularly the chosen metal phase and the entropic 

effects in the N2 gas, as discussed in Sections II and IV, respectively. Therefore, Schottky defects 

are unaffected by external parameters and represent a valuable discussion point. Here we 

determine their formation energy from the sum of the calculated Ef values for cation and nitrogen 

vacancies, neglecting the interaction energy between opposite vacancy defects. The formation 

energy for Schottky pairs decreases with increasing group number, similar to individual vacancies. 

It is positive for all group 4 nitrides but becomes negative, indicating thermodynamic favorability, 
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for NbN and TaN with Ef = -1.2 and -3.4 eV, respectively. This is supported by experimental 

reports which suggest vacancies of both types being present in these nitrides [16,23,28,56]. 

Schottky vacancy pairs are even more stable for group 6 nitrides, with Ef = -2.1, -4.4 and -7.5 eV 

for non-magnetic CrN, MoN and WN, respectively. This is again supported by experimental 

observations of cation and nitrogen vacancies in MoN and WN [25,26,76]. CrN, as mentioned 

previously, exhibits magnetic ordering which stabilizes the structure and increases the vacancy 

formation energies.  

Figure 2 is a plot of the antisite defect formation energies for the same twelve rocksalt-

structure transition metal nitrides. A cation antisite refers to a point defect where a metal atom 

replaces a nitrogen atom on an anion site, leading to a metal-rich nitride composition. 

Correspondingly, the anion antisite defect exhibits a substitutional nitrogen atom on a cation site, 

resulting in a nitrogen-rich compound. All plotted values use molecular nitrogen and 

stoichiometric nitride as reference states. The corresponding values with metal as reference state 

can be obtained by correcting Ef by o

MS , which is listed in Table I. For example, the cation 

antisite defect formation energy for ScN of 15.7 eV (plotted in Fig. 2 and also listed in Table I) is 

corrected by subtracting two times o

MS for ScN, leading to 7.9 eV for the case where Sc metal is 

the reference state. The factor two is due to the Sc antisite defect resulting in two more Sc than N 

atoms. The plotted data indicates a general trend of a decreasing defect formation energy when 

moving towards the right in the periodic table, with Ef for the anion antisite defect decreasing from 

9.0 eV for ScN to 2.9 eV for WN, while Ef for the cation antisite defects range from 5.3 to 18.9 

eV. These large formation energies indicate a strong thermodynamic driving force for the 

annihilation of antisite defects. Correspondingly, we envision that antisite defects can only form 

under kinetically limited synthesis conditions that involve energetic particles as in ion-beam 

deposition methods or plasma processing including sputter deposition. 

 Figure 3(a) shows the formation energy for nitrogen interstitials in rock-salt structure 

transition metal nitrides. The plot includes three configurations, split110, split111 and tetrahedral, as 

described in Section II. The nitrogen interstitial with the lowest energy configuration for group 3 

nitrides is the split110 configuration, with Ef = 3.9, 2.6, and 0.8 eV for ScN, YN, and LaN, 

respectively. The formation energy of the split111 is just 0-0.3 eV higher, and for the case of ScN 

is degenerate (within the 0.1 eV accuracy) with the split110. Conversely, Ef for the tetrahedral 

configurations are 3.0-3.3 eV higher, rendering their formation very unlikely. The preference for 

the split configurations may be associated with the relatively large lattice constant of group 3 

nitrides, providing sufficient space for nitrogen dumbbells in either a split110 or split111 orientation.  

In contrast, for nitrides of group 4 and 5 transition metals (Ti through Ta), the tetrahedral nitrogen 

interstitial has a similar formation energy as the competing configurations, and is in fact the lowest-

energy interstitial configuration for ZrN, HfN, NbN, and TaN, while the first-row transition metal 

nitrides TiN and NbN prefer the split110 configuration. The preference for the more symmetric 

tetrahedral configuration may be the smaller induced strain in combination with increasing non-

directional metallic bonding that is facilitated by weaker screening and a higher valence electron 

concentration when moving down and to the right in the periodic table, respectively. We note, 

however, that the larger entropy of the split interstitials may favor them over the tetrahedral 

configurations at finite temperatures, as discussed in Section IV. The calculated formation energies 

agree well with previous studies. For example, Ef = 4.4 eV for the split110 N vacancy in TiN is in 

good agreement with the reported 4.60 eV [58] and 4.33 eV [65]. Similarly, Ef = 2.7 and 2.6 eV 
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for the tetrahedral N interstitial in ZrN and HfN is in good agreement with the reported 2.7 eV [66] 

for ZrN and 2.66 eV [42] for HfN. The plotted Ef values decrease steeply when moving down in 

column 5, from 3.1 eV for VN to 0.9 and -0.8 eV for NbN and TaN. This trend indicates a 

decreasing stability of the rock-salt structure, consistent with previous studies which report the 

competing hexagonal phase of TaN to be the most stable at the 1:1 composition [56,77,78], and 

dynamic instability of all three group 5 transition metal nitrides [75,79–81]. Similarly, and even 

more pronounced, the plotted Ef for group 6 decreases from -4.3 for CrN to -8.0 eV for MoN to -

14.9 eV for WN. These negative values are consistent with the reported thermodynamic instability 

of the rock-salt structure for group 6 nitrides [25,50,51,74,79]. 

Figure 3(b) is a plot of the corresponding cation interstitial formation energies. All nitrides 

of transition metals from groups 3-5 (ScN through TaN) exhibit cation interstitial Ef values that are 

larger than 5 eV, which renders them unlikely to form. The formation energies remain positive 

(with the exception of LaN) even when choosing the alternative metallic reference state to define 

the cation chemical potential, done by subtracting o

MS  from the plotted Ef values. For example, 

Ef = 11.2, 14.1, and 15.6 eV for TiN, ZrN, and HfN reduces to 7.7, 10.6 and 12.8 eV, respectively, 

when using metallic reference states. These values are in reasonable agreement with the previously 

reported 8.28 eV [65] for TiN, 10.41 eV [66] for ZrN and 11.01 eV [42] for HfN. The positive Ef 

values for metal interstitials indicate that there is a thermodynamic driving force for segregation 

of cation interstitials to form metallic precipitates. In contrast, group 6 transition metal nitrides 

exhibit negative cation interstitial formation energies of -2.9, -4.2, and -7.7 eV for their lowest-

energy tetrahedral configurations in CrN, MoN, and WN, respectively. These relatively large 

negative values are attributed to the rocksalt phase not being the lowest energy structure for these 

nitrides, such that the interstitial metal atoms nucleate a structural relaxation that lowers the overall 

energy. We note here that both cubic MoN [25,51,82] and cubic WN [26,50] are more stable in 

the NbO phase than in the rocksalt phase. The NbO phase can be described as a rocksalt structure 

containing vacancies on 25% of both cation and anion sites. Correspondingly, one would expect 

vacancies in MoN and WN to be more stable than interstitials, opposite to the results presented 

here and listed in Table I. We attribute this difference to (i) the NbO phase exhibiting a (low 

energy) dense ordered vacancy array while our calculations (in contrast) determine formation 

energies of isolated vacancies and (ii) the atomic relaxations for these mechanically unstable MoN 

and WN rocksalt phases are stronger for supercell calculations containing interstitials (which cause 

compressive strain) than vacancies which cause tensile strain and tend to stabilize the rock-salt 

phase [25,50].   

IV. Discussion  

This discussion section is divided into two parts: We first discuss finite temperature effects 

by estimating the configurational entropy contributions and changes in the chemical potential of 

the N2 gas during nitride synthesis, leading to shifts in the defect formation energies from the zero-

temperature results presented in the previous section. Secondly, we discuss which point defects 

are most likely to account for deviations from a stoichiometric 1:1 metal-to-nitrogen ratio in rock-

salt structure transition metal nitrides.  

A. Finite temperature effects 
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Thin film deposition of transition metal nitrides is done at various temperatures, typically 

within the range T = 300-1200 K. In contrast, all calculations in this manuscript are done at zero 

temperature and, correspondingly, all formation energies presented in Section III are T = 0 K 

values. Here we discuss how temperature may affect the presented Ef values in order to more 

appropriately apply the results to thin film synthesis. The thermodynamics of the point defect 

formation energy is affected by the temperature in various aspects. However, many of them can 

be neglected within the accuracy of 0.1 eV of the present study. For example, temperature causes 

an increase in the lattice constant and a corresponding increase in the average bond length which 

directly reduces the defect formation energy, however, by a negligible amount of < 0.01 eV, as 

estimated using Cp = Cv + VTBα2 and ΔH = Cp ΔT, where Cp and Cv are the heat capacities at 

constant pressure and volume, B is the bulk modulus, α is the volumetric thermal expansion 

coefficient and ΔH is the change in formation energy due to change in temperature. Also, the 

mechanical work performed during expansion of the nitride due to either temperature or the 

introduction of a point defect is very small, < 10-6 eV per atom or defect at atmospheric pressure 

and < 10-11 eV at a typical vapor deposition pressure of 1 Pa (7 mTorr).  

In contrast, the configurational entropy due to the introduction of defects contributes 

significantly to the overall free energy and thus the free energy for defect formation. The 

contribution due to the configurational entropy associated with the random distribution of point 

defects is determined from statistical thermodynamics using a combinatorial approach which 

yields for vacancies TSconfig = -kBT (lnξ + (1-ξ)ln(1-ξ)/ξ), where Sconfig is the entropy per defect, ξ 

is the defect concentration in units of number of defects per cation site, and kB is the Boltzmann 

constant. The configurational entropy of antisites is determined with the same expression as that 

of vacancies, while the configurational entropy of Schottky defects is twice that of vacancies. For 

interstitials, TSconfig = -kBT (lnλξ + (1-λξ)ln(1-λξ)/λξ), where λ = 1/6, 1/4 and 1/2, for split110, split111 

and tetrahedral configurations, respectively, because there are six <110> and four <111> directions 

for the orientational alignment of the split interstitial, and there are two tetrahedral sites per cation 

lattice site in the rocksalt structure. 

Figure 4(a) shows the contributions from the different defect types to the configurational 

entropy. It is plotted as -TSconfig vs temperature, indicating by how much the configurational 

entropy reduces the free energy per defect. The solid green line is for a ξ = 1% concentration of 

vacancies. It increases from 0 eV at 0 K to 0.2, 0.5 and 1.0 eV at 500, 1000, 2000 K, illustrating 

the decreasing free energy for vacancy formation with increasing temperature. This energy 

correction is more pronounced at small defect concentrations, as indicated by the dashed and dash-

dotted lines for ξ = 0.1% and 10%, respectively, with the largest plotted correction of 1.4 eV for ξ 

= 0.1% at 2000 K. Fig. 4(a) also shows the contribution to the free energy from the configurational 

entropy for a Schottky defect with a concentration of 1%, which corresponds to 1% of cation and 

1% of anion sites being vacant. It is twice that of a vacancy defect and is therefore 0.5, 1.0, and 

1.9 eV at 500, 1000, and 2000 K, respectively. The configurational entropy for the interstitial 

defects is also larger than for the vacancies, because of the larger number of possible 

configurations. More specifically, -TSconfig of tetrahedral, split111, and split110 interstitials is larger 

than for the vacancy defects by approximately kBT ln(2), kBT ln(4), and kBT ln(6), corresponding 

to a total -TSconfig at 2000 K of 1.1, 1.2, and 1.3 eV, respectively. 

The vibrational free energy including the zero point vibrational energy and the contribution 

from the vibrational entropy TSvib also contribute to the free energy of point defects in transition 
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metal nitrides. For example, using a characteristic frequency of 1013 s-1 for a high-energy acoustic 

or a low-energy optical mode [75,79,83,84], the entropy contribution from a single oscillator is 

TSvib = 0.09, 0.3, or 1.1 eV at 500, 1000, or 2000 K, suggesting that vibrational contributions can 

be considerable. However, previous detailed studies employing complete vibrational spectra 

indicate much smaller average contributions [85], reporting, for example, a vibrational free energy 

per atom in CrN of 0.08, 0.02, and -0.15 eV at 0, 500, and 1000 K, respectively [85]. These values 

are comparable to the energy accuracy of 0.1 eV in our study, suggesting that these contributions 

can be neglected. In addition, the vibrational contribution to the defect formation energy is the 

difference between the vibrational free energies of the defect containing configuration and the 

atoms in their reference states, such that the contribution to the defect free energy may be 

considerably smaller than the vibrational free energy per atom in the nitride. Therefore, in this 

study, we neglect the vibrational contributions to the point defect free energies. We also note that 

correct accounting of these contributions would require the determination of the temperature-

dependent phonon density of states, which is well beyond the scope of this study.  

The largest temperature effect to the free energy for defect formation is due to the entropy 

in the nitrogen gas, which is used as the reference state to determine μN. The N2 gas exhibits 

translational, rotational and vibrational degrees of freedom, where particularly the translational 

degrees of freedom contribute substantially to the nitrogen chemical potential μN. Fig. 4(b) shows 

a plot of the change in the chemical potential of nitrogen ΔμN as a function of temperature and 

pressure. It is calculated using the Sackur-Tetrode [64] equation as mentioned in the procedure 

section, using characteristic temperatures for rotational and vibrational degrees of freedom of N2 

molecules of 2.86 and 3340 K [86]. With increasing temperature, the chemical potential of nitrogen 

decreases nearly linearly. For example, at a pressure of 0.01 Pa, ΔμN decreases from 0 eV at 0 K 

to -0.8 eV at 500 K and to ΔμN = -1.8 and -3.7 eV at 1000 and 2000 K, respectively. This effect is 

less pronounced at higher pressures with, for example, ΔμN = 0, -0.7, -1.6 and -3.4 eV at 1 Pa and 

ΔμN = 0, -0.4, -1.0 and -2.1 eV at 1 MPa at 0, 500, 1000, and 2000 K. A decrease in the chemical 

potential of nitrogen results also in a corresponding increase in the chemical potential of the metal 

ion. This is because we use the stoichiometric nitride as standard state for the cation, as discussed 

in Section II. The corrected chemical potentials of the anions and cations therefore become:  

μN = o

N  + ΔμN (2a)  

μMe = o

Me  – ΔμN.  (2b) 

Based on these equations, the sum μN + μMe = o

N + o

Me  is independent of ΔμN. Therefore, the 

energetics of defects which retain the N/Me ratio like Schottky defects are unaffected by changes 

in the nitrogen chemical potential such that their temperature dependences are only due to 

contributions by the configurational entropy discussed above.  In contrast, the formation energy of 

defects for which nN < nMe, including N vacancies, cation interstitials, and cation antisite defects 

is reduced at elevated temperatures by the decreasing ΔμN, making these defects 

thermodynamically more favorable. Thus, a N vacancy, for example, becomes more stable as the 

temperature is increased because the N atom has an increasing preference to move into the N2 gas 

which has a considerably higher entropy than the solid transition metal nitride. In addition, the 

favorability of these defects is enhanced by contributions from the configurational entropy, as 

discussed above. Conversely, point defects which result in nN > nMe exhibit formation energies 
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which increase with increasing temperature due to the decreasing ΔμN. Correspondingly, these 

defects including cation vacancies, nitrogen interstitials and nitrogen antisite defects become 

thermodynamically less favorable with increasing T.  This effect is partially compensated by the 

contribution from the configurational entropy which lowers the free energy of any type of point 

defect. We note that, in principle, the configurational entropy can more than compensate the 

decrease in ΔμN, such that nitrogen rich point defects could also increase their thermodynamic 

stability with increasing T. However, as evident from Fig. 4, the magnitude of ΔμN is generally 

larger than of TSconfig, and therefore an increasing temperature reduces the free energy of nitrogen 

rich point defects only for very small defect concentrations of less than ~10-5 at e.g. 1 Pa. 

 For example, the formation energy for a Ti vacancy in TiN at zero temperature is -0.2 eV, 

as listed in Table I. However, increasing the temperature at pN2 = 0.01 Pa and at a defect 

concentration of 1 % leads to free energies of 0.4 and 1.1 eV at 500 and 1000 K, respectively. At 

higher pressure, this energy increase is less pronounced, with for example 0.3 and 0.8 eV at 500 

and 1000 K for pN2 = 1 MPa. Nevertheless, finite temperatures move the free energy for formation 

of Ti vacancies from negative to positive, such that their expected concentration is well below 1% 

for TiN in thermodynamic equilibrium with an N2 gas. We note that the range of realistic N2 partial 

pressures during reactive sputter deposition is limited to approximately 10-3 to 10 Pa. In contrast, 

high-pressure synthesis methods using diamond anvil cells have been employed to achieve N2 

pressures in excess of 30 GPa [87,88]. In this context, we note that some (relatively uncommon) 

high strength  nitrides such as OsN2 [87], IrN2 [87], Re2N and Re3N [88], Ta2N3 [89],  W2N3 and 

W3N4 [90] have been reported to form at high pressures and temperatures but are unstable at lower 

pressures. We attribute the need for high temperatures to kinetic barriers that need to be overcome 

for nitridation, while the high pressure is required such that μN is high and the nitride is 

thermodynamically favored over phase separation into N2 gas and a pure metal or 

understoichiometric nitride.  

B. Deviations from stoichiometry in rock-salt structure transition metal nitrides 

Rock-salt structure transition metal nitride MeNx layers are known to exhibit large single 

phase fields [26,34,39,45,51,91] with understoichiometric (i.e. nitrogen deficient / cation rich) or 

overstoichiometric (nitrogen rich / cation deficient) compositions. However, as discussed in 

Section I, it is typically unclear which point defects are responsible for these deviations from 

stoichiometry. Thus, here we discuss how the calculated defect formation energies presented in 

Section III and the finite temperature arguments presented in Section IVA provide insight into the 

question of the most likely point defects. A nitride with an overstoichiometric (x > 1) composition 

contains either cation vacancies, nitrogen interstitials and/or nitrogen antisite defects. Conversely, 

understoichiometry (x < 1) is the result of nitrogen vacancies, cation interstitials and cation 

antisites, while Schottky defects have no effect on the composition.  

For group 3 transition metal nitrides (ScN, YN and LaN), overstoichiometric compositions 

are most likely caused by the presence of nitrogen interstitials which are thermodynamically 

preferred over cation vacancies and anion antisites. Based on the Ef values presented in Table I, 

the average formation energy for nitrogen interstitials in these three nitrides is 2.4 eV, which is 

considerably smaller than 4.5 eV for the cation vacancies and 8.6 eV for nitrogen antisites. We 

note here that a single antisite defect has twice as much effect on the composition than a vacancy 

or an interstitial. For example, a nitrogen-to-metal ratio of x = 1.1 can be reached if there is one N 
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interstitial for every 10 metal lattice sites. The same x = 1.1 is reached if there is one cation vacancy 

for every 11 metal lattice sites. However, the same x = 1.1 is also reached if there is one N antisite 

defect for every 21 metal sites. Therefore, since 4.5 eV for cation vacancies is approximately half 

of 8.6 eV for nitrogen antisites, these two defects have thermodynamically a similar probability of 

accounting for an overstoichiometric group 3 nitride. However, as mentioned above, the N 

interstitial is the preferred point defect for overstoichiometric compositions such that the argument 

between cation vacancies and anion antisites is of little importance.  

 Group 3 nitrides with an understoichiometric composition are expected to contain N 

vacancies, since their average formation energy of 2.7 eV is much smaller than 8.2 eV for cation 

interstitials and 13.2 eV for cation antisites. All point defect formation energies listed in Table I 

for Group 3 nitrides have positive values. Thus, none of these defects are expected when ScN, YN, 

or LaN are at thermodynamic equilibrium with N2 gas at 0 K. This is a purely academic statement 

since (a) N2 is not in the vapor phase at 0 K, and (b) more importantly, kinetic barriers at low 

temperature inhibit the equilibrium to be reached. Nevertheless, the zero temperature energetics 

represents the starting point for discussing finite temperature effects. 

Increasing temperature causes the chemical potentials for nitrogen and cations to decrease 

and increase, respectively, such that defects which cause understoichiometric compositions 

become increasingly favorable while overstoichiometric nitrides become thermodynamically less 

stable, as discussed in Section IV A. Correspondingly, increasing temperature will lead to a 

decrease in the free energy of formation and ultimately thermodynamic stability of nitrogen 

vacancies, cation interstitials and cation antisite defects in Group 3 nitrides. To estimate the critical 

temperatures where stability is reached, we consider a nitrogen partial pressure of 1 Pa which is 

typical for thin film deposition of nitrides and a defect concentration of 1 %. Using the expressions 

from Section IV A for the nitrogen chemical potential and the configurational entropy, we calculate 

the free energy for vacancy formation which decreases with increasing temperature and becomes 

zero at a critical temperature of 1400, 1400 and 900 K, for N vacancies in ScN, YN, and LaN, 

respectively. That is, above these critical temperatures, these compounds are expected to 

spontaneously form nitrogen vacancies by losing nitrogen to the 1 Pa N2 gas, as also summarized 

in Table II and illustrated in Fig. 5. The critical temperatures for the other defects are considerably 

higher, 4000, 4000 and 2300 K for cation interstitials and 6800, 6700 and 3700 K for cation antisite 

defects in ScN, YN, and LaN, respectively. These latter temperatures are well above the nitride 

melting points and therefore have no practical significance besides illustrating that these defects 

are not expected to form, as discussed above. Similarly, Schottky pairs have unrealistically high 

critical formation temperatures of 8500, 8300 and 5700 K for ScN, YN and LaN, respectively. 

They do not affect the composition and, thus, their formation energy is independent of the changes 

in the nitrogen chemical potential and only affected by the configurational entropy. We note here 

that these critical temperatures (listed in Table II and illustrated in Fig. 5) are calculated for a 1% 

defect concentration and that, in principle, entropy causes point defects to become 

thermodynamically stable at any finite temperature for sufficiently small concentrations. More 

specifically, a reduction by one order of magnitude in the defect concentration reduces the free 

energy of formation by approximately kBT ln(10), which is 0.1, 0.2 or 0.4 eV at a temperature of 

500, 1000, or 2000 K, respectively. These are, however, relatively small corrections, indicating 

that the choice of a 1% defect concentration has only a limited effect on the determined critical 

temperatures.  
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Point defects in ScN, YN and LaN which cause overstoichiometric compositions, including 

nitrogen interstitials, cation vacancies and nitrogen antisites, remain thermodynamically unstable 

at all temperatures. This is because the reduction in the free energy due to the configurational 

entropy is more than compensated by the reduction in the nitrogen chemical potential. Thus, in 

summary, we expect ScN, YN, and LaN to form defect free stoichiometric nitrides for T < 1400, 

1400, and 900 K, respectively, but to become understoichiometric and contain N vacancies at 

higher temperatures. This is in good agreement with experimental studies which report 

stoichiometric ScN [19,92,93] at growth temperatures close to 1000 K. However, other 

experimental reports [46,94] also indicate that considerable nitrogen vacancy concentrations can 

be incorporated during ScN layer growth with a high Sc flux which promotes nitrogen vacancy 

formation due to kinetic limitations.  

Group 4 nitrides, TiN, ZrN and HfN, have negative cation vacancy formation energies of 

-0.2, -0.5 and -1.6 eV at 0 K. Thus, they are thermodynamically expected to form at 0 K, leading 

to overstoichiometric compositions. The other point defects that result in overstoichiometric 

compositions have positive Ef values, with an average of 7.2 and 3.2 eV for the nitrogen antisite 

and nitrogen interstitial, respectively. For understoichiometric TiN, ZrN and HfN, the most stable 

point defect is the N vacancy with Ef = 2.5, 2.5 and 3.2 eV, respectively, while the cation antisites 

and cation interstitials have considerably larger average formation energies of 17.0 and 13.6 eV, 

rendering them unlikely to form.  

Increasing temperature increases the free energy of cation vacancies but decreases that of 

nitrogen vacancies. Therefore, at a N2 partial pressure of 1 Pa, the cation vacancies that are 

thermodynamically stable at 0 K become unstable above critical temperatures of 200, 500, and 

1200 K, for TiN, ZrN, and HfN, respectively, while N vacancies become stable above 1100, 1400, 

and 1400 K, respectively. Correspondingly, we expect defect-free TiN to be thermodynamically 

stable between 200 and 1100 K, but to contain Ti vacancies below this temperature range and N 

vacancies above T = 1100 K, leading to overstoichiometric and understoichiometric TiNx, 

respectively. Similarly, ZrN and HfN are expected to be stoichiometric for 500 – 1400 K and 1200 

– 1400 K, respectively, but to exhibit cation and anion vacancies below and above these 

temperature ranges, respectively. This is illustrated in Fig. 5 with the white region labeled 

“Stoichiometric Compounds”, as well as red and green areas which indicate the temperature range 

for where cation or nitrogen vacancies are stable, respectively. Experimental studies of group 4 

nitrides report, consistent with our results, stoichiometric and both over- and understoichiometric 

compositions, depending on deposition parameters [34,37,41,55]. More specifically, TiNx with x 

< 1  is grown at growth temperatures of ~ 1000 K and contains nitrogen vacancies at nitrogen 

partial pressures of 0.07 Pa [34,41,95]. However, increasing the growth pressures to 2.67 Pa results 

in stoichiometric TiN consistent with  our predictions of a stoichiometric TiN in the temperature 

range of 200 – 1100 K. This is also in agreement with our predictions that increasing the partial 

pressure of nitrogen renders nitrogen deficient defects (such as nitrogen vacancies, cation antisites 

and cation interstitials) energetically less favorable.  Similarly, HfNx has been grown over a large 

composition range x = 0.8 – 1.6 by varying the temperature and the N2 partial pressure 

[39,40,42,96]. More specifically, HfNx deposited at a relatively low temperature T = 473 K and a 

low N2 partial pressure pN2 = 0.03 Pa is understoichiometric (x < 1), but becomes stoichiometric 

and then over-stoichiometric (x > 1) with an increasing nitrogen partial pressure [42], consistent 

with our predictions of a decreasing favorability of nitrogen deficient defects with increasing 

https://doi.org/10.1016/j.actamat.2018.07.074


Accepted manuscript, published as:  
Karthik Balasubramanian, Sanjay V. Khare and Daniel Gall, Acta Mater. 159, 77 (2018). 

https://doi.org/10.1016/j.actamat.2018.07.074 
 

14 

 

pressure. Other experimental studies have reported a similar increase in the nitrogen-to-Hf ratio 

for HfNx grown at 923 K, with x increasing from 0.8 for pN2 = 0.1 Pa [39] to x = 1.5 for pN2 = 2.67 

Pa [39,96]. We note that these results are in perfect qualitative agreement with our predictions, but 

that our predicted temperature window for growth of stoichiometric HfN, 1200 – 1400 K, is higher 

than these experimental studies suggest. We attribute this discrepancy to kinetic factors. More 

specifically, cation vacancies are predicted to be thermodynamically stable at low temperatures, 

such that HfNx growth should lead to nitrogen-rich (x > 1) compositions. However, a low 

temperature may kinetically limit dissociation of N2 molecules and incorporation of N into the 

growing layer, such that the composition becomes nitrogen-deficient (x < 1), exactly as reported 

from experiments, particularly at low pN2.   

Group 5 nitrides exhibit similar overall trends as group 4 and 3 nitrides. Cation vacancies 

are the most stable point defect for over-stoichiometric VN, NbN, TaN, with negative formation 

energies of -0.7, -2.1, and -3.4 eV, respectively. These values are considerably lower than the 

formation energy of the competing nitrogen interstitial and nitrogen antisite defects, with averages 

of 1.1 and 6.4 eV, respectively. Similarly, the most stable point defect for under-stoichiometric 

compositions is the nitrogen vacancy, with Ef = 0.9, 0.9, and 0.0 eV for VN, NbN, TaN, while the 

cation interstitials and cation antisites have average formation energies of 7.5 and 11.9 eV, 

respectively, and are therefore not expected to form at realistic temperatures.  

VN exhibits a relatively narrow temperature range around 400 K over which a 

stoichiometric composition is expected, while lower and higher temperatures lead to over- and 

understoichiometry, respectively, similar to the group 4 nitrides. This in good agreement with 

experimental observations which report vanadium vacancies at growth temperatures < 703 K (430 

°C) and nitrogen vacancies at T > 823 K for growth with pN2 = 2.6 Pa (20 mTorr) [91], and a 

narrow temperature region of 703 – 823 K where VN is grown stoichiometrically [22,80,91]. We 

note that our calculations suggest a 200 K critical temperature for the formation of 1% of Schottky 

defects, as indicated by the blue open symbol in Fig. 5. Thus, stoichiometric VN is expected to 

simultaneously contain some vacancies of both types. NbN and TaN exhibit at least one stable 

vacancy defect for any given temperature, consistent with the negative Ef for Schottky defects at 

all temperatures. More specifically, NbN is expected to contain Nb vacancies < 600 K and N 

vacancies > 400 K, illustrated by overlapping green and red regions in Fig.5, while Ta vacancies 

in TaN are stable < 1500 K and N vacancies are stable at all temperatures. This is in agreement 

with experimental reports which observe the presence of nitrogen vacancies at 873-1273 K for 

NbN grown with pN2 = 0.67 Pa [23], as well as niobium vacancies at 300 and 673 K for a relatively 

low pN2 = 0.16 Pa [28]. In addition, these studies also indicate a trend for over-stoichiometric 

compositions with increasing pN2, consistent with our predictions of both niobium and nitrogen 

vacancies.  

In group 6 nitrides, cation vacancies, anion vacancies, cation interstitials, anion interstitials 

and Schottky pairs are all thermodynamically stable with average formation energies of -2.8, -1.9, 

-4.9, -9.4 and -4.6 eV, respectively. This is perfectly consistent with the mechanical and 

thermodynamic instability of group 6 transition metal nitrides in the rock-salt structure 

[50,51,70,74].  Based on the calculated formation energies, nitrogen and cation interstitials are the 

most likely defects for over-stoichiometric and under-stoichiometric compositions, respectively. 

However, all the above-mentioned point defects may be present and will need to be considered 

when discussing the microstructure of these compounds, which may also relax into ordered lower 
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energy crystal structures. High temperature extrapolation indicates that nitrogen vacancies, 

nitrogen interstitials and cation interstitials are thermodynamically stable at all temperatures, while 

cation vacancies remain stable up to 1100 K for CrN, 800 K for MoN and 1200 K for WN. This is 

in excellent overall agreement with previous reports on MoN and WN which indicate considerable 

concentrations of both cation and anion vacancies for growth with pN2 = 2.67 Pa and T = 973 K 

[25,26,76].  

 

V. Conclusions 

In summary, we have calculated the formation energies of point defects: vacancies, 

interstitials and antisites in group 3-6 transition metal nitrides with a rocksalt structure. As a 

general trend, the formation of defects becomes more favorable when moving down the group and 

to the right in a period. At zero temperature, cation vacancies are thermodynamically stable for 

group 4-6 nitrides, and nitrogen vacancies for group 6 nitrides. For group 3 nitrides, no point 

defects are stable, but under- and over-stoichiometric compositions are most likely due to nitrogen 

vacancies and interstitials, respectively. Antisite defects of both types as well as cation interstitials 

with the exception of group 6 exhibit relatively high formation energies and are not expected to 

form in these nitrides. Finite temperature effects are dominated by a decrease in the nitrogen 

chemical potential due to the entropy of the N2 vapor phase, while the configurational entropy is 

an important secondary effect. As a consequence, nitrogen deficient point defects including 

nitrogen vacancies, cation interstitials, and cation antisites become more favorable with increasing 

temperature. In contrast, the thermodynamic stability of cation vacancies, nitrogen interstitials, 

and nitrogen antisites decreases with increasing temperature. A quantitative analysis of these 

temperature effects leads to predictions of e.g. critical temperatures for the stability of nitrogen 

vacancies in ScN, YN, and LaN of 1400, 1400, and 900 K; or the temperature ranges for which 

TiN, ZrN, or HfN are expected to be stoichiometric: 200-1100 K, 500-1400 K, and 1200-1400 K; 

or the temperature above which Schottky defects are stable: 200 K for VN and all temperatures for 

NbN and TaN.  

The overall results indicate that thermodynamic considerations can explain a wide range 

of compositional variations in rocksalt structure transition metal nitrides. More specifically, 

synthesis in equilibrium with N2 gas leads to nitrides which are stoichiometric (x = 1), over-

stoichiometric (x > 1) or under-stoichiometric (x < 1), depending on pressure, temperature, and 

metal element. This argument is opposite to the common reasoning (which uses kinetics rather 

than thermodynamics) to explain compositional variations and microstructural development of 

these refractory nitrides during synthesis by reactive sputtering techniques. We do not want to 

imply that kinetic barriers during deposition can be neglected, since synthesis is typically 

considered to occur under far-from-equilibrium conditions. However, opposite to current practice, 

thermodynamic rather than kinetic considerations may explain, to a large extent, the deviations 

from stoichiometry. 
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Figure 1:  Formation energy Ef of cation and anion vacancies in Group 3–6 transition metal 

nitrides at 0 K. Open and closed symbols are for different reference states of the metal ion, 

namely bulk metal or stoichiometric B1 nitride, respectively. 
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Figure 2:  Formation energy Ef of cation and anion antisite defects in rocksalt structure transition 

metal nitrides at zero temperature. 

 

 

Figure 3:  Formation energy Ef of (a) anion interstitials and (b) cation interstitials in rock-salt 

structure group 3-6 transition metal nitrides at 0 K. 
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Figure 4. Finite temperature corrections: (a) the configurational entropy Sconfig contribution plotted 

as -TSconfig vs temperature T, for vacancies with concentrations of ξ = 0.1%, 1%, and 10%, and for 

Schottky pairs and tetrahedral, split110 and split111 interstitials with ξ = 1%. (b) Correction in the 

chemical potential ΔμN of nitrogen as a function of temperature and partial pressure of the N2 gas. 
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Figure 5. The predicted temperature ranges where nitrogen vacancies, cation vacancies, Schottky 

pairs and cation interstitials are thermodynamically stable in rock-salt structure transition metal 

nitrides, for a defect concentration of 1% of cation sites and equilibrium with N2 vapor at 1 Pa. 
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Phase Cation 

vacancy 

Nitrogen 

vacancy 

Cation 

antisite 

Nitrogen 

antisite 

Nitrogen interstitial 

 

Cation interstitial o

MS  

     T S111 S110 T S111 S110  

ScN 5.1 3.1 15.7 9.0 7.0 3.9 3.9 9.4 11.0 11.8 3.9 

YN 4.9 3.1 15.4 9.0 5.9 2.8 2.6 9.5 12.0 10.9 3.5 

LaN 3.6 1.9 8.4 7.8 3.8 1.0 0.8 5.2 7.2 5.6 7.5 

TiN -0.2 2.5 14.7 8.1 4.9 6.2 4.4 11.2 11.7 12.2 3.5 

ZrN -0.5 3.2 17.3 7.2 2.7 4.5 3.6 14.7 14.1 15.3 3.5 

HfN -1.6 3.2 18.9 6.3 2.6 4.4 3.7 16.3 15.6 17.1 3.5 

VN -0.7 0.9 9.5 7.1 4.3 3.9 3.1 5.7 6.0 7.7 2.0 

NbN -2.1 0.9 12.4 6.4 0.9 1.5 1.6 9.1 6.7 10.9 2.0 

TaN -3.4 0 13.7 5.6 -0.8 -0.1 0.3 10.0 6.0 11.5 1.7 

CrN -1.4 -0.6 5.3 6.7 -1.3 -4.3 -1.8 -2.9 -1.1 2.1 0.5 

MoN -2.7 -1.7 6.5 4.5 -6.0 -8.0 -9.0 -4.2 -4.1 0 0.1 

WN -4.3 -3.2 7.2 2.9 -11.0 -14.9 -13.2 -7.7 -7.6 -2.9 -0.6 

 

Table I: Zero-temperature formation energies of point-defects in rocksalt-structure transition 

metal nitrides in units of eV per defect. T, S111, and S110 refer to interstitials in a tetragonal or <111> 

or  <110> oriented split configuration. o

MS  indicates the difference in the chemical potential 

between the metal and the N2 reference states.  
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Phase Cation 

vacancy 

Nitrogen 

vacancy 

Schottky 

pair 

Cation 

interstitial 

Nitrogen 

interstitial 

ScN - > 1400 > 8500 > 4000 - 

YN - > 1400 > 8300 > 4000 - 

LaN - > 900 > 5700 > 2300 - 

TiN < 200 > 1100 > 2400 > 4700 - 

ZrN < 500 > 1400 > 2800 > 5700 - 

HfN < 1200 > 1400 > 1700 > 6100 - 

VN < 400 > 400 > 200 > 2500 - 

NbN < 600 > 400 > 0 > 2800 - 

TaN < 1500 > 0 > 0 > 2500 > 0 

CrN < 1100 > 0 > 0 > 0 > 0 

MoN < 800 > 0 > 0 > 0 > 0 

WN < 1200 > 0 > 0 > 0 > 0 

 

Table II: The predicted temperature range (in K) over which point defects in rock-salt structure 

transition metal nitrides are thermodynamically stable in equilibrium with N2 vapor at 1 Pa, for a 

defect concentration of 1% of cation sites. The symbol “-“ denotes defects which are expected to 

be unstable at all temperatures.  
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