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Abstract. Hexagonal boron nitride (h-BN) is of interest due to its potential use in electronics and, in particular,
the fabrication of single-photon emitters. In this paper, some properties of defects, namely, a boron vacancy

(V) and an anti-site complex with a nitrogen vacancy (N, V, ) in various charge states are studied. The energies

of defect formation are calculated using density functional theory (DFT). Probabilities of transitions between
them are estimated, and the annealing temperatures required for the transformation of h-BN are calculated.

Keywords: defects in hexagonal boron nitride, DFT, boron vacancy, anti-site nitrogen vacancy complex,
defect transformation

Introduction

Hexagonal boron nitride (h-BN) is currently used as a material for dielectric substrates in electronics
(Dean et al. 2010) and high-frequency devices (Pazos et al. 2024), and is considered as a promising can-
didate for single-photon emitters for quantum cryptography. It has a hexagonal structure and a band
gap of about 6 eV (Cassabois et al. 2016).

One of the variants of single-photon sources can be an anti-site complex with a nitrogen vacancy
(N,V,) (Liu et al. 2024; Tran et al. 2016). At the moment, there are several works (Grosso et al. 2017;
Venturi et al. 2024) devoted to the methods of fabricating N V| by irradiating a sample with helium ions
with V formation and subsequent annealing, but the modeling of the V —-N,V  transformation process
has not been published yet.

The purpose of this work is to calculate the formation energies of V, and N,V vacancies in various charge
states by means of DFT and to determine which of them is the most energetically favorable under given
conditions, as well as finding the energy barriers required to transform one type of a defect into another.

Methods

In this paper, we perform calculations of h-BN energy using a density functional theory (DFT) ap-
proach. The structure was simulated using the ASE software package (Larsen et al. 2017). First, we crea-
ted a h-BN supercell consisting of 4 layers with a total number of 128 atoms and hexagonal lattice
constants a = 2.5 and ¢ = 6.65 (Fig. 1 (a)). Then we obtained the required defect types by removing and
moving atoms (Fig. 1 (b, c)).
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Fig. 1. (a) General side view of the modeled structure; (b) schematic representation of the first layer
of the simulated structure with a V, defect; (c) schematic representation of the first layer
of the simulated structure with a N,V defect

The energy was calculated using the GPAW energy calculator (Mortensen et al. 2024) with the fol-
lowing parameters: periodic boundary conditions in all directions, plane wave basis (PW) and PBE ex-
change-correlation functional (Perdew et al. 1996). The calculation was performed for 2 special points
in the Brillouin zone, namely I and M. The Kohn—Sham orbitals occupations determined using the
Fermi-Dirac function with kT = 25 meV, corresponding to room temperature. Then, the structure was
optimized using the MDMin method (Verlet method modification) by minimizing the energy using the
minimum of the forces between atoms.

When calculating the energies for different charge states, the charges were added to the GPAW cal-
culator, and the resulting electrostatic corrections, which will be discussed below, were taken into account
during the final energy calculation.

After optimizing the structures, we calculated the defect energy taking into account its charge using
the following formula (Weston et al. 2018):

Edq(EF) = Edfull N Eelc[q] +q(AV + EF) (1)
where E, , — full energy of the structure with a defect after optimization, E, , — full energy of the

structure without defects, p1, = 2,9 eV — chemical potential of Boron (Weston et al. 2018), E [q] — elec-
trostatic correction, g — defect charge, E, — Fermi energy, and AV — parameter required to align the
electrostatic potential of the defect-containing supercell with the electrostatic potential of a pristine
supercell. Its value is a function of the distance from the defect and has to be selected from an area lo-
cated far from the defect (Freysoldt et al. 2011).

The chemical potential of Boron p, can be 0 eV or 2.9 eV depending on the conditions of growth:
B-poor or N-poor correspondingly (Weston et al. 2018). However, this choice does not play a significant
role not only in the calculation of the barriers, but also in comparing the formation energies, since
it leads to the same shift of the zero level of the formation energies for both types of defects considered.

Then, using the energies of defect formation as edge points, we calculated the energy barriers of the
transitions between defects using the Nudged Elastic Band (NEB) method (Lindgren et al. 2019) with
8 intermediate points between the initial and final positions of atoms in the supercell.

Knowing the values of the transition barrier energies, we calculated the transition probabilities
at room temperature using (Weston et al. 2018):

E
r=r, exp(—ﬁj 2)
b

where [ = 10"s! h-BN phonon frequency (Geick et al. 1966), E, — transition barrier, kh — Boltzmann
constant, and 7 — temperature.
Then we estimated the annealing temperature corresponding to I' = 1s7":

T:_—Eb (3)

k, In [rj
1_‘0

It is also worth noting that the annealing temperature is not so sensitive to the choice of the constant
I', because of the logarithmic dependence in (3).
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Results and discussion

After the structural optimization we calculated the maximum atom displacements relative to the
lattice sites in an ideal crystal, and for neutral defects they were of 0.075 A for V, and 0.045 A for N, V.
These values are two orders of magnitude smaller than the lattice constants, and their detailed analysis
is beyond the scope of this study.

Based on the obtained defect formation energies, we can plot the dependence of the defect formation
energy on the Fermi level in various charge states (Fig. 2). As it can be seen from (1), when the defect is
neutral (g = 0), there is no dependence of the defect formation energy on the Fermi level within the band
gap. These states correspond to the horizontal solid red and black lines in (Fig. 2).
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Fig. 2. Dependences of the defect formation energy on the Fermi level in different charge states

Table 1 presents the ranges of Fermi level values at which certain charge states are energetically more
favorable for each type of defect, as well as the transition points between charge states. The red curve
in (Fig. 2), corresponding to V , intersects with the black curve N,V at a Fermi level of 1.75 eV and
a formation energy of 12.9 eV.

Table 1. The most energetically favorable defect charges depending on the Fermi level

VB NBVN
Charge of defect - — - - — -
Fermi level, eV Transition point, eV Fermi level, eV Transition point, eV

+1 - _ 0-1 12.4
0 0-1.25 1-3.2

12,9 12.4
-1 1.25-4.75 3.2-4.8
-2 4.75-6 94 4.8-6 10.5

For further analysis, we will consider an intrinsic semiconductor, and therefore, focus on the transi-

tions with the Fermi level near the center of the band gap. Thus, according to (Fig. 2), in the intrinsic
h-BN, the boron vacancy V, in the center of the band gap has a charge of —1, while N,V is neutral.
During annealing or electron irradiation (Petrov et al. 2023), ionization of the vacancy is possible,
so several processes leading to the transformation between V, and N,V are possible:
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(0) V,'-V " transition (blue arrow in Fig. 3(a)) — this transition is the ionization and a starting point
for processes (1) and (2).

(1) V,-N,V ° transition (orange arrow in Fig. 3(a)).

(2) Transition from V °(dotted line in Fig. 3(a)) in the atomic positions corresponding to the optimized
charge state V' to N,V ° (purple arrow in Fig. 3(a)) — transition without relaxation, which might take
place immediately after ionization, when the atomic structure has not relaxed yet.

In addition to the process described above, a transition without ionization is also possible:

(3) V,'=N,_V " transition (bright-green arrow in Fig. 3(a)).

And then, after the ionization, the system comes to the same neutral N

(4) N,V '=N_V,° transition (dark-green arrow in Fig. 3(a)).
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Fig. 3. (a) Schematic representation of transitions; (b) schematic representation of V,—-N_V transformation

Considering the initial and final states for the processes (1), (2) and (3) mentioned above, we can
calculate the transition barriers between different types of defects (Fig. 4).
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Fig. 4. Transition barriers between V, and N_ V. Zero configuration coordinate corresponds to V,

Based on the obtained barrier values using formulas (2) and (3), we can calculate the transition proba-
bilities and annealing temperatures for forward (V, to N,V ) and reverse (N, V  to V) transitions. The
results are presented in Table 2.
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Table 2. The values of the forward (E) and reverse (E) transition barriers (1) — (3),
along with the calculated transition probabilities and annealing temperatures

L E,eV E, eV T, s r,s! T, K T, K
(1) 257 3.03 276 x10% | 213x10% 923 1091
@) 222 293 241 x 107 - 800 -
(3) 352 2.36 833x10% | 9.66x10% 1265 849

As shown in Table 2, the barrier for the transition from V, to N,V in the neutral state is lower than
in the negatively charged state, but in all cases exceeds 2 eV, and the transition probabilities at room tem-
perature are negligible. This indicates that to create N,V —type defects from V , the structure must be
provided with sufficient energy, such as through heating. The obtained annealing temperatures for the
transitions are consistent with experimental results (Grosso et al. 2017; Tran et al. 2016; Venturi et al.
2024). Additionally, since the barrier for the reverse transition (3) is lower than that for the forward tran-
sition, the probability of the transformation from N V| to V in the negatively charged state is quite high.

Conclusions

In this work, we calculated the formation energy of V, and N,V in different charge states for h-BN
using the DFT method. The obtained values allowed us to consider transitions between defects and
calculate their barriers. The latter were used to calculate the annealing temperatures and transition
probabilities at room temperature. We assume that the process of defect transformation at room tem-
perature observed in the work (Petrov et al. 2023) can be caused by the recombination of nonequilib-
rium excess charge carriers excited during electron irradiation. To complete the description of the
studied processes, ionization processes should be considered in more detail. Therefore, we plan to con-
tinue investigating the ionization energies of V, and N,V further.
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