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Boron nitride polymorphs hold great promise for integration into electronic and optoelectronic
devices requiring ultra-wide band gaps. We use first-principles calculations to examine the prospects
for p-type doping of hexagonal (h-BN), wurtzite (wz-BN) and cubic (¢-BN) boron nitride. Group-IV
elements (C, Si) substituting on the N site result in a deep acceptor, as the atomic levels of the
impurity species lie above the BN valence-band maximum. On the other hand, group-II elements
(Be, Mg) substituting on the B site do not give impurity states in the band gap; however, these
dopants lead to the formation of small hole polarons. The tendency for polaron formation is far
more pronounced in A-BN compared to wz-BN or ¢-BN. Despite forming small hole polarons, Be
acceptors enable p-type doping, with ionization energies of 0.31 eV for wz-BN and 0.24 eV for ¢-BN;
these values are comparable to the Mg ionization energy in GaN.

PACS numbers: 61.72.Bb, 61.72.uj, 71.55.Eq

Boron nitride (BN) polymorphs are candidate materi-
als for use in ultra-wide-band-gap electronics and opto-
electronics applications. The most stable crystal struc-
ture is the layered hexagonal phase (h-BN),! with a band
gap close to 6 eV.2 Photoluminescence measurements
suggest that h-BN is an extremely bright light emitter,?
due to a large exciton binding energy.* While the lumi-
nescence efficiency is very high under photoexcitation,
the development of devices such as light-emitting diodes
or laser diodes requires electrical injection, and doping of
the material has proved difficult. In 2011, it was reported
that h-BN grown by metal organic chemical vapor depo-
sition (MOCVD) could be doped in-situ by Mg, with
a hole concentration around 10*® cm ™3 and carrier mo-
bility 4 = 0.5 ¢cm?/Vs®; however, to date, high-quality
p-type doping of A-BN with Mg has not been reproduced
by other groups.

High quality doping is crucial for many electronic and
optoelectronic applications. Acceptor doping has proved
to be particularly problematic for III-nitrides, both due
to the lack of suitable dopants and the formation of hole
polarons.® In GaN, the development of optoelectronic
device technologies has been driven by the success of
p-type doping using Mg.”® While a number of studies
have considered doping of BN, for both the bulk®® and
nanostructures,'%13 it is still an open research question
whether successful p-type doping can be achieved in h-
BN.

BN can also crystallize in other phases. It exhibits
a cubic phase (¢-BN), with the same Bravais lattice as
diamond. Reproducible p-type doping in ¢-BN has been
reported,'® 18 suggesting improved dopability when com-
pared to h-BN. BN can also adopt the wurtzite phase
(wz-BN), but reports are scarce. The fabrication of wz-
BN is difficult, but has been achieved, for example, using
shock compression.' The study of wz-BN is most rele-
vant from the point of view of alloying with other III-V
nitrides, such as AIN and GaN,?% which provides tun-
ability in the lattice constants and band gap. At low B
concentrations, the alloys will crystallize in the wurtzite

structure.

In this Rapid Communication, we use first-principles
calculations to investigate p-type doping of BN poly-
morphs. Our calculations are based on density func-
tional theory (DFT) with a hybrid functional, which pro-
vides an accurate treatment of defect transition levels in
semiconductors.?! In addition, the hybrid functional pro-
vides a reliable description of carrier localization, which is
essential for the evaluation of small polaron formation??;
such effects are not captured by local or semilocal func-
tionals.

Our results will show that p-type doping in h-BN is
not possible due to the formation of small hole polarons,
which increases the acceptor ionization energy to more
than 1 eV. On the other hand, the ¢-BN and wz-BN
polymorphs can be doped p type. Our calculated ac-
ceptor ionization energy for Be in ¢-BN and wz-BN is
comparable to that of Mg in GaN. Therefore, c-BN and
wz-BN are promising materials for ultra-wide band-gap
electronics and optoelectronics applications requiring p-
type doping. Our results elucidate the coupling of po-
laron physics to the details of the atomic and electronic
structure.

Our calculations use DFT within the generalized
Kohn-Sham scheme.?® We use the screened hybrid func-
tional of Heyd, Scuseria and Ernzerhof (HSE).?%25 The
screening length for the exchange potential is fixed at 10
A, and the mixing parameter is set to o = 0.31, a value
which closely reproduces the experimental band gap of
h-BN, and provides highly accurate structural parame-
ters for all of the BN polymorphs; moreover, it is similar
to the values of « that reproduce the experimental gap
of GaN and AIN.?6 Our calculated band gaps and lattice
constants are presented and compared with experiment
in Table I. Van der Waals interactions are included in
the case of layered h-BN using the Grimme scheme.?”
The valence electrons are separated from the core by use
of projector-augmented wave (PAW) potentials®® as im-
plemented in the Vienna Ab initio Simulation Package
(VASP).2? B 2522p!, N 2522p3, C 2522p?, Si 35%3p?, Be



TABLE I: Bulk properties of boron nitride polymorphs. The
present HSE-calculated results are compared with experimen-
tal values where available.

a(A) c¢(A) FE,(eV) Ref.
h Calc.  2.49 6.55 5.94
Exp. 2.50 6.65 6.08 230
wz Calc. 2.53 4.19 6.86
Exp. 2.55 4.20 19
c Calc. 3.59 6.15
Exp. 3.52 6.36 193!

252 and Mg 3s? electrons are treated as valence. For the
h-BN, wz-BN, and ¢-BN primitive cells, we use 9 x 9 x 3,
9x9x6, and 9 x9x9 k-point grids, respectively; for the
supercells used in defect calculations we use a sampling
of the Brillouin zone with comparable density. An energy
cutoff of 500 eV was used for the plane-wave basis set.
Spin polarization was taken into account.

Defects are simulated using a 240-atom supercell for h-
BN and wz-BN, and a 216-atom supercell for ¢-BN. To
construct the supercells for hi-BN and wz-BN, we perform
a change of basis on the four-atom primitive cell, lead-
ing to a new four-atom cell with orthorhombic symmetry.
Based on this orthorhombic unit cell we then construct
a bx6x2 supercell, which has 240 atoms and dimensions
12.94 Ax12.45 Ax13.11 A. The supercell lattice vectors
are fixed to the HSE-calculated equilibrium values for the
respective polymorphs. The internal coordinates are re-
laxed until all forces are less than 0.01 eV /A. Defect for-
mation energies and transition levels are calculated using
established methodologies.?! For an acceptor impurity A
with charge state ¢ the formation energy E/[A9] is cal-
culated as:

Ef[Aq] = Eiot [Aq] — Eiot [BN} - Z Tl
+q-Er+A7 (1)

where Fiot[A?] is the total energy of the supercell con-
taining A?, and Eiot[BN] is the total energy of the defect-
free supercell. n; represents the number of atoms of
species 4 that are added to (n > 0) or removed from
(n < 0) the supercell, and the chemical potential pu;
represents the energy associated with the reservoir with
which the atomic species are exchanged. The electron
chemical potential is given by the position of the Fermi
level (Er), referenced to the valence-band maximum
(VBM). Finally, the term A? is the charge-state depen-
dent correction due to the finite size of the supercell.??
The charge-state transition level £(g/q’) is defined as
the Fermi-level position below which the defect is stable
(i-e., has the lowest formation energy) in the charge state
g, and above which it is stable in charge state ¢’. For the
specific case of the (0/-) transition that determines the
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FIG. 1: (a) Charge-state transition levels £(0/—) for C and
Si acceptors substituting on the N site in BN polymorphs.
The band alignments are taken from Ref..>® Zero energy in
the plot is set to the VBM of h-BN. (b) and (c) Spin-density
isosurfaces for the neutral C acceptor (CY) in A-BN (b) and
¢-BN (c). The hole is localized on a C 2p state. Green spheres
represent B atoms, white N, and blue C.

ionization energy of acceptors:
e(0/=) = Ef (A7 Ep = 0) — E/ (A7), (2)

where Ef(A™; Er = 0) is the formation energy of A~
when the Fermi level is at the VBM (i.e, for Er = 0).
In principle, the p; appearing in the formation energy
[Eq. 1] are variables that can be chosen to represent ex-
perimental conditions; however, the €(0/—) levels that
are the focus of the present study do not depend on u;.

Acceptor doping of BN can be achieved with group-1V
elements substituting on the N site, or group-II elements
substituting on the B site. For substitution on the N site
we consider C and Si (Cy, Sin), which are expected to
have an acceptable size mismatch with the N atom; Ge
or other group-IV elements would lead to larger strains
and are thus likely unfavorable.?* For substitution on the
B site we study Be and Mg (Beg, Mgg).

The charge-state transition levels €(0/—) for Cy and
Sin, as calculated using Eq. (2), are presented in Fig. 1.
In this figure, the band edges of the polymorphs are
aligned according to Ref. [33], with the zero of energy
set at the VBM of h-BN. Substitutional impurities on
the N site clearly lead to the formation of deep accep-
tor levels, with the €(0/—) levels for Siy being system-
atically deeper for Cy. The values of ¢(0/—) are very
similar in the wurtzite and cubic polymorphs; this is to



be expected, based on the similarity of the local atomic
environment in these two phases. These results clearly
show that C or Si doping cannot lead to p-type conduc-
tivity in BN polymorphs.

Cy and Siy fall into a class of dopants characterized by
the atomic levels of the impurity within the band gap, as
previously discussed for other III-nitrides.® Valence-band
states, and the acceptor states derived from them, mainly
reflect the character of the anion p-states in a compound
semiconductor.?®> When a dopant impurity substitutes on
the anion site, the resulting acceptor level will reflect the
energetic position of the impurity p states relative to the
energy of the N p states (which make up the VBM). Fig-
ures 1(b) and (c) show the spin-density isosurface asso-
ciated with the neutral C% impurity in ~-BN and ¢-BN.
The hole introduced by the impurity is localized in a C
atom 2p state, and hence the £(0/—) level is determined
by the energetic position of the C 2p states with respect
to the N 2p valence band. C 2p states are higher in en-
ergy than the valence states,?® leading to the transition
level being deep in the gap. An analysis of the electronic
structure for the Siny impurity reveals similar results, and
the location of the €(0/—) level deeper in the band gap
reflects the relative ordering of Si and C 2p states.

The transition levels for Be and Mg acceptors substi-
tuting on the B site are presented in Fig. 2. In h-BN,
both Beg and Mgg form very deep levels; the ionization
energies of 1.15 eV and 1.35 eV are too large to lead
to p-type doping in h-BN. The nature of the Beg and
Mgp acceptor states is different from the states for Cy
and Siy discussed above. Be and Mg substitute on the
B site, while valence-band (and hence acceptor) states
are associated with the N site. In a compound such as
BN, the B cation supplies the electrons that fill the N-
derived valence states. Since Be and Mg have one fewer
valence electron than B, the missing electron leads to a
hole in the valence band. In order for the acceptor to
be shallow, this hole should be delocalized. However, the
highly localized nature of the N 2p states in h-BN leads
to a tendency for charge localization, manifested in the
formation of small hole polarons.

For the neutral Be% and Mg% defects, the localized
hole is not found on the impurity atom, but rather on
a N host atom adjacent to the impurity. Figure 2(b)
shows the spin-density isosurface for the small-polaron
state associated with Mg% in h-BN: the hole is localized
on a N atom. The VBM is composed of m-bonding states,
and one of these states has localized onto a single N p,
orbital, accompanied by a lattice distortion. The charge
localization lowers the energy of the neutral charge state
of the impurity with respect to that of the negative charge
state, and therefore pushes the €(0/—) level deeper into
the gap [Eq. (2)]. This type of small-polaron formation
was identified as the origin of the deep acceptor levels in
other III-nitrides,® as well as in various oxides.%22:36 Qur
calculations indicate this does not occur in the pure bulk
material, but the presence of a perturbation such as an
acceptor impurity stabilizes the hole polaron.
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FIG. 2: (a) Charge-state transition levels £(0/—) for Be and
Mg acceptors substituting on the B site in BN polymorphs.
The band alignments are taken from Ref..>® Zero energy in
the plot is set to the VBM of h-BN. (b) and (c) Spin-density
isosurfaces for the neutral Mg acceptor (Mg3) in h-BN (b)
and ¢-BN (c). The hole is localized on a N 2p state in the
form of a small polaron. Green spheres represent B atoms,
white N, and red Mg.

In contrast to h-BN, we find that the Beg and Mgg
£(0/—) levels are much closer to the VBM in the wz-
BN and ¢-BN polymorphs [Fig. 2(a)]. Again, the values
of £(0/—) are very similar in wurtzite and cubic. Small-
polaron formation still occurs in the neutral charge state,
as evidenced by the spin-density isosurface in Fig. 2(c).
We can understand the difference between hA-BN, on the
one hand, and ¢- and wz-BN, on the other hand, based on
the different bonding character. h-BN exhibits sp? bond-
ing, with 2p, orbitals perpendicular to the BN planes.
Only a small amount of atomic displacement is required
to localize a hole in one of these p, orbitals; i.e., the en-
ergy cost for forming the polaron is small, leading to a low
energy for the neutral charge state and a large ionization
energy. In contrast, wz-BN and ¢-BN exhibit sp® bond-
ing. Localization of a hole requires breaking of a ¢ bond,
which is accomplished mainly by pushing a neighboring N
atom outwards towards the plane of its three B neighbors
[see Fig. 2(c)]. This displacement costs energy; in fact,
BN is among the hardest materials known,37-38 and hence
the elastic energy cost is high. This cost raises the energy
of the neutral charge state, and therefore lowers (0/—)
level [Eq. (2)]. The larger the displacement, the less fa-
vorable the polaron state, which is indeed the trend we
observe for Be: the displacement of the N atom is larger



in ¢-BN than in wz-BN, consistent with the smaller ion-
ization energy in the cubic phase.

Our calculated €(0/—) levels are systematically deeper
than those reported by Oba et al. in Ref.?; however,
spin polarization was not included in those calculations,
and therefore the formation of small polarons could not
be properly addressed. Oba et al.? also proposed that
intercalated F atoms could be used to dope h-BN p-type;
however, we find that intercalated F atoms also lead to
formation of small polarons, and the associated €(0/—)
level is 1.18 eV above the VBM.

The formation of deep acceptor levels via hole localiza-
tion appears to be intrinsic to A-BN, and p-type doping
of this material seems unlikely. This result contradicts
the experimental result of Dahal et al.,> who reported an
acceptor ionization energy for Mg in h-BN of 30 meV;
however, we note that this result has not been repro-
duced. The present result shows that the 30 meV accep-
tor level cannot originate from Mgy. Our results about
the tendency for polaron formation in hA-BN also make it
unlikely that any shallow-acceptor state can be formed in
this material; however, we can of course not conclusively
rule out that some other Mg-related defect could give rise
to the experimental result in Ref..?

Our results for the cubic and wurtzite phases, on the
other hand, show that p-type doping is feasible. The Bepg
(0/—) level, in particular, is quite shallow, with an ion-
ization energy similar to that calculated for Mg acceptors
in GaN (260 meV).26 Our calculated £(0/—) level of 0.24

eV for Beg in ¢-BN is consistent with the experimentally
reported values of 0.22 eV,'® and 0.19 — 0.23 eV,!% based
on temperature-dependent conductivity measurements.

In summary, using first-principles calculations we have
determined the acceptor levels for a number of substitu-
tional species in BN polymorphs. Group-IV elements (C,
Si) substituting on the N site lead to atomic-like levels in
the band gap for all BN polymorphs, and consequently
the acceptor levels are far too deep for p-type doping. In
the case of Group-II elements (Be, Mg) substituting on
the B site hole polarons form on a N atom adjacent to
the impurity. In the hexagonal phase, polarons form very
deep levels. While polarons also form in the cubic and
wurtzite phases, they lead to far lower ionization ener-
gies than in A-BN. Beryllium doping, in particular, with
ionization energies of 0.24 eV in ¢-BN and 0.31 eV in wz-
BN, provides a promising route to p-type conductivity in
ultra-wide-band-gap BN.
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