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ABSTRACT: Controllable and reliable doping of cubic boron nitride (cBN) is a critical challenge in its widespread application in
power electronics. Recently, progress was made in this regard when an experiment reported successful n-doping of cBN with carbon,
reaching carbon concentrations as high as 5%, which is beyond the thermodynamic solubility limit. However, the nature of carbon-
based defects introduced within the cBN matrix remains unknown thus far. Here, we explore the electronic structure of carbon-
doped cBN under nitrogen-rich conditions, which are conducive to the formation of donor-type defects (such as carbon substituents
replacing boron), and predict several possible arrangements of carbon in clusters at experimentally relevant concentrations of 1.5−
7.8%. Our theoretical calculations show that carbon dopants prefer to aggregate into small clusters with local ordering rather than
distributing randomly in the bulk. Along with defects that result in easily ionizable defect states, we also report a distribution of
carbon dopants, where the structure exhibits a defect-bound small electron polaron. The polaron can be identified via a split-off
localized dopant band near the valence band edge. These findings not only shed light on identities of possible carbon-based defects
but also predict additional carriers�defect-bound small polarons.
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1. INTRODUCTION

Cubic boron nitride (cBN) is known for its stability and an
ultrawide band gap of 6.1 eV,1 qualities that enable its use in
applications demanding extreme pressures and temperatures
and high power.2−5 Notwithstanding numerous reports of
successful n-doping4,6,7 and p-doping8−10 of cBN since the late
1980s, doping it controllably and reliably with the precision
required for optoelectronics applications had proved to be
difficult over the decades. Recent advances in experimental
techniques, in particular pulsed laser deposition, has allowed
Haque et al.11 to controllably n-dope cBN using up to 5%
carbon (C), a concentration about 100 times higher than the
thermodynamic solubility limit of 0.08%. These high doping
levels open up new possibilities for the use of cBN in electronic
and optical high-power applications.
To date, however, the identities of the C-based defects

introduced in the experiment by Haque et al.11 have remained
unknown. It is also not clear if the impurity atoms in C-doped
cBN result in any of the doping-bottleneck issues that were
recently discussed by Joshi et al.12 For example, it was shown12

that carbon is an amphoteric impurity, which can replace
boron (as an n-dopant) as well as nitrogen (as a p-dopant).
Carbon impurity as CB was shown to produce a shallow donor
state, while as CN it produces deep acceptor states. Further,
these substituents were also shown to compensate for each
other, without introducing ionizable states. It should also be
pointed out that recent works12−14 indicate that the lattice
distortions upon defect formation/doping can lead to the
formation of polaron states in cBN. Polaron states are charge
trapping levels that result from lattice distortions induced by
doping. Notably, Joshi et al.12 report a polaronic state in cBN
codoped with both silicon and oxygen that traps electrons to
the defect site. This is not surprising as defect-bound small
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polarons15,16 have been reported in other wide band gap
semiconductors, such as TiO2

17 and ZnO18. As there are a
number of possible outcomes, including formation of trap
states/polarons upon C-doping, which have not been studied
to date, it is important to consider different possible
distributions of the C impurity in cBN at the experimentally
relevant concentrations.
In our first-principles density functional theoretical (DFT)

based work, we study (a) how carbon dopants distribute in the
cBN lattice under N-rich conditions, since these conditions are
conducive to the formation of donor-type defects (such as the
carbon substitutional, CB), and (b) different configurations
that can lead to self-trapped charge states/polaron states. This
is achieved by exploring in detail the symmetry inequivalent
ways in which carbon dopants can be distributed in the cBN
matrix at high doping concentrations (1.5−7.8%) and their
lowest energy configuration at each particular concentration.
We show that C-doping can result in a combination of defects
that induce easily ionizable defect states as well as carbon
distributions that result in the formation of trap states/defect-
bound polarons.19 Since in experiments both types of carbon
distributions will be present, one expects to see the signatures
of these doping outcomes in the electrical transport properties
of the doped cBN. Note that even if small polarons are charge
traps, they still give rise to nonzero electrical conductivity via
trapped carrier hopping between sites by thermally induced
lattice distortions.20,21 In fact, Haque et al.11 found a sharp
increase in resistivity below 35 K, which they attribute to the
presence of partial ionization and freeze-out regions. Our
results indicate that, at low temperatures, the experimentally
observed charge transport might have contributions from both
partially ionized shallow states and defect-bound polaron
hopping. However, since these defect-bound polarons are
tightly bound to the carbon clusters, we expect them to
conduct via impurity hopping or defect migration and not via
thermally induced lattice distortions. We explore the energy
barriers for the polarons to hop via lattice deformations and
draw inferences to explain the experimentally observed
behavior of resistivity with temperature.

2. COMPUTATIONAL METHODS

Spin-polarized density functional theoretical (DFT) calcula-
tions were carried out with the Quantum Espresso package.22

We used a plane wave basis set with a mesh cutoff of 55 Ry and
a charge density cutoff of 400 Ry. The electron−ion
interactions were modeled with ultrasoft pseudopotentials,23

and the exchange−correlation energy of the electrons was
treated within the generalized gradient approximation (GGA)
functional of Perdew−Burke−Ernzerhof (PBE) .24 The
structures were relaxed until the Hellmann−Feynman forces
on each atom were smaller in magnitude than 0.7 meV/Å, and
the energy difference between relaxation steps was converged
below 0.1 meV. The Brillouin zone (BZ) integrations were
carried out over an 8 × 8 × 8 Monkhorst−Pack k-point mesh
for the conventional cubic unit cell of cBN with eight atoms.
We modeled the C dopants in a 2 × 2 × 2 cBN supercell with
64 atoms, for which we used a 4 × 4 × 4 Monkhorst−Pack k-
point mesh. The calculations using a 3 × 3 × 3 cBN supercell
are discussed in the Supporting Information.
Different symmetry inequivalent configurations at a given

concentration of doping were generated with the Site
Occupancy Disorder (SOD) package.25 This allowed us to
explore varied doping configurations and to predict the ground

state structures that would most probably persist in
experimental samples and also exhibit high charge carrier
concentrations. In addition, we also generated random alloy
configurations that mimic totally disordered alloys using the
special quasi-random structure (SQS) method26,27 as imple-
mented in the “mcsqs” utility of the Alloy Theoretic
Automated Toolkit package.28

The formation energy (Eformation) of the doped structures was
calculated using the following expression:

= + +E E n n n( )formation C BN C C B B N N (1)

where nC, nB, and nN are the number of C dopants, B atoms,
and N atoms in the doped supercell, respectively; EC−BN is the
total energy of the doped supercell; and μC, μB, and μN are the
chemical potentials of C, B, and N, respectively. The chemical
potential for C (μC) was calculated with respect to an isolated
atom and C in graphene. The chemical potentials, μB and μN,
in the N-rich conditions obtained using N2 and cBN as
reference and under B-rich conditions obtained using αB and
cBN as reference, were calculated as follows:

= =E E(N )/2; (BN)
N 2 B N (2)

under N-rich conditions and

= =E E( B)/12; (BN)
B N B (3)

under B-rich conditions. Here, E(BN), E(αB), and E(N2) are
the energies of cBN per formula unit, α-boron (with 12 atoms/
cell), and N2, respectively.

3. RESULTS AND DISCUSSION

3.1. Dopant Clustering and Formation Energy. We
first explore the possible doping configurations of carbon
dopants in a 2 × 2 × 2 supercell of 64 atoms at concentrations
of 1.5−7.8% (i.e., 1−5 C/cell). We use the SOD25 package to
determine the symmetry inequivalent configurations of carbon
doping in the supercell and estimate their formation energies.
Details of these calculations can be found in the Supporting
Information. Here, we use

N
and

B
to denote the number

of carbons occupying the nitrogen (CN) or boron (CB) sites,
and C C

B B N N
to denote the configurations at a particular

doping concentration. We note that, for a given concentration
of carbon dopants (number of carbon dopants per supercell),
there are several ways to divide the carbon at nitrogen and
boron sites. Since the experimental samples11 are n-doped, we
only consider configurations with

B N
namely, CB (1.5%

doping) (and CN for reference), 2CB (3%), CBCN (3%),
2CB1CN (4.7%), 2CB2CN (6.25%), 3CB1CN (6.25%), 3CB2CN
(7.8%), and 4CB1CN (7.8%). Also, under N-rich conditions,
the formation energies of CB and CN substituents were shown
to be comparable, with a slight preference for the formation of
the former defect than for the latter one.12 This means that,
although tetravalent carbon dopants can occupy both trivalent
boron and pentavalent nitrogen sites, there will be a small
excess of CB(s), imparting the sample its n-type behavior. In
addition to the symmetry inequivalent configurations, we also
generate special quasi-random structures (SQSs)26,27 for each

C C
B B N N

configuration, to explore if the doping results in a
random alloy with little/no correlation between the dopants
and the atom types on any other lattice site.
Our estimates of the formation energy (Eformation) confirm

that the n-doped ( )B N configurations are considerably
lower in energy under N-rich conditions. The lowest (ground
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state) Eformation values for each doping concentration under N-
rich and B-rich conditions are given in Table 1. The formation
energies for all the other symmetry inequivalent (higher
energy) configurations can be found in the Supporting
Information. Except for 4CB1CN, which is magnetic (with a
moment of 1μB), none of the other ground state structures
exhibit magnetization, although some of the higher energy
structures exhibit nonzero magnetization with spin-polarization
energies of ≈220 meV and also a total magnetic moment of
1μB (mostly concentrated on a carbon atom at a boron site) at
all concentrations. These local moments originate from the
highly localized nature of defect states, which are themselves
derived from the 2s and 2p states of the second row elements
of the p-block (carbon and neighboring nitrogens).29−31 The
formation energies at higher doping concentrations given in
Table 1 seem prohibitively large. However, we note that the
pulse laser deposition technique used to experimentally achieve
these doping levels11 would be able to provide the necessary
energy to achieve them. Furthermore, the energies of SQS
structures are higher than the ground state energies (see Table
S1 and Figure S2). In turn, this confirms the existence of
smaller local ordered structures, consisting of specific C
arrangements/cluster instead of a totally random disordered
alloy.32

The preferred carbon doping positions in the ground states
of C C

B B N N
systems are shown in Figure 1. Overall, we find

that when we go beyond the isolated case of CB and CN,
carbons tend to form small clusters, occupying nearest-
neighbor and/or next-nearest-neighbor sites, similar to carbon
in hexagonal BN.33 In particular, the carbon atoms in the
ground states of CBCN, 2CB1CN, 2CB2CN, and 3CB2CN form
continuous chains. In 3CB1CN, the lowest energy structure
shows a substantial local distortion that breaks the C−N bond
between one of the carbon atoms and the nitrogen atom that
links two of the carbons in the cluster. This is highlighted by
the black dashed line in Figure 1, indicating the C−N distance
of ≈2.38 Å after the bond breaking (cf. C−N distance of ≈1.52
Å in the isolated CB defect). Also, 4CB1CN shows distortions

similar to 3CB1CN with the extra carbon substituting the B
atom in the tetrahedron instead in a chain. This configuration
leads to the breaking of two C−N bonds (with C−N distance
of ≈2.22 Å). Since 3CB1CN and 4CB1CN ground state
configurations show considerable local distortions that break
C−N bonds, we hypothesize that these two configurations are
the most likely candidate structures with small polarons.
Hence, we next explore the electronic structures of these two
configurations in detail.

3.2. Electronic Structure: C-Doped cBN. We begin by
inspecting the doping concentrations and carrier densities of
the ground state structures for all of the C C

B B N N

configurations. For a configuration with >
B N

, one
would expect n-doping (since C has one more valence
electron than B) with the net charge doped equal to
e1 ( )B N . Hence, CB, 2CB1CN, and 3CB2CN correspond
to 1 electron/cell doping, whereas 3CB1CN and 4CB1CN
correspond to 2 and 3 electrons/cell, respectively. To check
whether these doping configurations are indeed contributing to
the carrier density, we studied their electronic densities of
states (DOSs). These DOS plots (and band structures) can be
seen in Figure 2 for 3CB1CN and 4CB1CN and in Figures S3
and S4 for the rest of the carbon concentrations considered
here. We find that CB and CN indeed correspond to n- and p-
doping of 1 electron/cell and 1 hole/cell, respectively, in
agreement with Joshi et al.12 Similarly, CBCN and 2CB2CN
correspond to no net doping, resulting in insulating structures
with a wide band gap of ≈4 eV (similar to pure cBN). The
ground state of 2CB corresponds to two adjacent carbons
separated by a nitrogen atom. In 2CB, each C-dopant
contributes 1 electron/cell, corresponding to a carrier density
of 6 × 1021 cm−3. This is comparable to the carrier density
reported for 5% dopant concentration by Haque et al.11 (see
the Supporting Information). Similarly, 2CB1CN contributes 1
electron/cell, i.e., a free charge carrier concentration of 3 ×

1021 cm−3. We also confirmed these values by integrating the
charge density from inside the band gap until the Fermi level
and the charge density distribution in the lattice space (see
Table S4).
As suspected based on the extent of distortion, the ground

state structure of 3CB1CN does exhibit a polaron state (see
Figure 2A,B). The state is identified as a dopant localized state
below the Fermi level that is split off from the conduction band
by ≈3 eV. We find a charge of 2 electrons/cell by integrating
the DOS of this localized dopant state, which is in agreement
with the expected charge carrier density induced by the
configuration. Hence, the 3CB1CN configuration does not lead
to the shallow doping of the cBN matrix. On the other hand,
4CB1CN is a half-metal with a conducting spin-down channel
dopant state and an insulating spin-up dopant state, even if
both spin-up and spin-down channels are split off from the
conduction band (see Figure 2C,D). Hence, this is a
conducting state that contributes to the free charge carrier
density and therefore cannot be clearly identified as a polaron.
However, the symmetry in the broken bonds (see Figure 1)
and “splitting + localization” of the charges to the C and N
sites (see Figure S6H,I) does not discount the possibility of a

Table 1. Formation Energies (in eV) of Ground State C C
B B N N

Configurations under N-Rich and B-Rich Conditions

C C
B B N N

CB CN 2CB CBCN 2CB1CN 2CB2CN 3CB1CN 3CB2CN 4CB1CN

Eformation for N-rich (eV) 4.4 4.5 8.8 2.9 6.2 4.9 8.9 8.1 12.0

Eformation for B-rich (eV) 6.8 2.1 13.6 2.9 8.6 4.9 13.7 10.5 19.2

Figure 1. Distribution of carbon atoms in the ground state
configurations for C C

B B N N
. The carbon atoms are shown as

yellow spheres, boron atoms are shown as green spheres, and nitrogen
atoms are shown as blue spheres. The broken C−N bonds are
highlighted by black dashed lines. Note that the CN configuration is
same as CB but with the positions of B and N interchanged.
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bipolaron,34 and remains a topic for future work. Furthermore,
we note that cBN is piezoelectric and the strain in 4CB1CN due
to bond breaking should give rise to local electric dipole
moments around the carbon clusters. Since the ground state of
this configuration is also magnetic, a coupling between the
electric and magnetic degrees of freedom will give rise to
magnetoelectric effects, and hence these carbon clusters could
be explored for applications in memory devices.
To confirm that the polaron state in 3CB1CN arises from the

distortion of the cBN lattice on doping and not by the
supercell size, we carried out calculations on its undistorted
ground state structures. The total DOSs in nondistorted
(unrelaxed) and distorted (relaxed) ground state structures of
3CB1CN are compared in Figure 2E. We find that the electronic
structure undergoes a drastic change as the lattice relaxes and
the system goes from an undistorted (unrelaxed) conducting
state to a distorted (relaxed) semiconducting state. This
analysis also allows us to calculate the polaron formation
energy, EPolaron,

35,36 which is defined as the difference in total
energies of distorted structure with a localized charge (Edist

loc )

and the undistorted structure (Eundist
unloc ), which displays a

delocalized excess charge from C-doping. We find that EPolaron
= Edist

loc
− Eundist

deloc = −2.55 eV. It represents a net lowering of
energy resulting from a competition between the energy cost of
distorting the cBN lattice and the energy gained by the
localization of the electron in the distorted structure. We
estimate EPolaron = −3.23 eV for the 4CB1CN ground state.
Furthermore, to dismiss the interaction between the periodic
images of the carbon clusters as being the factor for the
polaronic state, we calculated the DOS for the same clustering
of carbon atoms (see Figure 1) in a 3 × 3 × 3 supercell. Figure
2F compares the DOS plots for 2 × 2 × 2 and 3 × 3 × 3
supercells. It shows that we indeed have a defect-bound
polaronic state.19,37 We find no change in the position of the
dopant state with respect to the Fermi level, and a plot of its
charge density shows that it is also localized to the carbon
cluster (see Figure 2F, inset). Hence, we confirm the presence
of small polarons in carbon-doped cBN. Lastly, since screened
hybrid functionals estimate the band gap and electronic
structure more accurately than the PBE functional, we

Figure 2. Electronic density of states (DOS) and band structures for ground state configurations. The DOSs for (A) 3CB1CN and (C) 4CB1CN
projected onto the chemical species are shown in blue solid curves for nitrogen, green solid curves for boron, and black solid curves for carbon. The
total DOSs are shown in gray dashed lines. The positive and negative DOSs in (C) are for the spin-up and spin-down channels, respectively. The
fat band plots for (B) 3CB1CN and (D) 4CB1CN showing contributions from the carbon atoms to the band structures are given as black circles. The
blue and red curves in (D) represent the spin-up and spin-down channels, respectively. Changes in DOS of 3CB1CN (E) for unrelaxed (solid gray
lines) and relaxed (dashed gray lines) structures and (F) in 3 × 3 × 3 supercell (solid gray lines) and 2 × 2 × 2 supercell (dashed gray lines). The
inset in (F) shows the integrated charge density distribution (black) of the polaron state (denoted by ∗). The carbon atoms are shown as yellow
spheres, boron atoms are shown as green spheres, and nitrogen atoms are shown as blue spheres. Panel F confirms that the stress due to the fixed
lattice constant (supercell size) and the dopant density are not responsible for the state being nonconducting.
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recalculated the electronic structure of the 3CB1CN ground
state using HSE06.38 The Supporting Information provides the
details for the HSE06 calculations. As expected, we find that
the band gap increases from 4 eV with PBE to ≈6 eV with
HSE06 (see Figure 3). The DOS plot in Figure 3 shows that
our HSE06 results are in qualitative agreement with those
obtained using PBE (see Figure 2A). Within HSE06, the
structure is again predicted to be insulating, with a polaron
(defect) state below the Fermi level. The charges in the
polaron state are localized near the carbon dopants (see Figure
3B). Since our PBE results are robust, and the electronic
structure does not change qualitatively, we do not repeat the
HSE06 calculations for the rest of the structures presented in
this work.
Similar comparisons of DOSs with distortion and supercell

size for 4CB1CN can be found in Figure S5. We note that our

calculations are used to confirm polaron formation in the
carbon-doped cBN. However, we do not claim a particular
configuration, such as 3CB1CN, to be the most stable or the
only polaronic state possible. There might be many other such
configurations of small carbon clusters that result in polaron
formation, with the polaron formation energy even lower than
that for 3CB1CN, which are more likely to occur. It should be
also noted that other higher energy structures of 2CB1CN and
3CB2CN which are 0.53 and 0.55 eV, respectively, higher in
energy as compared to their ground state configurations, also
exhibit polaronic states. These states are partially localized at
the nitrogen atoms surrounding the dopant carbon atoms (see
Figure S6). The energies of these structures are considerably
high and cannot form at room temperatures. However, we can
expect them to be stabilized under nonequilibrium conditions

Figure 3. Electronic density of states (DOS) for the ground state configuration of 3CB1CN using the HSE06 functional. (A) DOS projected onto
the chemical species: blue solid curves for nitrogen, green solid curves for boron, and black solid curves for carbon. The total DOSs are shown in
gray dashed lines. (B) Real part of the charge density distribution (red/blue) of the wave functions constituting the polaron state below the Fermi
level. The four plots belong to the same band but different k points. The red and blue colors distinguish the opposite phases of the wave functions.
The carbon atoms are shown as yellow spheres, boron atoms are shown as green spheres, and nitrogen atoms are shown as blue spheres.

Figure 4. Formation energy and activation barriers for the 3CB1CN polaronic state. (A) Formation energy in different charge states (−1, 0, +1, +2)
with respect to the Fermi energy referenced to zero at VBM in pristine cBN under nitrogen-rich conditions. Gray dashed lines indicate the
formation energies of different charged states, and the black solid line is the minimum formation energy curve for every value of the Fermi energy.
(B) Variation in energy of the polaronic state with deformation going from the undistorted [Q = 0 (amu)1/2 Å] to the distorted [Q = 3 (amu)1/2 Å]
structure in the neutral charge state.
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and possibly frozen into the structure during pulsed laser
deposition.

4. CHARGE STATES AND ACTIVATION BARRIERS

The temperature dependent resistivity measurements by
Haque et al.11 show two regimes in carbon-doped cBN: (i) a
high temperature regime (≥35 K) with higher activation
energies and resistivity decreasing with temperature and (ii) a
low temperature regime (<35 K) where the resistivity increases
with a decrease in temperature with a lower activation energy.
The authors attribute these two regimes to “partial ionization
region or the freeze-out regions that can be reached at different
temperatures”11 but do not elaborate on the types of carriers
that are responsible for such behavior. In order to evaluate
whether different polaronic defects contribute to the
conduction in the experimental samples, we explore the charge
state transition levels of these defects and predict their stability
in experimental samples. Focusing on the 3CB1CN polaronic
defect, we also estimate the thermal activation barrier of the
neutral polaronic state and compare it with the experimental
values given by Haque et al.11 Refer to the Supporting
Information for the charge transition levels of the other
polaronic defect, 4CB1CN.
From Figure 4A) we find that the 3CB1CN defect is a double

donor, as expected, and exists in the +2 charge state for most of
the doping regimes, whereas the neutral state stabilizes in the
highly n-doped region. The (+2/0) transition state is at ≈4.2
eV above the valence band maximum (VBM), with a donor
ionization energy of 4.5 − 4.2 = 0.3 eV (with respect to the
conduction band minimum, CBM) for the transition of the
defect from the neutral to the +2 charge state. We note that the
structural ground state of the +2 charge state is nearly
undistorted (cubic) and the neutral ground state structure is
distorted with broken C−N bonds (see Figure 1). This is as
expected�in the neutral charge state, the lattice distorts owing
to the localized nature of the defect states with the excess
charges (coming from donor carbons). On the other hand, in
the +2 charge state the excess electrons have been removed
from the defect, obviating the need for the lattice to distort in
response to localized defect states. Since cBN is heavily doped
with carbon in the experiment,11 with defects such as CB giving
rise to efficient n-type doping of the system, it is reasonable to
assume that the Fermi level in the doped structures will be
closer to the CBM, resulting in the neutral polaronic-type state
for 3CB1CN defect. To check whether temperature variation in
the Fermi level (EF) can lead to the neutral to +2 charge
transition, we estimated the position of EF for an extrinsic
semiconductor using the expression for the defect formation
energy as a function of temperature (T) as described by
Coutinho.39 Assuming a donor density of 1019 cm−3, we get EF
= 0.05 eV (at 50 K), 0.12 eV (at 100 K), 0.25 eV (at 200 K),
0.39 eV (at 300 K), and 0.53 eV (at 500 K) from the CBM
(details can be found in the Supporting Information). As the
temperature increases, the Fermi level moves from the CBM to
below the +2/0 transition level. This results in the
transitioning of the 3CB1CN defect from the localized polaronic
bound state to the conducting undistorted structure in the +2
charged state. We note that ionization of 3CB1CN defect-bound
polarons will in turn n-dope the sample and shift the Fermi
level toward the CBM. Depending upon the number of ionized
3CB1CN donors, as well as the concentrations of other shallow
defects (as the carbon concentration is increased), the Fermi
level could move back to a near-CBM region in the band gap,

resulting in a neutral charge state for the defects, such as
3CB1CN, that retrap the charge carriers at the 3CB1CN clusters.
Hence, the system will reach a ionized defect concentration
that will curb any further n-doping of the sample. On the basis
of our estimate of the charge transition level and the Fermi
level as a function of temperature, we hypothesize that the
experimental samples at room temperature will have
contributions from the 3CB1CN defect in the +2 charge state
due to their free charge carriers, whereas at low temperatures
polaron transport will become more dominant (see below).
We also determined whether the neutral 3CB1CN polaron

can conduct via thermal hopping. To do so, we evaluated the
potential energy surface along the distortion (denoted by the
generalized coordinate Q) that takes the localized/distorted
neutral state [Q = 3 (amu)1/2 Å] to the delocalized/
undistorted state [Q = 0 (amu)1/2 Å] for the neutral state
(see Figure 4B). The delocalized (undistorted) neutral state
has no barrier to self-trap and hence makes a transition to the
localized (distorted) Q = 3 (amu)1/2 Å neutral state, which
traps the carriers. On the other hand, the transition from the
localized state to the delocalized state is ≈2.5 eV, which is
considerably higher than the activation barriers reported in
experiments.11 It is, therefore, unlikely to take place through
this mechanism. However, there are other possible migration
pathways (via vacancies or coupling with Fröhlich polarons40)
that can aid polaron hopping, but their exploration is currently
beyond the scope of this work.

5. CONCLUSIONS

We have carried out systematic first-principles calculations to
predict distributions of highly doped cBN, with C-dopant
concentrations in the range 1.5−7.8%. Our study shows that,
under N-rich conditions, one can dope cBN with an excess of
CB substituents relative to CN, resulting in n-doping of cBN
that was observed in experiment. In addition, we find that the
dopants prefer to aggregate and form small clusters as opposed
to a disordered distribution as seen in random alloys, which is
confirmed by the quasi-random structures that we generate.
Hence, even though the carbon dopants may not be correlated
in the bulk as a whole, they are expected to show local (short
length scale) ordering by aggregating into small clusters. These
results indicate that the uniform doping by carbon atoms in
cBN as observed in experiments by Haque et al.11 is in fact a
uniform distribution of small carbon clusters with an excess of
C atoms at the B-sites.
Interestingly, we find that C-doping leads to two types of

defects: those that result in easily ionizable states and those
that result in polaronic states. We hypothesize that the low
temperature conductivity in the transport properties reported
by Haque et al.11 can have contributions from defect-bound
small polarons. Further electronic transport measurements at
low temperatures coupled with optical spectroscopic techni-
ques should be able to reveal the presence of polarons in
experiments.20 Our work also highlights some of the issues
faced with predictable doping of ultrawide band gap semi-
conductors and can also be extended to materials at lower
dimensions.13 In turn, this work will benefit the research efforts
on doping cBN for use in memory devices and optoelectronics
capable of functioning under extreme conditions.
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