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We perform a study of the transport properties of cubic boron nitride at low to high electric fields based
on calculations performed by density-functional theory and full-band ensemble Monte Carlo. The full
band structure and the carrier-phonon scattering rates are computed from first principles using density-
functional theory with a hybrid functional and density-functional perturbation theory, respectively. The
results of these calculations are used in an ensemble Monte Carlo simulator to calculate the velocities,
energies, and impact ionization coefficients in different crystallographic directions. In conjunction, we
have also developed the form-factor parameters to recreate the full band structure based on the empirical
pseudopotential method, which is less computationally expensive and more accessible. The results of the
transport calculations performed using the two differently computed band structures are compared.
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I. INTRODUCTION

Ultrawide-band-gap (UWBG) semiconductors are clas-
sified as materials with band gaps greater than 4 eV.
These materials are especially attractive to power elec-
tronics applications due to their high breakdown volt-
ages and high operating temperatures, which are directly
attributed to their wide band gaps [1,2]. Owing to these
properties, power devices based on UWBG semiconduc-
tors are expected to outperform their counterparts based on
wide-band-gap and more traditional semiconductors. The
continued development of UWBG semiconductors also
benefits ultraviolet (UV) optoelectronics, including light-
emitting diodes and photodetectors, due to the closer match
between their band gap and the desired photon energies.

Currently, UWBG semiconductors are considered an
immature technology [1–3], with challenges including
unreliable doping, poor material quality, and scalability
affecting all UWBG materials. The AlxGa1−xN alloy sys-
tem, with a tunable band gap ranging from 3.4 eV to over 6
eV, and a breakdown field up to 10 MV cm−1, can be con-
sidered the most technologically mature, and has already
shown promise as a material for optoelectronics and power
switching devices [1,3,4]. However, challenges with p-
type doping and available substrates continue to be key
areas of focus for the development of AlxGa1−xN devices.
Diamond has also been a material of interest owing to its
large band gap of 5.5 eV, extremely high thermal con-
ductivity, high carrier mobilities, similar breakdown fields,
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and similar high-field velocities compared to AlxGa1−xN
[1,5–8]. So far, some progress has been made towards
fabrication of diamond-based devices [9]. Nevertheless,
the technology is still in its early stages and suffers from
unreliable doping and material growth challenges.

In addition to the aforementioned UWBG materials,
cubic boron nitride (c-BN) has also received some atten-
tion due to its superior material properties, similar to
diamond, including high thermal conductivity and an even
wider band gap of 6.4 eV [1,6]. This has inspired some
work into the doping and growth of c-BN films [10–15],
and the fabrication of rudimentary diodes [16]. However,
little is known about its electrical transport properties.
Sparse data exist on the transport properties at low fields
below 10 kV cm−1, both theoretically [17–19] and exper-
imentally [20,21], with an estimated electron mobility
of nearly 1000 cm2 V−1 s−1. Even fewer data are avail-
able at high electric fields exceeding 1 MV cm−1. Thus,
detailed studies of high-field transport properties in c-BN
are needed, with high-field velocities and impact ioniza-
tion coefficients of utmost interest, to further inspire the
continued research of this material.

The primary goal of this work is to perform a detailed
investigation of the high-field transport characteristics of
c-BN at 300 K using established methods. The important
parameters include high-field drift velocities and ioniza-
tion coefficients for both electrons and holes. The dearth
of available experimental data for c-BN promotes the use
of state-of-the-art ab initio methods based on density-
functional theory (DFT) to compute its electronic band
structure and its carrier-phonon scattering rates. Although
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these methods are well established, their computational
complexity and the required access to the software means
performing these calculations can be costly. Thus, we have
also developed reduced-order and more accessible band-
structure models based on the empirical pseudopotential
(EPM) methods that can be used by other researchers to
study the transport properties of c-BN. In order to validate
the EPM model, its calculations are compared with those
obtained using the ab initio DFT model.

II. TRANSPORT MODEL

Full-band Monte Carlo (FBMC) is a well-established
method for studying the transport properties of semicon-
ductors at high fields, and has been used extensively to
calculate important parameters, such as drift velocities and
impact ionization coefficients, for a wide range of mate-
rials [22–29]. This method requires the calculation of the
materials’ full band structure using semiempirical meth-
ods, such as EPM, or ab initio methods, such as DFT, as
well as the implementation of energy-dependent scattering
rates calculated analytically or through ab initio methods.

In this work, the Monte Carlo simulations are performed
using the FBMC code developed at Boston University
[30]. The full band structure of c-BN is computed using
a state-of-the-art first-principles density-functional-theory
method with Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tionals. Using the DFT-computed band structure, the
phonon scattering rates and dispersion for the given band
structure are computed with density-functional perturba-
tion theory (DFPT). Finally, the impact ionization rates,
which are crucial for determining the breakdown fields,
are computed using previously derived methods based on
Fermi’s “golden rule.” This combination of the FBMC
simulator with DFT-computed band structure and scat-
tering rates gives a thorough treatment for the particle
transport phenomena of intrinsic c-BN without the effects
of impurities and defects. More details about the DFT and
DFPT calculations are given in the following sections.

Complementing this work are the same calculations
using the EPM-computed band structure. EPM is consid-
ered the method of choice for calculating band structures
for FBMC simulations owing to its low computational
cost [31]. Thus, development of an EPM band-structure
model for c-BN would allow for more widespread stud-
ies of its transport properties and c-BN-based devices with
FBMC methods. The quality of the EPM band structure
is dependent on the availability of accurate experimen-
tal data and/or ab initio calculations to obtain a fit of the
screened atomic potential. This presents issues for c-BN
due to its lack of experimental data, but can be resolved
by using parameters extracted from the ab initio DFT-HSE
band-structure calculations.

A. Electronic band structure

The DFT-HSE electronic structure of c-BN was
obtained using the QUANTUM ESPRESSO (QE) package
[32,33]. The core-valence interaction is described by
the SG15 optimized norm-conserving Vanderbilt (ONCV)
pseudopotentials [34,35]. The HSE hybrid functional [36]
with 33% amount of exact exchange gives 6.32 eV indi-
rect energy gap, which agrees well with the experimental
value of 6.36 eV [37]. Using an 8 × 8 × 8 �-centered grid
of k-points sampled in the first Brillouin zone (FBZ) with
a cutoff energy of 80 Ry is sufficient to reach convergence
of the total energy, with an error within 1 meV per atom.

The EPM electronic structure has been derived using
a model already employed to study other wide-band-gap
semiconductors and reported in Ref. [31]. Its parameters
for the screened local atomic potential, which are given in
Appendix A, were obtained by comparing the output band
structure to the ab initio DFT-HSE band structure.

To perform the transport simulations in FBMC, the ener-
gies and wave functions obtained from DFT-HSE or EPM
are sampled in the irreducible wedge (IW) of the FBZ.
The volume of the IW is divided into cubic elements,
with energies and wave functions sampled at each cor-
ner and once at each edge of the cube. This makes each
cube a quadratic brick element for serendipitous interpola-
tion of the energies and velocities [38]. In addition, cubes
at or near valley minima are refined due to the inaccura-
cies with interpolation near those regions [23]. For c-BN,
the refinements are placed around � and X to account for
the valence-band maxima and the conduction-band min-
ima, respectively. Each refined cubic element is subdivided
into 216 smaller cubic elements with the same placement
of k-points at the corners and edges. This step improves
the accuracy of energy and velocity calculations at low to
moderate electric fields. In total, 93 401 k-points are used
the sample over the entire IW, with energies and wave
functions computed at each.

Figure 1 presents and compares the c-BN band-structure
energies computed by DFT-HSE and EPM. In this work,
only the six lowest-energy conduction bands and the three
highest-energy valence bands are included. The lowest-
energy valence band is excluded as it is inconsequential
for the simulations. Relevant parameters, including the
effective masses, have been included in the Appendix B.
For valence bands, the heavy-hole, light-hole, and spin-
orbit bands, listed by decreasing effective mass, show
good agreement between the EPM and DFT-HSE models,
which is promising for accurate hole transport simula-
tions using the EPM band structure. For conduction bands,
the lowest-energy band shows good agreement between
the two models, and begins to show significant differ-
ences starting at 5 eV above the conduction-band minima.
The density of states (DOS) are plotted in Fig. 2, and
show good agreement from the EPM band structure up to
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FIG. 1. Electronic band structure of cubic boron nitride com-
puted using DFT-HSE (solid black lines) and local empirical
pseudopotential method (dashed red lines).

5 eV for both the valence and conduction bands. These
comparisons suggest that using the EPM band structure for
FBMC transport calculations should yield accurate results
as long as the particle energies do not exceed 5 eV.

B. Carrier-phonon scattering

The quantitative description of the carrier-phonon inter-
action is critical for the study of carrier dynamics at low
and high electric fields. Conventional FBMC transport
models incorporate scattering rates computed with simple
models, using a deformation potential term as an empirical
fitting parameter to scale acoustic and nonpolar scatter-
ing modes to match experimental data [25,28,39], such as
mobility. However, this is not a viable option for c-BN,
for which little or no experimental information is avail-
able, especially at high electric fields. Furthermore, since
c-BN is a polar semiconductor, its mobility is expected
to be less dependent on the deformation potential scatter-
ing, and more dependent on the long-range polar-optical
modes. In this work, carrier-phonon scattering rates used
in the FBMC calculations are computed using the conven-
tional models, but are scaled with a deformation potential
to match ab-initio-calculated scattering rates. For c-BN, it
is important to include the deformation potential acoustic
and nonpolar-optical phonons, as well as the polar-optical
phonons. All rates are computed for a temperature of
300 K.

The ab initio scattering calculations start with the band
structure computed from DFT-HSE combined with DFPT
[40,41] to determine the phonon-resolved carrier-phonon
scattering rate. This rigorous self-consistent approach

(a)

(b)

FIG. 2. Calculated conduction-band (top) and valence-band
(bottom) density of states, computed using DFT-HSE (solid
black line) and EPM (dashed red line).

includes the contribution of all phonon modes and
accounts for the crystal potential variation resulting from
the phonon mode propagation. The phonon dispersion is
obtained within DFPT implemented in the QE package
with an 8 × 8 × 8 grid of phonon q-vectors using Perdew-
Burke-Ernzerhof (PBE) functionals [42]. Figure 3 presents
the calculated phonon dispersion in c-BN. Subsequently,
the electron-phonon matrix elements and phonon-mode-
resolved scattering rates are computed on a dense 80 ×
80 × 80 k-point and q-vector grids in the FBZ, using
electron-phonon Wannier (EPW) software [43,44] through
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maximally localized Wannier functions (MLWFs) [45] and
generalized Fourier interpolation [46].

Although the ab initio approach provides the most rig-
orous calculation of the carrier-phonon scattering rates,
it is difficult to implement the rates directly into FBMC
simulations. Thus, the rates incorporated into FBMC are

computed using the following equations originally derived
from Fermi’s “golden rule” for the acoustic (ac) [22],
nonpolar-optical (op) [22], and polar-optical (po) [43]
absorption and emission processes, and requires integrat-
ing for each initial k-point, k, in each initial band, n, to
each final k-point, k′, in each final band, n′:

1
τ±

ac(n, k)
= 2π

�

∑

n′

∫

V
dk′ |q|π(Dac(E))2

Vρωac

{
Nq + 1

2
± 1

2

}
|I(n, k, n′, k′)|2 × δ[E(k′) − E(k) ∓ �ωac(q)], (1)

1
τ±

op(n, k)
= 2π

�

∑

n′

∫

V
dk′ π(DtK(E))2

Vρωop

{
Nq + 1

2
± 1

2

}
|I(n, k, n′, k′)|2 × δ[E(k′) − E(k) ∓ �ωop(q)], (2)

1
τ±

po(n, k)
= 2π

�

∑

n′

∫

V
dk′ e

2 � ωlo

4|q|2
[

1
ε∞

− 1
ε0

]{
Nq + 1

2
± 1

2

}
|I(n, k, n′, k′)|2 × δ[E(k′) − E(k) ∓ �ωlo(q)]. (3)

In these equations, e is the electronic charge, q is
the phonon wave vector, Nq is the phonon number, ω

and �ω are the phonon angular frequency and phonon
energy, respectively, ρ is the density of c-BN, ε0 and
ε∞ are the low-frequency and high-frequency permittiv-
ity of c-BN, respectively, and I(n, k, n′, k′) is the overlap
integral between corresponding Bloch wave functions.
For momentum conservation, the condition k′ = TFBZ(k +
q) needs to be satisfied, where TFBZ(k + q) stands for

FIG. 3. Ab-initio-calculated phonon dispersion (solid lines)
and the effective dispersion (dotted lines) for c-BN used in the
FBMC calculations.

the transformation of the k-vector, k + q, into the FBZ.
The term Dac(E) is the energy-dependent acoustic-phonon
deformation potential, and DtK(E) the energy-dependent
nonpolar-optical-phonon deformation potential. In these
equations, Nq + 1

2 + 1
2 is used for absorption processes,

and Nq + 1
2 − 1

2 is used for emission processes. The Umk-
lapp scattering processes are also included in the calcu-
lations. Relevant material parameters and constants are
located in Appendix C.

The calculations of the scattering rates are performed
using the DFT-HSE and EPM band structures sampled
in the irreducible wedge with 93 401 k-points previously
mentioned as the initial k-points. An additional mesh sam-
pled in the entire FBZ is used as the final k-points and
includes added mesh refinements placed at � and the six
X points for a total of 492 141 k-points with only energies
computed and 96 304 k-points with only wave functions
computed placed as the center of the cubic elements.

The acoustic, nonpolar-optical, and polar-optical phonon
branches are grouped to form effective modes for each,
with the effective dispersions plotted on top of the ab-
initio-calculated values in Fig. 3. The initially k-dependent
scattering rates computed using Eqs. (1)–(3) are converted
to energy-dependent rates using the E(k) relation of the
band structure. This method has been widely adopted in
FBMC simulations [24–27] for its simplicity and effective-
ness. The effective acoustic dispersion is isotropic with the
phonon q-vector and the effective optical modes are rep-
resented by a single phonon energy of 127 meV for the
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nonpolar-optical mode, and 157 meV for the polar-optical
mode for all phonon q-vectors. It is important to distin-
guish between the two polar modes due to their difference
in calculated scattering rates, as seen in Eqs. (2) and (3),
and the differences in the final k-point selection process of
the two modes. For example, scattering by a polar-optical
phonon is much more likely to result in a final k-point
closer to the initial k-point due to its 1/|q|2 relation.

The final step in incorporating the scattering processes
into the FBMC simulations is to scale the effective acoustic
rates and the effective nonpolar-optical rates by the acous-
tic deformation potential, Dac(E), and the nonpolar-optical
deformation potential, DtK(E), respectively, to match the
corresponding ab-initio-computed rates. The results of the
fitting process are shown in Figs. 4 and 5. The discrepancy
between the shapes of the scattering rates computed using
the EPM band structure versus using the DFT-HSE band
structure can be immediately seen, with the biggest differ-
ences occurring above 5 V. This is mainly attributed to the
differences in the DOS between the differently computed
band structures. It is interesting to note that the hole effec-
tive acoustic scattering rate with both DFT-HSE and EPM
data differ from the ab-initio-computed rate at low ener-
gies below 1.2 eV. This discrepancy stems from the rate
calculated for the longitudinal acoustic-phonon branch,
where the symmetry of the matrix elements is not properly
accounted for in the effective model.

C. Impact ionization rates

The impact ionization process refers to the generation of
electron-hole pairs due to scattering between a high-energy
electron (or hole) with an electron in the valence band.
This process is especially important to include in high-field
simulations since it is responsible for breakdown, which
limits the operating regime of high-voltage devices, such
as power devices.

The impact ionization (ii) scattering rates are computed
to the first order using previously derived methods based
on Fermi’s “golden rule” [24,25,47–49]. In this process,
an initiating electron or hole with k-vector, k1, in band n1
ionizes with a bound electron in the valence band with k2
in band n2. The initiating electron or hole is scattered to
its final state with k1′ in the conduction or valence band
n1′ , respectively. The bound electron is scattered into the
conduction band with k2′ in band n2′ , leaving behind a
hole with k2 in the valence band n2. The equation for this
process is

1
τii(n, k1)

= 2π

�

V3

(2π)9

∑

n1′ ,n2,n2′

∫∫∫
dk1′ dk2 dk2′

|M (n1′k1′ , n2′k2′ ; n1k1, n2k2)|2
× δ[E(k1) + E(k1′) − E(k2) − E(k2′)], (4)

(a)

(b)

(c)

FIG. 4. Comparison between electron acoustic (ACO),
nonpolar-optical (NPO), and polar-optical (POL) scattering rates
of the ab initio DFT-HSE computed rates to their equivalent
effective scattering rates. Deformation potentials are applied to
the effective acoustic (top) and effective nonpolar-optical modes
(middle). No deformation potential is applied to the polar-optical
scattering rates (bottom).
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(a)

(b)

(c)

FIG. 5. Comparison between hole acoustic (ACO), nonpolar-
optical (NPO), and polar-optical (POL) scattering rates of the ab
initio DFT-HSE computed rates to their equivalent effective scat-
tering rates. Deformation potentials are applied to the effective
acoustic (top) and effective nonpolar-optical modes (middle). No
deformation potential is applied to the polar-optical scattering
rates (bottom).

FIG. 6. Electron-initiated impact ionization transition rate
evaluated using the electronic structure from DFT-HSE.

where M is the screened Coulomb matrix element, and
the k-vectors are restricted to lie in the FBZ and to sat-
isfy momentum conservation, k1 + k2 + GU = k1′ + k2′ ,
where GU is a reciprocal lattice vector.

With particles treated as being indistinguishable, the
matrix element for the ionization transition consists of the
direct, MD, and exchange, ME , processes: |M |2 = |MD|2 +
|ME|2 − (M ∗

DME + MDM ∗
E)/2. The direct matrix element

may be computed as [24,49]

MD =
∑

G1,G2,G1′ ,G2′
a∗

n1′ k1′ (G1′)a∗
n2′ k2′ (G2′)an1k1(G1)an2k2

× (G2)
e2

4πε(qD, ωD)q2
D

δ(−k1′ − G1′ + k1 + G1

− k2′ − G2′ + k2 + G2), (5)

where �ωD = E(k1) − E(k1′) and qD = k1′ + G1′ − k1 −
G1 are the direct energy and momentum transfer, respec-
tively. The exchange term ME is obtained by simply
exchanging the final states (1′, 2′) → (2′, 1′) in Eq. (5).
The major difficulty in the evaluation of impact ionization
matrix elements MD and ME lies in choosing an accu-
rate yet manageable expression for the dielectric matrix.
In this work, the valence-band contribution to the dielec-
tric function has been computed within the random-phase
approximation (RPA) [50]. The results of these calcula-
tions using the DFT-HSE band structure are presented in
Figs. 6 and 7.
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FIG. 7. Hole-initiated impact ionization transition rate evalu-
ated using the electronic structure from DFT-HSE.

III. RESULTS AND DISCUSSION

Using the approach outlined in Sec. II, the carrier drift
velocities and average energies at 300 K are computed
with FBMC for electric fields ranging from 500 V cm−1

to 10 MV cm−1 in the crystallographic directions 〈100〉,
〈110〉, and 〈111〉. The impact ionization coefficients have
also been computed for both electrons and holes for
the same electric field strengths and directions. Using
the computed ionization coefficients, the estimated break-
down field for c-BN is acquired from one-dimensional
(1D) FBMC device simulations. The key carrier trans-
port parameters for c-BN computed with FBMC in this
work are compared to other UWBG semiconductors in
Table I. The wide range of reported breakdown fields likely
comes from differences in device design, such as doping
concentration, channel length, and edge termination [54].

FIG. 8. Electron and hole drift velocities evaluated using the
electronic structure and scattering rates from DFT-HSE and
EPM.

A. Drift velocities

The FBMC-calculated drift velocities for c-BN com-
puted using the DFT-HSE and EPM band structures are
shown in Fig. 8. FBMC simulations start with seeding an
ensemble of electrons or holes in an electric field, which
are accelerated by the field and scattered according to their
energy. The carrier drift velocities are defined as the aver-
age velocity of the ensemble in the direction of the electric
field at steady state. The velocity of each carrier is calcu-
lated as ∂E/∂k, where E and k are the carriers’ energy and
k-vector, respectively. The calculations show that electron
velocities are isotropic for all simulated field strengths,
with a peak velocity of 2.7 × 107 cm s−1 occurring at a
field of 1 MV cm−1. This value is comparable to or slightly
higher than the electron peak velocity in diamond, and
significantly higher than reported values in AlxGa1−xN.
The estimated intrinsic electron mobility, estimated from
the linear slope of the velocity curve at low fields, is
1600 cm2 V−1 s−1 and is comparable to previously com-
puted values [17,19], but higher than the measured values
[20].

TABLE I. Comparison of electron and hole mobilities (if available), μe and μh, maximum drift velocities, vmax,e and vmax,h, and
the breakdown field, Fbreakdown, between c-BN computed in this work with AlxGa1−xN [1,2,4,51,52] and diamond [1,5,7,8,53]. The
breakdown field provided for c-BN represents devices with a channel length of 10 µm or shorter.

Material μe vmax,e
μh vmax,h Fbreakdown

(cm2 V−1 s−1) (cm s−1) (MV cm−1)

c-BN 1600 2.7 × 107 > 5.5
(this work) 400 1.6 × 107

Diamond 2500 2.5 × 107 2–20
2200 1 × 107

AlxGa1−xN 450 1.5 × 107 1–10
· · · · · ·
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FIG. 9. Two-dimensional cross section along the kz plane of the FBZ of the energy dispersion for the top three valence bands
centered at � for c-BN computed by HSE. A high degree of anisotropy is observed in the heavy-hole band (right panel). Some
anisotropy is observed in the light-hole band (middle panel), and no anisotropy is observed in the spin-orbit band (left panel). The
increased resolution surrounding � comes from mesh refinements placed in this region. This figure was generated using VisIt [55].

Unlike electrons, holes exhibit significant anisotropy
that is observed in the range between 10 and 4 MV cm−1.
The 〈100〉 crystallographic direction reaches the highest
velocities, with a peak velocity of 1.6 × 107 cm s−1 for
an applied field of 2.5 MV cm−1. The peak velocity value
is higher than the reported hole peak velocity in diamond.
The anisotropy can be largely attributed to the anisotropic
effective masses of the heavy-hole valence band that can
be seen in Fig. 1 and more clearly presented in Fig. 9,
and shows the much higher effective mass in the 〈110〉
direction compared to the 〈100〉 direction. This anisotropy
disappears for fields greater than 4.0 MV cm−1. Using the
slope of the hole velocity at low fields, the hole mobility
is estimated to be 400 cm2 V−1 s−1 and matches well with
previously measured results [56].

A comparison of the FBMC velocity results calculated
with DFT-HSE and EPM band structures and scattering
rates shows no significant differences. For the simulations
up to 10 MV cm−1, the average energies for both electrons
and holes do not exceed 5 eV, as shown in Fig. 10. Since
the DFT-HSE and EPM band structures only begin to show
significant differences starting at 5 eV, as seen in the band
structure in Fig. 1 and the DOS in Fig. 2, the EPM band
structure serves as a satisfactory alternative for FBMC sim-
ulations of carrier velocities for fields up to 10 MV cm−1

and possibly higher.

B. Ionization coefficients and breakdown field

Impact ionization coefficients are crucial for model-
ing of power devices and the prediction of their break-
down voltage. For optoelectronic devices, impact ioniza-
tion coefficients can be used to estimate their gain and
noise characteristics. The electron-initiated, α, and hole-
initiated, β, ionization coefficients, defined as the inverse
mean free path between ionization events, have been
extracted along the principal crystallographic directions
for applied electric field strengths up to 10 MV cm−1.

It is important to discern between the ionization coeffi-
cient discussed in this section, which has units of cm−1,
and the ionization rate, with units of s−1, discussed in
Sec. II C. Figure 11 presents the calculated values for α

and β using the DFT-HSE and EPM band structures, and
shows that holes are the dominant ionizers in c-BN for the
sampled electric field strengths. Compared to previously
computed ionization coefficients of diamond [29,54,57],
for which holes also dominate the ionization process up
to 10 MV cm−1, c-BN has much lower coefficients, which
is likely attributed to its wider band gap. For example,
the calculated β of c-BN for an electric field strength of
5 MV cm−1 is 5 × 103 cm−1, compared to calculated val-
ues of ≈ 1 × 104 cm−1 to ≈ 1 × 105 cm−1 and higher in
diamond. This is a promising sign that c-BN may have a
higher breakdown field compared to diamond.

To obtain preliminary estimates of the breakdown fields
in c-BN, 1D FBMC device simulations are performed on c-
BN p-i-n diodes. The intrinsic region serves as the channel,

FIG. 10. Electron and hole average energies evaluated using
the electronic structure and scattering rates from EPM and DFT-
HSE.
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FIG. 11. Calculated electron and hole ionization coefficients
for different crystallographic directions and using the electronic
structure and scattering rates from DFT-HSE and EPM.

with lengths of 1, 5, and 10 µm, and doped at a concen-
tration of 1 × 1013 cm−3. The low doping concentration
creates uniform electric fields along the channel, which are
useful for estimating their breakdown field. Sample elec-
tric field profiles for the 5 µm channel are presented in
Fig. 12. The simulations start with the injection of holes
at the n side of the p-i-n diode, which are then acceler-
ated towards the p side, gain energy through the field, and
undergo impact ionizations. Holes are injected instead of
electrons since they have the higher ionization coefficient
and a higher probability of triggering breakdown. The cur-
rent gain, M , for each electric field value is computed as
(Nion/Ninjected) + 1, where Nion is the number of ionization
events that occurred and Ninjected is the number of holes
injected. For this study, the breakdown field is defined as
the electric field for which the gain exceeds 1 × 106 A/A.

The results of this study are presented in Fig. 13, and
show that, for the longest device with a 10 µm chan-
nel, breakdown occurs for a field of 5.5 MV cm−1. For
the 5 µm channel, the breakdown field is increased to
6.5 MV cm−1, and for the 1 µm channel, breakdown was
not observed up to 10 MV cm−1. These breakdown fields
fall within the range of experimental values reported for
diamond and AlxGa1−xN. The observed trend of higher
breakdown fields for shorter channels can be explained
by ionization deadspace [58]. In other words, low-energy
carriers, which include the initially seeded carriers and
the carriers generated from impact ionization events, must
travel a finite distance before gaining enough energy to
impact-ionize. Thus, longer channels will incur a higher
number of ionizations for a given set of ionization coeffi-
cients. Based on this trend, it is likely that the breakdown
field can go well beyond 10 MV cm−1 for channel lengths
shorter than 1 µm. Furthermore, it should be noted that the

FIG. 12. Calculated electric field profile of a 1D p-i-n diode
used to estimate the breakdown field. The intrinsic region width
is 5 µm. Contacts are located at the extremes of the device. As the
bias is increased, the electric field will also increase but maintain
its uniformity.

doping level of the high-electric-field region significantly
affects the breakdown field for real devices, with higher
doping levels resulting in higher breakdown fields [54].
Thus, it is likely the calculated 5.5 MV cm−1 breakdown
field for the 10 µm channel represents the lower-bound
estimate for devices with a channel shorter than 10 µm.

Lastly, differences between the extracted ionization
coefficients obtained using the DFT-HSE and EPM band
structures are compared. The discrepancy between the set
of coefficients can be traced to the differences in the DOS
of the two band structures. Impact ionizations occur at
the extremes of the energy distribution well above 5 eV

FIG. 13. FBMC-simulated gain of an injected hole in a c-BN
p-i-n diode. Breakdown is defined as a gain exceeding 1 × 106

A/A. Breakdown occurs at 5.5 MV cm−1 for the 10 µm device,
and at 6.5 MV cm−1 for the 5 µm device. Breakdown was not
observed for the 1 µm device.
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(a)

(b)

Energy (eV)

Energy (eV)

FIG. 14. Histogram of energies for which the ionization events
occur, comparing results from EPM bands (top) and HSE bands
(bottom).

for both electrons and holes, where the DFT-HSE and
EPM band structures show significant differences. The his-
togram of hole ionizations for 10 MV cm−1 in the 〈100〉
direction is presented in Fig. 14 and shows that hole ion-
izations start to occur for hole energies of 8 eV, and the
number of ionizations starts to drastically increase at 11.3
eV. Since the DOS of the EPM band structure approaches
zero at a lower energy than the DFT-HSE band structure,
the number of hole ionizations is higher for the DFT-HSE
band structure.

IV. CONCLUSION

This work presents a numerical study of the carrier
transport properties of cubic boron nitride using ab-initio-
calculated band structure and scattering rates. The band
structure was computed using a first-principles model
based on density-functional theory, and the carrier-phonon
scattering rates were evaluated using density-functional
perturbation theory. In addition, we have also developed a
low-computational-cost band structure based on an empiri-
cal pseudopotential. These models are applied to full-band
Monte Carlo simulations of cubic boron nitride to extract
its carrier transport properties, including carrier velocities
at high field and impact ionization coefficients.

The results of the full-band Monte Carlo simulations
show a peak electron velocity of 2.7 × 107 cm s−1 at
an applied field strength of 1.0 MV cm−1, and a peak
hole velocity of 1.6 × 107 cm s−1 at an applied field of
2.5 MV cm−1 in the 〈100〉 direction. For holes, anisotropy
is observed for electric fields ranging from 10 kV cm−1 to
4.0 MV cm−1, with drift velocities approximately 1.5 times

lower in the 〈110〉 and 〈111〉 directions. These velocity val-
ues for electrons and holes are comparable to or higher than
the peak velocities of diamond and AlxGa1−xN. The cal-
culated carrier mobilities at 300 K are 1600 cm2 V−1 s−1

for electrons and 400 cm2 V−1 s−1 for holes, values that
are lower than those of diamond but higher than those
of AlxGa1−xN. The high carrier velocities of cubic boron
nitride at high electric fields are promising for its use in
high-speed devices.

Impact ionization coefficients have also been extracted
from the simulations, showing that holes have a much
higher ionization coefficient than electrons. Compared to
diamond, which has a relatively high breakdown field, the
coefficients for cubic boron nitride appear to be lower than
previously computed values of diamond, which is promis-
ing for even higher breakdown fields in cubic boron nitride.
The estimated breakdown field from simulations of a sim-
ple p-i-n diode show a breakdown field of 5.5 MV cm−1 for
a 10 µm channel, which falls within the range of reported
breakdown fields of diamond and AlxGa1−xN, and can be
increased with shorter channel lengths.

Lastly, we have compared the carrier transport results
using the band structures obtained from empirical pseu-
dopotential and density-functional-theory methods and see
that the calculations of mobility and high-field velocities
yield similar values for all sampled electric fields up to
10 MV cm−1. However, the calculated ionization coef-
ficients show differences due to the differences between
the band structures at high energies where the ionizations
occur.

Based on the results of this study, c-BN is a material
with transport properties that are favorable for high-speed
power switches and high-frequency transistors.
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APPENDIX A: EPM MODEL PARAMETERS

The EPM model for c-BN has been developed starting
from the electronic structure computed using DFT-HSE.
The local symmetric and antisymmetric form factors have
been obtained using a spline interpolation and a cut-
off has been introduced for q2 > 16. The symmetric and
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TABLE II. Form factors.

Vs,a(q) Form factor (eV)

Vs√
0

−2.770682805958579
Vs√

3
−0.072685734490557

Vs√
8

0.573910302368103
Vs√

11
0.464990332323846

Va√
0

−5.889089812295032
Va√

3
0.690060172195140

Va√
4

0.672669400807859
Va√

11
0.356925317314253

antisymmetric form factors are given by Eq. (A1) [59,60]:

Vs,a(q) = Vs,a
spline(q) × 1

2

[
1 + tanh

(
a0 − q2

a1

)]
, (A1)

with a0 = 16.42 and a1 = 0.8663. Nonlocal correction and
spin-orbit interaction have not been included in the model,
and 113 plane waves have been used to represents the
Bloch wave functions. Table II provides the values of the
nonzero symmetric and antisymmetric form factors.

APPENDIX B: EFFECTIVE MASSES

The values of the effective masses at the conduction-
and valence-band edges can also be used to compare the
electronic band structures obtained from DFT-HSE and
EPM. Because of the uncertainty introduced by evaluat-
ing numerically the second derivative of the energy with
respect to the wave vector along specific crystallographic
directions in the Brillouin zone, we have computed the
effective masses by fitting the band-resolved DOS for the
conduction, heavy, light, and split-orbit bands. Addition-
ally we have computed the hole mass from the total valence
DOS. Using the expression g(E) of the DOS for a non-
parabolic spherical band, reported in Eq. (B1) [61], we
obtained the DOS mass md and the nonparabolicity coeffi-
cient α, fitting the analytical expression of the DOS to the
numerically computed one from DFT-HSE and EPM, up

TABLE III. DOS-derived effective masses, m∗, and non-
parabolicity factors, α, from DFT-HSE and EPM.

DFT-HSE EPM

m∗ α m∗ α

Electrons 0.375 0.15 0.413 0.1
Holes, total 1.95 0.075 2.10 0.08
Heavy hole 1.10 0.00 1.15 0.025
Light hole 0.375 0.19 0.385 0.22
Spin-orbit 0.175 0.10 0.150 0.1

TABLE IV. Material parameters for c-BN at 300 K.

Relative permittivity, static 7.10
Relative permittivity, high-freq. 4.46
Lattice constants 3.62 Å
Density 3450 kg m−3

Nonpolar-optical phonon energy 127 meV
Polar-optical phonon energy 157 meV

to 1 eV above the band edges:

g(E) = 10−6M 2/3m3/2
d√

2q3/2π2�3
(1 + 2αE)

√
E(1 + αE), (B1)

where M is the number of equivalent valleys, q is the
electron charge in coulombs, and E the energy in electron
volts.

Table III presents the DOS-derived masses and non-
parabolicity coefficients for DFT-HSE and EPM. We can
see that there is a good agreement between the two sets of
effective masses. The differences in the values are probably
within the fitting error. This result indicates that the EPM
model reproduces well the DFT-HSE bands close to the
band edges.

APPENDIX C: CUBIC BORON NITRIDE
MATERIAL PARAMETERS

The material parameters for cubic boron nitride at 300
K used in this work are listed in Table IV.
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