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Ab initio model of carrier transport in diamond
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We have investigated the carrier-transport properties of diamond using a first-principles approach. We
have employed a full-band Monte Carlo model based on an electronic structure obtained from density-
functional theory (DFT) augmented with Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals. We have
computed the carrier-phonon interaction directly employing the DFT electronic structure and phonon
dispersion. Effective acoustic and optical scattering models have been calibrated against the ab initio
results to obtain a computationally efficient transport model that retains the accuracy of the first-principles
approach. Using the DFT-derived full-band structure and the calculated carrier-phonon scattering rates,
we have evaluated the field-dependent drift velocities and impact-ionization coefficients and compared
them to the available experimental data. We have also analyzed the temperature dependence of the carrier
drift velocity up to 500 K and developed analytical models that can be used to perform device simulation

based on the drift-diffusion method.

DOI: 10.1103/PhysRevApplied.21.054043

I. INTRODUCTION

Due to its unique characteristics, diamond is a desir-
able material for a number of applications, ranging from
high-voltage and high-power switches [1] to microwave
amplifiers [2] and heat-management systems [3,4]. In fact,
power electronic devices [5] are the ideal candidates to
exploit the high-breakdown electric field and carrier veloc-
ities that diamond can potentially offer. Furthermore, its
low susceptibility to radiation damage and high thermal
conductivity make diamond the ideal material for semi-
conductor devices operating in harsh environments. Due
to these promising qualities, diamond has been the focus
of a protracted research effort spanning several decades.

While the advantages that diamond provides are widely
recognized, challenges with material growth, processing,
and doping have hampered the adoption of diamond
as a conventional microelectronics material. Neverthe-
less, progress is being made in the development of both
high-power diodes [6,7] and switching devices [8,9], and
transistors for radio-frequency and microwave applica-
tions [2,10]. Different approaches have been developed
to engineer p- and n-type layers, including substitutional
incorporation, ion implantation, and transfer doping [5].
Due to the high activation energies and the resulting lim-
ited activation efficiency, very large doping levels on the
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order of 10%° cm™ are invariably required to obtain mod-
est carrier concentration levels. As a result, the carrier-
transport properties are often modified from band transport
to variable-range hopping conduction. Consequently, reli-
able measurement of the true material transport properties
is difficult and limited to intrinsic layers [11—13] or natural
diamond samples [14,15].

One promising application of diamond includes lateral
devices both for microwave and switching applications,
which have been implemented using surface treatments
that induce two-dimensional hole gas (2DHG) [16]. Unfor-
tunately, electrical stability over time of this kind of device
is difficult to achieve, which necessitates alternative meth-
ods for creating a 2DHG, such as the deposition of an
acceptor layer. Nevertheless, the long-term reliability of
these devices is still not well understood. As a result, to
fully exploit the properties of diamond, it is likely that
modulation doping using heterostructures will need to be
developed. A possible candidate for realizing such a goal is
cubic boron nitride (c-BN), which is predicted [17] to have
transport properties similar to those of diamond. Since the
valence-band offset between c-BN and diamond is pre-
dicted to be approximately 1.86 eV, a delta-doped c-BN
barrier layer on diamond could potentially yield a 2DHG.

In this work, we perform first-principles calculations
of the fundamental carrier-transport properties in diamond
using the Monte Carlo method. Calculations of carrier
velocities and energies are performed along the (100),
(110), and (111) crystallographic directions for electric

© 2024 American Physical Society
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fields up to 10 MV cm ™! and variable temperature. We also
present parametric models for the temperature- and field-
dependent velocities, which are crucial for accurate device
modeling, with the parametrization provided in Sec. A. In
addition, impact-ionization coefficients are calculated up
to 50 MV cm™! and the breakdown fields of diamond are
computed.

The paper is organized as follows. In Sec. I, we describe
the density-functional-theory (DFT) model used for the
electronic structure and the lattice dynamics of diamond.
In Sec. IlI, we outline the first-principles approach used
to compute the carrier-phonon scattering rates. In Sec. IV,
we present the calculated transport properties and, finally,
in Sec. V we summarize the findings.

II. ELECTRONIC STRUCTURE AND LATTICE
DYNAMICS

Carrier-transport studies performed within the frame-
work of the full-band Monte Carlo (FBMC) simulation
approach have traditionally relied on an electronic struc-
ture description based on the empirical pseudopotential
method (EPM). The quality of the EPM electronic struc-
ture depends on the availability of reliable experimental
data to determine the screened periodic atomic potential,
which is subsequently used in the crystal Hamiltonian.
For materials that are technologically immature, it is very
difficult to collect sufficient experimental information to
generate an accurate electronic structure using EPM. In
the case of diamond, Watanabe and coworkers [18] have
used a transport model based on an EPM band structure.
Subsequently, Kamakura and coworkers [19] have pointed
out that calculations based on the EPM cannot reproduce
some experimental breakdown-voltage data. This issue has
been traced back to specific features of the EPM elec-
tronic structure at high electron energies. To avoid such
issues, we have employed an ab initio—computed elec-
tronic structure and carrier-phonon scattering rates in the
FBMC simulations.

The electronic structure of diamond has been obtained
using the QUANTUM ESPRESSO (QE) package [20,21]. The
SG15 optimized norm-conserving Vanderbilt (ONCV)
pseudopotential [22,23] has been used to express the core-
valence interactions. The Heyd-Scuseria-Erzerhof (HSE)
hybrid functional [24,25] with 28% of exact exchange
gives a 5.48-eV indirect energy gap, which is close to
the experimentally obtained value of 5.50 eV [26]. The
DFT-HSE method has been chosen to calculate the band
structure over other methods, such as the GW formalism,
for its combination of accuracy and computational effi-
ciency. While the GW formalism has the potential to be
more accurate than the DFT-HSE approach used in this
work, it is also dependent on the type of approximation
used. Kamakura and coworkers [19] have relied on quasi-
particle self-consistent GW (QSGW), which is known to

30 X/-

20

<

XX
-

10

/N K

il

L r X U K T

FIG. 1. The electronic structure of diamond computed using
the DFT-HSE approach.

overestimate band gaps in solids. The band gap of dia-
mond predicted by QSGW is 6.43 eV, well above the
experimental value of 5.50 eV [27]. Inclusion of vertex
correction would overcome this problem but it is often
computationally prohibitive. On the other hand, HSE is
computationally less expensive and the experimental gap
value can be obtained by adjusting a single parameter
(the amount of exact exchange, 28% in our calculations).

The FBMC simulations require a database of the ener-
gies and wave functions sampled across the irreducible
wedge (IW) of the first Brillouin zone (FBZ). The wave
functions used in this work are expanded in plane waves
with a kinetic energy cutoff of 80 Ry. The calculated
electronic structure for diamond is presented in Fig. 1.
The volume of the IW is divided into cubic elements,
with energies and wave functions evaluated at each cor-
ner and once at each edge of the cube. Within each cube,
the energies and velocities of the carriers are interpolated
using serendipity interpolation functions [28]. Additional
mesh refinements are placed at or near valley minima to
improve the accuracy of interpolation at low to moder-
ate electric fields [29]. For diamond, these refinements are
placed around I" and along the I"-X axis to account for the
valence-band maxima and the conduction-band minima,
respectively. Each refined cubic element is subdivided into
216 smaller cubic elements with the same placement of &k
points at the corners and edges. In total, 130331 & points
are used in the sample over the entire IW, with energies
and wave functions computed at each k point.

ITII. CARRIER-PHONON INTERACTION

Another important quantity needed to develop a trans-
port model for diamond is the phonon dispersion, which
is necessary to evaluate the carrier-phonon scattering
rates. The phonon dispersion is obtained within density-
functional perturbation theory (DFPT) [30,31], imple-
mented in the QE package with an 8 x 8 x 8 grid of phonon
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FIG. 2. The calculated phonon dispersion in diamond. The
solid black lines represent the phonon energies computed using
DFT. The dashed red and green lines represent the effective
acoustic and optical phonon dispersions, respectively.

q vectors using Perdew-Burke-Ernzerhof (PBE) function-
als [32]. In Fig. 2, we present the calculated phonon disper-
sion for diamond. For this calculation, the use of a hybrid
functional is not critical and the PBE model significantly
reduces the computing time.

Using the ab initio—computed phonon dispersion, along
with the DFT-HSE electronic structure, the carrier-phonon
scattering rates can be also evaluated using an ab ini-
tio approach. The contribution to the total scattering rate
from each phonon branch is evaluated by computing the
matrix elements that are derived from the self-consistent
calculation of the crystal potential.

The EPW code [33], which implements the aforemen-
tioned approach, is employed for this work and the contri-
butions (emission plus absorption) of each phonon branch
(three acoustic and three optical) are stored separately. The
electron-phonon coupling on fine sampling (60 x 60 x 60
for both k and q vectors) on the BZ is computed through
maximally localized Wannier functions (MLWFs) [34] and
generalized Fourier interpolation [35]. Convergence of the
scattering rates is checked by using progressively finer k
and q grids.

The DFT-HSE—computed energy eigenvalues and wave
functions are also used to compute the carrier-phonon scat-
tering rates using a simplified phonon-dispersion model
for use in the FBMC simulations. In these calculations, a
single effective acoustic mode and a single effective opti-
cal mode have been used to fully describe the dispersion,
shown in Fig. 2. The use of the effective scattering modes
within the FBMC transport models gives information on
the final k state after scattering, in addition to simplifying
the treatment of the scattering processes and significantly
reducing the execution time.

The rates computed using the simplified models are then
scaled to match the rates computed by EPW using a set of

deformation potentials, D,.(£) and DK (E), for the acous-
tic and optical scattering rates, respectively. The acoustic
D, (E) effective deformation potential has been determined
by comparing the total scattering rates obtained using the
effective phonon modes, with the sum of the three acoustic
scattering rates computed using EPW. The same proce-
dure is applied to determine the optical DK (FE) effective
deformation potential, using the sum of the three opti-
cal ab initio scattering rates. Additional information about
the use of the effective scattering models can be found
in Ref. [17], where the same approach has been used for
the study of carrier-transport properties of c-BN. The rates
incorporated into FBMC are computed using the following
equations originally derived from Fermi’s golden rule for
the acoustic (ac) [36] and optical (op) [36] absorption and
emission processes and requires integrating for each initial
point, k, in each initial band, n, to each final point, &, in
each final band, n’:

I

2
417 (Duc(E) {Nq L1t }

Tac(n k) Vpw,. 2 2
x | (n,k,n',K)|* x S[E(K') — E (k) F hwae(g)],
(1)
1 n(DtK(E))Z 1 1
k) Z/  Vpwe {Nq T E 5}
x |[(n,k,n',K)|* x S[E(K') — E (k) F hawop(q)].
(2)

In these equations, e is the electronic charge, ¢ is the
phonon wave vector, N, is the phonon number, @ and
hw are the phonon angular frequency and phonon energy,
o is the density of diamond, and 7I(n,k,n’,K’) is the
overlap integral between the corresponding Bloch wave
functions. For momentum conservation, the condition
k' = Trpz(k + q) needs to be satisfied, where Typz (k + q)
stands for the transformation of the £ vector, k + ¢, into the
FBZ. The term D, (E) is the energy-dependent acoustic
phonon deformation potential and D,K(F) is the energy-
dependent optical phonon deformation potential. In these
equations, N, + % + % is used for emission processes and

N, + % — % is used for absorption processes. The Umklapp
scattering processes are also included in the calculations.
The process of matching the two sets of scatterings (ab
initio and effective) reveals that the widely used assump-
tion that D,. and D,K can be treated as constant fitting
parameters is not valid and that both D,.(E) and DK (E)
should be treated as energy-dependent quantities, obtained
matching the effective with the ab initio scattering rates for
each mechanism. In Fig. 3, we present the total electron-
phonon acoustic scattering rate computed using the full
phonon dispersion from DFT-PBE (solid black line) with
DFT-HSE wave functions and a single acoustic effective
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FIG. 3. A comparison between the total electron acoustic scat-
tering rate computed using the full phonon dispersion from DFT
HSE (solid black line) and a single acoustic effective phonon
mode (solid red line).

phonon mode (red solid line) with energy-dependent val-
ues of D,.. In the same way, in Fig. 4, we present the same
quantities for the case of the hole-phonon acoustic scatter-
ing rate computed using the full phonon dispersion from
DFT-PBE (solid black line) and DFT-HSE wave functions
and a single acoustic effective phonon mode (solid red line)
with energy-dependent values of D,.(E)

The same procedure has been applied to obtain the effec-
tive scattering rates for optical phonons. In Fig. 5, we
present the comparison between the total electron-phonon
optical scattering rate computed using the full phonon dis-
persion from DFT PBE with DFT-HSE wave functions
(solid black line) and a single optical phonon effective
mode (solid red line). Finally, in Fig. 6, we show the
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FIG. 4. A comparison between the total hole acoustic scatter-
ing rate computed using the full phonon dispersion from DFT
HSE (solid black line) and a single acoustic effective phonon
mode (solid red line).
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FIG. 5. A comparison between the total electron optical scat-
tering rate computed using the full phonon dispersion and elec-
tronic structure from DFT HSE (solid black line) and a single
optical effective phonon mode (solid red line).

comparison between the total hole optical scattering rate
computed using the ab initio model (solid black line) and
a single effective optical phonon mode (solid red line).
The last scattering mechanism considered in the FBMC
simulations is the impact-ionization transition rate. This
quantity provides the energy-dependent rate at which an
electron or hole will ionize an electron from the valence
band into the conduction band, creating an electron-hole
pair. In this process, the initiating carrier will lose energy
equal to the band gap. The impact-ionization scattering
rates are computed to the first order using previously
derived methods based on Fermi’s golden rule [37—41]. In
Figs. 7 and 8, we present the calculated electron and hole
impact-ionization scattering rates, respectively. In both

1015
Q)
o 10M}
g
o
£
o 10"
S
8 — Total effective rate
< — HSE total rate
]
S 10"
o
(@)
1011 s L L
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FIG. 6. A comparison between the total hole optical scattering
rate computed using the full phonon dispersion and electronic
structure from DFT HSE (solid black line) and a single effective
optical phonon mode (solid red line).
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FIG. 7. The calculated electron impact-ionization scattering
rate. The open symbols are the k-dependent values and the solid
black line is the energy-averaged scattering rate.

figures, the symbols represent the values of the rates com-
puted for a given k point in the IW and band (conduction
or valence) and the solid black line is the corresponding
energy-dependent rate used in the FBMC simulations.

All the scattering rates presented in this section are com-
puted on a grid of 130 331 £ points in the irreducible wedge
of the first Brillouin zone and subsequently averaged over
the energy scale. In this work, we do not consider the effect
of scattering due to ionized impurities. Consequently, we
assume that the results presented in the following sec-
tions should be considered applicable to natural diamond
with a very low impurity concentration, as found in Refs.
[11,13—-15]

106
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= 10™}
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©
g 1012}
.(E
S 10"} =
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g Energy
10 * *
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Energy (eV)

FIG. 8. The calculated hole impact-ionization scattering rate.
The open symbols are the k-dependent values and the solid black
line is the energy-averaged scattering rate.

IV. TRANSPORT PROPERTIES

We have computed the transport properties of undoped
or natural diamond using the full electronic structure pre-
sented in Sec. Il and the scattering rates presented in
Sec. 111, within a full-band Monte Carlo (FBMC) simula-
tor [42]. A particle ensemble composed of 2500 electrons
and 2500 holes is used to obtain statistics on the carrier
velocities and energies for electric field strengths ranging
from 500 V cm™~! to 10 MV cm~!. Furthermore, we have
also evaluated the impact-ionization coefficients for both
carrier species up to a field of 50 MV cm~!.

A. Carrier drift velocities at 300 K

Several groups have measured the electron [11,14,43]
and hole [11,15,43] drift velocities in diamond. The
experimental data are limited to electric field strengths
below 100KV/cm [14,15] and in the linear transport
regime below 1 kV/cm [11,43]. Furthermore, temperature-
dependent measurements are also available up to 700 K.

In Fig. 9, we present a comparison between the mea-
sured and computed electron drift velocity in diamond as
a function of the applied electric field strength at 300 K.
The red square, green diamond, and blue circles are the
experimental values from Ref. [14]. The solid blue, dashed
red, and dash-dot green lines represent the values calcu-
lated in this work for electric fields applied in the (100),
(110), and (111) directions. The calculated values are in
good agreement with the experimental data without the use
of additional deformation potentials besides the ones used
to match the ab initio scattering rates. The values of the
initial mobility computed from the calculated velocity are
approximately 2400 cm? V~! s7!, in agreement with other
calculated [44] and measured [11,12,14,43] values. Above
1 kV cm™!, anisotropy can be observed in the drift veloc-
ities along different crystallographic directions, with the
velocity in the (110) direction higher than along the (100)
direction. This behavior is similar to that of silicon and can
be found in other semiconductors with a many-valley band
structure with ellipsoidal conduction-band minima along
the (100) equivalent directions.

In Fig. 10, we present the hole field-dependent drift
velocity at 300 K. The red squares, blue circles, and black
triangles are the experimental values from Refs. [11,15].
The solid blue, dashed red, and dash-dot green lines rep-
resent the values calculated in this work for electric fields
applied along the (100), (111), and (110) directions. For
holes, the experimental data and calculated values show
good agreement. The estimated values of the hole mobility
are approximately 2340 cm? V~! s~! in the (100) direction
and approximately 1830 cm? V~! s™! in the (110) direc-
tion. These mobility values show a reasonable agreement
with other calculated [44] and measured [11,12,14,43]
values. It is interesting to note that, at least for natural
or undoped diamond, the drift velocities for both carrier
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FIG. 9. The measured and computed electron drift velocity in
diamond as a function of the applied electric field strength. The
red square, green diamond, and blue circles are the experimental
values from Ref. [14]. The solid blue, dashed red, and dash-dot
green lines are the values calculated in this work.

species are very similar. It should be noted that diamond
films with high defect densities, and/or those that are doped
to a level where hopping transport is induced, are expected
to have much lower carrier mobilities [45,46].

B. Temperature-dependent drift velocities

Due to the potential applications of diamond as a mate-
rial for operation at high temperature, it is important
to estimate the transport coefficients for temperatures

20.0}
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FIG. 10. The red square, and blue circles are the experimen-
tal values from Ref. [15]. The black triangles are experimental
values from Ref. [11]. The solid blue, dashed red, and dash-dot
green lines are the values calculated in this work.

above 300 K. It is important to reiterate that the calculated
velocities of this work are the direct results of the
electronic structure and scattering rates evaluated from
first principles. The results are compared to temperature-
dependent drift velocity data measured along the (110)
[14,47] and (100) [11,14,15,43] crystallographic direc-
tions. For the most accurate calculations of temperature-
dependent drift velocities, the scattering rate and energy
structure should be changed for FBMC simulations at each
temperature. In this work, we show that recomputing the
carrier-phonon scattering rates without altering the energy
structure for each temperature yields satisfactory results
for temperatures of 400 K and 500 K.

In Fig. 11, we present a comparison between the mea-
sured and calculated temperature-dependent electron and
hole drift velocities along the (100) and (110) crystallo-
graphic directions. For electrons in the (100) direction,
good agreement between the calculated and measured val-
ues from Ref. [11] is observed for temperatures of 300 K
and 400 K. The measured values at 460 K are just above
the calculated values at 500 K. In the (110) direction, good
agreement between the calculated and measured values is
attained only at 300 K; however, for higher temperatures,
the model underestimates the electron velocity.

The same analysis has been performed for holes and the
drift velocity has been evaluated for electric fields applied
along the (110) and (100) directions. For holes, the cal-
culated values are in good agreement with the experiment
for all temperatures. In Sec. A 1, we provide a paramet-
ric representation of the temperature and field-dependent
velocity as a function of a limited set of parameters that
are provided for each crystallographic direction.

C. Impact-ionization coefficients

The second set of transport parameters of interest is the
ionization coefficients. The operational limit of diamond-
based power devices is determined by the breakdown
characteristics. While the specific device design may ulti-
mately prevent us from reaching the intrinsic limit of the
material, knowledge of the ionization coefficients permits
us to establish a benchmark for the ultimate material and
device performance. The impact-ionization coefficients are
defined as the inverse of the mean free path between two
impact-ionization events.

In Fig. 12, we present the impact-ionization coefficients
data available in the literature. Both experimental [48—51]
and theoretical [19,53] data are presented. The experimen-
tal data in Figs. 12(a) and 12(b) have been extracted from
Schottky-barrier-diode breakdown data [48—51], the val-
ues in the data set of Fig. 12(d) [52] have been inferred
by scaling the data for silicon and silicon carbide using
the difference in energy gap. The theoretical data in
Fig. 12(c) [53] and Fig. 12(e) [19] have been obtained
from full-band Monte Carlo models that include empirical
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(right column) crystallographic directions in diamond as a function of the applied electric field. The values obtained in this work are
plotted with dashed lines and experimental values are plotted with symbols. The experimental values are from Refs. [11,14,15].

pseudopotential and ab initio models, respectively. The
available ionization coefficients show a large spread in
values for both electrons and holes.

In this work, the impact-ionization coefficients are com-
puted for fields ranging from 2 MV cm~! to 50 MV ecm™!,
with the ionization coefficients evaluated as the average
distance between ionizations. The calculated electron and
hole impact-ionization coefficients in diamond as a func-
tion of the inverse applied electric field strength along the
(111), (100), and (110) directions are presented in Fig. 13.
The hole and electron coefficients are represented by the
red and blue lines and markers, respectively. For low ion-
ization coefficients below 10> cm™!, the low number of
ionizations may create some uncertainty in the results. For
example, the confidence interval of the hole ionization
coefficient at 2 MV cm™~! is less than 100 cm™!, leading to
a significant uncertainty in the calculated values of approx-
imately 7% for a 99% confidence level. However, a much
higher hole ionization coefficient of §x 103 cm~! for a field
of 3 MV cm™! results in an uncertainty of less than 1% for
a 99% confidence level.

It should be noted that the calculated values of this work
are similar to those obtained by Kamakura and cowork-
ers [19], which are presented in Fig. 12. They have used
a model similar to ours but based on DFT within the
GW framework. We can observe that our calculated val-
ues are generally slightly higher than the ones from Ref.
[19] but present a similar qualitative trend as a function of
the inverse electric field. This is not unexpected, since the
two models are based on similar ab initio approaches. We
can also note that both models suggest that there is very
little anisotropy for electric fields applied in different crys-
tallographic directions. Additionally, we observe that the
ionization coefficient values for electrons are significantly
lower than those for holes. Another feature of the cal-
culated ionization coefficients is the dual-slope behavior,
where at higher field strengths, the values of the coeffi-
cients increase more rapidly. This indicates that at lower
fields, the dependence of the ionization coefficients can
be explained by Shockley’s lucky-electron theory, whereas
for fields above 10 MV c¢cm™! in magnitude, the ioniza-
tion coefficients seem to follow Wolff’s theory [54]. At
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FIG. 12. The theoretical and experimental impact-ionization
coefficient data available in the literature. The experimental data
have been extracted from Schottky-barrier-diode breakdown data
[48—51], while the values in data set [52] have been inferred by
scaling the data for silicon and silicon-carbide using the differ-
ence in the energy gap. The theoretical data [53] and [19] have
been obtained from full-band Monte Carlo models that include
an empirical pseudopotential and ab initio models.

10 MV c¢cm™', the value of the electron ionization coeffi-
cient is 2 orders of magnitude lower than the one for holes.
This indicates that even at high electric field strengths,
the impact-ionization process is dominated by holes rather
than electrons. Furthermore, the large difference between
the coefficients points to a soft breakdown process.

The experimental validation of the calculated values
requires the direct or indirect measurement of the impact-
ionization coefficients. The extraction of the impact-
ionization coefficients from device data is a difficult pro-
cess for any semiconductor material. For diamond, this
is particularly challenging due to many factors. First, it
is difficult to fabricate devices with high enough quality
to observe true avalanche-breakdown behavior. The high
concentration of donor and acceptors needed to obtain
modest carrier concentration (e.g., boron) may lead to
defect impact ionization that could mask the onset of band-
to-band multiplication process [55,56]. Second, the device
geometry and the presence of a complex electric field
profile make a simplified one-dimensional (1D) model
unsuitable for coefficient extraction. Finally, the quality of
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-©-Holes <111>
=O~=Electrons <100>1
~®=Holes <100>
=O-Electrons <110>
-0-Holes <110>

i

o
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lonization coefficient (1/cm)
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Inverse electric field (cm/MV)

FIG. 13. The calculated electron and hole impact-ionization
coefficients in diamond as a function of the inverse applied elec-
tric field strength at 300 K. The solid red line with circles, the
dot-dash red line with diamonds, and the dashed red line with
squares are the calculated values for holes when the electric fields
are applied in the (111), (100), and (110) directions, respectively.
The solid blue line with circles, the dot-dash blue line with dia-
monds, and the dashed blue line with squares are the calculated
values for electrons when the electric fields are applied in the
(111), (100), and (110) directions, respectively.

contacts and fringe fields in Schottky diodes further com-
plicates the extraction procedure. Hiraiwa and coworkers
[48,49] and Driche and coworkers [S1] have extensively
analyzed and computed the breakdown voltage of Schottky
barrier and p-n junction diodes using a 2D drift-diffusion
numerical simulation model. They have found that in the
case of Schottky barrier diodes, the available ionization
coefficient values lead to an overestimation of the break-
down voltage, approximately by a factor of 2 when using
Kamakura [19] coefficients.

From these results, it is clear that further work is needed
to measure ionization coefficients with appropriate test
structures that minimize fabrication issues.

D. Breakdown characteristics

To benchmark our calculated ionization coefficients
against experimental data and other theoretical models,
we have analyzed the breakdown voltage and the related
maximum electric field of unilateral p-n junctions. We
have determined the breakdown characteristics of the junc-
tion using two approaches. First, we have performed a
direct simulation of the multiplication gain using a Monte
Carlo model. This approach does not require the use of
the ionization coefficients, since the breakdown process
is simulated directly, tracking the offspring results from
the impact-ionization process. Alternatively, we have eval-
uated the breakdown voltage by solving the ionization

054043-8



AB INITIO MODEL OF CARRIER TRANSPORT IN DIAMOND

PHYS. REV. APPLIED 21, 054043 (2024)

integral [57,58], using the ionization coefficients derived
in this work and other values presented in Refs. [48,49,51].

The breakdown field is computed using our FBMC sim-
ulator for a 1D p~-n™ diode. The donor density in the n* is
maintained fixed at 10?° cm™3, while the acceptor doping
density of the p~ varies from 10'> cm™3 to 10! cm™3. We
assume that the dopants are fully ionized. While for dia-
mond this is a crude approximation, this provides a way of
comparing different results on an equal footing.

Although simulations of pn diodes would typically
require the incorporation of impurity scattering models due
to the high concentration of dopants, we have chosen to
not include them in the calculations of breakdown. This
is because at the high fields where impact ionization and
breakdown occur, optical and acoustic deformation poten-
tial scatterings are the dominant mechanisms and ionized
impurity scattering is not effective in relaxing the carrier
momentum as a result of the small scattering angles.

The breakdown calculations have been performed by
computing the average hole multiplication gain when car-
riers are injected at the p~-n™. Subsequently, we have
evaluated the values of the maximum electric field extrap-
olating the gain values. Specifically, we have defined the
breakdown field as the electric field strength for which the
gain is 10°. The normalized critical electric field for the
material can be extracted using the approach in Ref. [57].

As the applied voltage approaches the breakdown value,
the gain increases superexponentially. This can result in a
free carrier density that effectively screens the electric field
reducing the multiplication gain [64]. The approach used in
this work to evaluate the breakdown voltage assumes that
the number of injected carriers is small and that even for a
nominal gain of 10°, the screening effect is not the limiting
factor.

The values of the maximum electric field at break-
down calculated using our model are shown in Fig. 14 and
are compared to breakdown fields computed theoretically
using ab initio models [19], experimentally determined
[60—63], and obtained by fitting the ionization coefficients
to experimental breakdown voltages [48,49].

We can note that the peak electric field strength cal-
culated using the ionization integral approach and from
a direct evaluation through FBMC is similar to what has
been theoretically obtained by Kamakura and coworkers
[19]. Furthermore, the calculated results are in reasonable
agreement with the experimentally derived values from
Refs. [60—62]. However, the reported breakdown field of
20 MV cm™! for a doping density of 10'® cm™3 [63] is
still much higher than the ab initio predicted values, even
though the values obtained from a direct FBMC calcula-
tion are closer to the experimental result. It is not clear
why such a large discrepancy is present for this particular
experimental value. It is also important to point out that
the results from Refs. [48,49] have been obtained using
an ionization coefficient derived fitting all the available
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FIG. 14. The maximum electric field value at the breakdown
as a function of the p-type doping density for a p~-n" junction.
The experimental values are from Refs. [S9—63]. The data from
Ref. [61] estimate their doping to be <8 x 10'> cm ™ but the data
point is placed at 8 x 10'> cm™3. The data in Refs. [48,49] are
obtained using ionization-coefficient values fitted to the experi-
mental values. The values in Ref. [19] have been computed using
ionization coefficients obtained from a theoretical model based
on DFT GW. The dashed black line with circles represent the
values calculated in this work by a direct simulation of the multi-
plication gain. The dashed yellow line with circles represents the
values calculated by solving the ionization integral and using the
ionization coefficients derived from the FBMC model. The inset
of the figure shows the typical field profile of the junction, with
the breakdown field, F1,4, defined as the peak field.

experimental data. As a result, this particular data set can
also reproduce the maximum field reported in Ref. [63].

The difference between the peak field values obtained
using the direct simulation (dashed black line with circle)
and the solution of the ionization integral (dashed yel-
low line with circle) is likely the result of the analytical
model [65] used to fit the calculated ionization coefficients
presented in Fig. 13, which cannot reproduce the change
of slope at the lowest and highest values of the inverse
electric field. Furthermore, at high doping densities, above
5 x 10'7 ¢cm™3, the depletion regions become relatively
short, less than 1 pwm. In this case, the assumption that the
ionization coefficients are a local function of the electric
field [65] may no longer be valid.

V. CONCLUSIONS

We have presented a model of the carrier-transport
parameters in undoped diamond obtained using a first-
principles approach. We have computed the electronic
structure of diamond using a density-functional approach
that includes hybrid functionals (DFT HSE). Subsequently,
we have computed the carrier-phonon scattering rates
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directly from first principles and we have extracted the
acoustic and optical deformation potentials. Finally, using
a full-band Monte Carlo model, we have computed the
carrier drift velocities as a function of the lattice tem-
perature and electric field, as well as its ionization
coefficients.

We find that the fitting parameter free ab initio model
can reproduce the measured values of both electron and
hole drift velocities as a function of the electric field
magnitude and temperature and along different crystal-
lographic directions. The calculated values are in good
agreement with those measured by several groups for natu-
ral diamond. We have also developed analytical models of
the field- and temperature-dependent carrier velocities to
be used in conjunction with numerical device simulators
based on the drift-diffusion method.

To date, there are no direct experimental measurements
of the impact-ionization coefficients in diamond. Several
groups have inferred their values by fitting analytical mod-
els to breakdown-voltage values measured for a few device
structures. As a result, we have compared the impact-
ionization-coefficient values obtained in this work both
with other theoretical predictions and with values inferred
from measured breakdown voltages. Furthermore, we have
also used our transport model and ionization coefficients to
compute the breakdown voltages and peak electric fields of
a unilateral p~-n" junction.

We find that our ionization coefficients exhibit the same
dependence on the electric field of the ionization coef-
ficients as predicted by Kamakura and coworkers [19].
However, we obtain slightly higher coefficients for holes
and lower values for electrons. Moreover, the calculated
value of the peak electric field at breakdown in a unilat-
eral p~-n™ junction as a function of the p-doping level
is in reasonable agreement with the values from other
models and experimental data below the doping level of
5% 107 cm™3.

While the work presented in this paper provides a
contribution to understanding the carrier transport in dia-
mond, additional work is needed. From the experimental
standpoint, we believe that a concerted effort is needed
to develop a device structure that will enable the direct
measurement of ionization coefficients as a function of
temperature. Moreover, from the theoretical point of view,
we think that a quantitative model to describe defect-
assisted impact-ionization needs to be developed to assess
the relative contribution of this process to the carrier
multiplication phenomena.
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APPENDIX: ADDITIONAL INFORMATION

1. Analytical models for the drift velocities

We have developed an analytical model to quantify the
electron and hole drift velocity dependence on the electric
field strength and temperature. The analytical expression
that we have used to represent the drift velocity is a
modified version of the Canali model [66]:

1+ (&) £
T n
M= Mo (70> 5

(A1)

The parameters in Eq. (A1) are: the reference tempera-
ture Ty = 300 K, the initial mobility p¢ and the mobil-
ity temperature exponent 7, the reference field £, and
the reference-field temperature exponent §, the saturation
velocity exponent «, the velocity reduction coefficient
at high field 8 and the velocity reduction exponent at
very high field y, the reference electric field strength for
velocity reduction at high field £;. We present the parame-
ter values needed to reproduce the temperature-dependent
electron and hole velocities in Table 1.

2. Effective masses

We have evaluated the effective masses of electrons and
holes by fitting the numerically calculated density of states
(DOS) to the analytical expression of the DOS for a non-
parabolic spherical band. For the DFT-HSE band, we use a

TABLE I. The fitting parameters for Eq. (A1).
Direction To (K) wo (cm? V=1s™h) n Ey (Vem™) B E, (Vem™) y o B
(100) 300.0 2630.0 —2.6 49 x 10° 3.0 6.0 x 106 0.33 0.86 0.6
(110) and (111) 300.0 2650.0 —2.6 6.0 x 10° 3.0 6.0 x 106 0.33 0.88 0.6
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TABLEII. The DOS-derived effective masses and nonparabol-
icity coefficients from DFT HSE.

Electrons Holes HH LH SO
DOS effective 0.46 1.25 0.7 0225 0.13
mass (my)
HSE

Nonparabolicity 0.25 0.11  0.05 0.2 0.125
coefficient

(1/eV) HSE

very fine energy grid in k£ space on which we interpolate the
energy values to compute the DOS. We present the DOS-
derived values of the effective masses and nonparabolicity
coefficients in Table II.
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