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Band structure anisotropy effects on the ultrafast electron transport
in 4H-SiC
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Abstract

We study band structure anisotropy effects on the electron transport transient in 4H-SiC subjected to electric fields parallel and perpendicular
to the c-axis direction. Coupled Boltzmann-like energy–momentum balance transport equations are solved numerically within a single equivalent
isotropic valley picture in the momentum and energy relaxation time approximation. The electron drift velocity is shown to be higher in the
direction parallel to the c-axis than that perpendicular to it, due to the electron effective mass being larger in the former direction. The ultrafast
transport regime develops on a subpicosecond scale (.0.2 ps) in both directions, during which an overshoot in the electron drift velocity is
observed at 300 K for sufficiently high enough electric fields (>60 kV/cm).
c© 2007 Elsevier Ltd. All rights reserved.
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The silicon carbide polytype 4H-SiC is a potential candidate
for applications in high-speed devices [1], high temperature
power switching, and high-frequency power generation [2]. It
has the advantage of having an electron mobility almost two
times larger and a much smaller band structure anisotropy
than the polytype 6H-SiC, as well as a band energy gap and
breakdown field higher than that of the 3C-SiC polytype.
The modelling of 4H-SiC-based field effect transistors has
highlighted effects of nonstationary carrier transport on high-
frequency domain operation [1], but without considering the
band structure anisotropy. Electronic effective masses differ
significantly for orientations parallel and perpendicular to the
c-axis [3], with 4H-SiC having an anisotropy ratio (the ratio
between the parallel and perpendicular electron mobilities) of
0.8 [4,5]. Effects of band structure anisotropy on the steady-
state electron transport in 4H-SiC have been studied through
Monte Carlo simulations [3,6,7] and hydrodynamic balance
equations [8]. The calculated electron drift velocity for steady-
state transport parallel to the c-axis was shown to be higher than
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that in the perpendicular direction and, for electric fields of the
same intensity, has a stronger negative differential resistivity.
This is due to the fact that the electron effective mass is
smaller (0.29m0) in the direction parallel to the c-axis than in
the perpendicular direction (0.42m0) [9]. m0 is the free space
electron mass.

Due to the trend of reducing the size of transport channels
in silicon carbide devices to submicron scales, in particular
for high-speed/high-field switching applications, nonstationary
physical conditions will often be imposed upon carrier transport
mechanisms in silicon carbide polytypes, leading to transients
in the carrier drift velocity and in the mean energy occurring
mainly at the beginning, for example, of the source–drain
length. High-field transport transient of electrons in 6H- and
3C-SiC during the subpicosecond regime has been modeled
within parabolic and nonparabolic band schemes, taking into
account high lattice temperature effects [10,11]. The transient
regime was predicted to be shorter than 0.2 ps, having an
overshoot in the electron drift velocity for sufficiently high
(>300 kV/cm) electric fields. This effect is more pronounced
when band nonparabolicity is considered. An increase in the
lattice temperature ∆T was shown to reduce the electron
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drift velocity, and was even able to eliminate the overshoot
effect in the electron drift velocity in 4H- and 3C-SiC, when
∆T ∼ 400 K, depending on the applied electric field strength.
Recently, high lattice temperature effects on the ultrafast
electron transport parallel to the c-axis direction in 4H-SiC
has been studied [12]. It was demonstrated that the ultrafast
transport regime follows a subpicosecond scale (.0.5 ps),
during which an overshoot in the electron drift velocity occurs
for high electric fields (&60 kV/cm), depending on the lattice
temperature. When the electric field strength is sufficient, an
increase in the lattice temperature cannot eliminate the electron
drift overshoot effect, although it can reduce it considerably due
to the stronger electron–phonon scattering, while at the same
time shifting the overshoot peak of the electron drift velocity to
earlier times. However, band structure anisotropy effects on the
electron transport transient properties in 4H-SiC have not been
investigated.

The purpose of this work is to present results on how
the band structure anisotropy in 4H-SiC changes the electron
transport during the ultrafast transient regime. A partially
compensated n-type material with NA = 1016 cm−3 and
ND = 6 × 1016 cm−3 is assumed in the calculations,
and numerical solutions were obtained considering electric
fields applied in directions parallel and perpendicular to the
c-axis; me‖c = 0.29m0 and me⊥c = 0.42m0 [9]; the
band nonparabolicity factor is 0.323 ev−1; the other 4H-SiC
parameters are taken from Ref. [6]. All the calculations were
performed for a lattice temperature of 300 K. The evolution
of the mean electron drift velocity v(t) and mean energy ε(t)
towards the steady state is studied by solving numerically the
following coupled Boltzmann-like energy–momentum balance
transport equations, within the single equivalent valley picture
of Tsukioka, Vasileska, and Ferry [13], and considering the
momentum (τp) and energy (τε) relaxation time approximation:

dv(t)

dt
=

q E

mc
−

v(t)

τp(ε)
; (1)

dε(t)

dt
= qv(t)E −

ε(t) − εL

τε(ε)
, (2)

where εL = 3kBTL/2 is the average electron thermal
energy at the lattice temperature TL ; τp(ε) and τε(ε) are
the momentum and energy relaxation times, respectively; kB
is the Boltzmann constant, q is the electric charge of the
electron, and mc is the electron effective mass in the band.
The relaxation times τp and τε are estimated taking full
advantage of the stationary state data of Quan, Weng, and
Cui [8], i.e. acoustic deformation potential scattering, polar-
optical phonon scattering, and ionized impurity processes are
taken into account. However, nonpolar optical phonon, alloy
and impact ionization scattering, and band-to-band tunneling
are not considered [7], which is a drawback of our work.
These mechanisms seem to contribute strongly to the existence
of a negative differential resistance (NDR) in 4H-SiC for
electric fields higher than 3 kV/cm [7]. However, the recent
transport measurements of Ardaravičius et al. [14] in 4H-SiC
at 293 K indicate the absence of NDR for electric fields up to
280 kV/cm.
The momentum and energy relaxation time strategy follows
the scheme originally proposed by Shur [15], Rolland et al.
[16], Carnez et al. [17], and Nougier et al. [18]. This approach
was used by Alencar et al. [19] to investigate the high-
field transport transient of minority carriers in p-GaAs, and
by Caetano et al. [20] to study high magnetic field effects
on the terahertz mobility of hot electrons in n-type InSb.
Recently, Foutz et al. [21] compared transient electron transport
results in wurtzite GaN, InN, and AlN calculated using Monte
Carlo simulations and using the energy–momentum balance
approach, finding a quite reasonable overall agreement. The
great advantage of the approach used in this work is that it
requires a shorter computation time when compared with the
full Monte Carlo method. It is important to remark that a
possible way of taking into account nonpolar optical phonon,
alloy and impact ionization scattering, as well as band-to-band
tunneling indirectly, in order to study their influence on the 4H-
SiC transient transport regime, is to use the steady state v × E
and ε × E obtained by Hjelm et al. [7] for the calculation of
the momentum and energy relaxation times to be used in the
coupled Boltzmann-like energy–momentum balance transport
equations.

Fig. 1 presents the ultrafast transient behavior of the electron
drift velocity v(t) in the parallel (solid lines) and perpendicular
(dashed lines) directions with respect to the c-axis in 4H-
SiC subjected to electric field intensities of (a) 66 kV/cm,
(b) 360 kV/cm, (c) 660 kV/cm, and (d) 960 kV/cm. For a
given electric field, ve‖c(t) is always higher than ve⊥c(t) at
any instant in time t , due to the fact that me‖c < me⊥c. For
electric field intensities smaller than 100 kV/cm, the transient
regime of the electron drift is longer than 0.2 ps; however,
when electric field strength increases, the ultrafast electron drift
velocity transient becomes faster, arriving in less than 0.08 ps
for electric fields stronger than 660 kV/cm. The onset of the
drift velocity overshoot effect is weakly dependent on the band
structure anisotropy, as can be observed in Fig. 1(a): a weaker
electric field is necessary for the overshoot effect to occur in
the direction parallel to the c-axis than that perpendicular to
it. From Fig. 1(b)–(d), the overshoot effect is slightly stronger
and occurs earlier in the direction parallel to the c-axis than
in the perpendicular direction. The electric field dependence
of the instant tpeak,ve‖c (tpeak,ve⊥c ) at which the peak of the
electron velocity vmax,e‖c (vmax,e⊥c) occurs is plotted in Fig. 2,
showing that tpeak,ve‖c < tpeak,ve⊥c for a given electric field. The
difference between them becomes smaller when the electric
field strength increases.

The evolution towards the steady state of the energy
of the electron accelerated in the parallel (solid lines) and
perpendicular (dashed lines) directions with respect 4H-SiC c-
axis is depicted in Fig. 3. The transient regime of the electron
energy is always shorter and reaches higher-steady state values
in the former direction than in the latter, due to the fact that
the overall electron scattering mechanisms are weaker in the
parallel than in the perpendicular direction. In a similar way
to that which occurs in the case of the transient regime of
the electron drift velocity, the transient regime of the electron
energy is longer than 0.2 ps for electric field intensities smaller
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Fig. 1. Time evolution of the electron drift velocity in 4H-SiC at 300 K for
electric fields applied in the directions parallel (solid line) and perpendicular
(dashed line) to the c-axis with intensities: (a) 60 kV/cm; (b) 360 kV/cm; (c)
660 kV/cm; and (d) 960 kV/cm.

Fig. 2. Electric field behavior of the time in which the electron drift velocity
overshoot peak occurs in 4H-SiC at 300 K for electric fields applied in the
directions parallel (solid line) and perpendicular (dashed line) to the c-axis for
tpeak,ve‖c and tpeak,ve⊥c , respectively.

than 100 kV/cm; however, when the electric field strength
increases, the ultrafast electron energy transient becomes faster,
arriving in less than 0.12 ps for electric fields stronger than
660 kV/cm.
Fig. 3. Time evolution of the electron energy in 4H-SiC at 300 K for electric
fields applied in the directions parallel (solid line) and perpendicular (dashed
line) to the c-axis with intensities: (a) 60 kV/cm; (b) 360 kV/cm; (c)
660 kV/cm; and (d) 960 kV/cm.

In conclusion, results concerning band structure anisotropy
effects on the ultrafast transient properties of electrons in
4H-SiC subjected to electric fields in the directions parallel and
perpendicular to the c-axis have been presented. The anisotropy
was shown to be able to change the characteristics of the
overshoot effect in the electron drift velocity (the strength and
instant at which the velocity peak occurs) and to alter the
transient regime of the electron energy. Although the theoretical
scheme used to describe the electron transport transient regime
in 4H-SiC is recognized as very effective computationally, it has
the drawback of not taking into account detailed characteristics
of the band structure, like mixing and crossing points [7]. A
possibility of indirectly taking these scattering mechanisms
into account, in order to study their influence on the 4H-SiC
transient transport regime, is to use the steady state v × E
and ε × E calculated by Hjelm et al. [7] to determine the
momentum and energy relaxation times. However, improved
measurements of the 4H-SiC band structure have not yet been
performed, which is a limiting factor for taking into account the
detailed band structure in transport calculations. The theoretical
methods used at present for band structure calculations also
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have their own problems if a detailed description is sought
(the problems related to the calculation of the valence band
are well known, for example). Despite the drawbacks of the
theoretical approach used in this work, it should stimulate state-
of-the-art transport calculations based on detailed experimental
band structure results in order to confirm the band structure
anisotropy effects on the ultrafast electron transport in 4H-
SiC presented here. With regard to measurements of the 4H-
SiC transient transport properties, this difficult task has not yet
been accomplished. However, optical-based techniques have
been used recently to measure velocity-field characteristics and
transient velocity overshoot in III-nitrides [22–25], overcoming
the difficulties of classical transport measurement methods, and
show promise for probing transport properties in silicon carbide
polytypes.
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