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Abstract

Silicon carbide (SiC) power MOSFETSs actually represent the heart of power electronic converters due to the superior
properties of SiC. However, they are affected by reliability issues which can lead to a reduction of the converter ruggedness.
For this reason, it is fundamental to predict the long-term stability of the device performance in terms of threshold
voltage and on-resistance drifts. In this perspective, TCAD simulations can be a very useful tool for the understanding
of the phenomena that dominate such degradation mechanisms. The models actually available in the TCAD deck for
the degradation analysis require the knowledge of the density of states and group velocity of the semiconductor under
investigation as they are based on the direct solution of the Boltzmann equation. Despite several works are available in
literature on the electronic properties of 4H-SiC, the group velocity has never been reported. In this work, it has been
calculated by using the Density Functional Theory (DFT).
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1. Introduction

Silicon-carbide (SiC) power MOSFET are nowadays
considered a valid alternative to their silicon counterpart
due to the attractive material properties of SiC. As a wide
band-gap semiconductor, it is characterized by high break-
down field and thermal conductivity when compared with
Si. This results in superior voltage rating and increased
high-temperature operation capability [1]. Ruggedness
and long-term reliability are fundamental for such devices
in order to be successfully integrated into industrial appli-
cations such as electric vehicles and renewable energy con-
version. In [2], a significant degradation of the device per-
formance in terms of threshold-voltage shift and on-state
current has been reported as a consequence of repetitive
short circuit tests. It has been assumed that a significant
formation of traps at the SiC/SiO3 interface and in the ox-
ide bulk might be caused by hot-carriers injected from the
SiC bulk toward the gate oxide. Recently, a model that ac-
curately describes the physical mechanisms that dominate
such hot-carrier phenomena for Silicon has been incorpo-
rated in the framework of the Synopsys TCAD tools [3].
It accounts for both single-electrons (SE) and multiple-
electron (ME) processes. Both are characterized by a re-

*Corresponding author
Email address: luigi.balestrab@unibo.it (Luigi Balestra)

Preprint submitted to Elsevier

action rate which can be expressed as:

kspyme(Esg/mEe) = /f(E)g(6>ug(E)USE/ME(E)dE
Esg/mE

(1)
where f(F) is the electron density distribution function,
g(E) and uy(E) are density of states and group velocity
and ogg/pme(E) is the SE/ME reaction cross-section as
defined in [3]. In order to perform such kind of degradation
simulations, f(FE) must be determined from the solution of
the Boltzmann transport equation (BTE). To this purpose,
the BTE solver implemented in the TCAD tool can be
used, which is based on the spherical harmonics expansion
[4):

o [0
-V |-+—2S7(r,E)g(r,E)Vf(r,E)

3 =g(r,E)s(r,E)

@)
where 1/7 is the total scattering rate and s is the net in-
scattering rate due to inelastic scattering and generation-
recombination processes. The former accounts for the de-
scription of the most relevant scattering mechanisms as
usually addressed in Monte-Carlo simulations [5][6], the
latter can be expressed as a function of f and 7. While
g(E) has been already reported in different works based
on DFT calculations, uy(E) is still not available to the sci-
entific community. In this work, we calculated uy(E) for
electrons in 4H-SiC starting from DFT simulations.
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Figure 1: Band structure of 4H-SiC calculated with Quantum
Espresso. Figure 3: Group velocity of 4H-SiC. Black solid line: calculated
according to [I4]. Green dashed line: parabolic band approximation.
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Figure 2: Density of states of 4H-SiC. Solid line: Quantum Espresso.
Dashed line: calculated according to [14]. Green dashed line:
parabolic band approximation. The zero is taken at the valence
band maximum.

2. Group Velocity Calculation

The electronic properties of 4H-SiC have been calculated
using density functional theory (DFT). The QUANTUM
ESPRESSO package [7] has been used for the band struc-
ture calculations using the general gradient approximation
(GGA) as parametrized by Perdew, Burke and Ernzerhof
(PBE) [§]. The full band structure of 4H-SiC is reported
in Fig. [I] and exhibits an energy-gap £, of approximately

Energy (eV)

Figure 4: Electron density of states of 4H-SiC and Silicon calculated
with Quantum Espresso. Vertical dotted lines represent the maxi-
mum value of energy at which the approximation with Np = 4 is
valid. The zero is taken at the conduction band minimum.

2.2eV, which is significantly lower when compared with ex-
perimental measurements. Nevertheless, it is in nice agree-
ment with previous works in literature concerning GGA-
DFT simulations of 4H-SiC[9][10]. The underestimation of
E,, a very well know problem of DFT calculations, can be
solved employing hybrid pseudo-potential as shown in [I1].
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Figure 5: Product g(F)ug(FE) of 4H-SiC and Silicon. The zero is
taken at the conduction band minimum.

Effective masses

myr  MMEK MyML ML

This Work  0.59 0.30 0.33 042
[12] n.a. n.a. 0.29 0.42
[13] 1n.a. na. 033 042

Table 1: Effective masses extracted from DFT calculations (m =

VIMT MK )-

However, this leads to a strong increase of the computa-
tional cost without significant change in the structure of
the conduction bands. This is confirmed by the compari-
son of the calculated effective masses with the correspond-
ing values reported in literature [12][I3] as shown in Table
Moreover, the accurate estimation of the energy gap is
not relevant for the present analysis since the calculation
of ug is not affected by a constant shift of the energetic
levels. The required integration over the angles for the

term uZ(E)g(E) in Eq. [ has been carried out following
[14]:

2
) = 5 2 /k E(R)S(E - Bi(k))dk  (3)

where 1/(27)3 is the density of states in the (r, k) space, i
is the band index, u; = (1/h)V E;. The factor 2 accounts
for the spin degeneracy. =~ The Wannier90 tool [I5] has
then been used to sample the first octant of the Brillouin
zone and extract the corresponding values of the energies
and their first derivatives without solving the Kohn-Sham
equations in a large number of k-points. In order to check
the validity of the approach, the band structures calculated
with Wannier90 has been compared with that obtained us-

25

30

35

40

45

x10%
LIS L L B DS B IS o
- 8l Tt o .
o ) —— 4 bands -
3 — 8 bands E
4 a
[ ]
I
= | |
S .
oo |
>, .
A i
©n |
2o ]
- a
o a
- R
7

Energy (eV)

Figure 6: Density of states of 4H-SiC calculated according to [14].
Lines corresponding to g1, g2, g3 and g4 show the contribution of the
first 4 bands to g(E), respectively. Black line with circles: density
of states obtained by summing the contribution of the first 4 bands.
Black solid line: g(E) calculated accounting for 8 conduction bands.

ing Quantum Espresso. A perfect agreement between full
DFT and interpolated bands has been found. In this way,
higher accuracy can be obtained when compared to the
second-order finite difference method shown in [I4]. How-
ever, second derivatives are still obtained from standard
numerical calculations. In Fig. [2| the g(F) calculated with
Quantum Espresso is compared with the one calculated
according to [I4] taking into account only 8 conduction
bands. In the range 0-7eV, a nice agreement between the
two approaches has been found confirming the consistency
of the method described in [I4]. Finally, Fig. shows
the electron group velocity extracted from Eq. [8] The ap-
proximation of analytical parabolic bands is added in both
figures, showing a very limited range of validity, lower than
0.125eV for the g(F) curves, which can be ascribed to the
specific shape of the lowest conduction bands. This implies
that the full-band numerical structure would be necessary
for any specific simulation dealing with higher energies.

3. Discussion

As far as the TCAD framework dealing with the BTE
solution, the number of conduction bands Np usually
adopted for Silicon is < 4. In Figs. {4 and 5} g(F) and
the product g(E)uy(E) for Silicon and 4H-SiC are com-
pared, respectively. Dotted vertical lines in Fig. [ repre-
sent the maximum value of the energy at which the ap-
proximation with Ng = 4 is valid. For silicon, such value
is E = 5.75eV which is well above the barrier height for
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Figure 7: Product ug(E)g(E) of 4H-SiC calculated according to [14].
Lines corresponding to giug,1, g2ug,2, g3ug,3 and gqug 4 show the
contribution of the first 4 bands to g(E)ug(E), respectively. Black'”
line with circles: g(E)ug(E) obtained by summing the contribution
of the first 4 bands. Black solid line: g(E)ug(E) calculated account-
ing for 8 conduction bands.
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electrons at the Si/SiOq interface (AE, ~ 3¢V) meaning
that accurate simulations of the most relevant degradation
mechanisms can accurately be performed. Differently, the
4H-SiC bands show that the first 4 bands cover an energy™
range of 3eV only, which is close to the corresponding 4H-
SiC/SiOs barrier height AF, ~ 2.7eV. The role played by
the low-lying conductions bands (g1, g2, g3, g4) is shown in
Fig. |§| together with the sum Y., g;(E) for n = 4 and"”
n = 8. Fig. [7] shows the corresponding values o the prod-
uct g(E)uy(E). It is worth noting that a minimum n=4
is required to cover an energy range as large as the band
gap of SiC. In particular, a four bands numerical model
guarantees an accurate description of g(FE) in the range
0 < E < 3eV which might be valid for electrons experienc-
ing the impact-ionization interactions or the injection into
SiO,. Finally, eight bands can be assumed enough accu-""
rate to account for all the hot-carrier degradation mech-
anisms that can occur in SiC Power MOSFETSs at high
drain and gate voltages (0 < E < 7eV).
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4. Conclusion

In this work, the electron group velocity of 4H-SiC has,,,
been calculated using DFT simulations. High accuracy has
been achieved by calculating the first derivatives of the en-
ergy bands through the Wannier90 tool. It has been found
that the shape of the two lowest conduction bands makes,,,
the validity range of the parabolic band approximation
very limited. Differently from Silicon, eight conduction

bands are required to guarantee an accurate calculation of
the electron density distribution function f(E) up to 7eV.
Thus, the knowledge of the group velocity u, along with g
from the full band structure of 4H-SiC is a fundamental in-
gredient for the modelling of the degradation mechanisms
in silicon carbide power MOSFET.
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