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Motivation
• TCAD simulations

- which models?
- what parameter values?

• challenges for 4H-SiC
- overwhelming amount of data
- high anisotropy resp. to c-axis
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Literature Review
• goals

- lower entrance barrier for newcomers

- critical evaluation of status quo

• methods
- present published models/parameters

- check consistency with references

- identify key publications and values

- distinguish hexagonal/cubic lattice sites and direction ⊥ / ∥
to c-axis

• data analysis finished
- comments/suggestions still possible

• chapters made available at https://jburin.web.cern.ch
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Topics

• relative permittivity

- ε∥, ε⊥, ε
∥
∞, ε⊥∞

• impact ionization
- empirical and physics based models

• (temperature dependent) bandgap
- (exciton) bandgap energy

• mobility
- low and high field, saturation velocity

• effective electron/hole masses
- calculations and measurements

• incomplete ionization
- doping and temp. dependency

• generation/recombination
- SRH, bimolecular and Auger
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1) Relative Permittivity
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Theory

• TCAD tools use relative permittivity εr = ε/ε0

• complex relative permittivity

ε∗r (ω) = ε ′(ω)+ iε ′′(ω)

• static relative permittivity εs = ε ′(ω → 0)

• high-frequency resp. optical relative permittivity
- ε ′ at the end of the reststrahlen range towards higher frequencies, where the real part of the refractive

index is null doi:10.1109/EFTF-IFC.2013.6702081

• Lyddane-Sachs-Teller relationship

εs
ε∞

=
(

ωLO
ωTO

)2
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Caution

• εs = ε ′(ω → 0) but sometimes ε∞ = ε ′(0)
• quote from Patrick et al. (1970) doi:10.1103/PhysRevB.2.2255

“We shall use ε∞ to denote the extrapolation . . . to zero fre-
quency. This somewhat contradictory notation arose because
ε∞ the "optical" dielectric constant, was often set . . . at a fre-
quency much higher than the lattice frequency, but low com-
pared with electronic transition frequencies. In many sub-
stances no suitable frequency exists, and it is preferable to ex-
trapolate optical data to zero frequency . . .”
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Results

• many fundamental investigations identified
- measurements and calculations
- still active field of research

• ε
∥
s > ε⊥s , ε

∥
∞ > ε⊥∞

• early investigations on 6H
- based on data from 1940’s

Note: only first entries shown here
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Results cont’d

• 6H values broadly used
- remarks only in first publications
- often stated that no 4H values

available (until today)

• more recent values are almost not
cited at all

HEPHY Jürgen Burin et al. TCAD Parameters for 4H-SiC: A Review 9



Static Permittivity Values

• many values
found in literature

- rounding
- typographical

mistakes

• hard to determine
origin

- found
relationships
shown in figure
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2) Impact Ionization
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Theory

• high energy charge carriers create electron-hole pair

GII =
1
q

(
αJn +βJp

)
=

1
q
(αnvn +βpvp)

• impact ionization coefficients [cm−1]
- β (holes) > α (electrons) [1, 2]

α =
1
n

dn
dx

cm−1 , β =
1
p

dp
dx

cm−1
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Empirical Models

Chynoweth’s law [3, 4]
Van Overstraeten-de Man [5] α,β (F) = a exp

[
− b

F

]

Okuto-Crowell [6]
α,β (F) = a{1+ c(T −300)} Fn exp

[
−
(

b{1+d(T −300)}
F

)m]

deviating temperature scaling
a → aγ , b → bγ γ =

tanh
(

h̄ωOP
2kB T0

)
tanh

(
h̄ωOP

2kB TL

)
F . . . electric field [Vcm−1]
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Physics Based Models

Shockley [7]
“lucky electron”, low field α,β (F) =

eF
Ei

exp
[
− Ei

eFλ

]

Wolff [8]
high field α,β (F) =

eF
Ei

exp
[
−

3EpEi

(eFλ )2

]

Thornber [9]
arbitrary band structures α,β (F) =

eF
⟨Ei⟩

exp
[
− ⟨Ei⟩
[(eFλ )2/3Ep]+ eFλ +EkBT

]

e . . . elementary charge, Ei . . . ionization energy

λ . . . mean free path, Ep . . . optical phonon energy, EkBT . . . thermic phonon energy
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Results Holes

• models only
shown where
characterized

• good
agreement
among models

• same results ∥
and ⊥ to c-axis
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Results Electrons

• impact
ionization
coefficient
lower than β

• less agreement
among models

• ⊥>∥ to c-axis

• ⊥: few results
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Results Temperature

• β decreases with
increasing temperature

• increasing α reported
- compensated by hole

temperature
dependency

- ∆α < ∆β

• few investigations
- most of them in last

decade
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Insights

• early publications based on 6H values

• most influential publications by Raghunathan et al. and Hatakeyama et al.

Note: only first entries shown here
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Conclusion & Outlook
• TCAD parameter review of 4H-SiC

- overview and critical evaluation
- literature often confusing

• relative permittivity
- old and 6H values commonly used
- wide range of values found in literature

• impact ionization
- holes bigger impact than electrons

• outlook
- chapters made available at https://jburin.web.cern.ch and here

Thank you for your attention.
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Silicon Carbide

• wide bandgap material (WBM)
- one of first investigated semiconductors
- used in power electronics
- polytype 4H commonly used

• features high
- charge carrier mobilities
- breakdown field
- thermal conductance

• utilization @ HEPHY
- low noise particle detector
- medical and HEP applications
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