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e TCAD simulations

- which models?
- what parameter values?

Motivation

e challenges for 4H-SiC

- overwhelming amount of data
- high anisotropy resp. to c-axis

Symbol | Keyword Type Unit

Ty uLImin360 Quantity | cm?vTs™!
Yi uLIexpTabove | Real

Y2 uLIexpTbelow | Real

Tswitch Tswitch Quantity K

cel Cref300 Quantity | cm™3

V3 CrefexpT Real

aso alpha3600 Real

Y4 alphaExpT keywordReal

Table 6.25.: Caughey-Thomas mobility model keywords

Jirgen Burin et al.

TCAD Parameters for 4H-SiC: A Review

i
-7z2 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS



. T 1| w”‘”ni’/
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e goals

- lower entrance barrier for newcomers
- critical evaluation of status quo

e methods
- present published models/parameters
- check consistency with references
- identify key publications and values

- distinguish hexagonal/cubic lattice sites and direction L / ||
to c-axis

e data analysis finished
- comments/suggestions still possible

e chapters made available at https://jburin.web.cern.ch
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o relative permittivity e incomplete ionization
- el et &ﬂu el - doping and temp. dependency
e impact ionization e generation/recombination
- empirical and physics based models - SRH, bimolecular and Auger

(temperature dependent) bandgap
- (exciton) bandgap energy

mobility
- low and high field, saturation velocity

effective electron/hole masses
- calculations and measurements
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1) Relative Permittivity
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e TCAD tools use relative permittivity & = £/¢

complex relative permittivity

static relative permittivity & = €'(w — 0)

high-frequency resp. optical relative permittivity
- ¢’ 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

2
& _ (Yo
Eo wro
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e & =¢'(w— 0) but sometimes &.. = £'(0)
e quote from Patrick et al. (1970) doi:10.1103/PhysRevB.2.2255

“We shall use €. to denote the extrapolation ... to zero fre-
quency. This somewhat contradictory notation arose because
& 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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e many fundamental investigations identified ° SSH > g, el > €

- measurements and calculations e early investigations on 6H

- still active field of research - based on data from 1940’s
ref. £ £ 5 Ea £ el method” Sic doping
[Patr70)° 9.78" 10.03 9.66 6.58" 6.7 6.52 RI 6H
[Tkedg0]™ 9.94¢ 10.32 9,76 . - - RI 4H
[Nino94]’ 9.83" 9.98 9.76 6.62¢ 6.67 6.59 SE 6H
[Hari95])"* - - - 6.63° 6.78 6.56 RI 4H
[Karc96]'™ 10,53 109 10,352 7.02¢ 7.169 6946  DFT-LDA 4H
[Well9a] - - - 7.02¢ 717 6.95 DFT-LDA 4H

Note: only first entries shown here
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Results cont'd

——
[Patr?0])° ( 10.03 . 9.66/6.7,6.52) L )
[Made911% ( 1003, 9.66 /6.7, 6.52 ) [PemO1I™ (9.78/6.58 )
[Wenz95[ (/- 652 ) [Pern05]" { 9.78/6.58 )
[Pers97]'| ( 10.03 ,9.66/6.7.6.52) [Arpal6]™ (10/-)
[Pers99]” (1003 966767 .652) |—|Kni7119|" (10.03,9.66/67,6352)
L [Son04]* { 10.03,9.66/6.7,6.52) [Seabllal™ (9.78/-)
[Har95]' ( 10.3.,9.66/6.7 , 6.52) (. ; .
atal3] 3,966/ -
e 6H values broadly used L [Neud01 ) (977 (Hotal ||N( IO'](;']_ gt;?;m] 06
— . . L renncies augl 7] (10,03, 9.66(-)
- remarks only in first publications IChai031™ (977-) L Arval71! (9,667
ften stated that no 4H val Neper” (017) I
(0] e.n state . at no values [Zhu08]™ (9.7 /- [Chou2 119 ( 9.66 /- )
available (until today) L iwijet 117 (10743 L (oshisi (-.97/-)
[AMil 71" (9.7/6.52) |—|Micc|9|*"'(9.f:m’-}

L [Pear23]” (9.7/-)

[Trip19]™ (9.66/-)
L [Casav6] (9.66/-)

e more recent values are almost not

H Klah20]™ ( 10/ -
cited at all L iruanosy 197/ l ] __[ !
07
L [Madeos]™ ( 10.03,9.66 /6.7, 6.52) L [Kova20]™ (9.67/6.5)
[Lind98]" ( 10.03,9.66/-) [0ff231% (1003, 9.66 /6.7, 6.52)

|—|Baknlm""r_ 1003, 966/ -} L [Achal 71" ( 8.5884 /- )
[Egil99]"® (9.7 /-) [Bane21]™ ( 8.5884 /- )
[Lade00]" ( 10.03 ,9.66/ - ) L [Kim24]’ (9.7/6.52)

[Lech21]™ ( 9.66 /- )
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e many values
found in literature
- rounding
- typographical
mistakes

e hard to determine
origin
- found
relationships
shown in figure

HEPHY

Static Permittivity Values

10352 [Karcoa1’” 978
9.91  [Nafile]™ 9.77
988 [Ton22)" [[Coutl7] 9.76
9.77 ILizavr" 9.72

[Kimo19]

[Kimo1da) ™

[Resh0s]"

9.76

[Pens05]”  [Ayalod)™
[Trof98]'*" [Schab7]"™
[Nino9d]"'  [Ikedso]"

9.7

97 [Yoshig)

(loff23]" [Naug 17)”
[Hatal3[" [Koiz00]"!
ISon041"  [Levion]

[Lade00]"" [Pers$9]" 9.67
[Lind98]""  Persg7)'
[Bako97]"* | [PaurTO)"

9.66

9.63  [Perstis]”

9.6 [Yodess) 9

o

9.55  [Manz08]' =
1

8.5884

€
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[Chenls|

[Bhaos)!

[Twat]*

[Mickos] !
[Nils96]

[Elas03)"*"  [Elasd0] ™ [Chel97)”

[Scabllal’”  [PernS]  [Pern1 ], [Lind9g]*

[Hant 1

[Darm19]"E,_ (Zipp11]'*

[Neil12)'5

Kim24l’ [Dong24]' ! [Yang23]" [Pear23]

[Yang22]"" [Dema22)' Uiya20]'" [Solelo]'
[Bali19]'™  [Tsaol8]'!!  [Pearl 8] " fHass18)'
[Cabels]" [Rybal?)™ jAnil7]" [Lintg)
[Kamild]'™  [Higal4]'™  [Neud13] [Mant13)
[Albal0] ! [Kamin9] ™ (Akw09]'" [Zhuos]”
[NavaDS]'"  [Newd06]®  [Bali0n]' " [Choi0s]""
[Coled] ™ [Hiel03]”  [Hano3]'"' [Neudo1]”

[Zhao00]' ™ [Twata] ™' [lwatd0]'**  [Coded)]"
[Egil991™  [Burk99)"” (Wrigdsl'"  [Weitos)""
[HuangS ] [Srrg7)"  [Wrighe] ™" [Weito6]”
[Kova20]"

[Rao22]' 7" [Lech21]”  [Chou2l]”  [Trip19)"

15022191 [Mice19)* [Anal7]"  [Nipoté]'™”
[Usmald]' 0 [Perz13]'¥1 [Belll1)'*  [Schit]
Lone11]

[Bane211” [Achal?]"!

S ES

109
10.65
10.53

10.36

9.98

9.94

)
i, /
\‘m‘
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[Karco6]'*
[Torr22]'" [Coutl7]™
[Nartis]

[Janz08]'**

[Kimo19]"
[Kimol4a]**
[Reshis]
[Pens0SI  [Trofs]
[Scha®i7] [Iked80]"

[Li23a)" L3

[Li24b]

[Ioff23]"  [Naug17)"
[Hatal 3" [Koiz09]"
[Sond4]"  [Levial]'
[Lade0]""  [Pers99]"!
[Lindo] " [Pers97]
[Bako97]"  [Patr70]
[Yode9]'**

[ayal0d)™  [Ninog4)”

[Pers05]*

el
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2) Impact lonization
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OAW e The ory

e high energy charge carriers create electron-hole pair
1 1
Gy = 5 (OtJ,1 —|—[3]p) = 5 (anv,+ Bpvy)

e impact ionization coefficients [cm™!]
- B (holes) > a (electrons) [1, 2]

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

-7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS



o - A\
OAW s 7 HEPHY

Empirical Models

Chynoweth’s law [3, 4] b
Van Overstraeten-de Man [5] a,B(F)=a exp [_F}

Okuto-Crowell [6]

b{1+d(§—300)}>’”]

a,B(F) =a{l+c(T—300)} F"exp [_ <

deviating temperature scaling tanh <2h,f’0;’ )
a—ay,b— by Y= ﬁ
tanh (ZkB ;L )

F ... electric field [Vem™!]

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 13
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Shockley [7]
“lucky electron”, low field

Wolff [8]
high field

Thornber [9]
arbitrary band structures

e... elementary charge, E; ... ionization energy

Physics Based Models

-7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

= ——exp {— (Ei) ]
(E)) [(eFA)2/3Ey] + eFA + Eyr

A ... mean free path, E, ... optical phonon energy, Ej, ... thermic phonon energy

HEPHY Jiirgen Burin et al.
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models only
shown where
characterized

good
agreement
among models

same results ||
and L to c-axis

B [cm_l}

107

108

10*

10°

10°

10!

Results Holes

A
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—— [Kons97]"" | —#— [Ragh99]"!
—+— [Hatal04]"? L —4— [Hata04]*” |

—— [Ngayl1 1"

—+— [Nidat9]* |
—— [Bane2[®  —4— [Chea21]™

—— [Zhaol9]" |

—— [S1e21] |

—e— [Ng03]*!
—&— [Lok08]"
—&— [Sun12*
—e— [Kyurl6]"
—o— [Nouk20]!"

—o— [Swi23]

—&— [Zhao03]*!
—8— [Loh09]*

—&— [Niwald]"?
—&— (Zhan18]"

—=— [S1ef20]7 L

0.1 0.2

Jiirgen Burin et al.

0.3

0.4

0.5 0.6
L/F [emMV ]

0.7

0.8
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impact
ionization
coefficient
lower than 8

less agreement
among models

1 >]| to c-axis

1: few results

o [cm"]

10*

10°

10°

10!

Ay
Results Electrons =7 HEPHY
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—— [Kons97]' | —4— [Ng03]* —a— [Zha03]! —e— [Haw04]' L —m— [Hawa0d]® |
—t— [Choi0S]"®  —4— [Loh08]"* —a— [Nguyl1]®  —®— [Greel2]” —=— [Nguy12]""
e [Suml2] b [Niwald]?  —d— [Hamal5  —s— [Niwal$]? | —8— [Sharl$]*
—— [Kyurl6]"  —4— [Zhanl8]*  —a— [Balil9]"” —8— [Nidal9]*" || —8— [Zhaot9]"" |

—— [Nouk20)'7  —— [S1ef20f7 L —4— [Bane21]" —e— [Chea2l]  —8— [Stef21)™ ||

e [S1ei23]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1/F [emMV~!]
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e 3 decreases with
increasing temperature

e increasing o reported

- compensated by hole
temperature
dependency

- Ao < AB

o few investigations

- most of them in last
decade

HEPHY

Ay
Results Temperature 7 HEPHY

—

B [em™!]

a [em™!]

100 150 200 250 300 350 400 450 500 550 600
T [K]
Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 17
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e early publications based on 6H values
e most influential publications by Raghunathan et al. and Hatakeyama et al.

Okuto Crowell (a, /by .by/m|ay a /by by m)
—— ———

Hatakey

electron hole [Hatal4]* (2117617, 3371|296, 341/16.25/1)
an and Yurkov

L [Hata0ta] ™ (21,1767 17,33/ 1] 29.6. 34171625/ 1)
[Hata0S] ™ (21 176 /17,337 1 [29.6, 341 /16 ,25/1 }
[Tvan09]'' (/-7 |-F257-)
L [Loph181'= (21176717, 3371296, 341 /16.25/1)
Trew, Yan, and Mock [Jn24] (21, 0764 17 3341 |-/ -/-)
[TrewdL [ (0.046/ 1211|465/ 12/ 1) L [aa09] (21, 17671733 /1] 296 . 341 /16,257 1)
|Wrig96]" ( 0.046 12/ 1 |4.657 127 1) L [Hatal3] (20, 176/17.33 71 296,341 116,257 1)
g (DO 1241 | 468112713 L iNougi 71t (21, 17617, 3371 296,341 16,25/ 1)

[Kyurs9]" (457 /5241 |513/157/1)
[Hoff23]™ (457452441 513715771

I—\mmusr (04671271 4.65/12/1) l—\SnleWI P210, 176417 33371 296,341 /16 25/ 1)
L Buont2 (210, 176717, 3341|296, 341/16,25/ 1)
Bakowski. Gustafsson. and Lindefelt L Cnents) (20176717 3311 | 296,341 116,25/ 1)

[Bako97)* (1.41.,4.95/2.58/1]21.6,21.6/19/1) . 176717 1/16,25/1)
[LadeO0]™ ( 344 /2587132471971 ) i (21,176/17 1/16.2571)
L Jayaioa) (344125811 (35717715 E R RS
L (eip1o (34425871 [3.5/17/1)
L [Schre] (344725811 3247194 1) Loh et al.

ILohOS1™ ( 278/ 105 /137 351/ 103/ 108

Note: only first entries shown here
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OAW & Conclusion & Outlook

e TCAD parameter review of 4H-SiC

- overview and critical evaluation
- literature often confusing

e relative permittivity

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

e impact ionization
- holes bigger impact than electrons

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

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review
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OAW & Conclusion & Outlook

e TCAD parameter review of 4H-SiC

- overview and critical evaluation
- literature often confusing

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

e impact ionization
- holes bigger impact than electrons

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

Thank you for your attention.
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el Silicon Carbide

e wide bandgap material (WBM)

- one of first investigated semiconductors
- used in power electronics
- polytype 4H commonly used

o features high

- charge carrier mobilities
- breakdown field
- thermal conductance

o utilization @ HEPHY

- low noise particle detector
- medical and HEP applications
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Ionization Energy [eV]

I Si
4H-SiC
[_1Diamond

Displacement
Energy [eV]

Band Gap [eV]

Electron Saturation Velocity [cm/s]
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