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—_ Motivation & Goals

e TCAD simulation of 4H-SiC easy
- create device and run tool

e proper model and parameter selection is
challenging
- long history of investigations
- contradicting descriptions
- anisotropies
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HEPHY

e TCAD simulation of 4H-SiC easy
- create device and run tool

e proper model and parameter selection is
challenging
- long history of investigations
- contradicting descriptions
- anisotropies

e goals

- entrance point for newcomers
- enable scientifically based decision
- highlight avenues of future research
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OAW & Research Methods 7 HEPHY

o theoretical background

- utilized models and availability in TCAD tools
- highlight pitfalls Band Gap: Ex denotes

both the free and bound
exciton binding energy.

Permittivity: Although
& = €'(w — 0) we also
found .. = €'(0).
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k | .y
e theoretical background F‘N
- utilized models and availability in TCAD tools 3.35 N
I . - , ~
- highlight pitfalls ;
. %z 33
o fundamental publications <
- list achieved model parameters °“ 1o
- generate comparative plots g‘; o
g
32
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Varshni (Eg, Egx, &, Ty, B)

e theoretical background Choyke and Patick
[Choy37]" (-.-,33e4,-,-)
- utilized models and availability in TCAD tools L (wrigom1 ® (326 - 3304300, 0)
- highlight pitfalls L Naioop™* (325 - 33e4.0.0)
\—ICMOS]l Y(3.25,-,3.3e4,300,0)
o fundamental publications L tcmr (325 - 32e4.300.0)
[MeghI5]"™ (-, -, 3.3e4,0,0)
- list achieved model parameters L —r———
- generate comparative plots L (i3 (3359, -,3.3¢4,0,0)
L [Pezz13]"7 (3.2, -, 3.3e-4, 300, 0)
e reference chain L zeghior (326 33¢4.300.0)

. [Zegh20] 326 -, 33e-4,300.0)
- show correlations L Zhaot3]®' (3359, -,3.3¢4.0.0)

- run consistency checks L [ustsy (3350, 33¢4.0.0)
l— [Albal0]'* (3.2, -,3.3e4.300.0)
l— [Rayn10]'" (3.263, -, 3.3e-4,0,0)
[Maxi23]7 (3.23 -, 3.3e4,300,0)
L [Belll 11" (3.2, -,3.3e-4,300,0)
[Rao22]'** (3.26,-,3.3e-4,0,0)
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o theoretical background

- utilized models and availability in TCAD tools
- highlight pitfalls

e fundamental publications

- list achieved model parameters
- generate comparative plots

e reference chain

- show correlations
- run consistency checks

e parameter overview
- utilized values within community

HEPHY Jiirgen Burin et al.

Research Methods
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e data analysis for topics
v’ relative permittivity (24/10/07)

density-of-states mass (24/10/21)
band gap (24/11/11)

impact ionization (24/10/07)
incomplete ionization (24/10/21)

NENENEN

- charge carrier recombination

- mobility

e most recent version available at
arXiv:2410.06798

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 4
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- Relative Permittivity 27 HEPHY
e static (&) and high-frequency (&) B
permittivity
- relative to vaccum permittivity g8 mm i
10352 (ka6 O.78 isesvinal” (Pemos Pemot] %, eanion) 10.9 M‘.:m.
e most influential publications e s
988  [Tow22)™  [Coml?) 3 Marm 191, [Zipp 1)’

- [Patr70]: based on 6H
measurements (1944)
- [Iked80]: based on 4H
measurements (1971)

values changed over time

977

‘.‘ 10.32

[Lans) Chen sy
[

9.76 -

97

- 9.66 % 9.7 _> 10 o - [L Lech2l]™  [Chow21]”  [Tripl9] o 1
e ey 9.66 [Msel91 (Aol INipo 161 e
963 [PenslS] [Perr13] [Bell1 1)’ [Schrl¥) 100 rvodeos)
e newer investigations rarely cited 96 s %6 i 995t el
. . . 955 panan) 85884 a1’ fachai7) 994 frenns]
- long citation chains N I
SS £S 85
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N Density-of-States Mass AHEPHY
e deviating masses along principal directions o mj, <my
- iy = ()1 e calculations dominate (0 K)

o two conduction bands, three valence bands - significant mj, (T) often not considered

effective mass m™ [mg)]
— ™
3
o
=

0 100 200 300 400 500 600 700 800 900 1,000
temperature T [K]
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o Ey = Eg +Ex

- doping and temperature induced
narrowing

- models agree qualitatively

e almost all measurements below 5K
- at room temperature large uncertainties

e values changed over time
- Egx =3.265eV — Eg =3.26eV

e data suggest that £, ~3.26eV
- verification required

Jirgen Burin et al.

Band Gap

bandgap energy E [eV]

3.4

335

33
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—a— [Kons97]'? | b [Ragh99]") e [Shert)]” | —@— [Ng03[" —— (Zhao03]!
—— [Hata4]" L —4— [Hata]" | —e— [Loh08]™* —— [Loh(¥]"
e impact ionization coefficients 10’ i o et AR
—— [NidalO0 | —a— [ZhaolO] | —8— [Nouk20]T  —=— [Swef20]"7 L
- ﬁ (h0|eS) >a (e|ectr0ns) . ane21 0 —+— (Chea21 —-m-rzu!‘n _._:Smm-‘: .
10
e no anisotropy for holes o
-0 > OCH —
IE 10%
e models qualitatively agree for =
. . 3
electric field dependency 10
. . . 10?
e 3 decreases with increasing
temperature o
- increase of o reported 0.1 02 03 04 05 0.6 0.7 0.8 09 1 11

1/F [emMV~!]
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e due to wide band gap

not all dopants ionized

- cubic vs. hexagonal
lattice site

e jonization energy
decreases with doping
concentration

- novel approaches
identified (not in
TCAD tools yet)

e A,B,P N
- discussion for higher

Aluminum levels

HEPHY

Incomplete lonization

. |
-7 HEPHY
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400
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® Mas0d] * [Masod]™ d 4 [Weisl8lT" d ®  [Smids] " ¢ . Sake0l] " o *  [bands]'* ¢ & [Pernis]” ¢ v [Hic22]™ ¢
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6) Charge Carrier Recombination

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 10


https://jburin.web.cern.ch/pdfs/recombination.pdf

OAW == Charge Carrier Recombination 7 HEPHY

e recombination rate R depends on excess charger carrier concentration Ay

Av Ay Ay
R = RsrH + Rpim + Rauger = —— + +
TSRH Thim TAuger

HEPHY Jurgen Burin et al. TCAD Parameters for 4H-SiC: A Review 11
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— Charge Carrier Recombination

e recombination rate R depends on excess charger carrier concentration Ay

Ay AN AN
R = RsrH + Rpim + Rauger = —— + +
TSRH Thim TAuger

e Shockley-Read-Hall recombination N np — n?
. . . R = 1
- trap assisted recombination SRH T (ntn)+ (0 +
- bulk and surface contribution p( ) o n(p+p1)
- doping and temperature dependency Top = (Onpvini)

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 11
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— Charge Carrier Recombination

e recombination rate R depends on excess charger carrier concentration Ay

Ay AN AN
R = RsrH + Rpim + Rauger = —— + +
TSRH Thim TAuger

e Shockley-Read-Hall recombination N np — n?
1
- trap assisted recombination Rgpy = T (ntn o
- bulk and surface contribution p( + 1):|'1 n(p+p1)
- doping and temperature dependency Top = (Onpvini)

e bimolecular recombination 5
- radiative, DAP, e-A, TAA Rbim = B(np —nj)

HEPHY Jurgen Burin et al. TCAD Parameters for 4H-SiC: A Review 11
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Charge Carrier Recombination

AJ

e recombination rate R depends on excess charger carrier concentration Ay

HEPHY

R = RsrH + Roim + Rauger = ——

e Shockley-Read-Hall recombination

- trap assisted recombination
- bulk and surface contribution
- doping and temperature dependency

e bimolecular recombination
- radiative, DAP, e-A, TAA

e Auger recombination
- excessive energy to third particle

Jirgen Burin et al.

-7 HEPHY
Ay Ay
+
Tbim TAuger
2
RgRH = L
B(ntm)+p+pi)
-1
Tap = (Gn,thhNt)

Roim = B(np —nf)
RAuger = (Cnn + CPP) (np - nlz)

TCAD Parameters for 4H-SiC: A Review 1"
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e (np—n?)<0
- recombination turns to generation

- disabled for Ry;;,, — optical generation

- can be activated in some tools for Auger — NOT impact ionization

e optical and electrical measurements used

o extracted lifetimes depend on methods and injection level

1 _
= Tgryg — Tn F€SP. Tp

hl
= Tsrg — T +7

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review
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e low ns to one hundred ps (depends on injection level)
e no clear tendency over time

1074
10 IR Y S .
PO S N 1’0

. 10—6 = " L e. Q>—"o—x ’QHH_H
% T * 2 % . .
g 1077 —e—i *
B <
5 1078 . .
TR

10-10

10l4 1015 106 10[7 lolS 10]9

doping concentration N [l/cm3]

7,: red — black, 1,: blue — green — purple — orange

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 13
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e doping induced lifetime reduction Scharfetter (Ner,7) (Nier,7)
Weer, ¥) Pt 1)

- measurements suggest deviations among dopants e
e most commonly Silicon based model ( ) used A T

o fit to excess carrier concentration (

L[Lad&ﬂl 1(3x107,03)(3x107,0.3)
) LI03]" (3 107,03) (- -)

[Johal6]™ (3x10'7,0.3)(3x 107 ,0.3)
L Zhaoo3™ (3x107,03) (-~
[Ayalo4]* (6% 10'7,0.3)(3x 107,03 )
[Schr06]™ (3% 10'7,0.3) (3% 10'7,0.3)
L[nmmm]“‘r}xm".onuxm”.ou

10?

[Zhan101* (3% 107 ,0.3) (-, -)
[Buonl2]* (3x10'7,03)(3x10"7,0.3)
10! [Usmal2]*" (3x10"7,03) (3 107 ,03)
[Usmald]™* (3% 10'7,03)(3x10'7,0.3)
[Liu21]7 (3% 1017 1) (3% 10'7 1)
L\Hum}]”“mx 1017,03) (3% 10'7,0.3)
10°

[DasI5]"2 (3> 10'7,0.3) (3% 107,03)

electron lifetime 7 [%)]

[Aval7)? (3% 10'7,03) (3% 10'7,03)
[Hasel 71 (3% 10'7.03) (3% 10'7,0.3)
\—[Lupmm T 1x107,03) (1x107,03)
[Zhan181 (3% 10'7,03) (3% 10'7,0.3)
21 [Kaka20]™ (3% 10'7,03) (3% 10'7,0.3)
10 L [Koya20l™ (3 107,0.3) (3% 107,03)

10" 101 10" 10" 1018 10" 10%

doping concentration N [1 / cm3]
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e increased lifetime
with increasing
temperature

e most common model
(—) only
characterized up to
200K

HEPHY

SRH lifetime 7 [s]

SRH Lifetime cont'd

_
3
4

=)
5

1077

1
-7z2 HEPHY
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100 150 200 250 300 350 400 450 500 550 600
T K]
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Combined Lifetime = epry

INSTITUTE OF HIGH ENERGY PHYSICS

e impact of bimolecular and Auger recombination depends on Tsryg
e parameters only cause vertical shift in log-log space
- bimolecular slope: —1, Auger slope: —2

10-3
104
1073
100
1077
108
10
IO—IU

minority carrier lifetime [s]

HEPHY

10 101 1016 10" 10" 10" 10%

excess carrier concentration Ay [1/cm?]

T,: red, 7,: blue — green — purple
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OAW e LAt
_ Auger Recombination
e one investigation dominates coefficients
e reduction with temperature observed
- Silicon based models (—/ —/ —/ — ) predict opposite trend
10-%
[y
1073
100 200 400 500 600 700 800
T[]
HEPHY Jiirgen Burin et al.
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1P (SE %1073 (22 1)x 1073 (T£1) x 1073 300 )
me—nx] TS 1070~ (741) %1077 300)

[Das 5] (S 1077, 9,90 107~ =)
\—mmcum"[fﬁ Tx10-M )
[Leviol ] (5% 107 2103 721073 )
[Lee02]™ (5= 1077 2107~ )
\—|Nemm] (5% 1070 25 107M 73107 -
L LAtbalo] (551020 201070 -

[Nawal0]'™ (5= 107, 2107 )

[Habil 1177 (5= 1077 2107,

\—muynlu‘(inm S BV (1t

[Buonl2] (5 109 2 1077,
[Pezzl3]'™ (5107 21077 -, )
\—|Bcnl-1|* EES -2 [
[Usmald)™ (5% 1072 2% 1072

=)

=)

[Kajils]™ (Sx 1077 2% 1073~ —)
\—unmwﬂi'cixm LU R0 [ Rl
L [Kimol6! (5% 10 . 25 1021 ..
1ANal7)% (5107, 2 107 =, —)
[Kimol8]' (5 1073 2107~ -y
[Chou21]™ (55 104 22 104 — )
\—Iz:gmu] Trsx10 T 2e 0t

[Tian20)"7 ( §3 1073 25 1073 |

[Zegh20) (5 1074 251074 — )
\—Immzn TS 10T 21007 -y

[Mura21]™ (5107 2% 1077 - )
\—uunm B0 2k 103 7107 oy
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OAW == Conclusion & Outlook 77 HEPHY

e review of 4H-SiC TCAD parameters

- over 1000 publication investigated
- data analysis for 6 of 7 chapters finished
- newest results on charge carrier recombination

o |atest version available at arXiv:2410.06798
e outlook

- next up: mobility
- improve presentation and analyses

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 18
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OAW == Conclusion & Outlook 77 HEPHY

e review of 4H-SiC TCAD parameters

- over 1000 publication investigated
- data analysis for 6 of 7 chapters finished
- newest results on charge carrier recombination

o |atest version available at arXiv:2410.06798
e outlook

- next up: mobility
- improve presentation and analyses

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

HEPHY Jiirgen Burin et al.
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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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1) Relative Permittivity
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https://jburin.web.cern.ch/pdfs/permittivity.pdf
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OAW = Theory T HEPHY
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

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

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 5
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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

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 6
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Results cont'd

—
[Par70]° (1003, 9.66/ 6.7, 6.52) L )
[MadeS11* ( 10,03, 9.6/ 6.7, 6.52) [PemO1]™ (9.78/6.58 )
[Wenz95]™ (-1 -.6.52) [Pemn05]™ { 9.78/6.58 )
[Pers#7]"' ( 10.03 . 9.66/ 6.7 . 6.52 ) [Arpal&]™ (10/-)
[Pers99]°! (10.03,9.66/6.7.6.52) |—|Kni:nt;|'- (10,03 ,9.66/6.7,652)
L [Son04]" ( 10.03,9.66 /6.7, 6.52 ) B [Scabl 1al”® (9.78 /- )
[Harr95]'* ( 10.3 ,9.66 /6.7, 6.52) @ i
e 6H values broadly used L Neudot (97/-) [Hatal3)™ (10.08, 5.661-)
. . . . Choi0S]™ (0.7 ¢ [Naug17]™ { 10,03, 9.66/-)
- remarks only in first publications [ChoidS™ (8:77-) (R
ft tated that 4H val [Neud06]% (9.7 /- [Arval 7)™ (2.66/-)
- often stated that no 4H values 8™ (377> [Chou211* (9.6~
available (until today) L iwijet1" 107+ L (Yoshi8)” (-,97/-)

[Arvil 71" (9.7 76.52 ) [Miccl9]™ (9.66/-)
|—|Pca:2_ﬂ" (9.77-)

[Trip19]™ (9.66 /- )
L [Casa%6]" (9.66/ - )

e more recent values are almost not

cited at all L Huanos1™ (9.7 7-) |I(l:|h20]‘:[ 107-)
L [Made961™ ( 1003, 966167, 6.52) L [Kova20]™ (9.67/6.5)
[Lind98]" ( 10,03 .9.66/- | [1off231% { 10.03,9.66 /6.7, 6.52)
|—|Baknl;71"-r 1003, 9.66/-) L [Achal 71" ( 8.5884 /- )
[Egil99]" (9.7 /-3 [Bane21]™ { 8.5884 /- )
[Lade00]™ ( 10.03, 9.66/ - ) L [Kim24]’ (9.7/6.52)

[Lech21] ( 9.66/-)

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 7
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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
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OAW e The ory

e high energy charge carriers create electron-hole pair
1 1
G[] = c_] (a.’n +ﬁjp) = 5 (al’lvn +[3pvp)

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
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Empirical Models

Chynoweth’s law [3, 4]

Van Overstraeten-de Man [5] a,B(F)=a exp [_ﬂ

Okuto-Crowell [6]

o, B(F) =a{l+c(T—300)} F"exp [ <b{1 +d(T300)}>”’]

F
deviating temperature scaling tanh ( 2’1]:"0713 )
a—ay,b—by Y= %

tanh ( ng;L )

F ... electric field [Vem™']

HEPHY Jurgen Burin et al. TCAD Parameters for 4H-SiC: A Review 11
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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.

TCAD Parameters for 4H-SiC: A Review 12
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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

"7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

—— [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

a [em

10°

10°

10!

Ay
Results Electrons =7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

—— [Kons97)' || —4— [Ng03]* —a— [ZhaoO3]" —8— [Haa04]? L —— [Hawa04]® |
—+— [Chei05]™ —4— [Loh08)** —a— [Nguyll]®  —®— [Greel2]” —8— [Nguyl2]**
e [Sun12] —4— [Niwald]"?  —— [HamalS]")  —@— [NiwalS]* | —@— [SharlS]*
—— [Kyurl6]"  —4— [Zhanl$]* —— [Balil9]" —&— [Nidal9]" || —8— [Zhaol9]" |

—a [Nouk20]'7 e (Stef20f7 L —a— [Bane21 ] —&— [Chea21]* —m [Sef21) |

e [S1ei23]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
L/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 15



AcADENTOF . Mﬂ’/
OAW =5 Insights 7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

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

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review
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. T | ‘m”\ X ’/
OAW i Modeli ng _ﬁ/’"HEPHY

e due to wide bandgap not all dopants ionized
- ga, 8D ... degeneracy factors, new development: G4 (T), Gp(T)

ND _ NA

N, =
Epn—FEp )\’ A Epn—EF,
1+8DCXP( F}CBTD) 1+8ACXP( AkBTF'p)

N =

e in TCAD tools representation using charge carriers beneficial

M Epn—E
Ng: D ITRR n = Ncexp <F£ T C>
1+p 4= oxp (127 B
_ Na Ev —EFfp
N, = R pNVexp<kBT )

SN—

1+gANLVeXp (m

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review
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INSTITUTE OF HIGH ENERGY PHYSICS

e in general ionization energies differs among hexagonal/cubic lattice sites
e possible to merge to effective ionization energy
- accuracy degrades

N+ _ %ND + %ND
b~ AE AEp,
1o (83)  1+ends ()
1 1
5N 5N,
NX: 2IVA + VA

AE,
It+gangy (%) +gany ( lq{}c)

Epc, Epn - .. cubic/hexagonal donor ionization energy
Eac,Ean - .. cubic’/hexagonal acceptor ionization energy

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 19
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Doping Dependency

e jonization energy depends on doping
- changing potential energy of charge carriers when closer to ionized atoms

AE(N) = AEy— o.N'/3
e N>0—>AE<O

- not possible since screening dominant effect
- logistic equation fitting prevents that (not in TCAD tools yet)

AEy

AN = TN

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 20
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e optical measurements
- photothermal ionizatoin spectroscopy
- donor-acceptor pair luminescence
- time-resolved spectroscopy
- delay measurements

e Hall measurements
- neutrality equation
- activation ratio
- free carrier concentration spectroscopy

e other electrical measurements
- (thermal) admittance spectroscopy
- electron spin resonance
- deep level transient spectroscopy
- minority carrier transient spectroscopy

e calculations

- Faulkner model

- density functional theory

- effective mass approximation
first principle
e fitting to existing data - ab initio supercell

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 21
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e Aluminum
- lots of data
e Boron
- confused
with
D-center
e Nitrogen
- no energy
loss for cubic
site
e Phosphorus

- little data
available

HEPHY

AEA [meV]

i “’/
Results 7 HEPHY

+
400 H
Aluminum
350
300
250
200
150
100
50
0
10 101 1047 10 101 107 102!
doping concentration Ny [cm"‘]
® [Mas03]' d * [Mas4™ d & [Weisls)" d ®  [Smios) o m (Sakati]' o * (bS] g & (Pem0s) v [Hie22]" ¢
®  (smiss) 0 * [hvan0s] " n A ledso]” ®  [schas7) o (Trdo7 + (b 4 [Raovy' v [Schov '

Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 22
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e Aluminum
- lots of data
e Boron
- confused
with
D-center
e Nitrogen
- no energy

loss for cubic

site
e Phosphorus

- little data
available

HEPHY

ionization energy AE5 [meV]

AJ
Results 71 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

Boron

[Trof97]°

+ [Itoh9g]'™*
4 [Srid98a]”
« [Trof98]"
—— [Lech217'"
—tw.
1015 1016 1017 1018 1019 1020 102t

doping concentration Ny [cm 3]

Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 22
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; . =« Nitrogen T
e Aluminum 120
- lots of data = 100
e Boron £ .
(=]
- confused g %
with @
g
D-center 5 80
=}
o Nitrogen 3w
- no energy 2
loss for cubic 20
site
0
e Phosphorus
. 10" 10" 10" 10" 10! 10" 10
- Ilttle. data doping concentration Np [cm’a]
available
* [HageT3]'" ¢ ¢ [Iked80]™ ¢ 4[Goz03]" ¢ @ [Pensod]" ¢ ®[Kimo95]'" ¢ +  [Evwaos]' 2 ¢ + [SehadT]" ¢ *  [Ruts9g]!" ¢
= [Mas99) e e [Schov9)' e A [CapalO] e e [PemO1] ¢ = [lvan03] ¢ ¢ [Terz03]'™ ¢ 4 [Laubd]” ¢ [van03]'** ¢
» [Lich23)" ¢ o [Hage73"7 h  [IkedS0)" b ®[Gotz43)™ h ®[Pens93| " h + [Kimo95)"* h 4 |Evwa96]" h v [Scha97]* h

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 22
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e Aluminum
- lots of data
e Boron
- confused
with
D-center
e Nitrogen
- no energy
loss for cubic
site
e Phosphorus

- little data
available

HEPHY

ionization energy AEp [meV]

120

80

60

20

-7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

Results

Phosphorus
'
.
- .
+
a -
N
'
— —— -
Tv—a
~—
" “-\\
](}14 ]015 IUI(: IU” ]UIE ]019 ]02[! IUZI
doping concentration Np [em ]
* [Capa00]” ¢ ¢ [Schm02]'' ¢ & [Wang02])' ' ¢ #[Laub04]™ ¢ * [Ivan05]"" ¢ +[Rao0s]' ¢
o [Capa00]”* h ¢ [Schm02]''" h & [Wang02]'* h o [Laub04]™ h +[Tvan05]' " h 2[Rao06]'"' b

LW, ¢ tw. h

Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 22
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INSTITUTE OF HIGH ENERGY PHYSICS

e charge carrier cross sections i o
) , e single ionization energy values
e reference chains and value consistency

[Seheé] 61 (Yang1o)™ [Kimo19]' (] [Kimolda] ™ [n] [Kimo 191/ [h]
! [Ne 320420 # .
[Pank14]'"® [Zhut8)" [Neudos] - 60 MipolsI* (b
200 [BaliDe]'™ [Ze02]! [Manti2]** (Rakh20] 60 (Huan22P? (Bha0s|™ (b [Kimol4a]'* [h]
[Newd01]" [Habe9d] ™ [Pens93]™ Sullls
[Sullos) 59 (Leviot] (] [twar01]™ (b

o

300 e 56 (Son6]' ™ [n)
[Huhe] 55 [Made91)" [b]

[Kimol9)™ ] [NipoI8]* [h]
o (Gesh 1] [h]

. Neud01]

[Kimolda] "™ [b] [ - i

[Gaob1 ] 5721 [Buoal2[” [h] [Wang99]" [h] 55 (Donal8)” [u)
b pensoa ) (Grews e ) BakosTP )

198

n
]

197.9  [anz08]™ ]

[Loph1g]**
IR [ Zhanto) ™ 293 (ponats)’ . : 54 [ZhulSF" (]
191 [Zhao3]" (Arval7 50 (S0zz19)' [Zhu08] [b) [Zen02]™ (b
[Wang00] ** [PersO8]" [GrewoT]'
. " [Albal0f* [] [Sche06])'** [b Zeun2 [ [t
[Bako97]*" [Maded]" [Wijel1] 50:|:5 L _] 8] [Sctr6]™ [h] - 53 [Zeu02F [b)
Zhalg! [Ayal0S]* [h] [Aysldd]” [h] [Lade0oj" (] [Hand0o)™ ()
285
[egoi) [WiieLL™ [Neudo6]
[Yosh18]*" [Meghl8]" S 45 e ud0e] e 8
Zetw0?) . - 4
190w peson (el [Nead0t]"* [Mickss)'™* ) 50-+5 (REAIDRATR)
[Negod]'™ [Levi0l]'! [CGoo01]' 44 (Son06]'™ ]
280 [Kimolda] i <
42 (Zhanlo)'™ 45 [NegolMa]"
150+ 5+Ex  [Hage?3)'™ 33 [Paak14] [h] [Loma74]'"

Al B N P

Note: only first entries shown here
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4) Density-of-States Mass
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. - A\
ACADEMY OF w
OAW e 7 HEPHY

il Effective Mass

e mass a charge carrier seems to have on
interactions

e in TCAD often used

- density-of-states mass

- conductivity mass

- tunneling mass

- quantum well mass

- at contact or in a channel

e focus of review

- density-of-states mass
- shortly conductivity mass

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 25
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Principal Directions TAHEPHY
: . : kz
o effective mass expressed in multiples of o
free electron mass my
A___S

e electrons | N H

- conduction band minimum in M-point al R

- || to c-axis: myy T U P

- 1 to c-axis: myr, myg

e holes Ak H

- valence band maximum in I'-point
- L
- || to c-axis: mf,

- 1 to c-axis: myy g, ms
M>TTK [Kackell1994] doi:10.1103/PhysRevB.50.10761

HEPHY

Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 26
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OAW == Density-of-States (DOS) Mass 7 HEPHY

e density of states for conduction (N¢) and valence (Ny) band
- Mc ... number of conduction band minima in the first Brillouin zone

2m kgT\ >/? 2m, kgT\ >/?
NC:2MC(m}‘:2"‘B> , NV:2<”m;gB)

o effective masses for electrons (m}.) and holes (my;)

/3 1/3

2 1 2 1/3
Mae = (Mo méeu) = (myrmygmyL) ' man = (Man | mgh”) PP = (mingmigmiy)

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

e combine two topmost valence bands ...

2/3
v (. %32, %32
mdh*(’nhh/ Jrmlh/) .

e ...oreven all three

“ 32 32 AE, 3/2 AE;
my(T) = [mh{ +mhé exp <_I<BT) +mhé exp <_kBT

e temperature dependency

m*(T) =

20 —|—le+ng2 +Z3T3 +z4T4 n
1+nT+nT?+n3T3 +ny T4

HEPHY Jiirgen Burin et al.

DOS Mass cont'd

I

"7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

\

=

r M K
(c) 4H-SiC

[Persson1997] doi:10.1063/1.365578

TCAD Parameters for 4H-SiC: A Review
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o A\
OAW it 7 HEPHY

Polaron Mass

e carbon atoms more electronegative in Si-C bond
- optical vibrations generate electric field — slightly increased polaron mass

1—8x10 %2 Nm( a)—l

= ~ 1——
/643410302

mp 6

e Fréhlich constant o
- term 1/4meg missing in some publications (differing unit system)

gl e [2moo\? 1
- 2\& &) hopo h 4reg
&/€- . .. static/high-frequency dielectric constant
o - - - longitudinal optical phonon frequency

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 29
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e density functional theory local density
approximation (DFT-LDA) calculations
- projector augmented wave

- (full-potential) linearized augmented
plane wave

orthogonalized) linear combination of
atomic orbital

- full-potential linear muffin-tin orbital

- hybrid pseudo-potential and tight-binding

e other calculations

- empirical pseudo potentials
- RSP Hamiltonians

HEPHY Jiirgen Burin et al.

Characterization Methods

-7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

e Monte Carlo simulations

e measurements
- optically detected cyclotron resonance
- photoluminescence
- infrared absorption
- Raman scattering
- Hall effect

o fitting
- genetic algorithm
- gradual parameter refinement

TCAD Parameters for 4H-SiC: A Review 30
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e data for all bands available e heavily based on calculations
- mostly from 1994-2004 - two measurements for electrons, none for holes
electron hole
ref. My My myy band Mgy miy mpy, band method* polaron
[mo] [rmo] [mo] [mol [mo] [mo]
[Kack94]™ 0.62 0.13 0.39 - 423 241 1.73 hh DFT-LDA -
- - - - 045 0.77 1.73 1h DFT-LDA -

- - - - 0.74 0.51 0.21 s0 DFT-LDA -

[Karc9s]'¢ 0.66 0.31 0.3 - - - - - DFT-LDA -
[Lamb9s]*! 0.58 0.28 0.31 - - - - - DFT-LDA -
[Wenz95]™° 0.6 0.28 0.19 - - - - - DFT-LDA -
[Nils96]° 0.43 0.43 0.28 1 - - - - DFT-LDA -

0.52 0.21 0.45 2 - - - - DFT-LDA -

Note: only first entries shown here

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review 31
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Results DOS Mass

more measurement results found

e existing data extended by calculations
using masses in principal directions

HEPHY

- still calculations dominant

electron hole
ref. mj, mi, my band my, my, my, band method" polaron
[mo] [mg] [mo] [mo] [mq] [mq]

[Loma73]"™ 0.20" 0.21 0.19 - Hall
[Loma74] " 0.20° 0.21 0.19 - Hall
[Gotz93]* 0.19 0.176 0.224 - IR
[Kack94]™ 0.31* 0.28° 0.39¢ 260" 3.19° 1.73¢ hh DFT-LDA

- - 0.84*  0.59" 1.73¢ lh DFT-LDA

- - 043 061" 021 50 DFT-LDA
[Harios]" 035" 0.30+0.07  0.48+0.12 - Raman

Note: only first entries shown here

Jirgen Burin et al.

TCAD Parameters for 4H-SiC: A Review
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e three investigations identified
- only single one referenced and fitted

effective mass m* [mg)

(s

—_

“\HMM’/
Results Temperature Dependency ZAHEPHY

e significant change to hole mass
- most values only valid close to 0K

—
S

0 100 200 300 400 500 600 700 800 900 1,000

temperature T [K]

—— [Well97]" m}, —— [Well97]"2 my, —— [Bako97]"* m}, —— [Tanal8]"" my,
- = = [Scha97]” fit m}, — — [Hatal3)"" fit m, - = - [Scha97)" fit mj, — — [Hatal3]"" fit m,
®  [Sozz19]"' mj, ®  [Sozz19]"' my,
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e wide range of values
- 0.19 - 0.48 for electrons
- 0.43 -2.91 for holes

e temperature barely considered
- hole mass for room
temperature often too low
- even when considered wrong
values stated

e additional analyses
- miscalculations identified
- citations and value
consistency

HEPHY Jiirgen Burin et al.

0.37

0.36

0.35

034
0.33

0.32

0.20

0.19

Results TCAD values

10ff23] [Scajl3al” [Albal0]” [Resh05)"
Pers05]'" [Son04]'' [Lee02]™ [LeviOl]*'
Iwat01]** [Zhao00a]""  [ZhaoOO]*!

Iwat00a]’’ [Iwat00]" [Ivan00]" [Pers99b]™

Mick98a]'" [Mick98]’* [Lind98]'
Kino98]" [Huan98]" [Pers97]"" [Lamb97]"

!

¢

!

!

[Pers99a]” [Egil99]"" [Shah98]” [Pers98a]
!

!

[Hemm97)® [Bako97]'* [Pers96]"* [Nils96]**
!

Nils96] [Son95]"" [Josh95]'"" [Iked80]'""

[Yang19]" [Kurol9]*

[Dong04]'’ [Naka97]" [Lamb95]°" [Hari95]"
[PennO1]"*

[Bell0o]**

[Wenz951° [Kack94]™*

[Kim24]”* [Arpa06]™ [Itoh95)”
[Loma74]" [Loma73]"
[Rodr21]™ [Kuzn95]”

[Scha94]”*  [Pens93)% [Gotz93]"

*
Mge

1.26

1.20

—

0.94

0.91

0.82

0.81
0.76
0.50

043
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[Resh05]"" [ Zhao00}"

[Yangl19]" [Albal0]™ [Pere06]'"
[Lee02]” [Shah98]” [Huan98]"
[10ff23]" [Neim06]'"* [LeviO1]*'
[Ivan00]* [Hemm97]"
[Kuzn95]" [Pens93]™

[Scajl3al’

[Ishi24]*  [Rakh20]'"* [K1ah20]'"

[Kimol4a]'" [Feng04a]''' [Son00]'

[Pear23]'* [Maxi23]” [Khan23]"'
[Nouk20]'™ [Vasc19]'® [Janz08])'"

[Ayal04]'* [Flor03]'"® [Lade00]'!
[Lamb97)}
(Kuro19)**
[Koiz09]'!

[Kackgd] ™

X
Mgy

Note: only first entries shown here
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—- Conductivity Mass

e required for investigations of mobility

_87:

ok
m

o effective masses for electrons (m(,) and holes (m,)

3 1 1 1 3 1 11
- — +

* * * ’ * * * *
Mee  Mypr My My My, My Mpg Mpp
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5) Band Gap
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Band Gap Energy

band gap E,; = exciton band gap E,x + free exciton binding energy Ex

free exciton binding energy bound exciton binding energy
e energy required to free electron from e amount of exciton energy reduction
exciton when attached to impurity
o Fy e depends on impurity type
o Fy
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Band Gap Energy

band gap E,; = exciton band gap E,x + free exciton binding energy Ex

free exciton binding energy bound exciton binding energy
e energy required to free electron from e amount of exciton energy reduction
exciton when attached to impurity
o Fy e depends on impurity type
o Fy

Eg(TaNl?)_vN/;) :Eg(T) _AEg(N];vN/;)
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Temperature Dependency

e Varshni relation

T2 T2
Eg(T) = Eo(Ty) + (Tgiﬁ - T—|—ﬁ>

e Bose-Einstein type

Eg(T)—EBfaB +e®]3/7T_1
e Passler model

0,

Eq(T) =E¢(0) )

2T\? 1
1+(=) -1 ) — 1
+<®p> ]7 g A2+

e A...phonon dispersion (A > 1... Varshni, A — 0... Bose-Einstein)
e O,... average phonon temperature, €... entropy
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e Lindefelt

Nt N 12

sty (25) o (25) o

AEn (ND) = Any (1N'1§8>1/4+Bm IN%S)I/Z >0

o 5) = (085 e (1) <0

AE () = Ay <1]\(1)1%;)1/3—1_310V <11\(])1?8>1/2+CPV (1]\\]];)1/4 o
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Doping Dependency cont'd

e Slotboom

2
N N
AE, = C In + In +G
g <Nn,p> \/( <Nn,p)> )
e Schubert

- not able to reproduce plots found in literature

AEy— — VT
& 4ned/2\/kgT

A e, m,(3n)1/3
8= T 573.308

475/3€3/2

(Debye, non-degenerate)

(Thomas-Fermi, degenerate)

HEPHY Jirgen Burin et al. TCAD Parameters for 4H-SiC: A Review
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e optical measurements
- transmission spectroscopy

- photo absorption e calculations

- optical admittance - empirical pseudopotentials
- exciton electroabsorptions - density functional theory

- free carrier absorption - rectangular barrier

- free exciton luminescence « fitting to existing data

- photoluminescence

- including genetic algorithm
- photconductivity

wavelength-modulated absorption
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— | "
. I
OAW 3z Results A
e measurements mainly of Eq at low temperatures
- Egx =3.265(2) eV
e latest calculations predict clearly lower values
- Eg =3.15(3)eV
band zap temparature dep.
ref. Ep Eg Ex i o [ interval method™
[eV] [eV] [meV] [K] [eVK!] IK] K]
[ChoyST7)™ %! - - - - 33w 1074 - - PA
[Choydd ] - 3263 =0.003 - 4 - - PA
[Choy6da] ™ * - 3.265 - 4.7 - - PA
Pung70]"" I8 - - 0 E = - EP
[Dubr75]- - - 2015 - - EE

Note: only first entries shown here
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e increasing narrowing with doping e too few measurements to verify

concentration
300 - -
—— [Lind98]°” n-type - - - [Lind98]"? p-type
—— [Pers99]7" ntype - - - [Pers99]" p-type
. 250 —— [Lade00]" n-type - - - [Lade00]*’ p-type | a
% —— [Schu93]™ n-type - - - [Schu93}’” p-type
=3 A [Wein02]'"' nype @ [Wein02]'"' p-type
ﬁ” 200 4 [Griv07]" n-type
1Y)
g
é 150
=]
g 100
o
=}
=
<
<50
0

1016 1017 1018 1019 1020 102!
ionized doping concentration [cm’3]
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2 337 5 :
. = T \
e band gap decreases with & - :
temperature 5 L PR Y
z 32571 i N R
o differences between S Yy NN
Varshni and g | \\,‘ N,
Bose-Einstein barely 30| ! \\ i
visible ! \
. ' N\ N
e almost always separation L RN
of Ey and Egy 315 NI
| \ N
. NN
e big uncertainty for room ¥ \\\\i\(‘
temperature 3l | DON
measurements - ‘ ‘ - - ‘ - - |
0 100 200 300 400 500 600 700 800

Jirgen Burin et al.

temperature T [K]
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e overwhelming amount of values in literature

- very few temperature scaling parameters
- E4(Ty) main difference

e analysis results

- all values go back to measurements of Egy at low
temperature in 1964 (3.263eV,3.265eV,3.23 eV)
- then rounding and Egx — Eg

- coincidentally measurement of Eg(300) ~ 3.26eV
e future research

- room temperature measurements for verification
- temperature dependency of Ex

HEPHY

Jirgen Burin et al.

Band Gap Values )

"7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS
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6) Charge Carrier Recombination
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Characterization Methods HERY .

e optical measurements

HEPHY

(microwave) photoconductance decay ((1t)-PCD)
photoluminescence decay (PLD)

(transient) (time-resolved) free carrier absorption
((T)(TR-)FCA)

electron beam induced current (EBIC)
time-resolved photoinduced absorption (TRPA)
time-resolved photoluminescence (TRPL)
time-resolved transient absorption (TRTA)
transient absorption spectroscopy (TAS)

four wave mixing (FWM)

low-temperature photoluminescence (LTPL)
capacitance transient (C-t)

differential transmittivity (DT)

Jirgen Burin et al.

AJ

e electrical measurements

reverse recovery (RR)

thyristor turned off gate current
(TTOGC)

short-circuit current/open-circuit
voltage decay (SCCVD/ OCVD)
diode current density (DCD)
bipolar transistor emitter current
(BTEC)

diode forward voltage degradation
(DFVD)

o fitting to existing data and
simulations
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