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In this paper we review the models and their parameters to describe the relative permittivity,
bandgap, impact ionization, mobility, charge carrier recombination/effective masses and
incomplete dopant ionization of 4H silicon carbide in computer simulations. We aim to
lower the entrance barrier for newcomers and provide a critical evaluation of the status quo
to identify shortcomings and guide future research. The review reveals a rich set of often
diverging values in literature based on a variety of calculation and measurement methods.
Although research for all the selected parameters is still active, we show that sometimes

old values or those determined for other kinds of silicon carbide are commonly used.
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E,  band gap energy T  temperature

h  reduced Plank constant my  effective density-of-state mass
€  permittivity e elementary charge

mgy  electron rest mass &  vacuum permittivity

Er  intrinsic Fermi energy t time

Ec  conduction band energy Ev  valence band energy
n;  intrinsic carrier concentration F  electric field

Na  acceptor concentration Np  donor concentration

I. INTRODUCTION

Silicon carbide (SiC) is a wide band gap semiconductor that is increasingly deployed in harsh
or high voltage applications due to its favorable properties of high breakdown voltage, low leakage
current or fast switching speed'. The respective devices are designed using technology computer
aided design (TCAD) simulations that are able to decrease the amount of required design iterations
by predicting the final behavior. To achieve accurate results, a wide range of physical properties are
described by more or less complex models, which all rely on a certain set of parameters. The have
to be provided by the user, whereat reliable results can only be achieved if the chosen parameter
set is suitable.

For 4H-SiC, the most prominent polytype of silicon carbide, the main issue with TCAD sim-
ulations is not the lack of parameters in literature but rather the overwhelming amount. Over a
time span of more than a century numerous investigations proposed models and parameters for
a wide range of physical parameters, resulting in two essential problems: 1) For newcomers a
proper selection of parameters is challenging due to the available data. The sometimes contradict-
ing literature also demands some time before a topic can be fully understood. 2) A lot of effort is
required to trace values back to their origin. This step is, however, crucial to identify shortcomings
in the status quo and trigger a critical (re-)evaluation of single properties. Overviews that com-
pare a subset of the available models with often solely one set of parameters have been published

>0 charge carrier recombination’ and mobility®. All

for the topics impact ionization’*, band gap
these publications lack, however, a proper discussion of the origin of the presented values, possible
shortcoming and suitable avenues for future research.

In this paper we, thus, conduct a literature review on TCAD parameters for 4H-SiC focused on
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the topics relative permittivity, density-of-states mass, band gap, impact ionization, charge carrier
recombination, incomplete ionization and mobility. For each we describe the theoretical models
and provide a simple overview of the topic to decrease the entrance barrier for newcomers. We
also present the achieved parameters, analyze the agreement within the scientific community and
comment on the suitability of the most commonly used parameters. We further identify possible
shortcomings to guide future research. Nevertheless, we want to highlight that our results are not
a one fits all solution but mainly an overview for starting parameter sets, that have to be further
refined to fit the measurements of device at hand.

This paper is organized in the following fashion: In ?? we introduce the general methods
utilized in the review followed by an introduction to (4H) silicon carbide in ??. We then review
the models and parameters for the topics permittivity (??), density-of-states mass (??), band gap
(??, impact ionization (??), charge carrier recombination (??), incomplete ionization (??) and

mobility (Section II). We finally conclude our paper in ??.

II. MOBILITY

To describe the conductivity p of a material®, which is relevant for any transient process, the

)9’10 1s used. In this case, n denotes the amount of

charge carrier mobility u as shown in Eq. (1
charge carriers and U, the respective mobility. Different mechanisms may influence the mobility
such as the surface, the inversion channel in MOS structures and the bulk®, whereat we will inves-
tigate here solely the latter. We, thereby, build on the analysis of measurements by Darmody and
Goldsman'' and the summaries of mobility models published by Neila Inglesias >, Stefanakis

and Zekentes” and Tian et al. ©.
1

 ngin

Overall, our analyses reveal many investigations targeted toward the mobility.

p (1

A. Theory

Charge carriers in 4H-SiC accelerate along the electric field F until they are "scattered", i.e.,
they drastically change their velocity and/or direction by interacting with other particles. It is
possible to distinguish (i) phonon (ii) defect and (iii) carrier-carrier scattering, which can be further

divided'®. The most prominent processes for 4H-SiC are acoustic phonon, (non-)polar optical
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phonon, zero and first order optical intervalley phonon, ionized/neutral impurity and carrier-carrier

14-18

scattering . The mobility defines the average time between two scattering event'” and thus

provides a link between charge carriers and scattering processes’’. Detailed theoretical analyses

. . . . . . . ) 212
of each single contribution is available in literature'?'3!:17:21=24,

In TCAD tools, however, such detailed models are not convenient'’. Instead, empirical mod-
els are used to describe the mobility in the low-field and high-field region (a detailed explana-
tion follows in the next sections). The mobility, thereby, depends on many factors such as dop-

27—

. ) . N . . . 79
ing concentration””, degree of compensation”®, spatial direction’’~>’, temperature> and whether

majority or minority charge carriers'”

are described. For holes even the separate valence bands
(heavy-hole, light-hole, split-off; see ??)13"5’30 have to be considered.

In the past years hopping conduction, also denoted as nearest-neighbor-hopping (NNH)' or
variable-range-hopping (VRH)®' was described in 4H-SiC. This process describes the tunneling
of charge carriers bound to a dopant from one impurity to the next, possible alternated by some
conventional drifting phases in the bands. This effect was described at temperatures below 100 K*?
ant at very high doping concentrations®'**. Darmody and Goldsman ' calculated the critical limit

for the latter to Ny ~ 1 x 10%Y /cm?. Since this is a relatively new effect the available information

are very limited and we will, thus, not further consider it in this review.

1. Low-Field Mobility

For low electric fields exists a direct relationship between the carrier velocity v and the electric

field strength F°* as shown in Eq. (2). The impact of phonon and impurity scattering is thereby

t35

not independent’”, meaning that both have to be implemented in the same model.

v=Uu(N,T)F (2)

10

Each dopant represents a coulomb scattering center' ' that causes the charge carrier mobility to

decrease. To account for this fact an empirical model shown in Eq. (3) was developed by Caughey

36

and Thomas Umin can be interpreted as the mobility for very high doping where impurity

t5,12

scattering is dominan and Umax the highest possible mobility at low doping, i.e., when lattice

(phonon) scattering is dominant™®'?. Ny denotes the doping concentration where the mobility

26,34

is exactly in between those values and 0 just how quickly the change from one to the other

occurs. Arora, Hauser, and Roulston”’ later simplified the model by replacing the expression
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Umax — Hmin bY Mo °, which will become interesting when we later investigate the temperature

dependency.
Umax — Hmin
1+ (N/Neg)?

There is some disagreement in literature (discussed by Vasilevskiy et al. *”) whether N denotes

HN) = Hin + 3)

5,16,17,38-58

all dopants or just the ionized ones'*>*>-%* An argument to use all dopants was that

this model is just a ﬁttings’(’

or that also scattering on neutral dopants decreases the mobility.
Roschke and Schwierz** stated that using something different than the absolute doping for N did
not result in better results but led to convergence issues.

A similar dependency can be observed with changing temperatures. In hot samples more
phonons are generated, which increases the probability of a charge carrier’s scattering'%>>%7. In
contrast, at low temperatures and high doping concentration (un)ionized impurity scattering is
dominant®. This is accounted for by scaling the respective parameters with temperature as shown

in Eq. (4)**%7. Note that Ynrer = — 0 Yref-

¢
T

— __ 4
0 = 6300 (300) 4
0 c [,umina.u'maXa.anNrefy5a(N/Nref)s] (5)
C € [’Yminv Ymax, Y0, Yeef; Vs mNref] (6)

We want to highlight that many different names for this combined model exist in literature,
featuring sometimes more and sometimes less of the shown temperature scaling factors. Refer-
enced were, among others, the publications by Mohammad et al. %8 and Sotoodeh, Khalid, and
Rezazadeh®. The term Masetti model”>*! is also used for this model, although the expression
proposed by Masetti, Severi, and Solmi '’ actually contains an additional additive term that leads
to a further reduction of the mobility at high doping densities (see )’'. Except for Zhang and You '

the parameters are, however, chosen in a fashion that the description in Eq. (3) is achieved®’".

Hmax — Hmin2 _ 25
1+ (N/Nref)6 1+ (NrefZ/N)K

1(N) = Hmin + (7

In this model each parameter has a constant temperature scaling parameter. However, de-
pending on the dominant scattering process vastly deviating temperature dependencies have been
observed’”. While acoustic phonon scattering shows a decrease proportional to 7 —1:31%-40.74-76
the decline proportional to 72 was attributed to nonpolar optical phonon scattering'’-’® (72

for optical-mode phonons'”) . For the latter Adachi'” states, however, a dependency according
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~0 while

to 713 Tonized impurities scale with 73/216.50.74.75 and neutral impurities with 79131
coulomb scattering scales with 7! and phonon scattering with 7~!'77. This makes the model pre-
sented in Eq. (3) not adequate for large temperature swings’®. A different approach was shown by
Schréder >, p. 668 who defined equations below/above 200K with deviating temperature scaling,
but only provided parameters for Si.

To account for the changing temperature behavior 1zzo et al.”” used the phenomenological
function shown in Eq. (8), without however specifying the values of A and B. This description
features an increasing mobility due to ionized impurity scattering at low temperature (T3/?) and
a adjustable decrease for high temperatures, e.g., n = 3.06 in this case. This corresponds to the

values by La Via et al. *°.

A B\
u(T) = (erﬂ) (8)
Rambach er al.’*7> stated that the parameters of Eq. (3) should be dependent on the doping con-
centration, without, however, explicitly stating a mathematical expression for these. Rambach,

Bauer, and Ryssel > also proposes a single temperature scaling for all parameters. Another pos-

sibility is to use only a single multiplicative factor for the temperature scaling, that is, however,

structured according to the CT equation itself as shown in Eq. 9 and Eq. 10382,
T \ PoNa)
T,Ny) = 300,Na) | == 9
ﬁmax — ﬁmin
Na) = B Mmin_ 10
ﬁp( A) Bmln+ 1+ (NA/Np)n ( )

Uhnevionak ** split tmax into two additive parts with separate temperature scaling as shown in
Eq. (11) to simulate the temperature dependent contribution of the bulk mobility on the channel
mobility of a MOSFET. The author differentiates between this contribution and the mobility solely

in bulk material.

T Ymax T Ymax1 T Ymax2
i — i — 11
Mmax (30()) Hmax1 (300) +.umax2 (30()) ( )

Based on Eq. (3) Mnatsakanov et al. °© separated the empirical description in the lattice and
charge impurity scattering and scaled these independently with temperature. This leads to the
expressions shown in Eq. 12 and Eq. 13 with 9 the temperature scaling factor of the impurity
scattering contribution. For T = T; this expression collapses to Eq. (3). Mnatsakanov et al. ®°

claims that this model describes the temperature behavior for low and high doping in an improved
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fashion. In our opinion the exponents ¥ + Ymax and ¥ should be exchanged such that the nominator
is scaled with (T /Tp)" " and the denominator with (7' /Ty)". Also, & in the nominator of B(N)

should be negative. We confirmed this by comparing the results to the figures by Neimontas

L 84

eta and an analytic comparison to the equation presented by Mnatsakanov, Pomortseva, and

Yurkov %7

U(N,T) = pmax(To) — (12)
1+B(N) (%)n”
1)
Hmin + Mmax Nrgt
B(N) = (%) (13)

Hmax — Umin
T=Ty

One final model was proposed by Klaassen *°

as a unified description of majority and minority
charge carriers including screening effects, also called Philips model, which was recently used in
conjunction with 4H-SiC’®. Although this model is already included in state of the art simulation
frameworks we did not consider it in our review as no explicit parameters for 4H-SiC were found

in literature.

2. High-Field Mobility

At high electric fields the charge carrier velocity approaches a maximum value, the so-called
saturation velocity. Explanations for this behavior are an increasing amount of optical phonon

254787 or an increase in elastic and nonelastic scattering owing to the increase in carrier

scattering
energy*’. Because the velocity is modeled according to v = uF, the mobility has to decrease.
This field dependency of the mobility was, again, modeled by Caughey and Thomas*® as shown

in Eq. (14). Chen et al. *® used the hydrodynamic version instead.

o= HMow : ( 1 4)

-]

Here 10y denotes the low field mobility as described in the previous section and vy the saturation

mobility (Kimoto and Cooper®” calls the latter sound velocity). In some cases an additional ad-
ditive factor ¢ is introduced in various spots of this equation’>”" but is always set to 0 and, thus,

irrelevant.



Because vy is temperature dependent'*-'>?! Canali er al. °> suggested to scale the parameters
B and v, with temperature, as shown for the low-field case in Eq. (4)'”*?, This model is thus

often called Canali model”*”*. In some occasions®’ the temperature change of vy, is modeled by

12,14,34

the approach presented for Si shown in Eq. (15)°>”°. Be aware that some publication use a

value of d = 0.6, while others use d = 0.8 in the denominator, referencing an early edition of Sze
and Ng”7.

Vmax
Veat = ————————— . (15)
s 1 +dexp (%)

Also for the temperature scaling of B a slightly different approach shown in Eq. (16) was

proposed which is a combination of the modeling by Roschke and Schwierz** and Bertilsson,

Harris, and Nilsson .

ﬁ:BoJraexp(T_bTref) T (16)

Recent Monte-Carlo simulations'2:!4-4%:98-106

revealed a velocity overshoot, i.e., negative dif-
ferential mobility, at fields near 1 x 10°V/cm*. Foutz, O’Leary, and Shur'’’ proposed a new
model for wide band gap materials that better models mobility overshoot as shown in Eq. (17)"*.

This approach was used for GaN'%® and lately also for 4H-SiC'“ but is not yet available in TCAD

tools. A simplified version (0t = —o0) is denoted as transferred-electron model>*'%.
F+ W F(F/FR)* F/F)P
V(F):‘uo +‘Ll,1 ( / 0) +Vsat( / 1) (17)
L+ (F/Fy)®+ (F/F)P

We want to highlight that in any of the publications that presented these decreasing velocity
the term "overshoot" was stated. In addition the peak value, i.e., the maximum, was denoted as
the saturation velocity, which begs the question whether the decrease in velocity is not only a
simulation artifact.

Baliga'” used the presentation shown in Eq. (18) to describe the high field mobility. The

parameters from Eq. (3) can be achieved by using vy = A and Wiow = Vsat/ Bl/B.
A
[B+ FP]1/P

p= (18)

3. Carrier-Carrier Scattering

0,110

This scattering process decreases the mobility at high injections levels®' and denotes in-

3

teractions among the same type of charge carriers, e.g., electron-electron'’, or between elec-

26

trons and holes””. To describe this effect the Conwell-Weisskopf equation shown in Eq. (19)

is used44,l 11-1 13'



Y : -1
um@ In <1+F (Tz)z(pn)—%ﬂ (19)

4. Hall Scattering Factor

The mobility can be experimentally extracted from conductivity measurements, called in that
case conductivity or drift mobility, as shown in Eq. (1)'°. Since the amount of charge carriers
is required as well often Hall measurements are used to determine the mobility. In general it is
said that the Hall mobility can be easier measured, while the conductivity mobility can be easier
calculated'®. However, for Hall measurements a slightly different mobility, the Hall mobility gy
is determined''*. The relation between these two is called Hall factor » and defined as shown
in Eq. (20)!%16:28:40.65.115 " 1y Hall measurements the Hall coefficient Ry is determined, that is
defined as shown in Eq.(21) with ny the Hall charge carrier count!’->*!1-118 " Ry is also used to

connect the conductivity and the mobility as shown in Eq. (22)'%!1%1?0_ For holes the calculation

of ry requires to consider both light and heavy holes'>'?!.
n
mo= =l (20)
He ny
1
Ry= — =14 Q1)
nge  ne
1
enyp
(23)

For this reason a clear distinction between Hall and conductivity mobility is shown in the

sequel. For further theoretical analyses and overviews on Hall mobilities and measurements the

interested reader is referred to the dedicated literature 222122123,

B. Results & Discussion

In the following we present the gathered results. We had to exclude publications that solely

38,93,124- 35,131-134

focused on channel mobilities 130 that did not clearly specify the SiC polytype

or that deal with mobility over irradiation defects'*>. Furthermore, we did not consider Wright ' *

that got superseded by Wright ez al. 7.

10



1. Measurements

Several approaches to determine the mobility have been proposed in the literature. These in-
clude simulations such as Monte Carlo*%!00:103-106.138.139 "£41] band monte carlo (FBMC)MO, em-
pirical pseudo potentials (EPM)'?1-192.194 ‘monte carlo particle (MCP)*", non equilibrium statisti-
cal ensemble formalism (NESEF)'#!, linear augmented plane wave (LAPW)'#?, density functional
theory (DFT)*, extraction from the diffusion coefficient (DIFF)®*, conductivity tensor calcula-

tions (COTE)?7-28: 143,144, general calculations'>?!?? and fitting (FIT)!419,20,32,34.49,81,85.93 " \Mea-

5 2 —149
)14 )128,146-149

surements include collected charge (CCh) ™, nanosecond pulsed conductance (NPC

resistance measurements (RES)””-%", Schottky barrier diode I-V fitting (SBD-IV)"°Y, Raman scat-
tering (Raman)’”>'>!, low temperature photoluminescence (LTPL)", spectroscopic ellipsometry

(SE)'*?, optical detection of cyclotron resonance (ODCR)>*!>3, diode I-V (DIV)!>%!5%  bipolar

. 4 2 —
transistor I-V (BIV)4 and Hall measurements16,l7,39,4(),57,58,60,62,65,74,76,82,1 14,117,120,155 174' Re-

garding the type of mobility the majority of publications provided Hall mobility data'>~!7-21,22:27,39,40,57,58,60,62,

and only few directly the conductivity one’*?%42140.151

As outlined in the previous section, the results of the latter have to be scaled by the Hall scat-
tering factor rg to achieve the conductivity mobility. In early investigations ry was assumed ap-

proximately unity'!!%-*%125.163 dque to a lack of reliable data®. Later it was shown, however, that

122

this is actually only the case for high magnetic fields'““. More thorough investigations revealed a

15,17,28,54,115,120-122,168,169,176

dependency on the magnetic field''®!?>!7> temperature and doping

54,116,176

concentration . ry thereby shows predominantly variations in the range of [0.5,1.5].

28,116

Both an increase’® and a decrease of rg with increasing temperature was observed in

58

measurements, which may even depend on the doping concentration”®. Pernot, Contreras, and

Camassel > provided a fitting of the results by Pensl ez al. ''> as shown in Eq. (24). Theoretical

analyses predicted an increase of ry'’”%.

= 1.74823 —6.22 x 10T +1.36729 x 10772 — 1.44837 x 10 ¥T% +5.86498 x 10 127*
(24)
Tanaka et al.>* fitted both the Hall and conductivity mobility with the model shown in Eq. (3). A

division of these fittings led to the expression for rg shown in Eq. (25)

7 \—L5 N, 07
- )—0~91+(m) <W’3/cm3) (25)

rH:1'16<300K 18 (  w. )08
1+ (300%) (m)
1



With increasing doping concentration the Hall scattering factor drops''®. The impact of com-
pensation is still under investigation'’ as well as the anisotropy' 7>,

We want to discuss the publication by Darmody and Goldsman '! in greater detail here, because
it initially seems to provide a simple answer to the question raised above but, in our opinion, con-
tradicts in various occasions the remaining literature. At first the ratio U /gy, which is actually the
definition of ryg, was defined as the ratio of the free charge carriers and the doping concentration.
This is based on the assumption that all dopants contribute to the conductivity mobility, i.e., are
ionized, which has to be doubted in 4H-SiC (cp. ??). The Hall scattering coefficient was set to
1 in this analysis. In the sequel the authors showed two plots, one for the Hall and one for the
conductivity mobility, which revealed a significant difference. In detail the latter is much lower,
which resulted from the fact that the authors gathered the values from resistivity measurements,
assuming that the amount of charge carriers is equal to the doping concentration. Since the pre-
sented plots lead to rg > 5 according to the definitions shown in this publication the results of this
paper have to be considered with care.

Since there is no simple translation between Hall and conductivity mobility we present the

values as published and just denote their meaning with H resp. C in the sequel.

2. Low-Field Mobility

In literature often only single mobility value is found’®®. Although these can also be used in
TCAD tools they often serve the purpose of a rough and quick comparison among different materi-
als. Consequently often no information about doping concentration and temperature are provided.
We found a wide range of values for the effective mobility, as well as in single spatial directions
(see Fig. 1). The electron mobility is much higher than the hole one, whereat the direction parallel
to the c-axis is slightly more beneficial. At least for electrons; for holes no clear distinction is
possible. A wide range of values is used in the literature, which reflects the many dependencies of
the mobility, e.g., doping concentration, temperature and field strength.

The analysis of the reference chain (see Fig. 2) shows that these values are not derived from a
main source but rather smaller clusters are formed. This indicates that the authors assume this as
common knowledge, without the need to provide proper references.

As shown before, the mobility shows an anisotropy. Some authors argue that due to low

anisotropy (see Table I) just considering mobility in base plane is a reasonable approximation®”’,
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FIG. 1. Single mobility values for 4H-SiC in different spatial directions.

L 60

however, Hatakeyama et a showed that not even within the basal plane the mobility is con-

stant. The anisotropy of the mobility is most probably caused by the anisotropy of the effective

27,49,57

masses and thus depends on additional parameters such as the temperature'®. Although

it was pointed out that the ratio changes from below to above one depending on the doping and

dl()3

thus constant values are not well suite , almost exclusively constant factors are used in lit-

140

erature (see Fig. 3). Cheng and Vasileska '’ stated that previous publications™’ did not specify

the exact perpendicular direction. Thus their values range between 1.25 and 1.75, compared to
the previously achieved 1.2*°. Iwata, Ttoh, and Pensl”’ investigated the mobility in varying in-

plane directions, revealing a maximum anisotropy factor for electrons of 0.7. The ratio was also

16,40,42,58,106,120,139,142,170,2

investigated over temperature and doping concentration 74 It was also

extracted from ratio of resistivity to cancel the Hall scattering factor'®”.
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Mobility (i, sl (i, 1)

Lomakina et al.

[Loma72]'%> (700) (- )
[Choy741'% (700 ) (- )
[Loma74]*% (700) (-)
[Pank14]'52 (700 (60)

Itoh et al.

[Ttoh94]'0! (720) (- )
[1toh95]'% (720) (- )
[Itoh96]'%2 (720) (- )
[Kimo97]'* (724 ) (-)

Schaffer et al.
[Scha94]* (M) (-)
[Son951'%% ( 800R1000) (- )
L [Evwa96]*7 (1000) ( -)
L [Casa96]*** (1000 ) (115)
[Gerh11]*** (1000) ( 115)
L [Palm97]°°' (950, 1140) (- )
[Ragh98a]’%7 (-) (115)
[Neud01]>°° (800, 800 ) ( 115)

Weitzel
[Weit981>7 (800 ) ( 120)

[Neud011>°® (800, 800 ) ( 115)

Agarwal et al.
[Agar991*"® (800 ) ( 140 )
[Ng03]2° (800 ) ( 100 )

Siergiej et al.
[Sier991' (-) (-)
[Bela22]'* (800) (-)

Afanas’ev et al.

[Afan00]'** (700 ) (-)
[Pacc00]'®7 (700) (- )

Chow

[Chow00]>** (720, 650 ) ( - )
[Dmit00]**7 (720, 650 ) ( - )
[Elas02]>*° (720, 650) (- )

[Sul0]'" (720) (-)
L [Dhan10]*** (720,650 ) ( - )

Khan and Cooper
[Khan00]'*’ (450) (- )

[Khan00b]'** (450) (-)
[Kimo19]°° (450) (-)

Lades

[Lade00]' (1000) (115)
[Rakh20]” (950, 1150 ) ( 120)
[Lech21]® (1000) ( 115)

Levinshtein, Rumyantsev, and Shur

[LeviO1]*%” (<900 ) (<120)
[Levi04]** (800 ) ( 120)

Roschke and Schwierz

[RoscO11* (=) (-)
[Luo20]*'* (950) (-)

Zetterling
[Zett02]° (950, 1150 ) ( 120)
L [Ostl11a]*'? (950) (120 )
[Ostl11]7%% (950) ( 120)
[Pell13]°1¥ (950) (120)

Ozpineci
[Ozpi04]>* (1000 ) (115 )
[Uhne151* (1000) (-)

Bhatnagar er al.
[Bhat0S]*" (-) (-)
[Codr00]> (947 ) (-)

Neudeck
[Neud06]%>> (800, 800) (115)
[Wijel11°% (800, 800) ( 115)
[Lang22]*%% (900) (-)
L [Arvil7]'* (800) (115)
[Mukh23]*7 (800, 800) ( 115)

Sze and Ng
[S2e071°7 (800) (- )
[Neud951°'" (800) ( 115)
[Zhu08]*** (800, 900) ( 115)
[Liul5]*° (900) (-)

Kaminski
[Kami09]*** (950) (-)

[Kamil4]*'7 (950) (-)

Buttay et al.
[Butt11]°% (950 ) ( 115)
[Fujil5]2'¢ (950 ) (115)

Hatakeyama, Fukuda, and Okumura
[Hatal3]" (-) (-)
[Naug17]°* (650, 800) (115)

Neudeck
[Neud13]°% (800) ( 115)

[Mant13]*°" (800) (115)
[Hass18]'7 (800) (115)
[Jiya20]' (800) ( 115)

Bellone and Di Benedetto
[Belll4]*7! (-)(-)

[Dibel4]** (<) (-)

Kimoto and Cooper
[Kimo14a]* (450) (-)
[Kajil5]'® (700 ) (60)
[Resc181%%% (1020, 1200) ( 120)
[Bere21]”7 (1020, 1200 ) ( 120 )
L [Capa22]°%% (1020, 1200 ) ( 120)

Choi
[Choil6]' (800) (115)
[Naug17]% (650, 800) ( 115)

Arvanitopoulos et al.
[Aval 7P (-) (-)
[Chou21]' (950) (125)

Baliga
[Bali19]' (<) (-)
[Tsaol18]%7 (980) (-)

Institute

[Toff2317 (=) (-)
[Bane21]°! (1000 ( 100 )

FIG. 2. Reference chain for single mobility values in different spatial directions. If only a single value is

shown the value denotes the effective value without direction.

For electrons all but one fundamental investigation predict a higher mobility parallel to the c-

axis with .-/ ,u” = 0.83£0.07. Some predominantly qualitative overview papers state, however,

the opposite’*!=>47290,231

. Others predict no anisotropy at al

1252,253,255,256

258 PFor holes almost all

references predict a ratio bigger than one with the most common values of 1.15 4 0.04.
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TABLE I. Fundamental investigations of the ratio of electron and hole mobilities in the direction perpen-

dicular (L) and parallel (||) to the c-axis.

ref. u-/ /,L.‘J /,LpL Up type® method
(1] [1]
[Scha94]'7" 0.85+0.05 - H Hall
[Scha94]* 0.83 - H Hall
[Hari95]%° 1.2+0.3 - C Raman
[Josh95]'3? 0.75+0.04 - C MC
[Son95]'? 0.7° - C ODCR
[Nils96] ' 0.825+0.025 - C MC
[Choy97d]"’ 0.86 - H Hall
[Mats97]' (1.2)7! - H Hall
[Mick98]* 0.77 £0.07 - C MC
[Bel199]'"! - 1.33 C EPM
[Twat00]*’ 0.7 - H COTE
[Bert01]'3® 0.85 - C MC
[Hata03]%" 0.83 1.15 H Hall
[Bert04]'03 0.84 - C MC
[Chen20]'*" | (1.75)7!-(1.25)7! - C FBMC
[Ishi21]'° (1.15+0.03)"! - H Hall
[Ishi24]>® - (0.90+£0.05)"! H Hall

2 type of mobility: Hall (H), conductivity (C)

b temperature range of 2-6 K

a. Doping Dependency A lot of publications investigated the impact of the doping concen-
tration on the low-field mobility! 5-17-21:22:24.28,29,39,40,50,54,55,57,58,60,62,76, 114, 117,122,143,151,156,159,162,166,167,169, 1
which makes it impossible to show all gathered results in this paper. Instead we focus on the mod-

els that were developed based on these data.

A wide range of parameters for Eq. (3) were proposed to describe the low-field mobility. The
model parameters for the electron (see Table II) have been proposed over a range of three decades.
The maximum mobility varies within a range of [800, 1240] and the reference doping concentration
Nier only minor in the low 10!7 range. There were several attempts to distinguish the spatial direc-

tions and to describe the temperature dependency of the single parameters. We also highlighted
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1.2 [Dena22]'® [Naka97]'s' [Hari95]%

[Chow17]**! [Dhan10>* [KIei091** [Cole04]** [Chow04]**

1.11

[Elas02]**  [Chow00al**® [Chow00]*** [Chow97]** [Chow96]>
1 [Mukh23]*? [Wijel1]*® [Neud06]° [Neud01]** [Srir97]>*
0.89  [Zhu08]>*
0.87 [Ishi21]'®
0.86  [Choy97d]"’

0_85 [Capa22]**® [Bere21]”” [Kimo19]® [RescI8]** [Kimol5]>** [Kimol4a]® [Bert01]'*® [Scha94]'7"

1.33  [Bell99]'""
0.84  [Bert04]'"
1.18 [Kimol9]>
[Jin24]” [Rakh201” [Johal9]*”* [Arval9]’* [Lutz18]**" [Naugl7]’ [Chenl5]*®
. " , . 5 . [Johal9]*7
[Stef14]° [Hatal3]*" [Lutz11]°° [Schr06]* [Bert04a]’® [Line03]* [Hata03]*
* § X , , [Naug17]*
[Zett02]*" [Lee02]®” [Mick98a]’’’ [Palm97]*°! [Mats97]'%° [Bako97]*' [Scha94]*’
[Stef14)°
0.825  [Nils96]'"® 115 [Pari13]'?!
0.8  [Neill2]” [Albal0]” [Ayal04]* [RoscO1]** [Lade00]' [Hatal3]"
[Hata03]%"
0.77  [Mick98]*
111 [Ishi24]>*
0.76  [Casa96]>*®
[Arval9]™*
139
0.75  [Josh95] 1 lAyalodr
0.7 [Iwat00]’’ [Son95]'>* [Bako97]"!
0.69  [Chen20]'*" 0.8 [Albal0]°
1 / I i / |
nun ‘Lln :u“p .up

FIG. 3. Ratio of electron and hole mobilities in the direction perpendicular (L) and parallel (||) to the c-axis

used in literature.

the deviating interpretation of parameter N in the table, which underlines the large discrepancy in
literature.

In a graphical representation (see Fig. 4) the qualitative agreement among the models becomes
evident, with the exception of the model by Stefanakis and Zekentes”. However, in this case we
suspect a typographical error for the parameter 6 which should be 0.61 instead of —0.61. Indeed,
we see the main difference among these models in the maximum mobility Umax.

For the hole mobility less models were proposed with a larger spread in the respective parame-
ters (see Table IIT). An extreme outlier is the value of L. by Bhatnagar ef al. >’" that supersedes
all remaining values by almost 300 %. Qualitatively, the decrease of the hole mobility, compared
to the electron one, starts at a higher doping density (see Fig. 5), i.e., the maximum mobility can
be maintained for a longer period of time.

There are bigger uncertainties in regard to the minimum/maximum mobility. For the former
Negoro et al. %% pointed out that the value ppi, = 16cm?/(V's) proposed by Hatakeyama et al.

is too high. Similarly Stefanakis and Zekentes> argues that Schaffer et al. *’ overestimates the

16



TABLE II. Parameters for the Caughey-Thomas model in Eq. (3) used to describe the electron mobility.

ref. dir Hmin Hmax Ho Neet 5 Ymin  Ymax Ve s ® Wt N*OK® method
[em?/(Vs)]  [em?/(Vs)] [em?/(Vs)]  [1/em?] [1] [1] [1] [1] [1] 1] [1]

[Ruff94]>7¢ - 20 - 380 4.50% 107 0.45 - - - - =3 - - - -
[Scha94]* 1 - 947 - 1.94x 107 0.61 - -2.15 - - - - S H  Hall
[Mick98]* - - 1071 - 1.94x 107 0.4 - - - - - - s C MC
[Rosc98]77%¢ | - 40 800 - 4x107  0.44 - - - - - - D - FIT
[Wrig98]"?7 | - 88 - 970 1.43x10"7 1 —0.57 - 2.55 - -2.7 - I - -
[Mnat01]%¢ | - 30 880 - 2x 107 0.67 - - - - - - D - FIT
[Mori01]?> | || - 1141 - 1.94x 107 0.61 - - - - - - S C DIV
[RoscO1]%*¢ | L 40 950 - 2x107 076 05 24 1 - - - D - FIT
[Hata03]%" - - 954 - 1.28x 107 0.61 - - - - - - I H Hal
[Kaga04]®'" | - - 977 - 1.17x 10" 0.49 - - - - - - s - FIT
[Adac05]" - - 1400 - 1x 107 0.5 - - - - - - I - -
[Bala05]°%" - 40 950 - 2x 107 073 - —2.4 - - - -076 - - -
[Bhat05]>"° | - 27.87 946.97 - 1.75x 107 0.73 - -23 38 - - - - - -
[Werb07]">* | - 33 771 - 2x 107 0.76 - - - - - - D C DIV
[Cha08]" - - 950 - 1.90x 10" 0.6 1 —2.15 - - - 005 D - -
[Habil1]'70¢ | - 40 - 910 2x107 076 —1.538 - 075 0.722 —2.397 - s - FIT
[Hatal3]*" | - 5 1010 - 1.25% 107 0.65 —0.57 2.6 24 —0.146 - - S - FIT
[Stef14]°! 1 28 950 - 1.94x 107 0.61 - —2.4 - - - 073 I - FIT
[Shar15]°! I 40 947 - 1.94x 107 061 —05 29 - - - 24 S C DIV
[Arval 7] - 40 950 - 1.94x 107 061 —1.536 -—2.4 - - - - D - -
[Vasil7]* - 20 950 - 2 x 10" 0.8 - - - - - - D H Hall
[Loph18]° | L 40 910 - 2x107 076 —1.536 —24 075 0.722 - - - - -

I 40 1100 - 2x 107 076 —1.536 24 075 0.722 - - - - -
[Ishi21]'® 1 40 1010 - 24x107 07 - - - - —2.58 - D H Hal

I 60 1180 - 23x107  0.74 - - - - —2.67 - D H Hal
[Ra022]°%! - 40 950 - 2x107 076 —05 215 - - - -076 1 - -
[Ishi23]>7 1 40 - 1000 22x107  0.68 —0.7 - - - —-29 25 D H Hal

I 20 - 1240 2x 107 064 03 - - - -32 -27 D H Hal

2 meaning of N: doping (D), ionized (I), sum of all dopants (S), intrinsic (N)
b type of mobility: Hall (H), conductivity (C)
¢ fitted to”®”

d fitted to™”
e fitted to?0:42.139,144,283,284

21,40,65 22
f fitted t0h1,4(),()>,lﬁ(),l7_,_83
4 o] Y.
£ fitted t04(),66,_83,284

b fitted to!%0
i ﬁtted t015,17,l44,285

i In the paper 6 = —0.61 was stated. This did, however, not fit the shown plots
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1,200 +
1,000 |
2
2 800+
E
3, 600
=
S 400 |
200
O 1 —_—
1014 1015 1016 1017 10]8 1019 1020
N [1/em?]
—— [Ruff94]%7% [Scha94]* L H  —— [Mick98]* C —— [Rosc98]°7? [Wrig98]'’ —— [Mnat01]®
--- [Mori01]>* [[C - -~ [RoscO1]* L - - - [Hata03]°" H - - - [Kaga04]®! [Adac05]"? - - - [Bala05]*%
— — [Bhat05]*7" — — [Werb07]">* C — — [Cha08]*" — — [Habil1]'7® [Hatal3]*’ — — [Stef14]> L
- [Sharl5P' [ C  ----:[Arval7]? - [Vasil7]*” H ---=- [Loph18]"" L [Loph18]” || - [Ishi21]'® L H
[Ishi21]'® || H —— [Ra022]*"! [Ishi23]°" L H [Ishi23]°7 || H [Pern00]*' H

FIG. 4. Electron mobility approximations by the Caughey-Thomas model in Eq. (3) at T = 300K. The

models are only shown in the region used for characterization.

hole mobility at high doping values, although the latest studies again indicate a value larger than
zero. Exceptional in this regard is the very large value of Wright ez al. '*” that even exceeded some

maximum mobility. tmax also show variations in the range of 75-140 cm?/(V's).

Besides Eq. (3) we also found a more direct modeling of the mobility as shown in Eq. (26)”'.

According to the authors these expressions are, however, based on Ruff, Mitlehner, and Helbig 278

which only contains values on 6H-SiC.
_ 4.05x10" +20N3°!
= 7355 % 1010 1 NgeT

_ 4.05x 101 +10N®
e = 3 3101+ A0S

(26)

A different simplified fitting was proposed Pernot et al.>' who fitted the electron Hall mobility

to the free electron density n as shown in Eq. (27).
Uy = —39000 4 7436 log(n) — 450.5 log?(n) + 8.81 log*(n) (27)

Some authors also investigated the impact of compensation on the mobility. Pernot, Contreras,
and Camassel 1 fitted the Hall mobility using the logarithmic doping concentration for non-

compensated (see Eq. (28)) and weakly-compensated (see Eq. (29)) devices. In the graphical

18



TABLE III. Parameters for the Caughey-Thomas model in Eq. (3) used to describe the hole mobility.

ref. dir Humin Himax Ho Neef s Yuin  Ymax  Tef s % Wt N° K" method
[em?/(Vs)] [em?/(Vs)] [em?/(Vs)]  [1/em’] 1] [1] [1] [1] [1] 1] [1]
[Ruff94]>7¢ - 5 - 70 1x 10" 0.5 - - - - =3 - = = -
[Scha94]*" i 15.9 124 - 1.76 x 101 0.34 - - - - - - S H  Hal
[Wrig98]"7 | - 74 - 43 1.43 x 107 1 —0.57 - 2.55 - -2.7 - I - -
[Mnat01]%¢ | - 33 117 - 1x10" 0.5 - - - - - - D - FIT
[Hata03]%" - 159 120 - 1.80x 10" 0.65 - - - - - - I H Hal
[Mats04]%* - 37.6 106 - 2,97 x 10" 0.356 - - - - - - S H Hal
[Bala05]°%" - 53.3 105.4 - 220x 10" 0.7 - —2.1 - - - - - - -
[Bhat05]%"" - 26.1 401.87 - 1.04x 10" 0.7 - -23 38 - - - - - -
[Werb07]"* | - 10 - 81 1x 10" 0.5 - - - - - - D C DIV
[Cha08]" - 16 140 - 1.70x 10" 034 —16 —2.14 - - - 017 D - -
[Koiz09]'7¢ - - 114.1 - 5.38x 10" 0.66 - —2.1 - -0.35 - 244 D H  Hal
[Habil1]'7%¢ | - 40 - 82 6.30x 10" 0.55 —1.538 - 075 0.722  —2.2397 - S - FIT
[Hatal3]*" - - 113.5 - 240x10"% 069 —057 26 29 —02 - - S - FIT
[Stef14]°2 1 - 114 - 5.38x 10" 0.66 - -2.72 - —035 - 244 1 - FIT
[Liau1571>° - - 75 - 2% 10" 0.7 - - - - - - D C LTPL
[Shar15]°"! I 15.9 124 - 1.76 x 10" 034 05 29 - - - 23 S C DIV
[Loph18]%° | L/|| - 114 - 240x10"% 069 057 26 29 02 - - - - -
[Tanal8]>* - - 110 - 3x10' 0.6 - -3 - - - —-18 D H DFT
- - 95 - 1x 10" 0.7 - —2.1 - - - -15 D C DFT
[Rao22]°%! - 15.9 125 - 1.76 x 10" 076 05 —2.15 - - - -0.76 I - -
[Tshi24]>% i 20 - 74 62x10% 072 22 - - - -23 -09 D H Hal
I 20 - 63 6.4x10" 083 22 - - - -23 -09 D H Hal

2 meaning of N: doping (D), ionized (I), sum of all dopants (S), intrinsic (N)
b type of mobility: Hall (H), conductivity (C)

¢ fitted to™’

4 fitting done by Stefanakis and Zekentes

e fitted 10 10:66:283,284

[ fitted to'%°

£ fitted to!517:144.285

M Tn the paper 6 = —0.61 was stated. This did, however, not fit the shown plots

representation we only show the former case (denoted by NC), since the latter results in negative

19



150 ¢
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2
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=
y
£ 507
1014 1015 1016 1017 1018 1019 1020 1021
N [1/cm’]
— [Ruff94)*"8 [Scha94]"’ L H ~ —— [Wrig98]'%’ —— [Mnat01]® — [Hata03]°" H —— [Mats04]*> H
- - - [Bala05]*% - - - [Bhat05]*"" - - - [Werb07]'3* C - - - [Cha08]" - - - [Koiz09]"" H - - - [Habil1]'7
— — [Hatal3]* — — [Stef14]° L — — [Liaul5]° C — — [Shar15]°! || C — —[Loph18]" 1/  — — [Tanal8]* H
---=- [Tanal8]** C ---=- [Ra022]*! -oo-- [Ishi24]® LH  ----- [Ishi24] | H -+~ [Pern05]"° H NC

FIG. 5. Hole mobility approximations by the Caughey-Thomas model in Eq. (3) at 7 = 300 K. The models

are only shown in the region used for characterization.

TABLE IV. Parameters for the model in Eq. (7).
ref mob. Hmin Hmin2 Nret 1) i Nref2 K
[em?/(Vs)] [em?/(Vs)] [1/em®] [1] [ecm?/(Vs)] [1/em®]  [1]

[Zhan18]% | 88 0 5% 1018 1 434 343x100 2

Up 44 0 5x10 1 29 6.1x10%° 2

mobility values. Note that we used n = N and Ny = N for the plots.

non-compensated: GRy(292K) = 2964.3 — 648.7210g(Na) 4 53.39310g? (Na)
—1.871710g®(N4) +0.002296 log*(Na) (28)
weakly-compensated: Ry (292K) = 24617 — 598210g(Na) 4 536.1210g*(Na)
—21.15110g>(Na) +0.30937log* (Na) (29)

Zhang and You’” used the Masetti model introduced in Eq. (7) with the parameters shown
in Table IV. The additional reduction at doping densities around 10%° /cm? are very well visible.
Since no values for L, were provided we used 950cm?/(V's) for electrons and 80cm?/(V's) for
holes.

b. Temp Dependency We found various publications that provide detailed in information on
the change of the Hall mobility |5~ 7:1:22.27,28,40,54,57,58,65,66,74,76,78,81,82,84,114,117,120,121,143, 144,158,161-169,171,172
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FIG. 6. Description of the electron mobility with varying temperature according to Eq. (3) for a doping of

1 x 10' /cm?. The dash-dot-dotted lines are based on deviating descriptions (see text).

24:50,79,80,139,142 with varying temperature.

as well as the conductivity mobility

For electrons the fitting parameters for Eq. (3) (see Table II) show lots of deviations. In some
cases not even the sign of the parameters is the same for all models. In a graphical representation
for a fixed value of N = 1 x 10'®/cm? some deviations are visible (see Fig. 6). For low tempera-
tures almost all models agree on high mobilities that further increase with decreasing temperature.
This contradicts, however, the increasing impact of impurity scattering, that is only covered by
the models proposed by Uhnevionak ®* and Neimontas et al. *. Note that the latter describes the
electron mobility in heavily p-doped material (so the minority mobility), which explains the lower
values. An increase at low temperatures was also reported by Gotz et al.  who attributed it to im-
purity limited mobility and the decrease due to phonon limited mobilities. This also corresponds
to the majority of measurements we saw, implying once more that the temperature dependency is
only valid in a very narrow range for the majority of the available models.

Others observe a dependency of T-%! to T2 instead of the expected 7—1-376:166.167  The

1.%0 proposed a temperature scaling

temperature dependency even shows anisotropy. Schaffer ef a
parallel to the c-axis of 772 and perpendicular 7= above 200 K. Below that value they get
T~12 (parallel) and T~ !-!8 (perpendicular). Ishikawa et al. '® investigated the temperature depen-

dency for three differing dopings, seeing a significant absolute decrease with increasing doping
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FIG. 7. Description of the hole mobility with varying temperature according to Eq. (3) for a doping of

1 x 10" /cm?.

concentration and an anisotropy”®. In'® the whole mobility is scaled by 7—# whereat B is doping
dependent. In Fig. 6 we chose B = —2.38 perp. to the c-axis and B = —2.54 parallel to it which
corresponds to measurements on a doping concentration of Np = 3.6 x 101 /cm?,

For holes the fitting parameters for Eq. (3) (see Table III) show the same inconsistencies as
the electron data. The graphical representation reveals a much higher agreement among the single
models (see Fig. 7). All models predict a continuous decrease with increasing temperature.

Buono*® argued that the temperature dependency pmax for both charge carriers with Ynax =
—2.15 is smaller than the ideal factor of —1.5 that is expected from lattice scattering. This was
believed to be due to non-polar optical-phonon scattering. Lades ' achieved —1.8 > Jpmax > —2.2,
which lies between acoustical-mode phonon (—1.5) and optical-mode phonon (—2.5) scattering.
Thus they assumed the contribution of other scattering factors contribute less to limit the mobility.

For Eq. 9 and Eq. 10 the parameter values shown in Table V were proposed. Note that in this
case the temperature coefficient scales with the doping concentration. Kagamihara et al. ®' stated
that according to theoretical consideration the temperature parameters are 1.5 for low temperatures
and 2.6 for high ones, which is close to B, (1.54) and Bax (2.62) in their fitting.

In contrast to Eq. (3) also more straightforward model for the temperature dependency of the

mobility exist. Cheng, Yang, and Zheng " fitted the expression shown in Eq. (30) to the measure-
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TABLE V. Parameters for the model in Eq. 9 and Eq. 10.
ref mob.  Bmin  Pmax Ny n K  method
(1] (1] [1/em’] (1]

[Kaga04]®' Un 1.54 262 1.14x107 135 - FIT

[Mats04]* | pw, 251 3.04 8.64x10"7 0456 H  Hall

TABLE VI. Parameters for the model in Eq. (12) and Eq. (13).

ref mob. Mimin Mmax Niet ) Ymax bl
[cm?/(Vs)]  [em?/(Vs)] [1/cm?] [1] (11 [1]
[Neim06]%* | u, 100 320 2x 107  —0.67* 26 05

2 In the paper this value is 0.67 but we changed it to achieve the same results as shown in the paper.

ments of the electron mobility by Schaffer ez al. *°.

T
(T = 5422 -
Un(T) =5 exp< 128)+95 (30)

In”-'Y simplified equations that just use a constant mobility combined with a temperature scaling
have been presented, which are based on a fitting to data from Koizumi, Suda, and Kimoto '’ and

a reference to'~/.

T 27 T -34
Un(T) = 1140 exp <ﬁ> ,Up(T) =120 exp (%) (31)

The model proposed by Uhnevionak ®* shown in Eq. (11) that splits tmax in two parts is also

shown in the figure using the parameters Umax; = 500, Ymaxi = —11.6, Umax2 = 450, Ymax2 =

—2.74, Yanret = —12.5 and the remaining parameters according to Roschke and Schwierz **.

We also plotted the model proposed in Eq. (12) and Eq. (13) with the parameters introduced

by Neimontas et al. **

4H-SiC.

shown in Table VI. These describe the electron mobility in heavily p-doped

c. Analysis An investigation of the consistency of 4H-SiC mobility models is challenging.
In the sequel we want to highlight the most striking issues we encountered. A more complete
listing of all inconsistencies is presented in ??.

First of all, we were unable to retrace some values”’->80-283-286 pack to scientific publications.

In other cases references were provided but the presented values could not be found therein®”’.
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Some publications even present multiple models®”-*!%¢ that contradict each other.

In the case of electrons sometimes different models seem to be mixed, e.g., using the mobility
values from one and the temperature scaling from another. Often a combination of the models by
Schaffer et al.*’ and Roschke and Schwierz** were encountered**>%%7.94276 (see Fig. 8). These
are also the most influential publications, whereat newer studies have barely been adopted in lit-
erature. On the positive side almost all references go back to one of the fundamental studies and
almost exclusively 4H values are used. The only exception are the values by Ruff, Mitlehner, and
Helbig 278 which are, however, also seldomly used.

For holes (see Fig. 9) the majority of the values goes back to a single publication by Schaffer

l 40

etal.”’, whereat, again, newer values do not spread well within the community. We are also unsure

about the temperature scaling of the hole mobility in the publications citing”’, which seem to be

. . . Q 02 20
taken directly from electrons. There are also various occacions®70:76,292,293,296

where lUmax Was
interpreted as U, 1.€., Ui 1S NOt subtracted.

At last we want to investigate two previous reviews on mobility models in greater details, as
we encountered problematic parameters that need to be discussed. We begin with the analysis
by Stefanakis and Zekentes® who investigated six models and fitted a seventh to measurement
results for holes. The model denoted as "Reggio Calabria Uni." was cited from Pezzimenti"’
but go back to Schaffer et al. ** for holes and Roschke and Schwierz** for electrons. There are
also some mistakes with the parameters. 0 of the electrons should be 0.76 instead of 0.34, while
Winref Of the holes should be —0.34 instead of —0.76. A similar mistake happened for the values

285 where for the electrons 8 = 0.73 instead of the stated 0.34 and WNNref =

cited from Nawaz
—0.76 instead of 0.73 were proposed. For holes i, should be 53.3cm?/(Vs) instead of the
stated 15.3 cm?/(Vs). In table 3 and 4 the entries by Bakowski, Gustafsson, and Lindefelt*! and

Brosselard *V7

were switched, whereat the then appropriate values for the former are still not fully
correct since the temperature scaling is regarding to lyp and not pyax. The fitting of Ynrer for the
values presented by Koizumi, Suda, and Kimoto '’ is also questionable as the value proposed for
Nret 1s shown in the measurements for 400 K instead of 300 K and for Yanrer = 2.44 the value of
Nyt effectively decreases with rising temperature, although the measurements show the opposite.
Finally, we again want to highlight that the value & for electrons should be 0.61 instead of the
proposed —0.61.

The second overview paper was published by Tian et al.®. Some mistakes happened for the

values cited from Nawaz %>, where for the electrons & = 0.73 instead of the stated 0.34 and
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Electron (dir) (tmins Umaxs H0> Nrets 6) (YVimin> Yinaxs Yref> ¥s» Y0» NNref) Mnatsakanov, Pomortseva, and Yurkov
[Mnat01]* (-) (30,880, —,2x10'7 ,0.67) (-, ~,~,~,~)

Ruff, Mitlehner, and Helbig [Mnat02]° (-) (30,880, ~,2x10'7,0.67) (-, ~,~.—.,~)

[Ruff94]°7 (=) (20, -, 380, 4.50 x 10'7,0.45) (-, —,—, =3 ,-)

[Nall99]”* () (20, -, 700, 4.50x 10'7 ,0.45) (-, .-, -3 ,-)
o Roschke and Schwierz
[Nalloo]**” (=) (20, -, 700, 4.50 x 1017, 045) (=, =, =, =3, =) [RoscO11* (L) (40,950, —,2x10'7,0.76) (—0.5, —2.4, 1,—,—)
L[TamaOSa]z“(f)(<950~a2>< 10'7,0.76) (-, —2.8,—,—,-) [Line03]* (-) (40,950 ,—,2x 1017 ,0.76 ) (=, —,—,—,—)
[Liw21 ] (=) (=, 950, -,2x107,0.76) (=, =29, —,~, ) [Bert04]'* (L) (40,950, —.2x 10'7,0.76) (=, 2.4 . —.—. —0.76)

[Bert04a]™ ( L) (40,950, -,2x10'7,0.76 ) (-, —2.4,—,~, —0.76)
[LvO4]'* (=) (40,950 ,-,2x 10'7,0.76) (-, 2.4 ,—,~, 1.05)

Schaffer et al.

[Scha94]* (L) (0,947 ,—,1.94% 107 ,0.61) (-, ~2.15,—,-,-) [Pere06]*° (~) (40,950, -,2x10'7,0.76) (=, -2, —,—,-)

[Bako97]"' (=) (0,-,947,1.94x 107 ,0.61) (-, ~,~, —2.15,-) [Albal0]%7 (=) (40,950 ,-,2x 10'7,0.76) (—0.5, —2.4,~,~, —0.76)
[Codr00]° (=) (0,~,947,1.94x 10'7 ,0.61) (-, ~,~, —2.15,-) \—[Belllll;””(—)(40,950,—,2><10‘7.0,76)(—0.5.—2.4,—,—.—0.76)
[Menu04]® (-) (-, —,947,1.94x10'7 ,0.61 ) (-, ~,~, —2.15,-) L[Nei]lZ]”(—)(40,950,—.2>< 10'7,0.76) (-0.5, 2.4, 1,~,-)

[Menul31 (=) (-, -, 947, 1.94x10'7 ,0.61 ) (-, ~,—, —2.15,-) [Pezz13]*"' (=) (40,950, -,2x10'7,0.76) (—0.5, —2.4,—,~, ~0.76)
[Dibel4]”? (=) (=, =, =, =, =) (=, —,—, —2.15,-) [Megh151° (=) (40,950, -,2x 107 ,0.76 ) (—0.5, —2.4 ,—,—, —0.76 )
\—[Shahgs]—“” (=)(0,947 ,-,1.94% 10" ,0.61) (=, —,—,—,-) \—[Zhouls]“"(-)(40,950,-,2x10'7,1)(-,-,-,-,-)

[Wang98]* (=) (-, 947 ,—,1.94x10'7,0.61) (-, —2,-,-,-) \—[Meghlslf‘~(-)(40,950,-.-,-)(-,-,-,-,-)

[Wang99]” (=) (-, 947 ,—,1.94x10'7,0.61) (-, —2,-,~,~) \—[Zegth]:”’(7)(40,950,7.2>< 10'7,0.76) (-0.5, —2.4 ,—,~, —0.76)

[Lade00]' (-) (0,947, —,1.94x 10'7,0.61 ) (—,—,—,—,—) [Zegh20]*" (-) (40,950 ,—,2x 10'7,0.76) (0.5, 2.4 ,—,~,0.76)

[Chen201"" (|| ) (0,947, —,1.94x10'7,0.61) (-, —,—,—,~)
L [Lee02]" (|| /L) (0,~, 1136/947,1.94 x 107 ,0.61 ) ( —2.4/=2.15, —2.4/-2.15 ,—,—,~)
Hatakeyama ef al.
[Li031°! (=) (=, -, 947, 1.94x 10'7,0.61) (=, ~.~, ~2,-) [Hata03]% (—) (0,954, —, 128 107, 0.61 ) (—,—,—,—.—)
[Zhao031*" (=) (=, -, 947, 1.94x 107 ,0.61) (- ,—,~,~2,-) [Nipol6al™® (=) (=, ==y =1=) (=1 = =1 =1 =)
[Das15] (=) (0,-,947,1.94x 107 ,0.61) (-, ~,~,—2,-)
\—[Ayal()4]“(L)(40,950,7, 1.94x 107 ,0.61)(—0.5, —24,-,-,-)
[Lech21]® (| ) (15.48,—,1415.4,1.80 x 10'7,0.560723 ) (-, ~,—, —2.5,-)
[Yang22* (=) (=, =, =, =, =) (=, =, .=, =)
[Maxi23]*” (=) (40,950, -, 1.94 x 10'7 ,0.61 ) (—0.5, 2.4 ,—,—,-)
\—[s(:hros]“(-)(o,om,-,1,94x10”.0.61 Y(=====)
[Zhan09]*"° (=) (—,—, 947, 1.94 x 10'7 ,0.61) (-, —,~, —2,-)
[Khal12]*7 (=) (-, 947 ,—,1.94x10'7,0.61) (-, ~2,—,-,~)
\—[zhanloj“‘(—)(—,agu, 1.94 %107 ,0.61) (-, —,—, —2,-)
[Lutz111° (=) (0,947, -, 1.94% 107 ,0.61 ) (-, —2.15, -, -, -)
[Buon12]* (-) (-, -, 950, 1.94x 10'7 ,0.61) (-, ~,~, —2.15,-)
[ChenI51770 (|| / L) (0,—, 1136/947,1.94 x 10'7 ,0.61 ) (—2.4/=2.15 , -, —, —2.4/-2.15 ,-)

Balachandran, Chow, and Agarwal
[Bala05]** (-) (40,950 ,—,2x 10'7,0.73) (-, —2.4,—, -, —0.76)

[Nawal0]** (-) (40,950 ,-,2x10'7,0.73) (0, —2.4,~,-, —0.76)
[Usmal4]*® (=) (40,950, -,2x10'7,0.73) (0, -2.4,—,—, —0.76)

Hatakeyama, Fukuda, and Okumura
[Hatal3]* (=) (5, 1010, -, 1.25 x 10'7,0.65) ( —0.57 , =2.6 , 2.4, -, —)

[Naugl7]>* (L) (5,1010,-,1.25x10'7,0.65) (—0.57, —2.6 , 2.4, —, )
[Jin24]% (-) (5,1010, -, 1.25x 107 ,0.65) (=, —, .~ )

[Johal6]*** (=) (0,947 ,—,1.94x 10" ,0.61) (-, —2.15,-,—,-) Kimoto and Cooper
[LutzI812 (=) (0,947 ,—, 1.94x 107 ,0.61) (=, =2.15,—,—,—) [Kimol4a]® ( L) (-,1020,-,1.80% 10'7,0.6) (-, —1.8-—2.8 ,—,—,-)

[Aval9]* (L) (40,950 ,—, 1.94 % 107, 0.61) (=, ,—,—,~) [Fuiil 7] (=) (==, = =, =) (=, ===, )
[ohal9s (=) (=, 940, -, —,—) (=, — [Kimo19]*> ( L) (-, 1020,~,1.80x10'7,0.6) (-, —1.8--2.8 ,—,—, )

[Yang22]™ (=) (=, =, = =, =) (=, -,

Stefanakis and Zekentes
[Stef14]° ( L) (28,950, ,1.94x 10'7,0.61) (0, —2.4,—,~,0.73)

[Trip19]'" () (28,950, -, 1.94x 10'7 ,0.61) (0, —2.4,~,-,0.73)

Mickevicius and Zhao
[Mick98]* (=) (-, 1071 ,~,1.94x 10'7,0.4) (-, —,—,—,-)
[Tila07]>” (=) (=, 1071 ,—,1.94x10'7,0.4) (-, 2.4 ,—,—,-)

Lophitis et al.
[Loph18]™ (L /| )(40,910/1100,-,2x 10'7,0.76 ) ( —1.536, —2.4,0.75 ,—,—)

Wright et al
[Rakh20]” (=) (-,699.4,—, -, =) (=, —,—,—,—)

[Wrig98]'"" (-) (88,-,970,1.43x 10", 1) (—0.57 ,—,2.55, -2.7,-)
[Bali06]’ (—) (—, 1140, —, -, =) (=, =2.7 ,—,—,—)
[Balil9]" (=) (=, 1140, —, -, =) (=, 2.7 ,—,—,—)

FIG. 8. Reference chain for low field electron mobility models. are fundamental investigations,

research not focused on 4H and connections predicted from the used values.

YNref = —0.76 instead of 0.73 were proposed earlier. For holes ppi, should be 53.3 cm?/(Vs)
instead of the stated 15.3 cm?/(Vs). Note that these are the same flaws as discovered in’. De-
spite these variations, this model delivered the best results and was chosen for the simulations.
In addition, the maximum mobility for electrons from*® was changed from 950cm?/(Vs) to

947 cmz/ (Vs). The model proposed by Megherbi et al. %4 was extended by a temperature scal-
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Hole (dlr) (umin, Hmax, Ho, Nrcf’ 6) (Ymin’ Ymax> Yeets V5> Y0, YNNrcf)

Ruff, Mitlehner, and Helbig
[Ruff94]*"® (=) (5,-,70,1x10",0.5) (-,-,-,=3,-)
\—[Nalml $(=)(20,350,-,1x10",0.5)(~,~,~,-3,-)
[Tama08a]*** () (-, 124,~,1.76 x 10" ,0.34) (-, 2.8 ,—,—,~)
[Liu211* (=) (-, 125,-, 1.76 x 1017 ,0.34) (-, —2.8 ,—,—, -)

Schaffer et al.
[Scha94]*" (L) (159,124 ,—,1.76 x 10" ,0.34) (-, —,—,—, )
[Bako97]"' (=) (15.9,—-,108.1,1.76 x 10" ,0.34) (-, -, -, —2.15,-)
[Menu04]* (-) (15.9, -, 108.9, 1.76 x 10" ,0.34) (-, -, -, —2.15,-)
L [Chen1S7° (|| / L) (15.9,-,124,1.76 x 10", 0.34) ( —2.15, -, -, —2.15,-)
\—[Shamsli‘” (-)(25.9,128.1,—,1x 10" ,024) (-, ~,—,—,-)
[Wang98]>”> () (15.9,—,124,1.76 x 10" ,0.34) (-, 2.5 ,—,—,-)
[Wang99]” (=) (15.9,—, 124, 1.76 x 10" ,0.34) (-, —2.5,—,—,-)
[Lade00]'® () (15.9,124,—, 1.76 x 10" ,0.34) (-, —1.8--2.2,—,—,-)
[Mori0117> (=) (15.9, 124, —,1.76 x 10,034 ) (-, -, -, —,—)
[Lee02]¥ (L) (15.9,~,124,1.76 x 10'° ,0.34 ) (-, —2.15 ,—,~,-)
[Li03]°" (=) (15.9,—,124,1.76 x 10"° ,0.34 ) (-, —,—, =2 ,-)
[Meghl8]* (=) (15.9,125 ,—,—, =) (=, =, —.—, )
[Zegh191"™ (=) (159,125, -,1.76 x 10'°,0.34) ( 0.5, —2.15,—, -, —0.34)
[Zegh201* (-) (15.9, 125, -, 1.76 x 10" ,0.34) (0.5, 2.15 ,—, -, 0.34)
\—[Zhao()S]“”(f)( 159,-,124,1.76 x 10" ,034) (-, -, -, -2,-)
[Das1S] (=) (15.9,—, 124, 1.76 x 10 ,0.34 ) (-, -, -, —2,-)
\—[Aya104]4‘(—)( 159,125, -, 1.76 x 102,034 ) (0.5, —2.15 ,—, -, -)
[Lech21]® (-)(2.529 , -, 469.42607 , 1.28 x 10", 0.332645 ) (-, —, -, —2,-)
[Yang22)** (=) (-~
[Maxi23]*» (=) (15.9,125, -, 1.76 x 10" ,0.34 ) (-0.5, —2.15, -, -, )

[Schr06]* (=) (15.9,124,—,1.76x 10" ,0.34) (-, -, —,—,—)
[Zhan09]*° (=) (15.9, -, 124 ,1.76 x 10, 0.34 ) (-, -, —, —2,-)
[Khal12]*7 (=) (15.9, 124 ,—,1.76 x 10'7 ,0.34) (-, =2, —,~, )
\—|Alba10|f"(f)( 159,125, -, 1.76 x 10'7 ,0.34) (—0.5, —2.15, -, -, —0.34)
[Zhan10]°* (-) (15.9,—, 124 ,1.76 x 10", 0.34) (-, ~,~, —2,-)
[Belll 11’ (=) (15.9,125,-,1.76 x 10" ,0.34 ) ( —0.5, —2.15 ,—, -, —0.34)
[Lutz111°° () (159,124 ,—, 1.76 x 10" ,0.34) (-, —2.15, -, -, -)
[Buon12]* (=) (=, -, 108.1,1.76 x 10" ,0.34) (-, —, -, =2.15,-)
[Pezz13]"! (-) (15.9,125, -, 1.76 x 10" ,0.34) (—0.5, —2.15 , —, ~, —0.34)
[Chenl5)7° (|| / L) (15.9,~,124,1.76 x 10", 0.34 ) ( -2.15, -, -, —2.15,-)
[Megh15]°"* (=) (159,124 ,—, 1.76 x 10'7 ,0.34) (=05, —2.15 ,—,—, —0.34)
[Johal6]”” (=) (159,124 ,—,1.76 x 10" ,0.34) (=, —2.15, -, —, )
[Arval7)? (=) (159,125, -, 1.76 x 10", 0.34) ( —0.57 , —2.15,—,—, )
[Lutz187 () (159,124 ., 1.76 x 10" ,0.34) (-, -2.15, -, -, -)
[Arval9]™ (L) (16,125, -, 1.76 x 10" ,0.34) (=, -, —,—,—)
[Johal9F7 (=) (=,20,—,—, =) (=, =, —.—,—)
[Yang22]* (=) (=, =, =, =, =) (=, =, =,=,-)

Wright et al.

[Wrig98]'"7 (=) (74,—,43,1.43x10'7,1)(—0.57,-,2.55, -2.7,-)
[Bali19]"" (=) (=, 120, -, —, =) (-, —34,—,—,-)

Mnatsakanov, Pomortseva, and Yurkov

[Mnat01]* (=) (33,117, —,1x10",05) (=, -, -, —,-)
[Mnat02]% (=) (33,117, -, 1x 10" ,0.5) (=, ~, -, —,-)

Hatakeyama et al.

[Hata03]" (-) (15.9, 120, -, 1.80 x 10'® , 0.65) (-, —,—,—,—)

Balachandran, Chow, and Agarwal

[Bala05]>*" (-) (53.3,105.4,-,2.20x 10'%,0.7) (-, —2.1,—,—,-)
[Nawal0]** (-)(53.3,105.4,-,2.20x 10'®,0.7) (0, -2.1,0,~,-)
[Usmal4]*%¢ (=) (53.3,105.4,-,2.20x 10',0.7) (0, -2.1,-,-,0)

Hatakeyama, Fukuda, and Okumura

[Hatal3]* (=) (0, 113.5,-,2.40 x 10'8 ,0.69) ( —0.57, —2.6,2.9,—,-)
[Naugl7]>* (L) (0,113.5,-,2.40x 10" ,0.69) (—0.57, -2.6,2.9,—,-)

Kimoto and Cooper

[Kimol4a]® ( L) (-, 118,-,2.20x10',0.7) (-, —1.8-—25,—,—,—)
[Fujil7]™? (=) (=, =, =, =, =) (==, ==, )
[Kimo19]% (=) (=, 118,-,220x 10" ,0.7) (-, -, —,—,-)
[Huan22b] (=) (0,118 ,-,2.20x 10" ,0.7) (=, -, ~,~,~)

Stefanakis and Zekentes

[Stef14)° (L) (0,114, —,538x 10" ,0.66) (0, —2.72,—,—,2.44)
[Trip19]' (=) (0, 114, -,1x10'0,0.7) (0, =272, —, -, 2.44)

Lophitis et al.

[Loph18]™ ([ /L) (0, 114,-,2.40 x 10'8,0.69) (—0.57, —2.6,2.9,—, )
[Rakh20]” (=) (=, 105.6 ,—,—, ) (=, —,—,—.,—)

Tanaka et al.

[Tanal8]>* (-) (0, 110/95,—,3 x 10'%/1 x 10", 0.6/0.7) (0, =3/=2.1 ,—, -, —1.8/~1.5)
[Kaji21]1 (=) (=,95,—, 1x10"°,0.71) (=, =2.1 ,—,—, —1.5)

FIG. 9. Reference chain for low field hole mobility models. are fundamental investigations,

research not focused on 4H and connections predicted from the used values.

ing, which matches an earlier publication by the same authors

value for Y\nref-

302 without, however, the correct

Interesting is also that the origin of the model proposed by Wright '*®, which is denoted as

"Brosselard" in’ and "Gustaffson" in® could not yet be fully identified.
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3. High-Field Mobility

While early publications on SiC had to rely on Silicon parameters’’® later many studies
about the dependency of the electron resp. hole velocity on varying electric field were pub-
lished?0:4%93,98,100-102,104,105,128,140,145-149 " Thege led to various parameters to describe the high-
field electron mobility with the model introduced in Eq. (14) (see Table VII). The saturation veloc-
ity parallel to the c-axis is lower compared to the perpendicular direction. Hatakeyama et al. %
estimated the ratio based on impact ionization coefficients (see ??), whereat Hatakeyama, Fukuda,
and Okumura®’ achieved that the electron velocity parallel to the c-axis is 60 % of the perpen-
dicular one and 80 % for holes. In the table we also added measurements and simulations that
only delivered the saturation velocity without any fitting. Overall the values range from a few
10°V/cm to a few 107 V/cm.

The hole saturation velocity is marginally lower than the electron one (see Table VIII). The
key difference, clearly, is the amount of conducted investigations. Often the value of the hole
saturation velocity is just assumed>®” or set equal to the electron one”%”%7%:278,279,301

As already indicated earlier Monte-Carlo simulations reveal a maximum in the charge carrier
velocity, followed by a decrease with increasing field strengths'?!%4%98,100-106 “while some then
achieve a constant value, others report a steadily decreasing velocity. In all these simulation re-
ports, the peak velocity is highlighted, and even denoted as saturation velocity. Nevertheless, other
sources see this as a velocity overshoot'>!%“? but also denote that this effect has yet only be seen
in simulations and not in experiments””.

A graphical representation of the single models for the electron velocity show quite good agree-
ment (see Fig. 10). It can be seen that the first deviations among the model are visible already at
a few kV /cm. The mobility starts to change at around 10kV /cm'”, which is significantly smaller
than the 200kV /cm proposed by Lophitis ez al. °’. We do not explicitely show the results for holes
as only a single model could be found.

The description by Lv et al. '

used the model introduced in Eq. (17) with the parameter shown
in Eq. (32). Note that we were unable to recreate the plots shown in the paper, which are, consid-

ering the provided parameters, not retraceable for us.

=017, 0=-195,8=3
(32)
Fo=3.05x10*V/ecm, F; =2.8 x 10°V/cm , vpax = 4.8 x 10’ cm/s
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FIG. 10. Electron carrier velocity with varying field for tj,,, = 400cm?/(V's). Long dashed models describe

velocity according to Eq. (17).

In overview listings the electron saturation velocity is dominantly denoted by 2 x 107 cm/s

(see Fig. 11). This popular value was already reported by V. Muench and Pettenpaul *'' for 6H, as

pointed out by'*’

, and then reused for 4H. Nevertheless, later investigations confirmed the validity
also for 4H. Slightly lower/higher values are also available but not nearly as prominent. For holes

very similar values were proposed (see Fig. 12) but, again, in much less amount.

The temperature dependency of the high-field velocity was measured by Khan and Cooper 47147

98,103 " Later these results were numerically fitted'”*”. Note that

or investigated by simulations
Lades ' used a linear fit for the exponent 3 such that the value published by Khan and Cooper '+’

for 620 K could not be perfectly matched (2.2 vs. 2.4).

The results predict a decrease of the saturation velocity with increasing temperature (see Ta-
ble VII and Table VIII). The values published by Das and Duttagupta >>, however, predict the exact
opposite. This is also visible in a graphical representation (see Fig. 13). The values by Roschke

8

and Schwierz** and Bertilsson, Harris, and Nilsson *® were described by the model introduced in

Eq. (15) and Eq. (16) with the parameters shown in Table IX, which were referenced by'°7-7%->71

Finally the reference chain (see Fig. 14 for electrons and Fig. 15 for holes) clearly shows that

many different publications are referenced in literature.
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2.70 x 107

2.20 x 10’

2.12 % 107

2 % 107

[Wang99]”  [Itoh96]'"

[Lech21]® [Chou21]*"*
[Rakh20]”  [Jiya20]'

[Bere21]
[Trip19]'"?  [Johal9])?7
[Bali19]'" [Resc18]*" [Arval7]’*

[Kimol51***  [Kimol4a]® [Schr06]*
[Bane21]”!

[Jais24]'"  [Pear23]**® [Mukh23]*>
[Lang22]’  [Dena22]'%® [Zegh20]*"
[Sole19]'”  [Guol19]22¢
[Lutz18]*" [Hass18]'"7
[Chow171*'" [Arvil7]'*
[Fujil5]*'¢

[Mats20]'°7
[Pear18]>%
[Lebel7]°!2
[Uhnel5]** [Mantl5]"'!
[Chen15]”7° [Usmal4]**® [Pezz13]*"!
[Pell13]?'¥  [Neud13]*” [Mant13]>"
[Neill2]'?  [Khall2]*7 [Wijell]
[Ostll1a]*"? [Ostl11172 [Lutz11]*®
[Gerh1117*  [Butt11]>>>  [Beyel1]*%*

[Das151>

[Zhan10]°* [Sul0]'”’ [Dhanl0]**> [Albal0]®"
[Zhan09]>°°  [Zhu08)*** [Cha08]"" [Sze07]""
[Mill07]*%*  [Zhao06]*"*  [Will06]'7"
[Neud06]*°  [Resh05]*"*  [Pens05]'%”

[Bhat05]”""  [Ozpi04]***  [Mats04]"
[Cole04]***  [Chow04]*" [Hudg03]'**
[Han03]*'*  [Elas03]'7 [Doga03]*"

[Zhan02]'®  [Zett02]"®  [Trew02]'” 2.26 % 107 nitso0y
[Powe02]”*>  [Masr02]""!  [Lee02]® [Jin24]”

[Elas02]*°  [Neud01]™® [Nall00]** [Chen20]'*
[Elas00]'*"  [Dmit00)**”  [Codr00}** [Kimo19]%
[Chow00a]***  [Chow00]*"* [Nall99]”* [Arval9]”*
[Lebe99]™  [Burk99]2”’ [Bell99]'"! 220 X 107 [Loph18]%
[Agar991"%®  [Wrig98]'"7 [Weit98]>" [Naug17]%
[Shah98]*"" [Rosc98]”" [Trew97]'s! [Hata13]*
[Srir971%*  [Chow97]>""  [Chel97]2"” [Ayalo4] ™
[Yode96]>  [Wrig96]'"*  [Weit96]>% [Lade00]"’

[Chow96]"  [Agar96]°" [Neud95]*'!

[Weit94]'7  [Ruff94”™  [Gotz93]%5 2.2 %107 [Knan00]'*®

[Bhat93]*'¢  [Powe89]*'7 [V.mu77a]’!
2.12x 107 [Hjelo3]"*

1.80 x 107 w21
0t [Bert01]'3%
1.60 x 107 [Akw09]'™ 2.10x 10 [Nils96] 00
1.50 107 (avalor' 2.08 x 107 [Knano]"’
8.70 x 10°  [Bela22)'> [Ber04]1®°
6 2% 107
8 x 10°  [Zhano8] [Mick98]
3.30 x 100 [sanko0r” 1.40 x 107 [Arda0s]
Vsat yE
sat

FIG. 11. Electron saturation velocity values used in literature.

4. Carrier-Carrier Scattering

The only investigation of carrier-carrier scattering in 4H-SiC we found was conducted by
Lades'”, who started from the parameters of Eq. (19) for Silicon and scaled them until the re-
sults fit to 4H-SiC measurements. In this fashion the values shown in Eq. (33) were achieved,

which are already reused at various occasions

35,44,113

D=6.9x10"/(cmVs), F =7.452x 10" /cm?

In addition Onoda et al.''> proposed values for 6H. Bhatnagar et al. >’ proposed separate

[Khan00b]'**

2.70 x 107
2.50 x 107

2% 107

1.90 x 107
1.83 x 107
1.80 x 107

1.70 x 107

1.64 x 107
1.58 x 107
1.32x 107
1.20 x 107

8 x 10°

[Josh95]'+
[Mick98]*

[Nava08]2"*
[Pers05]'32
[Casa96]>*®

[Loph18]™"
[Zhao00]*"
[Nils96]'

[Bert04]'"*
[Bert01]"%

[Nils00]'%3
[Hjel03]'**
[Jin24]”

[Naug17]%

[Vass00]*'0

Vsat

are fundamental investigations.

(33)

values for electrons and holes but used an equation that was developed by Dorkel and Leturcq
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2.70 x 107 [Wang991"

2.20 x 107

[Lech21]® [Chou21]*"*

[Rakh20]” [Lophl8]" [Arval7]*?
[Zegh20*® [Das15]*° [Chenl5]*®
[Usmal4]®®  [Pezz13]""  [Khall2]*’

2 >< 107 [Beyel11°°® [Zhan10]"  [Zhan091**

[Cha08]*" [Bhat05]*" [Keme02]'*®
[Wrig98]'"7  [Wrig96]'*® [Ruff94]’’

[Kimo19]>> [Bali19]"

130 x 107 o o
[Kimol5] [Kimol4a] 2.20 x 107 [Arval9]
1.08 x 107 [Bane21]”! 110 x 107 mNitsooy s 8.60 x 10°  [Zhaooor
1x 107 MNawaloP® [Akw09]'"" 1.08 % 107 [Hjelo3]'** 8 x 10° [Naug17)?
8 x 100 [Liu21p® Naug17)® 7.30 x 10 (Hjel03)""*
, 1 x 107
1x 10°  [Shahos)! [Hata13]"” 6.50 x 10°  Nilso01'>
Vsat vJ- |
sat Vgat
FIG. 12. Hole saturation velocity values used in literature. are fundamental investigations.
35| —— [Lade00]' I ~——[Hatal3]* L —— [Dasl5]”

—— [RoscO1]* —— [Bert04]'" 1 —— [Bert04]'® ||

T e e R R U S S S

300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600
T K]

FIG. 13. Temperature dependency of electron velocity for F = 10°V /cm and pyo,, = 450cm?/(Vs).

for impurity scattering. Lechner® referenced the values by Fletcher®'®, which are, however, for

Silicon.
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Electron Saturation Velocity (v, v vl‘m) (Feats By ¥po Tear) Lok Kimoto and Cooper

Ruff, Mitlehner, and Helbi;
[Ruf941™ (2107, -, =) (=, 2,-,-)
[Nall9] (2107, -, =) (~05,2,—,-)

[Nalloo] (2x 107, -, =) (~0.5,2, -
[Cha08]"" (2% 107 ,—,~)(~.2,-0.5,~)

Harris and Inspec
[Har95P*2 (=, =) (===, -)
L Bengoy " (2 107

)=

Joshi
[Josh95]' (=, 270 107, =) (~, =, —, =)
[1toh96]'* (2.70 x 107, =, =) (-, -, —
[Wang99]™ (270 x 107 ,—, =) (-, 2

Casady and Johnson
[Casa96]™* (=, 2% 107, =) (=, =, -, )
L fGermt 117 (2107, -, )¢

Chow and Ghezzo
[Chow96]™! (2107, =, =) (=, =, =, ~)
\—[Hudgm] H2x107, =, =) (=== =)

Yoder
[Yode96]™" (2 107 ,—, =) (=, —
L[.\Jmnz]‘i(zx 107, -, =) (-

Sriram et al.
[SHO7V* (2107, =, =) (-,
[Han03]"'" (2 107,

Trew
[Trewd7]'™! (2107, =, =) (=, =, =, =)
[Codr00]™ (2x 107, =, =) (=, 1,=,=)

Weitzel
[Weit98]™7 (2x 107 ,—, =) (-~
[Neud01]* (2x 107 = =) (=, =, =, =)
[Neud06]** (2 107, -, =) (

[Wijel (2107

-)

\—[Amn] x0T,
[Mukh23] (2 107,

Wright et al.

[Wrigd8]"7 (2x 107, =, =) (=,2,-,-)

L (B0 (220 <107, ) (~, 125,

Chow
[Chow0OT™* (2% 107, =, =) (=, =, =, =)
[Dmit00] ™7 (2% 107,

[Elas02]% (2107~ =) (=
[Sul0]"™ (2% 107, -, =) (-,

L IDhantOF? (2% 107, -~ (-,

Khan and Cooper

[Knan00]'* (—,—,2.2x 107/1.6 x 107 ) (-, 1.2/2.2, —, 296/593 )
= 22% 10716 x 107) (=, 1.212.2, -, 296/593 )
8109775 % 10°, 220 107 ) (-, -, ~, 300/460 )

[Kimol9]"*
[Chen20]'*" ¢

= =220 107) (== =)

1220 107) (-, 1.2,

Y=mmm)
\—[Langn]* (2107, =, =) (-,

[Lade00]" (—,~,220% 107 ) ( —0.44,1.2,1,-) [Kimol4a]*’ (2.20 x 107, )(-
LLAy:AIOA]”\7.7.2.20><|07)(*044.120,1,7' \—[Re\ds]" (220107, -, =) (
[Lech21]* (220 % 107, ~,~) (0.44,1.2,1,-) L fBere211” (220107, ) (-

L schr061 (220% 107, —, ) (044,121,
[Arval 7] (220 107, =, =) (044,120, 1,-)
L=.220%107) (-, 1.20,

Usman and Nawaz
[Usmal4™ (2% 107, =, =) (=,2,~,~)
[Liu21 ™ (1.80x 107, -, =) (-

[Arval9]” (
[Chou21 2 (220 107, =, =) (=, =, =,
\—[anhlx]“ (—,1.90% 107,220 % 107 ) (044,12, 1,-)

[Rakh20]™ (220 % 107 =, =) (=. =, 1.2-2.—)

Sankin and Lepneva
[Sank00]"” (330 x 10° .~ =) (-, . )
[Hoff231°7 (=, 3.3 % 10°/7.5 % 10°, =) (=, =, ~, =)

Vassilevski ef al.

[Vass00'" (=, 8 108/7.5 % 10, =) (=, =, =, 300/460 )
L [AdacOsT (—, 8% 109775 10°,2.20 < 107 (-,
L Zhan0810 (8108, ) ()

[Bane21]” (2.12x 107 ,—,-) (-, 12,-.-)
[1off231°7 (=, 3.3 % 10°7.5 % 10°, =) (=, =, ~, =)

Zetterling
[Zew02] (2107 )=

L fosta (2107, -, ) (-,
[0St (25107, -, =) (-

[Pell13)¥ (2% 107 ., =) (=, —,~.~)

Zhang
[Zhan02]'* (2% 107, =, =) (=, =, ~.~)
[Trew02]'™ (2 107, =, =) (=, =, =, =)

Lietal.
[Li03)"" (==, =) (===, -)
[Zegh20]" (2% 107

Ozpineci
[0zpi04]*™ (2107, =, =) (==, =, =)
[Uhnel5]* (2% 107, —, =) (=, =, —.~)

Sze and Ng
[S7¢0717 (2% 107, =, =) (~,
[Neud9s]*'" (2107,

-
L [Doga03ps (2107 = -y (-

[Zhu08]™ (2% 107, ) (—,~

[Zhan09] (2% 107, -, =) (-, 2 )
\—[KhaHZ]"” (2%107, =, =) (=,2,-,-)

Buttay et al.
[Butl 112 (23107, ~, =) (-
\—[Fupls]“‘ (2x107, -,

Hatakeyama, Fukuda, and Okumura
[Hatal3]" (-, ~, 220 107) (~0.46, 1.20, 0.88 , )
L Naugl717 (-, 120 107,220 107) (-
[Johal9]”* (220 107, ~, =) (=, 12,~,~)
[in241 (=, 132 107,220 107) (=, 1.2, =, =)

)

Neudeck
[Neud 31" (2% 107, —, =) (=, ~,~,~)
[MantI31 (2107, =, =) (=, =,
[Hass18]'77 (2x 107 ,—, =) (-

Uiya20)' (220 %107, =, =) (=~ =.—)

FIG. 14. High-field mobility reference chain for electrons.
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TABLE VII. High field mobility parameters in Eq. (14) for electrons.

ref. Vsat v, v!m Yeat B s T K method
[cm/s] [cm/s] [cm/s] (1] (1] (11 [K]
[Ruff94]>78b 2% 107 - - - 2 - - - -
[Josh95]'% - - 2.70 x 107 - - - - C MC
[Nils96]'%° - 2.10x 107 1.80 % 107 - - - - C MC
[Khan98]'* - 2.08 x 107 - - 0.825 - - C NPC
[Mick98]* - 2x 107 2.50 x 107 - 1 - - C MC
[Khan00]'*’ - 2.2 %107 - - 1.2 - 296 C NPC
- 1.6 x 107 - - 2.2 - 593 C NPC
[Lade00]'%¢ - 2.20 x 107 - —0.44 1.2 1 - - FIT
[Nils00]'03 - 226%x107  1.64x 107 - - - - C MC
[Sank00]*” | 3.30 x 10° - - - - - - C BIV
[Vass00]*'0 - - 8 x 100 - - - 300 C DIV
- - 7.5 % 10° - - - 460 C DIV
[Zhao00]*° - - 1.83 x 107 - - - - C MCP
[Bert01]'3® - 2.10x 107 1.70 x 107 - 0.84/1.1¢ - C MC
[Hjel03]'04 - 2.12x 107 1.58 x 107 - - - - C EPM
[Bert04]' - 2% 107 1.70 x 107 - - - - C MC
[Arda05]'4° - 1.40 x 107 - - - - - C NPC
[Aktu09]' | 1.60 x 107 - - - - - - C MCDFT-DOS
[Hatal3]*¢ - 2.20 % 107 - —0.46 1.20 0.88 - - FIT
[Das15]% 2% 107 - - 0.87 1 0.66 - - -
[Bela22]'* | 8.70 x 10° - - - 2 - - C CCh
[Jais24]'%0 2% 107 - - - - - - C DIV

4 type of mobility: Hall (H), conductivity (C)

b B taken from Silicon

¢ fitted to'*’

d values of B L / || to c-axis

© fitted to' -1
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TABLE VIII. High field mobility parameters in Eq. (14) for holes.

ref. Vsat Vi v!m Ysat B s T.«. K method

[cm/s] [cm/s] [cm/s] [1] [1] [11 K]

[Ruff94]>75> 2% 107 s = s s = s

[Nils00]'0 - 1.10x 107 6.50 x 10° - - - - C MC
[Zhao0071*° - - 8.60 x 10° - - - - C MCP
[Hjel03]' - 1.08 x 107 7.30 x 10° - - - - C EPM
[Aktu09]'%0 1 x 107 - - - - - - C  MC DFT-DOS

[Kimo14a]® | 1.30 x 107 - - , ; - _

[Das15]% 2% 107 - - 0.52 1213 0.17 -

4 type of mobility: Hall (H), conductivity (C)

b peat set equal to electron saturation velocity

TABLE IX. Model parameters for temperature dependent carrier velocity in Eq. (15) and Eq. (16).

ref. dir Vimax d Bo Tret a b c
[cm/s] (1] [1] K] [1] [K] [1/K]
[Rosc01]**2 - 477x107 06 0816 327 427x10°2 984 0
[Bert04a]’®® | L 2.77x107 0.23 0.6 0 0 oo 1073
| 255x107 03 101 0 0 ©  3x107*

2 fitted to 106,149

b fitted to simulations by Nilsson, Sannemo, and Petersson '’
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Hole Saturation Velocity (Vey, Vi, v!at) (Ysat» B> 8> Tsat) Licral.
[Li03]°" (=, =, =) (=, ==, )
Joshi [Zegh201 (2% 107, =, =) (=, 1,-,-)
[Josh95]1"* (=, =, =) (=,—,—,=)
[Wang99]°® (2.70 x 107 , —, =) (=, 1,-,—-)

Ayalew
[Ayalo4]* (-, -, =) (=,—,-,-)
Wright et al. L [Lech21]® (2.20x 107 , -, =) (0.44,1.2,1,-)
[Wrig98]"*7 (2x 107 , -, =) (=, 1,—,-)

L [Bali19]" (1.30 x 107 ,—, ) (-, 1.2,—,-)
Zhang et al.

[Zhan08]"" (-, ~, ) (=,—,~,-)
Nallet ef al. AP (8100 ) (12,
[Nall99]”* (=, —, =) (=, —,—,-)

[Cha08]*7 (2x 107 ,—,-)(—-,2,-0.5,-)
zhang et al.

[Zhan09]*%° (2 x 107 , -, =) (-, 1,—,-)
Lades L[Khallz]zw(2><107,7,*)(*~1v*”)
[Lade00]" (-, ~, =) (=, ~.~,=)

[Rakh20]” (2.20x 107 , —, =) (-, 1.2-2,—, ) .
Kimoto and Cooper

[Kimo14a]* (1.30 x 107 , -, =) (=, —,—,—)
Vassilevski ez al. L [Kimol5]°* (1.30 x 107 , -, =) (=, —,—, —)
[Vass00]*'" (-, =, =) (=, =, =, =) L Kimol91 (130X 107 ,=, =) (==, =,)
[Bane21]”' (1.08 x 107 ,—, =) (-, 1.08 ,—,—)

Arvanitopoulos et al.

Hielm ef al [Arval7]’? (220 x 107 , -, —) (4.40x 1071, 1.20, 1 ,-)
[Hjel03]'%* (=, 7.30 x 10°, 1.08 x 107 ) (=, —,—,—) \—[Lophlg]"”(z.zox 107 ,-,-)(—044,12,1,-)
[Hatal3]* (-, -, 1x107 ) (-, —,—,-) \—[Awa19]"4(7,7,2420x107)(7,1.20,7,7)
[Naugl7]>* (-, 8x10°,1x107)(-,-,—,—) L[ChouZl]z”(Z.2O><107,—,—)(—,—,—,—)

FIG. 15. High-field mobility reference chain for holes.
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