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Abstract

The electro-thermal transport in silicon carbide semiconductors can be described by
an extended hydrodynamic model, obtained by taking moments from kinetic equations,
and using the Maximum Entropy Principle. By performing appropriate scaling, one can
obtain reduced transport models such as the Energy transport and the drift-diffusion

ones, where the transport coefficients are explicitly determined.
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1. Introduction

Silicon carbide (SiC) is a wide-bandgap semiconductor considered to
be one of the major enabling materials for advanced high power and high
temperature electronics applications. In addition to its wide bandgap, SiC
also has a high critical electric field strength and a high saturation drift ve-
locity, making it able to sustain higher voltages with lower conduction loss.
SiC-based electronics are now superior for power conversion than current
silicon-based electronics, especially for high temperature, high-power, and
high-frequency applications. Although the performances of SiC are very
promising, SiC devices may suffer from severe self-heating effects which im-
pose a limitation on both the output power and the power density of the
devices. Self heating results in a higher lattice temperature in the transistor
channel which can significantly deteriorate the current-voltage characteris-
tics because of the reduction in the device parameters such as mobility and
electron saturation velocity. For these reasons, electro-thermal simulations
are necessary in order to predict the behaviour of such devices.
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The Bloch-Boltzmann-Peierls kinetic equations (BBP) for the coupled
system formed by the electrons and the phonons, together with the Poisson
equation, is the natural framework for describing electro-thermal transport
phenomena. To solve the BBP equations is not an easy task also from
the numerical point of view, because they form a set of partial integro-
differential equations. Particle-based solvers [1-6] of the BBP system can
be proposed but with a huge computational effort. For engineering purposes,
one has to introduce hydrodynamic models, which are obtained by taking
the moments of the BBP equations and by using a suitable truncation pro-
cedure. This problem can be solved with the help of the variational method
known as Maximum Entropy Principle (MEP) [7,8], which allows the de-
termination of the nonequilibrium distribution function, and consequently,
of the constitutive relations. Recently, this methodology as been applied
to SiC [9] obtaining a closed set of balance equation of hyperbolic-type.
The aim of this paper is to obtain, from this hydrodynamic model, simpler
transport models, such as the energy transport and the drift-diffusion ones
which are useful to devise efficient numerical schemes [10].

2. Kinetic and hydrodynamic equations

The main contribution to the charge transport phenomenon in semi-
conductors, is due to the electrons which occupy states around the lowest
minima of the lowest conduction bands. The neighbors of these minima are
called valleys which are analytically approximated by a parabolic dispersion
relation. The band structure depends on the crystal. In the following we
have considered the 4H-SiC polytype (having a hexagonal lattice) which is
the least anisotropic among the SiC polytypes. Different band structures
can be found in the literature, and we have used that in [11]. We have
considered the valleys around the minima at the symmetry point M of
the two lowest conduction bands. Due to the crystal symmetries, for each
conduction band there are three equivalent valleys.

Let fa(t,x,k) be the probability density to find an electron in the A-th
valley, at time ¢, position x = (z1,x2,x3), with wave vector k=(k, kg, k3)
and energy €4(k), g, = g,(t,x,q) the probability density to find a phonon
of type n at time ¢, position x with wave vector q=(q1, g2, q3) and energy
Twn(q). These probability densities obey to the Bloch-Boltzmann-Peierls
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kinetics equations [12]
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where e is the absolute value of the electron charge, v,u the electron and
phonon group velocity respectively

hk

*
my

(3) VA = s up(q) = Vaqwy

and m’ is the effective mass of the A-th valley. The right-hand-sides of
eqs.(1),(2) are the collisional operators, governing the collisions suffered by
the electron/phonon in the semiconductor. In particular we have considered
scattering of electrons with ionized impurities (im), intravalley acoustic
phonons (ac), intravalley polar optical phonons (p), intervalley non-polar
phonons (n) [9]. The previous BBP equations must be coupled to the Pois-
son equation for the self-consistent electric field E, i.e.

(4) AX(ESEO¢) =e [n(t7x) — Np (X) + NA(X)] , E=-Vio

where ¢(t,x) is the electric potential, Np and N4, respectively are the donor
and acceptor densities, and n the total electron density.

By multiplying the kinetic equations (1),(2) by suitable weight func-
tions, one can obtain balance equations for the macroscopic quantities as-
sociated to the flow of the electrons and phonons. For the electron flow, by
introducing the weight functions

(k) = (1,va,€4,£4VA)

one obtains a 8-moments model, with the following balance equations for
the A-th valley

(5) o T om "l

(©) a(ngtv,ft) 8(%‘;5“{) + enAEjGZ = nACii/A
(7) O(nngA) 8(%A§A) + enAVA =naCw,
(8) 8(”5?3"‘) 8(7;,;1]?2]) +eEmaly = naCs,
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where n4 is the electron density, Vj‘ the average electron velocity,
W4 the average electron energy, Sf4 the average electron energy flux,
Uij, GZ,FU,HZ the higher-order fluxes, C, ,, C%/A, Cw,, Cng the produc-
tion terms. For the assigned weight function 1, (k) and the corresponding
moment, the production term represents the rate of change of the function
1 due to the scattering mechanism (electron/phonon or electron/impurity)
taking place in the position x.

Now we have to introduce balance equations for the phonon population.
The polar optical phonons in the Einstein approximation have zero group
velocity (3)2, and since they are created /destroyed in an intravalley process,
then the transport equation (2) reduces to

(9) X S Dlagy
A

Since the phonon energy does not depend on the phonon momentum, it
has no sense to consider a balance equation for this quantity and we shall
consider just a one moment model (the energy), which is obtained by mul-
tiplying for hw, and integrating over q, i.e.

(10) e = S R
A

where W), is the energy density of polar optical phonons, P,(f4) the polar
optical energy density production due to the scattering with the electrons
in the A valley.

The non-polar optical Phonons are produced in an intervalley process,
and due to the zero group velocity argument, from eq.(2) we have

Ogn
(11) —0 =2 Dlfa f.94]
A B#A
and, as in the previous case, we shall consider just one moment model

(12) ag;n = Pulfa)
A

where W, is the energy density of non-polar optical phonons, P,(f4) the
non-polar optical energy density production due to the scattering with the
electrons in the A valley.

The acoustic phonons, in the Debye approximation, have w,.(q) =
vs|q|, where vg is the sound speed, and hence they have not vanishing
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group velocity ug.. We have chosen a 2-moments model which comprises
the energy (fuw,.) and the energy-flux (Awgcuqe). The weight functions are:

©5(q) = (hws|ql, hvq’)

and the corresponding balance equations read

OWae 3Ql
(13) ot Z Pac fA
0Q! 23N 9 i
(14) 875 + vy or Vg ZA: Pac(fA)

where Wy, is the acoustic phonon energy density, @’ the acoustic phonon
energy-flux density, N¥ the acoustic phonon flux of energy-flux density,
Py the total production of acoustic phonon energy density, P!, the total
production of acoustic phonon energy-flux density.

3. Constitutive equations

At this point we notice that the number of unknowns exceeds the num-
ber of equations, the production terms are unknown, and closure rela-
tions must be introduced. The MEP gives a systematic way for obtain-
ing constitutive relations, as successfully done in silicon based semiconduc-
tors [13-20], as well as for nanometric structures [21-25]. We assume that
the electron gas is sufficiently dilute, then the entropy density can be taken
as the classical limit of the expression arising in the Fermi statistics, i.e.

(15) S Z/ falog fa— fa)dk

2773

whereas phonons are Bose particles, and the corresponding entropy density
for the n-th branch is

1
(1) Sy= s [ [0+ 9)log (1 + )~ 9,108 (0,))
then, the total entropy density writes

Stot = Se +Sac+sp+5n
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According to the MEP, if a given number of moments M}, Maﬂc, M,, M,
are known, the distribution functions fA,Qac, Jp» gn which can be used to
evaluate the unknown moments, correspond to the extremum of the total
entropy density under the constraint that they yield the known moments,
ie.

_ 2 ; g _ _3 -
(17) M} = W/RS Yy(k) fadk , My = W/BSDB(Q)gacdq
1 . 1 .
(18) Mpzw/ﬁgpdq ) anw/ﬁgndq

By introducing a set of Lagrange multipliers A, Ag, T, T, the problem to
maximize Si¢ under the constraints (17),(18) is equivalent to maximize

2 - 1 .
5= S =T [ fp 8] = 2 iota= 24
7,A 8

-1, [(2;)3 [, dvia - Mp] T, [(271)3 [, i Mn]

Hence, we shall obtain the following distribution functions:

e for the electrons

2 1
(19) fa=exp [— <kB)\A A} va+ AMpea +AE VA€A>:|
e for the acoustic phonons

1
exp [go() Ao + ©i Ai] -1

(20) gac =
e for the polar optical phonons

(1) Gy =
9= expllwyTp] — 1

e for the non-polar optical phonons

1

29 by, =
(22) g explhw, YTp] — 1

By inserting the previous equations in (17)-(18), we obtain
M,Z = MX()"I;l) > Mfc = Maﬂc(AB) ) Mp = MP(TP) , My = MH(TTL)

which define implicitly the Lagrange multipliers. To invert the above rela-
tions, we shall perform an expansion around the thermal equilibrium. In
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fact, at equilibrium, fA, gn must reduce to the Fermi-Dirac and the Bose-
Einstein respectively. This means

1 1
23) Mp=M|lp=Arg=0, Alg=—, Mi|p=-—r
(23)  Avle=2A5le=Alp ole T wle T

where T7, is the equilibrium lattice temperature. Then we consider the van-
ishing Lagrange multipliers of higher order respect to equilibrium, by in-
troducing the smallness parameter 7

(24) M=\ M=\, A =TA

Then, the electron distribution function up to the first order in 7 is
£ )‘A A YA VA i 2
(25) fA:eXp —?—AW&A {1—7'()\%’0144—)\51.’014514)}4-0(7 )
B
and the closures for the high-order fluxes

. 2 . - 10 .
26 UY = W 48% FY = W24
(26) A 3m* 4 ’ A 9m* A

The acoustic phonon distribution function writes

(27) Jac = 9(0) + Tg(l) + 0(7_2)
where

1
(28) g =

exp (Aohvs|q|) — 1

exp (Aohws|ql)

(29) gV = —mlq'A; gt gt =
[exp (Aohvs|q|) — 1)

and the closure for the high-order flux
| .
(30) NY = 3 Wae 0¥

Explicit expressions for the production terms are also obtained [9)].
From the knowledge of the phonon energy densities, one can introduce
the respective temperatures

(31) AW, = c,dT, , dWy =codT, , dWae = CacdTye

where ¢, ¢, cqc are the corresponding volumetric specific heats. Conse-
quently, we define the lattice temperature 77, as

caclue + cpTyp + ¢, T,
Cac T Cp+Cpn

(32) Ty =
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4. Hydrodynamic limits

Our system in the unknowns (nA,VIZ;,WA,SA,TCLC,Q",TP,T”,) in the
parabolic band approximation, writes

ona n d(naV})

(33) ot a0
) 2 ,
(34) 6("§tVA) 8(”5‘;/’4) + ‘:zj E; = naCy,
(35) O(RQYA) + a(%z:?ix) 4 enAViE; = naCw,
) 2 gtsg) N 9132 a(nngiVi) . ni eVl = 7 ACl
e | OQ

(37) Coc 0+ 57 zzA:Pac(fA)

0Q" 1 o, 90T, 9

(88) S * Uiy =vs§AjP;C<fA>
oT,

(39) Cpaitp = %:Pp(fA)

(10) e =S P(fa)

where the Poisson equation (4) must be added. The main advantage of this
model is that the transport coefficients are explicitly determined, and no
additional tuning is needed. This system is of hyperbolic type.

Simplified transport models can be obtained from the above system by
assuming reasonable scaling. By using the smallness parameter 7 which
measures the deviation from thermal equilibrium, we assume the following
scaling

t . . g . u A Ny
(ANt = —, , E=7E, V'=71V' S'=715, Q' =7Q"
T
where the first relation means a long time scaling, the second one a diffusive
scaling, and the others are consistent with the hypothesis of small deviation
from thermal equilibrium.
By equating to zero the coefficients of the various powers in 7, and omit-
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ting the hat, we obtain the so-called Energy Transport model (ETM)

ona  0(naVy)

(42) o T an 0
d(naWa) 9(naS
(43) (ngt A) + (%AZA) +naeViE; = naCw,
T e BQ’
(44) Cac ot ZPac fA
(45) cp 875 ZP (fa) cn ZP (fa)

with a reduced set of unknowns (na, Wa, Ty, Tp, T,), and the constitutive
equations

29(naW. : : :
(46) 3% +nael = —Ag(Wa, Wae)Q' + 554
100(naW3) 5 A ,
4 —maTal 2 E; = &y Vi + UgS!
(47) 9 op + 3nAeWA vVai+¥sSy
1 9T, i i
3 gt = 2 (BQ(Va War)@' 4 Av(Wa, War) Vi +
(48) As(Wa, Wae)Sh)

The equation (48) gives:

1 0Tge

Qi = - 7—Qcac O +7—QZ AV WA;Wac)VA + AS(WAywac)SA)

1

(49) Q= _ZA AQ(WAv WaC)

which is the usual Fourier law with an extra convective term, due to the
electron flow. The conductivity, i.e. the coefficient of 9T,./0x, is similar
to that obtained by kinetic considerations [26]. If we introduce the particle
flux J}A =n AVA? and the electron energy-flux J%,A =n AS,ZA, by solving the
system (46)-(48) we obtain

0 Ony ow. OTye

(50) JA—aHa(b tag g 2t an 893;44-@148 :
0 0 ow. OTye

(51) T, = a21a;b + az ;;4 + ass3 8:5;4 +au—o
- 0 0 ow. OTye

(52) Q= aSlaf + az: ;? + ass 8xiA +asi 3
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where the coefficients a;; = aij(na, Wa, Tye, Tp, Ty) are known functions.
The previous equations can be interpreted as constitutive linear equations
between the fluxes Jo=(J}, Jyy,, @"), and the quantities

X % ong OWa 0Ty
B=\ 0zt 0zt Bzt ' Ozt

This result is similar to the linear flux-force relations introduced in the
framework of the Linear Irreversible Thermodynamics (LIT). In this con-
text, in order to introduce the thermodynamic forces, one must invoke the
Local Equilibrium Hypothesis [7] (and consequently the Gibbs relation),
which we have not introduced in our theory.

Moreover the well known drift-diffusion model can be retrieved. Since
in the parabolic approximation one can write
(53) Wy = %mZVj + ngTfﬁ
where Tlge) is the electron temperature, if we assume that the electrons and
phonons have the same temperature, i.e.

(54) T =T, =T, =T, =T},
and by approximating
(55) WA ~ —k BT,

then eq.(50) reduces to

409 Aa0na 40T

with
a_ 1 A A 3
(7)) pp=—an , Dy=-ain , S;=—|;kpas+au
nA 2

The equation (56) is the closure equation used in the drift-diffusion model,
where 7} is the low-field mobility, D7 the diffusivity and S the Soret
coefficient for the A-th valley. Moreover, it is possible to verify that the
Einstein relation holds [26], i.e.

(58) D = T

n n
(&

260



A hierarchy of hydrodynamic models in SiC

Finally we have evaluated with our model the low-field mobility

[t = ZA nAI’L;”?
" doATA

versus the lattice temperature T, and compared the obtained results with
the experimental data in [27]. In figure 1 we plot the results, showing a
good agreement.

(59)

10 . . . , . . .
—— Exp. data
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w
f% 10°
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=
g
kel
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200 300 400 500 600 700 800 900 1000
temperature (K)

Figure 1. Low-field mobility versus temperature

5. Conclusions

The electro-thermal phenomena in SiC semiconductors can be described
by an extended hydrodynamic model. Closure relations for the higher order
moments and production terms, involving the electron-phonon scattering,
have been obtained by means of the MEP. By introducing a diffusive scal-
ing, an Energy Transport model has been derived, where the transport
coefficients do not contain any fitting parameters, but only the physical
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constants like the coupling ones and the phonon energies that are present
in the transition rate probabilities of the scatterings between the electrons
and phonons. In the limit case when the electrons and phonons have the
same temperature, the ETM reduces to the standard non-isothermal Drift
Diffusion model. The low-field mobility we have obtained in this case, shows
a good agreement with the experimental data. The simulation of real devices
using this Energy Transport Model will be the topic of future researches.
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