
JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 12 15 JUNE 1999
Theory of the electron mobility in n-type 6H–SiC
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We report on calculations of the anisotropy of the electron Hall mobility and its temperature
dependence inn-type 6H–SiC. The model is based on the conduction band structure determined
recently by a first-principle calculation. It provides explicit and easy to use analytical expressions
for both drift and Hall mobilities. The calculation of the Hall mobility based on our model agrees
very well with experimentally determined anisotropic Hall mobility in 6H–SiC. ©1999 American
Institute of Physics.@S0021-8979~99!03512-4#
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I. INTRODUCTION

Rapid progress of the SiC growth technology in the p
decade has lead to a development of a wide variety of no
electronic devices having high operation temperatures, h
breakdown voltages, low leakage currents, large ther
conductivities, and strong resistances against exte
radiation.1 A large number of SiC devices are based on h
agonal polytypes, e.g., 4H and 6H–SiC, because of their
culiar material properties suited for the above-mentioned
vice applications.2 One of the issues that needs to
addressed when fabricating electronic devices using hex
nal SiC is the fact that the electron mobility depends stron
on the crystallographic direction of traveling carriers due
the anisotropic structure of conduction bands. It was sho
recently that the anisotropy of the electron Hall mobility
6H–SiC could be as large as a factor of 4.5 at ro
temperature.3 Quantitative understanding of such anisotro
is important especially for the designing of devices and
velopment of reliable device simulators. Up to now bo
experimental3,4 and computational5–8 investigations on the
anisotropy of the electron ‘‘mobility’’ have been performe
on hexagonal SiC. The experimentalists have found a la
anisotropy of the electron Hall mobility in 6H–SiC whic
depends on the crystallographic direction of the extern
applied magnetic field and electronic current in Hall effe
measurements.3,4 In an effort to explain such large aniso
ropy, a number of Monte Carlo simulations of the electr
drift mobility ~NOT the Hall mobility!! has been performed
and their results were compared directly to the experime
findings.5–8 However, it is well known that the values of th
drift mobility are different from those of the Hall mobility by
a variable known as the Hall factor, i.e., a development o
theoretical model that allows for the calculation of the H
mobility is needed for the direct comparison wi
experiments.9

In this work we present a theoretical model describ
both the drift and Hall mobilities in 6H–SiC. The model

a!Present address: Hitachi Research Laboratory, Hitachi 319-1292, Jap
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based on the conduction band structure determined rece
by a first-principle calculation.10,11 Unlike the results of the
Monte Carlo simulation, our model provides explicit an
easy to use analytical expressions for the drift and Hall m
bilities. The mathematical model for the drift mobility ma
be useful for the device simulation while that for the Ha
mobility allows for the direct comparison between theo
and experiments. A numerical calculation of the Hall mob
ity as a function of temperature has been performed for
three distinct Hall measurement configurations shown in F
1~a! @ j'c,Bic#, Fig. 1~b! @ j'c,B'c#, and Fig. 1~c!
@ j ic,B'c#, wherej is the externally applied current vecto
B is the magnetic field, andc is the direction of thec axis of
a hexagonal unit cell. The result of our Hall mobility calc
lation for ann-type, nitrogen doped 6H–SiC single crystal
compared directly to the experimentally measured Hall m
bilities in the three distinct Hall configurations.

II. METHOD AND MODEL

The band structure of 6H–SiC which we employed
this work is shown in Fig. 2. There are six semiellipsoid
constant energy surfaces for electrons centered exactlyM
points in the first Brillouin zone. The conduction band stru
tures along three principle axes, i.e., the directions alo
M –G, M –K, andM –L points shown in Fig. 2, are assume
to be parabolic. The effective masses inM –G, M –K, and
M –L directions arem1* 50.75m0 , m2* 50.24m0 , and m3*
51.83m0 , respectively, wherem0 is the free electron res
mass. This band structure for 6H–SiC is a simplified vers
of the recent advanced first-principle calculation which p
dict six semidumbbell shaped constant energy surfaces
tered exactly atM points, i.e., there are 12 equivalent co
duction band minima at points betweenM and L.10,11 The
dumbbells are replaced with ellipsoids here since the ce
dips in the dumbbells atM points predicted by theory ar
reasonably small~;10 meV! and they can be neglected fo
our kind of low-field mobility study. The values ofm1* , m2* ,
andm3* listed above have been estimated from the parab

.

3 © 1999 American Institute of Physics
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fitting of the curvature of the conduction band minimu
given by theory,10 and are in good agreement with expe
mentally found values of effective masses.12

Our strategy for obtaining the drift and Hall mobilit
consists of the following steps. First, we will derive an e
pression for the conductivity tensor including the magne
field for one ellipsoid. We will then place three ellipsoids
proper positions in the reciprocal space and find the t
conductivity tensor by adding the contribution from each
the three ellipsoids. This procedure will lead to analytic
expressions for the drift and Hall mobilities as a function
the average electron relaxation time and the effective mas
Calculation of the average relaxation time will be presen
at the end.

The electronic current vectorJ8 for one ellipsoid in the
presence of the magnetic field is given by13

J85s8E85S s118

s218 B38

2s318 B28

2s128 B38

s228

s328 B18

s138 B28

2s238 B18

s338
D E8, ~1!

where the components of the conductivity tensors8 are
given by

s i i8 5
q2

kBT (
k

tk f 0~e!v i
2, ~2a!

s i j8 5
q3

mj* kBT (
k

tk f 0~e!v i
2, ~2b!

FIG. 1. Schematic diagram of the three distinct Hall measurement con
rations:~a! @ j'c,Bic#, ~b! @ j'c,B'c#, and~c! @ j ic,B'c#.

FIG. 2. Scheme of the 6H–SiC Brillouin zone used in this study; six sem
lipsoids are contained in the hexagonal first Brillouin zone.
Downloaded 10 Oct 2002 to 131.113.64.28. Redistribution subject to A
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E8 is the applied electric field vector,q is the electron
charge,T is the temperature,tk is the relaxation time for an
electron having wave vectork, f 0(e)'exp@2(e2eF)/kBT# is
the Fermi function for an electron of energye, Bi 51,2,38 is the
i component of magnetic field,mj 51,2,3* is thej component of
the effective mass, andvk51,2,3 is the k component of the
electron velocity. The subscriptsi , j ,k51,2,3 correspond to
the x, y, and z directions for one ellipsoid taken along th
M –G, M –K, andM –L direction, respectively. Each com
ponent ofk andv in a spherical coordinate system is give
by;

k15
A2m1* e

\
cosf sinu, ~3a!

k25
A2m2* e

\
sinf sinu, ~3b!

k35
A2m3* e

\
cosu, ~3c!

h15
m1* v1

2

2e
5cos2 f sin2 u, ~4a!

h25
m2* v2

2

2e
5sin2 f sin2 u, ~4b!

h35
m3* v3

2

2e
5cos2 u. ~4c!

Inserting Eqs.~3a!–~3c! and Eqs.~4a!–~4c! in Eqs.~2a! and
~2b!, and by changing the variables

(
k

.
2

~2p!3 E
k
dk, ~5!

dk5
A2m1* m2* m3*

\3 kBTAkBTx sinu du df dx,

FIG. 3. Top view of the Brillouin zone revealed in Fig. 2 showing config
rations of the ellipsoids and the coordinate axes used for the derivatio
Eq. ~9!.
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where

x5
e

kBT
, ~6!

we obtain

s i i8 5qn8
q

mi*
4

3Ap

3

4p E
0

`E
0

2pE
0

p

tkx
3/2hie

2x

3sinu du df dx5qn8
q

mi*
^tk& i , ~7a!

s i j8 5qn8
q2

mi* mj*
4

3Ap

3

4p E
0

`E
0

2pE
0

p

tk
2x3/2hie

2x

3sinu du df dx5qn8
q2

mi* mj*
^tk

2& i , ~7b!

wheren8 is the electron concentration in each ellipsoid giv
by

n852S m* kBT

2p\2 D 3/2

e2~EC2EF!/kBT, ~8!
d
-

l

Downloaded 10 Oct 2002 to 131.113.64.28. Redistribution subject to A
whereEC andEF are the energy of the conduction band a
Fermi level, respectively. The total electron concentration
is given by a relation 3n85n.

Now we place three ellipsoids labeledl 51,2,3 in thek
space as shown in Fig. 3. Figure 3 is the top view of Fig
with all the six semiellipsoids combined into three full ellip
soids. So farJl 518 , Jl 528 , andJl 538 of Eq. ~1! is written for
the independent coordinate systemsx12y12z1 , x22y2

2z2 , andx32y32z3 , respectively. The following transfor
mation leads to the expressions forJl 51,2,3 that are written
for the X–Y–Z coordinate system shown in Fig. 3

Jl5F cosa l 2sina l 0

sina l cosa l 0

0 0 1
G Jl8 , ~9!

where

a l5b1
2p~ l 21!

3
. ~10!

Finally we obtain the total currentJ in the X–Y–Z coordi-
nate system as
J5sE5Fs11

s21

s31

s12

s22

s32

s13

s23

s33

GE,

5(
l

Jl

5
3

2 F s118 1s228

~s128 1s218 !B3

2~s318 1s328 !B2

2~s128 1s128 !B3

s118 1s228

~s318 1s328 !B1

~s138 1s238 !B2

2~s138 1s238 !B1

2s338
G FE1

E2

E3

G , ~11!

whereB1 – 3 andE1 – 3 are the components ofB andE in theX–Y–Z coordinate system. Thus the conductivity tensors in the
X–Y–Z coordinate system is given by

s5
3

2 F s118 1s228

~s128 1s218 !B3

2~s318 1s328 !B2

2~s128 1s218 !B3

s118 1s228

~s318 1s328 !B1

~s138 1s238 !B2

2~s138 1s238 !B1

2s338
G . ~12!

The standard formula fors in a semiconductor is given by:14

s53n8qF m1 0 0

0 m2 0

0 0 m3

G F 1
mH21B3

2mH31B2

2mH12B3

1
mH32B1

mH13B2

2mH23B1

1
G , ~13!
where m1 – 3 are the components of the drift mobility an
mH1 – 3,1– 3are the components of the Hall mobility. By com
paring Eqs.~12! and~13!, we obtain the following analytica
expressions for the drift and Hall mobilities:

m15m25
q

2 S ^tk&1

m1*
1

^tk&2

m2*
D , ~14a!
m35
q^tk&3

m3*
, ~14b!

mH125mH215q
^tk

2&11^tk
2&2

m1* ^tk&21m2* ^tk&1
, ~14c!

mH135q
m2* ^tk

2&11m1* ^tk
2&2

m1* m3* ^tk&21m2* m3* ^tk&1
, ~14d!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mH315
q

2 S ^tk
2&3

m1* ^tk&3
1

^tk
2&3

m2* ^tk&3
D . ~14e!

Equations~14a!–~14e! allow to calculate the drift and
Hall mobility for arbitrary crystallographic directions if th
values of^tk&1 – 3 and^tk

2&1 – 3 are known. For the three Ha
measurement configurations~a! @ j'c,Bic#, ~b! @ j'c,B'c#,
and ~c! @ j ic,B'c# shown in Fig. 1, we find the following
expressions for the Hall mobilitymH(a) , mH(b) , andmH(c) :

mH~a!5
s128 1s218

s118 1s228
, ~15a!

mH~b!5
s318 1s328

s338
, ~15b!

mH~c!5
s138 1s238

s118 1s228
. ~15c!

In order to calculate the drift and Hall mobilities usin
Eqs. ~14a!–~14e! and Eqs.~15a!–~15c!, one needs to find
^tk&1 – 3 and ^tk

2&1 – 3 based on carrier scattering theory
semiconductors. For that purpose, we have considered
scattering mechanisms: ionized impurity scattering, acou
phonon scattering, first order optical phonon scattering,
intervalley scattering. Among these four scattering mec
nisms the ionized impurity scattering rate is the most se
tive with respect to the band structure anisotropy. Theref
we have used the following expression, which takes into
count the effect of anisotropy, for the calculation of the
laxation timet ion for ionized impurity scattering:

1

t ion
5

1

~2p!3

2p

\

A2m1* m2* m3*

\3
Ae

3E
0

2pE
0

p

uHk8ku2
vk~vk2vk8!

vk
2 sinu du df, ~16!

whereVk andVk8 are the velocity of incident and scattere
electrons having wave vectorsk and k8, respectively. The
matrix elementHkk8 is given by:15

Hk8k52
4pnionq

2

k

1

uk2k8u21LD
22 , ~17!

wherenion is the concentration of the ionized impurity,k is
the dielectric constant, andLD is the screening length give
by

LD5S kkBT

4pq2D 1/2S n1
~NMJ2NMN2n!~NMN1n!

NMJ
D 21/2

,

~18!

whereNMJ and NMN are the concentration of the majorit
and minority impurities, respectively. The scattering ratetop

21

for the first-order optical phonon scattering is given by:16

1

top
5

~2mds* !5/2Dop
2

prkBQop\
4 S ~e1kBQop!

1/2~2e1kBQop!

exp~Qop/T!21

1
Re~e2kBQop!

1/2~2e2kBQop!

12exp~2Qop/T! D , ~19!
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wheremds* is the density of the state effective mass given
(m1* m2* m3* )1/3, Dop is the optical phonon deformation poten
tial, and Qop is the optical phonon temperature. Acous
phonon deformation scattering ratetac

21 is given by:17

tac
215

&~kBTmds* !3/2Dac
2

p\4rvs
2 x1/2, ~20!

whereDac is the acoustic phonon deformation potential,r is
the density, andvs is the sound velocity in the particula
semiconductor. For intervalley scattering, we consider t
processes involving phonons of temperaturesQ2 and Q3 .
The scatteringt intv

21 is given by:18

1

t intv
5tac

21F(
i 52

3
wi

w1
S Q i

T D 3/2S ~xT/Q i11!1/2

exp~Q i /T!21

1
Re~xT/Q i21!1/2

12exp~2Q i /T! D G , ~21!

wherewi /w1 is the coupling constant. Finally, we obtain th
average relaxation time by:

^tk& i5
4

3Ap

3

4p E
0

`E
0

2pE
0

p 1

t ion
211top

211tac
211t intv

21 x3/2hie
2x

3sinu du df dx, ~22!

^tk
2& i5

4

3Ap

3

4p

3E
0

`E
0

2pE
0

pS 1

t ion
211top

211tac
211t intv

21 D 2

x3/2hie
2x

3sinu du df dx. ~23!

Values oft’s and hi are given by Eqs.~16!–~21! and Eqs.
~4a!–~4c!, respectively. Calculation of the drift and Hall mo
bility is performed by inserting Eqs.~22! and ~23! into Eqs.
~14a!–~14e!.

III. COMPARISON WITH EXPERIMENTS

We have performed Hall effect measurements on a
trogen doped,n-type 6H–SiC sample in order to obtain Ha
mobilities for the three configurations shown in Fig. 1. T
concentration of nitrogen donors at hexagonal sitesNh

51.1531016cm23, of nitrogen in cubic sitesNc52.3
31016cm23, and of compensating acceptorsNA51.10
31016cm23 are found by fitting the cubic neutrality equatio
to the temperature dependence ofn. Details of these experi-
mental and fitting procedures are given in Ref. 3. Our p
pose is to calculate the Hall mobilities for this particul
6H–SiC sample and to compare them with experimenta
measured mobilities in the three configurations. Values of
the parameters needed for our 6H–SiC mobility calculat
have been obtained in our previous theoretical work invo
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ing a primitive version of our present model.19 They arer
53.166 g/cm3, vs513.33105 cm/s, Dac515 eV, Q2

5540 K, w2 /w153, Q35870 K, w3 /w153, Qop51066 K,
and Dop520 eV. Consequently, our calculation does n

FIG. 4. Direct comparison of the Hall mobility as a function of temperat
between the calculation based on the model developed in this work~solid
curve!, calculation assuming an isotropic band~dashed curve!, and the ex-
periment ~open circles! for ~a! @ j'c,Bic#, ~b! @ j'c,B'c#, and ~c!
@ j ic,B'c# Hall measurement configurations.
Downloaded 10 Oct 2002 to 131.113.64.28. Redistribution subject to A
t

contain any adjustable parameters, i.e., a direct compar
with experiments becomes possible.

Figures 4~a!–4~c! show the comparison of our Hall mo
bility calculation~solid curve! with experimentally measured

FIG. 5. Contribution of various scattering mechanisms to the total elec
Hall mobility ~solid curve! for ~a! @ j'c,Bic,# ~b! @ j'c,B'c,# and ~c!
@ j ic,B'c# measurement configurations. Scattering mechanisms shown
ionized impurity scattering~ion!, acoustic phonon deformation scattering~ac
def!, intervalley scattering of high~int-high!, and low ~int-low! energy
phonons.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Hall mobilities ~open circles! in the three configurations
@ j'c,Bic#, @ j'c,B'c#, and @ j ic,B'c#, respectively.
Dashed curves are obtained from the same calculation u
the isotropic density-of-states effective mass. The existe
of the large Hall mobility anisotropy is evident from Fig
4~a!–4~c!. It is clearly shown that the model developed
this work agrees very well with experiments in all the thr
Hall effect configurations. The small deviation between c
culation and experiment below 200 K is most likely due
the effect of hopping conduction. The hopping conduction
low temperatures tends to lower the mobility in the sam
while our calculation neglects such an effect. The pres
calculation shows much better agreement with experime
than our previous work19 since the effect of anisotropy o
ionized impurity scattering is included. The result of the c
culation using isotropic density-of-states effective mass d
not agree at all with experiments as expected.

Figures 5~a!–5~c! show the contribution of the four sca
tering mechanisms to the total mobility. The scatteri
mechanisms shown in Fig. 5 are ionized impurity scatter
~ion!, acoustic phonon deformation scattering~ac def!, inter-
valley scattering of high~int-high!, and low~int-low! energy
phonons. The effect of first-order optical phonon scatterin
so small that it does not affect the curves show in Fig. 4.
is clear from Fig. 4, intervalley scattering dominates the m
bility at high temperatures while acoustic phonon deform
tion scattering becomes important at low temperatures.

IV. CONCLUSION

We have developed a theoretical model describing d
and Hall mobilities of electrons in 6H–SiC. Analytical ex
pressions for the drift and Hall mobility anisotropy ha
been obtained and used to calculate the Hall mobility for
three distinct Hall measurement configurations. The exp
mentally determined Hall mobility inn-type 6H–SiC agrees
very well with the calculation based on our model.
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