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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 im-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. 1899 American
Institute of Physicg.S0021-89789)03512-4

I. INTRODUCTION based on the conduction band structure determined recently
by a first-principle calculatiof®! Unlike the results of the
Rapid progress of the SiC growth technology in the pasMonte Carlo simulation, our model provides explicit and
decade has lead to a development of a wide variety of novadasy to use analytical expressions for the drift and Hall mo-
electronic devices having high operation temperatures, higbhilities. The mathematical model for the drift mobility may
breakdown voltages, low leakage currents, large thermabe useful for the device simulation while that for the Hall
conductivities, and strong resistances against externahobility allows for the direct comparison between theory
radiation* A large number of SiC devices are based on hex-and experiments. A numerical calculation of the Hall mobil-
agonal polytypes, e.g., 4H and 6H-SIiC, because of their pdty as a function of temperature has been performed for the
culiar material properties suited for the above-mentioned dethree distinct Hall measurement configurations shown in Fig.
vice application. One of the issues that needs to bel(a) [jLc,Blic], Fig. 1(b) [jLcBLc], and Fig. 1c)
addressed when fabricating electronic devices using hexagfjlic,BL c], wherej is the externally applied current vector,
nal SiC is the fact that the electron mobility depends stronglyB is the magnetic field, andis the direction of the axis of
on the crystallographic direction of traveling carriers due toa hexagonal unit cell. The result of our Hall mobility calcu-
the anisotropic structure of conduction bands. It was showihation for ann-type, nitrogen doped 6H-SiC single crystal is
recently that the anisotropy of the electron Hall mobility in compared directly to the experimentally measured Hall mo-
6H-SIC could be as large as a factor of 4.5 at roombilities in the three distinct Hall configurations.
temperaturé. Quantitative understanding of such anisotropy
is important especially for the designing of devices and de-
velopment of reliable device simulators. Up to now both
experimentat* and computationar® investigations on the |, METHOD AND MODEL
anisotropy of the electron “mobility” have been performed
on hexagonal SiC. The experimentalists have found a large The band structure of 6H—SiC which we employed in
anisotropy of the electron Hall mobility in 6H-SIiC which this work is shown in Fig. 2. There are six semiellipsoidal
depends on the crystallographic direction of the externalljconstant energy surfaces for electrons centered exachly at
applied magnetic field and electronic current in Hall effectpoints in the first Brillouin zone. The conduction band struc-
measurementd? In an effort to explain such large anisot- tures along three principle axes, i.e., the directions along
ropy, a number of Monte Carlo simulations of the electronM-I", M—K, andM —L points shown in Fig. 2, are assumed
drift mobility (NOT the Hall mobility)) has been performed to be parabolic. The effective masseshin-I', M—K, and
and their results were compared directly to the experimentall—L directions arem} =0.75m,, mj =0.24n,, and mj}
findings®>~® However, it is well known that the values of the =1.83m,, respectively, wheren, is the free electron rest
drift mobility are different from those of the Hall mobility by mass. This band structure for 6H-SiC is a simplified version
a variable known as the Hall factor, i.e., a development of @f the recent advanced first-principle calculation which pre-
theoretical model that allows for the calculation of the Hall dict six semidumbbell shaped constant energy surfaces cen-
mobility is needed for the direct comparison with tered exactly aM points, i.e., there are 12 equivalent con-
experiments. duction band minima at points betweah and L.2%! The
In this work we present a theoretical model describingdumbbells are replaced with ellipsoids here since the center
both the drift and Hall mobilities in 6H-SiC. The model is dips in the dumbbells aM points predicted by theory are
reasonably small~10 me\) and they can be neglected for
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FIG. 1. Schematic diagram of the three distinct Hall measurement configu- B

rations:(a) [jLc,Blic], (b) [jLc,BLc], and(c) [jlic,BLc].

V3
fitting of the curvature of the conduction band minimum
given by theory!® and are in good agreement with experi-
mentally found values of effective massés.

Our strategy for obtaining the drift and Hall mobility I=3
consists of the following steps. First, we will derive an ex- FIG. 3. Top view of the Brillouin zone revealed in Fig. 2 showing configu-
pression for the conductivity tensor including the magnetications of the ellipsoids and the coordinate axes used for the derivation of
field for one ellipsoid. We will then place three ellipsoids in Ed. (9.
proper positions in the reciprocal space and find the total
conductivity tensor by adding the contribution from each of

the three ellipsoids. This procedure will lead to analytical _, . . D .
P P yiea e is the applied electric field vecton is the electron

expressions for the drift and Hall mobilities as a function of h Tis the t i s th laxation time f
the average electron relaxation time and the effective masses Y€1 IS the temperaturer IS the relaxation ime for an
lectron having wave vectdx, fqo(e)~exd —(e—ep)/kgT] is

Calculation of the average relaxation time will be presenteoe . . , ;
at the end. the Fermi function for an electron of energyB;_, , ;is the

) (| el M ETETS,
The electronic current vectar for one ellipsoid in the | SOMPonent of magnetic fieldn_, , 5 is thej component of
presence of the magnetic field is giventby

X3

the effective mass, andy_; ;3 is the k component of the
electron velocity. The subscriptsj,k=1,2,3 correspond to

oy, —opBy 0185 the x, y, and z directions for one ellipsoid taken along the
J=0'E'=| o4B} Ty -oyBr|E, (D M-I, M—K, andM-L direction, respectively. Each com-
—olB,  obB) ol E;nent ofk andv in a spherical coordinate system is given

where the components of the conductivity tensdr are

given by 2 ki= \/?COSQ') siné, (33
O'i,i:kcll_-l—g kao(f)vi21 (23 \/W’ée

k,= sing sing, (3b)

ai’j:%; nfo()vf, (@) kz \/%36 0 (30

3=~ 0S¥, c

h,= m;{;ﬁ =cog ¢ sir? 6, (43

h,= m;ﬁ:% =Ssir? ¢ sirf 6, (4b)

h3:m§:§ =co¢ 6. (40

Inserting Eqs(3a)—(3c) and Egs(4a)—(4c) in Egs.(2a) and
(2b), and by changing the variables

& f
=——= [ dk, 5
PRPE ©
V2mi m3 mj
FIG. 2. Scheme of the 6H-SiC Brillouin zone used in this study; six semiel- dk= Y1278 kT /kBTX singdéde dx
lipsoids are contained in the hexagonal first Brillouin zone. he '
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where whereE: andEg are the energy of the conduction band and
. Fermi level, respectively. The total electron concentration
X=—, (6) is given by a relation 8’ =n.
keT Now we place three ellipsoids labeléd 1,2,3 in thek
we obtain space as shown in Fig. 3. Figure 3 is the top view of Fig. 2
with all the six semiellipsoids combined into three full ellip-
_q el 4 j JZWJ x¥h e X soids. So fad/_,, J/_,, andJ/_, of Eq. (1) is written for
m,* 3T 47 K the independent coordinate systems—y;—z;, X,—VY,

—2,, andxz—Yy3—1z3, respectively. The following transfor-

. , a mation leads to the expressions fir, , 5 that are written
X =qn’'— (7 . 23 5
singdgde dx=qn my* {7 (79 for the X—Y—Z coordinate system shown in Fig. 3
- ” cosaq; —sing; O
-— ' [ X )
oij=an mi*m]_* 3\/; . fo jo f TkX hie” Jj=| sina; cosey 0]/, (9)
0 0 1
Xsingdod¢ dx= qn <rk>|, (7D \where
wheren’ is the electron concentration in each ellipsoid given 2m(1-1)
=B+ ————. (10
by 3
. [ m*kgT 32 —(Ee—Ep)/kaT Finally we obtain the total currerlt in the X—Y-Z coordi-
n'=2| 5| e (Ec ek, ®)
27h nate system as

011 012 013
J=0E=| 02 02 03|E,
031 032 033

=23

ot oy — (oot 019)Bs (013t 0539B, |[E;
==| (o1t 03)B3 o1t 0 — (013t 029)B1 || B2, (11)
—(031t03)By (031 03)B; 2033 Es

whereB;_; andE; _; are the components & andE in the X—Y—Z coordinate system. Thus the conductivity tengan the
X-Y-Z coordinate system is given by

oyt oy — (01t 03)Bs (0131 029B>
o==| (01,7 037)B3 o1t 05 — (o131t 059)B1|. 12
—(031t03)B, (031 03)B; 2033

The standard formula fos- in a semiconductor is given by:

p 00 1 —MH12Bs  mH13B2
o=3nql 0 wu, O MhH21B3 1 — MH23B1 |, (13
0 0 pgll—muaB2  musbBa 1
|
where u,_3 are the components of the drift mobility and a(7i)3
MH1_31-3are the components of the Hall mobility. By com- H3= my (14b
paring Eqs(12) and(13), we obtain the following analytical
expressions for the drift and Hall mobilities: (72)1+(72),
= = , (149
sz A g (ngo+ e (n0
3, () M (o)1 ()
S , 14 -~ , 14
m=H =g | T W e O o e () 14
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Equations(14a—(14e allow to calculate the drift and
Hall mobility for arbitrary crystallographic directions if the
values of(7);_3 and(72),_3 are known. For the three Hall
measurement configuratioita) [jL c,Blic], (b) [jLc,BLc],
and (¢ [jllc,BLc] shown in Fig. 1, we find the following
expressions for the Hall mobilityyay, ), andup(e:

g1t oy
MH(a) :—Uiﬁ‘ o5 (1539
oyt oy,
MH(b)IU—éa, (15b)
! !
013t 03
MH (o) :—0114‘ ohy’ (150

In order to calculate the drift and Hall mobilities using

Egs. (149—(14e and Egs.(15a8—(150, one needs to find

Kinoshita et al.

wheremy is the density of the state effective mass given by
(mimim3%)¥3 D,,is the optical phonon deformation poten-

tial, and ®,, is the optical phonon temperature. Acoustic
phonon deformation scattering ratg! is given by’

-1
Tac

. ‘/?( kBT m;s) 3/2D gcxl/z

: 20
mhipvl 20

whereD .. is the acoustic phonon deformation potentials

the density, and is the sound velocity in the particular
semiconductor. For intervalley scattering, we consider two
processes involving phonons of temperatuées and 6 5.
The scatteringr;,, is given by8

3 3/2
1 N w; [ O;
Sl
intv i=2 W1
. Re(xT/0;—1)2
l-—exp(—0,/T)

(XT/O;+1)"2
exp(;/T)-1

: (21)

2 . . .
()13 and (i1 _5 based on carrier scattering theory in \yparew. jw, is the coupling constant. Finally, we obtain the
semiconductors. For that purpose, we have considered fo‘érverage relaxation time by:

scattering mechanisms: ionized impurity scattering, acoustic
phonon scattering, first order optical phonon scattering, and 4 3 (% (2m(w 1
intervalley scattering. Among these four scattering mech Tk>i=__f f f 11— x%?h,e ¥
nisms the ionized impurity scattering rate is the most sensi- 3V 4mJo Jo Jo Tion+ Top + Tag + Tinw

tive with respect to the band structure anisotropy. Therefore,

we have used the following expression, which takes into ac- Xsingdodé dx, (22
count the effect of anisotropy, for the calculation of the re-
laxation time;,, for ionized impurity scattering: <72> 4 3
KiT o =1
4
11 27 2mimimd 3w
E— e 3 \/; o (27 (7 1 2
Ton (2m)° K & xf f f e
0oJo Jo\Tignt Top + Tac T Tinw
27 (7 ZVK(VK_VK’) . )
<1, [Hioll*——,z——sinédéds, (16 Xsingdode dx. (23
k

whereV, andV, are the velocity of incident and scattered Values of7s and h; are given by Eqs(16)—(21) and Egs.

electrons having wave vectoksandk’, respectively. The
matrix elementH, is given by’®

47Ni000> 1
k  |k=Kk']?+Lp%

H K'k= — (17)
wheren,,, is the concentration of the ionized impurity,is
the dielectric constant, and, is the screening length given

by

D=

rkgT) 2 (Npy—Nun—n)(Nyn+n)| 2
—] |n+ ,
4 N3

7q
(18)
whereNy,; and Ny are the concentration of the majority

and minority impurities, respectively. The scattering r‘a;,f,é
for the first-order optical phonon scattering is given'By:

1 (2m})%D5, [ (€+Kp® o) (26 +kg0 op)
Top  Tpke® ot exp(0 4,/ T)— 1

Re(e—kg0® op) 1/2(26_ kg® op)
1—exp—0.y/T) '

Top

19

(4a—(40), respectively. Calculation of the drift and Hall mo-
bility is performed by inserting Eqg$22) and (23) into Egs.
(14a—(14e.

IIl. COMPARISON WITH EXPERIMENTS

We have performed Hall effect measurements on a ni-
trogen dopedn-type 6H—SiC sample in order to obtain Hall
mobilities for the three configurations shown in Fig. 1. The
concentration of nitrogen donors at hexagonal siMgs
=1.15<10%cm 3, of nitrogen in cubic sitesN.=2.3
x10%cm™3 and of compensating acceptofd,=1.10
X 10 cm™2 are found by fitting the cubic neutrality equation
to the temperature dependencenoDetails of these experi-
mental and fitting procedures are given in Ref. 3. Our pur-
pose is to calculate the Hall mobilities for this particular
6H-SIiC sample and to compare them with experimentally
measured mobilities in the three configurations. Values of all
the parameters needed for our 6H—SiC mobility calculation
have been obtained in our previous theoretical work involv-
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FIG. 5. Contribution of various scattering mechanisms to the total electron
Temperature (K) Hall mobility (solid curve for (a) [jLcBlc,] (b) [jLc,BLc,] and ()

FIG. 4. Direct comparison of the Hall mobility as a function of temperature [jlic,B.L c] measurement configurations. Scattering mechanisms shown are
between the calculation based on the model developed in this @otil ionized impurity scatteringon), acoustic phonon deformation scatteriag
curve, calculation assuming an isotropic bawthshed curve and the ex-  def), intervalley scattering of highint-high), and low (int-low) energy
periment (open circley for (a) [jLc,Blc], (b) [jLc,BLc], and (c) phonons.

[jlic,BL c] Hall measurement configurations.

ing a primitive version of our present modélThey arep contain any adjustable parameters, i.e., a direct comparison

=3.166g/cm, v =13.3x10°cm/s, D,.=15eV, ©, Wwith experiments becomes possible.
=540K, wy/w;=3, ©3=870K, w3/w;=3, 0,,=1066K, Figures 4a)—4(c) show the comparison of our Hall mo-
and D,,=20eV. Consequently, our calculation does notbility calculation(solid curve with experimentally measured
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IV. CONCLUSION
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