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The broadening of Landau levels and the transport quantities, such as the transverse
and Hall conductivity and cyclotron resonance linewidth, are calculated in an inversion
layer on the (100) surface of p-type Si at zero temperature. Main scattering mechanisms
are assumed to be charged impurity scattering and surface roughness scattering. A new
expression for the surface roughness scattering is obtained. The self-consistent Born
approximation is employed for the effect of scattering, and the random phase
approximation for the screening. Because of the singular density of states the screening
depends on the position of the Fermi level and becomes weak when it lies at the tail
region of each Landau level. Scattering potentials become strong and of slowly varying
type in this case. Except such a special case, overall features agree with the results

obtained for short-ranged scatterers.

§1. Introduction

In accumulation and inversion layers on
semiconductor surfaces the motion of electrons
in the direction normal to the surface or
interface is quantized, and the -electronic
states form two-dimensional energy bands
called electric subbands. Under the usual
conditions at low temperatures only the ground
(lowest) subband is occupied by electrons,

and the system can be considered quasi-two-

dimensional. In addition to the two-dimen-
sionality this system is characterized by the
fact that the number density of electrons N, can
be changed over a wide range by varying the
strength of the electric field applied per-
pendicular to the surface. Consequently there
is considerable current interest in its electronic
properties such as transport phenomena and
effects of electron-electron interactions.
Especially there have been numerous ex-
perimental and theoretical investigations on
scattering mechanisms and electron transport
in zero or a weak magnetic field.!* In the
course of such study two mechanisms have
been known to contribute to the scattering of
electrons in inversion layers of Si at low

* A preliminary report of a part of this work was
presented at 3-rd Int. Conf. Application of High
Magnetic Fields in Semiconductor Phys., Wiirzburg,
1976.

temperatures—charged impurity scattering and
surface roughness scattering. The former is
believed to arise from charges in the oxide
near the Si-SiO, interface rather than impurity
ions in Si, and has theoretically been studied
first by Stern and Howard,? and later by many
others.!~® The latter is believed to arise
from surface asperities whose exact nature
is not known' yet, and has theoretically been
studied first by Prange and Nee in case of
magnetic surface states in metals.” Many
authors have applied this theory to the in-
version layers, but it is not complete in our
system as will be shown in the following.

In any case consideration of these two mecha-
nisms explains the characteristic feature of the
mobility common to all the samples at low
temperatures. The mobility increases first,
takes a maximum value of typically u~10*
cm?/Vs at N, of 0.3~0.7x10*?cm™2, and
then decreases with increasing N,. Further
screening of scattering potentials by free
electrons in the inversion layers has been
shown to play an important role in determin-
ing the mobility.

. When a strong magnetic field is applied
normal to the surface, the energy spectrum
of the two-dimensional system becomes dis-
crete because of the complete quantization
of the orbital motion. This system provides
an ideal tool for the study of the quantum
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transport phenomena. As a matter of fact,
there has been a number of theoretical and
experimental work on phenomena such as
galvanomagnetic effects®'® and cyclotron
resonance.!’"'® So far as the gross features
of these phenomena are concerned, the ex-
cellent agreement between theory and ex-
periments has been obtained when phenome-
nologically introduced short-ranged scatterers
are assumed. In detail, however, there still
remain some experimental results which can
not be explained by such simple short-ranged
scatterers.

In this paper we apply a previous theory
of the quantum transport in the two-dimensional
system®'1® to actual inversion layers on the
(100) surface of p-type Si. We assume the two
mechanisms discussed above, and calculate
various transport quantities like the width of
each Landau level, the transverse conductivity
0,y the Hall conductivity o,,, and the width
of the cyclotron resonance. As for the effect
of the scattering we employ the self-consistent
Born approximation {SCBA), which is the
simplest one free from the difficulty of di-
vergence caused by the discrete density of states
and has worked well in explaining character-
istics of the transport phenomena of this
system. As might be expected the screening
effect again plays an important role in deter-
mining these quantities. As a result of the
singular density of states the screening depends
strongly on the broadening and on the posi-
tion of the Fermi level at low temperatures.
Thus we have to calculate the broadening and
the screening in a self-consistent manner.
The screening is included by using a dielectric
function calculated in the random phase
approximation (RPA).2?

In §2 the two scattering mechanisms are

introduced. A complete form of the effective
potential for surface roughness is obtained and
evaluated in terms of the Stern-Howard
variational wave function. The roughness-
limited mobility is explicitly calculated and
compared with experiments in the absence
of a magnetic field. The results qualitatively
explains characteristic features of the experi-
ments. Explicit expressions of various transport
quantities in strong magnetic fields are given
in §3. Several examples of the results of
numerical calculation are presented in §4.
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The screening depends strongly on the position
of the Fermi level and becomes small when
the Fermi level lies at the tail region of each
Landau level. Consequently the scattering
potentials become strong and of slowly-
varying type and the level width becomes very
large. The cyclotron resonance linewidth does
not show such a singular behavior. Except
this case, however, the width in strong mag-
netic fields is shown to be related to the mobility
in the absence of a magnetic field as has been
suggested previously, and overall features are
in good agreement with those for short-ranged
scatterers. The screening effect becomes slightly
weaker and the peak value of the transverse
conductivity decreases with decreasing mag-
netic field, which qualitatively explains the
recent experiments of Lakhani and Stiles.!®
To get quantitative agreement, however, we
must assume additional scattering mechanisms
corresponding to short-ranged scatterers es-
pecially at relatively low N..

§2. Scattering Mechanisms

2.1-  Preliminaries
We consider the system described by the
following Hamiltonian.

Ho= Ao+ H, @.1)
with
Hoo= —l—(p+ 5A>2+ip2+ V(2), (2.2)
2m, ¢ 2m,"* ’
and
V(2)=Vo0(— 2) + 0yepi(2) + 0(2) + Vimage(2),

(2.3)

where z is the distance into the bulk measured
from the surface (xy plane), r and p are two-
dimensional vectors in the xy plane, and
0(z) is the step function. The first term of
the right hand side of eq. (2.3) describes the
potential barrier at Si-SiO, interface and
Vo, is assumed to be sufficiently large. The
second corresponds to the potential of the
charges in the depletion layer and is replaced
by a uniform electric field.

47e?

vdepl(z) =T Ndeplz? 2.4

where x, is the static dielectric constant of
Si and Ny, is the concentration of the fixed
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charges in the depletion layer. This replacement
is justified since the thickness of the inversion
layer (<5102 A) is much smaller than that of
the depletion layer (~10* A, typically). The
third term is the Hartree potential of electrons
themselves and has been obtained by solving
Poisson’s equation.

Ns[z— L dz’(z—z’)n(z’)], @2.5)

where n(z) is the density distribution nor-
malized to unity. The last term represents
the repulsive image potential, given by

_ (Ks ox)e
lmage( ) 4KS(K +Kox)Z

where k,, is the static dielectric constant of
the oxide. The last term # of eq. (2.1) des-
cribes additional scattering potentials arising
from the scatterers and will be evaluated in
the later part of this section.

The energy spectra for the two-dimensional
motion in the xy plane are given by discrete
Landau levels, whose energy is given by
Ey=(N+1/2)hw, with w,=eH/m,c. The wave
function {,(z) of the n-th subband satisfies

2

4dme
0(5)= =

(2.6)

n? d2
|3 770 [0=0@, @)

2

2me
Vir—R,z—2)=) —
L%

Tsuneya ANDO

exp [—q(z—

(Vol. 43,

where ¢, is the bottom of the subband. Through-
out this paper we assume that only the ground
subband denoted by 0 is occupied by electrons,
i.e. n(z)={y(2)*. Further in the actual calcula-
tion we use the Stern-Howard variational
wave function,? given by

b3\ /2 b '
{su(z)= <—2-> Z exp <—§z> , (2.8

instead of the exact wave function (y(z). By
the standard variational procedure we have
b=bgy/p, with

487e’m,

11
bSH= Kshz (Ndepl+ 32N) (29)

1
p=056Y2 cosh <§ cosh_145'3/2> (2.10)

and
3 ml(K ox)e

0= 87 2bgy(rc, + 1,0k

2.11)

2.2 Charged impurities in SiO,
Since many authors have investigated the
effects of charged impurities, we shall briefly

- write down equations necessary for the follow-

ing discussion. The potential of a charged
impurity located at (R, Z) (Z<0) is given by

Z)+ig-(r—R)], (2.12)

where K =(x,+x,,)/2. The effective two-dimensional potential for the ground subband becomes

2ne?
v(r—R; Z)=), — <1+
2

-3
> exp [¢Z +iq-(r—R)),

(2.13)

where we have used the variational wave function. The screening effect can be taken into account

if we replace the above by

2
wur=R; 2)= quzgq)<

-3
) exp [¢Z+iq-(r—R)],

(2.149)

where &(g) is the dielectric function, given in the RPA by

&(g)=

Here F(q) is the form factor, given by

(2.15)29

F(q)=%{<1+ )[1+zg g(g) ]<1+§>_3+<1—%><1+%>_6}. @.16)

In the absence of a magnetic field the polarization part II(g) becomes

2kF 2771/2
g)=20, 52 1 -0 =200 1- (222) | 7,

(2.17)2V
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where kg is the Fermi wave vector and g,=2 is the valley degeneracy.
As has been done by Matsumoto and Uemura® we assume in this paper that charged im-
purities are distributed randomly in the oxide. The relaxation time limited by those is given by

1 2n1  m, (*=do 2ne? 2 2kg sin £\ "6 1—cos 0
E“WENQW[O 2_71[2;2szinga(2szin§) <1+ b > Ypsn? @O

where N; is the concentration of impurities in a unit volume.

2.3 Surface roughness scattering
Let A4(r) be the deviation of the interface from the flat xy plane. The change of the barrier poten-
tial is given by

VR(r, 2)=Vo0(—z+A(r))— Vo0(—2). (2.19)

For sufficiently large V,, the matrix element between the n-th and »’-th subband is easily shown to
be ‘

d¢k d
[z, 21,0 = o a2 S

(2.20)

which is the expression obtained first by Prange and Nee® for the magnetic surface states.*
Further for the diagonal element we can show that

[eczev e, At =a0) [ate (g S L), @an
This can be proved by using the identity:
av
[eze%ue=o @22)

which simply means that the average force electrons feel vanishes for a bound state. Equation
(2.21) was first obtained by Matsumoto and Uemura,> although they neglected the image poten-
tial. When only the ground subband is occupied by electrons, one can show that

jdz[Co( )|2< “dept Z’;) 4ze <Ndepl+ 2N> (2.23*?

Equations (2.20) and (2.21) are completely equivalent, if we use the exact wave function. In case
of variational wave functions, however, we should rather use eq. (2.21), since it gives the exact
result (2.23) while eq. (2.20) does not.

All the previous theories of the surface roughness scattering in inversion layers considered only
the above mentioned change of the barrier potential caused by A(r). Actually, however, the
electric field distribution is modified by 4(r) near the interface, and this effect is comparable to
the above effect. This change of the field distribution is evaluated in the Appendix. The result is
given as follows:

) 47ze2 1
(r Z)_'—A(r)a (Udepl+v +Ulmage)+ Ndepl+_2_Ns A(F)

2me? . P on(z")
iq-r qlz—z’| o ’
j[e +qlz—2'[] 5 dz
— 2TCe ox) iqr —q(z+2z") 6}1( )
Z S(K +Kox)q NSA(q)e j[e + ] a !

* In.our model we have assumed that the motion of electrons is described by the same effective masses in the
whole space. Even if one assumes different masses for z<0, one gets the present result for sufficiently large V5.
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dme(icy— ,2)
12

[ K 1 1
Z4K (s -Ia—xr)ce )4 a*A() elq.r[ 1q(;IZ)_(qz)2 2 z +K KO(qZ)] (2.24)

(Ns+ Naep)4(g) €77 (e~ 1)

where K, and K, are the modified Bessel function and
A(r) =Z A(q) e, (2.25)

The effective surface roughness potential is obtained by Vgg = VR + VEZ.
After a little manipulation the effective surface roughness potential for the ground subband
becomes

bsa() = j Az {8()Vsalo(2)= T, A@)T (g) €4, (2.26)
with |
I'(@)=7() + Vimage(4) (2.27)
where
4ne? 1 4me? -3
R T ey
2me’ (i — Kox) q\"°
* s(Ks+ Kox) Ns[l h <1 + l_7> ] ’ (228)
and

e I GENIEO NN s =l

Bzl 0T Tl Jetzemstcant: )

(2.292)

for g/b<1 and
: (1= Kpr)e® 1 2 7\’ -1 7\ —lz ~19/b—1
Vimage() = T (r,+r,) 27 {[<5> _1] [1_2[(5> _1] tan q/b+1]
3Ks_Kox q 2 -2 q 2 —lz 2.1 q 2 - q/b
e ORIy =

for g/b>1. We have used the variational wave function. For ¢/b« 1 we have

4re 1
Y(‘I)— —<Ndepl+ 2Ns)’ (230)

and for g/b>1

0= (Nt 3, @31)

Thus the matrix element y(¢) decreases with increasing g and approaches to the value obtained by
Matsumoto and Uemura.®

Let us assume as usual the roughness with the mean square height 4 and the lateral spatial
decay rate d, i.e.

CAWAF)) = 4% exp [—(’;Z )] 2.32)
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where (. ..> means the sample average.® In this model the relaxation time becomes

1 2nm, 2

0 2T

do 0
2 2| WY 12
S hz(Ad) y sin 2exp( kg

This relaxation time is calculated numerically,
and some examples of the results are given in
Fig. 1 together with the experiments of Hartstein
et al® The inverse of the mobility pgz=
etgr/m, is plotted as a function of (N +
Nyep)?. They have experimentally subtracted
the contribution of ionized impurity scattering

2 2 2

2 -2
d? sin? Q)r(zk,, sin Q) e(sz sin 9) . (2.33)

from their results and have shown that the
resulting mobility attributed to the surface
roughness scattering is a function of (N,+
Ndep,)z. The calculated mobility is roughly
a function of (Ny+ Ngp)? below Ny~7x 1012
cm~? for reasonable values of N,,,,. At higher
N, the result deviates from the relation.

Actually, however, higher subbands become
occupied by electrons at those concentra-
tions,?3?% and we must calculate the con-

3 T T T T

A-i3 A //C ductivity or the mobility in such cases. This
" g5 A - problem is out of the scope of the present
: // y paper and is left for future study.
2[— - 1

1,92x10‘_2cm;2// §3. Screening Effect and Quantum Transport

7 363x10"emi?
/
/
! r» /'/ Experiments
/ o Nepi =363%10" emi ? |
o Nyepi = 1.92x10%cm™?

1 | ] | |
00 1 2 I 3

( Ns*Ndepl )2 (1026Cm_4 )

3.1 Broadening of Landau levels

In sufficiently strong magnetic fields the
SCBA gives the density of states for the
N-th Landau level

1 2 E—Ey\*2 0
D(E)—Wm[l—< T )] , (D)

with [?=ch/eH. The width I'y is given by eq.
(2.13) of ref. 17. In taking into account the
screening. effect the momentum representation
is convenient. In our model described in the
previous section we have

Hen (1073 Vs/em?)

Fig. 1. Calculated mobility limited by surface
roughness and examples of experimental results for
two different values of depletion charges: Nyepi=
3.63x 10 cm~2 and 1.92x10'2 cm~2. We have
assumed that 4=4.3 A and d=15 A.

1T 27e 2 -6 ') ]2 1
r2=4n, ;ZI [Rq’:(?q)] (1 n %) Tun(1q)? + 4-2n(Ad)? ; [%] exp <—Zq2d2)JNN(lq)2,
(3.2)

with

n N-N' 2 2
Ty %) = x—, (%) Ly N(%) exp (—%), (3.3)
where L}(x) is the associated Laguerre polynomial.

In eq. (3.2) we should use the dielectric function in strong magnetic fields, which is given by the
same expression as eq. (2.15) except II(g). The polarization part II(g) in strong magnetic field
has been calculated in ref. 20 for short-ranged scatterers, where the width I'y is independent of N.
Instead of calculating II(g) for our model scatterers we shall use this result, replacing I" by I'y
in egs. (2.36) and (2.37) of ref. 20, when the Fermi level Ep lies in the N-th Landau level. This
approximation is sufficient for the present purpose, since the screening is expected not to depend
on the range strongly and the resulting potential is relatively of short range except when Ef lies
at the tails of the density of states. As one can easily see, the dielectric function is a function of the
width Iy, i.e. proportional to I'y ! roughly speaking. The width itself is dependent on the screen-
ing as is evident from eq. (3.2). Thus we have to determine the width and the screening self-con-
sistently.
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3.2 The transverse conductivity
When Ej lies in the N-th Landau level, the transverse conductivity is given by

of rye\? E—Ey\? : 9

o= Jar(=gg el - (552 | 33

where f is the Fermi distribution function. In case of short-ranged scatterers we have (I'y)*=
(N+1/2)I'* and the peak value depends only on the Landau level index N and not on H and

strength of scattering.” In our model we have

1 2ne? 2 -e |
(I3 =N, gz—q(ql){kq’;‘fq)] (1 + ‘5’) Jux(lq)?

2 1 )
s2nad S ar| 50| exp ( ~ga7a? iy (.4

3.3 The Hall conductivity
The Hall conductivity can be written as

ec
Oyy= = 7 +40,, 3.5)
where 4o, represents the effect of scattering and is given by
6f 2 (ny)4 E— EN 2713/2 11.)
A7= j aE ( 6E> oL\ T ' 3.6

In case of short-ranged.scatterers we have (I'y)*=(N+1/2)I'*, and the peak value of 4o, is
given by (e2/n?h)(N+1/2)'/hw,. In our model we have

IR =L T 6.
with
2 -6
37 =28 gal| s | (1+8) v nanti)
2225407 Lol 50| exp (=370 hyarntirin). (38

3.4 Cyclotron resonance linewidth

As has been shown in ref. 17, the lineshape of the dynamical conductivity o,.(w) depends
strongly on the position of Eg at low temperatures. This is a result of the singular density of
states characteristic of the two-dimensional system and causes the quantum oscillation of the
cyclotron resonance (CR) lineshape. Therefore it is rather impossible to give an exact expression
for the CR width. As a measure of the width we consider here the second moment of the spectrum.
The actual linewidth is roughly the same as the moment in case of short-ranged scatterers. In
- case of slowly-varying scatterers, however, it can be much smaller than the moment.'” The
moment for the transition from the N-th to N+ 1-th level becomes

| .
(FN—>N+ 1)ZE§(F12\'+F12\'J+1"8')’NN+1NNN+ 1)’ (3'9)17)
where Yyn+1nn+1 18 the proper vertex part given in ref. 17. In the present model we have

2ne q -6
qu(q)] <I+Z> Tanlg) =Ty 1w+ 1(00)?

#2207 5| 18| ox0 (=300 JUa)= s ()P 310

(IR =2N, qu[
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A similar expression is obtained for the transi-
tion N—1—N. The above result is calculated
in the case that the N-th Landau level is
completely filled or empty. Actually we have
to take into account the partial occupation of
levels, and the actual moment is expected to
be a certain average of I'S® |,y and I'$% v, ..

§4. Results and Discussion

In performing numerical calculation we shall
use the following values of the parameters:
m,=0.1905 my, m;=0.916 m,, x,=11.8, K, =
3.8, and Ny, =1x10"" cm™2, where m, is
the free electron mass. We shall use g=2

and neglect the enhancement of the g factor

or the spin splitting caused by electron-electron
interactions.??) Further we completely neglect
the valley splitting and its enhancement.?®
Assumed scatterers in the calculation are
characterized by N;=3x107cm™3, 4=3 A,
and d=25 A, which give the peak mobility
of about 2.1 x10*cm?/Vs at N,~1.4x10'?
cm™ 2, For convenience we define the width
I'. given by
, 2 h
r —Ehwc;, (4.1)
where t=pumj/e is the relaxation time in the
absence of a magnetic field. As has been shown
in ref. 9, the above relation holds, if scatterers
are of short range and the same for both H=0
and H#0.

The results for H=150 kOe are shown in
Figs. 2 and 3. The level width I'y of the Landau
level where Ey lies and the CR moments
I'SR v, and T'SR | .y are given in Fig. 2 together
with the mobility for H=0 and I' defined by
eq. (4.1). The width I'y depends on the posi-
tion of Ep and becomes very large when Ey
lies at the tail region of each Landau level.
The CR moments, however, do not vary so
much with N,. This means that the scattering
potentials become long range because of the
decrease of the screening effect when Eg lies
at the tails. Except these cases, however, both
I'y and the CR moments are well given by
I'. The additional structures appearing in
I'y are due to the spin splitting. In Fig. 3 the
peak values of the transverse conductivity
o, and Ao, are shown together with the
results for short-ranged scatterers given by
eq. (4.1). They become very small when Eyp

Quantum Transport in a Silicon Inversion Layer
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5

H =150 kOe
N; = 3x10"7 cm® -3
A=3A

>
T

ey (meV)
w

Cl

Mobility (10°cm?Vs)

[RAAS

Moblllty |

L ‘
0 —
Ng (107 cm2)

Fig. 2. Calculated widths as a function of N; for
Ngep1=1x10'* cm~2 and H=150 kOe. The mobil-
ity at H=0 and the corresponding I" are shown by
the dotted lines.

Transverse Conductivity
Hall Conductivity

H = 150 kOe

o 3 N =3x107 e’
Z ] Aa=3A
1Z,l d=25A

3 4
Ns (10%cmi?)
Fig. 3. Calculated peak values of o, and 4o, in a
unit of e?/72% as a function of N; for H=150 kOe
and Ngepi=1x10** cm™2. The corresponding re-
sults for short-ranged scatterers are shown by the
dotted lines for the sake of comparison.

lies at the tail region, since the potentials
become of slowly-varying type. When FEg
lies near the center of the level, however,
they are again well given by those for short-
ranged scatterers.

Similar results for weaker magnetic fields
are given in Figs. 4~7. With decreasing H
the screening effect becomes rather small and
consequently the peak value of o, and 4o,
decreases especially at low N, where the charged
impurities are dominant scatterers. This feature
agrees with the experiments by Lakhani and
Stiles,'® who showed by a systematic measure-
ment of the H dependence of o, that its peak
values decreased with the decrease of H more
rapidly than the theoretical prediction'®
for perfectly short-ranged scatterers. Quanti-
tatively speaking, however, the calculated H
dependence is larger than the experiments.
A possible reason might be that we have
assumed too much charged impurities which
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4 H=100k0e, N; =3x10"7 cm™
A=3A, d=25A

(meV)

L PO 8 s
Mobility (10%cm?Vs)

0 -l L 1 I | 0

2 3 4 5
Ng (10%cmi?)

Fig. 4. Calculated widths as a function of N; for
H=100 kOe and Ny, =1x10** cm~2. The mobil-
ity at =0 and the corresponding /" are shown by
the dotted lines.

6 3
Transverse Conductivity <. .=
sl Hall Conductivity N=5|
H = 100 kOe |
I Ny =3x107em™ Neb\ LS
b A=3A ,*,‘:z
Far d=25A N=2 18
iz N=3 &
Tt N=1 -z
" N=0 b
° : : 4 o

2 3
Ny (10%cmi?)
Fig. 5. Calculated peak values of o, and 4oy, in
a unit of e?/72#% as a function of N, for H=100
kOe and Ngep=1x%10!! cm~2, The corresponding
results for short-ranged scatterers are shown by
the dotted lines for the sake of comparison.

are long-ranged scatterers. As a matter of fact,
the calculated N, for the peak mobility is
larger than the experimental N, of usual
samples. If we assume N; which gives a proper
N, for the mobility peak, however, the peak
mobility itself becomes much larger than those
of usual samples. Matsumoto and Uemura
introduced an additional scattering mechanism
to explain the experimental N; dependence
of the mobility.® They assumed that the
additional scatterers are rather of short-range.
The present slight disagreement in strong
H again suggests the existence of such a new
scattering mechanism at N, near the mobility
peak.

In contrast to I'y the CR moments defined
by eq. (3.9) are always almost the same as
I'. The CR width measured actually can be
smaller than those and consequently than

Tsuneya ANDO
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H =75 kOe, N; =3x10cm™®
A=3A,d=25A
— 3 —2
= -
2 z
€
51 132
L22 2
cZ .
2 2
2 o
Lz <}
RIS =
0 1 L | 1 0

2
Ns (10%cm?)

Fig. 6. Calculated widths as a function of N, for
H=175k0e and Ngep=1x10'1 cm~2, The mobil-

ity at H=0 and the corresponding /" are shown by
the dotted lines.

8 3
Transverse Conductivity
sl Hall Conductivity \ -5 |
H =75 kOe _
4 Ny =3x107em™? +3
N A=3A £
IE. L2
L:Z3‘ d=25A N3 1=
i, =
= , [ | B
N=1 i
, S ' ] ' )

Fig. 7. Calculated peak values of o.; and 4oy, in
a unit of e?/n2# as a function of N, for H=75 kOe
and Ngepi=1x10'* cm~2. The corresponding re-
sults for short-ranged scatterers are shown by the
dotted lines for the sake of comparison.

I' at low N,, where finite range of scatterers
becomes important. This feature agrees with
CR experiments by Abstreiter et al.'® They
have shown that the measured CR width is
well given by eq. (4.1) at high N,, where the
surface roughness is considered to be dominant
scatterers, and that it becomes smaller than
eq. (4.1) at N; near the mobility peak. With
decreasing N, it increses drastically, but this
is attributed to inhomogeneous-type broaden-
ing. To make a quantitative comparison
between the theory and the experiments, one
must calculate the magnetic field dependence
of o,.(w) for finite-ranged scatterers. This is,
however, not feasible under actual experimental
conditions where a coupling between different
Landau levels is rather important.

One important conclusion deduced from the
above results is that one can use eq. (4.1)



1977)

in the estimation of the level width in strong
H except when Ep lies at the tail region. This
might be surprising if we consider the marked
change of the density of states and consequently
that of the screening effect in strong H. We
bhave performed numerical calculation for
various values of N,, 4, and d. The results
depend rather only on the product 4d instead
of each value of 4 and 4, if d is not too large
(d<30 A). Further the above conclusion is
shown to hold for large range of N; and A4d
which gives reasonable N, dependence of the
mobility. Thus one can conclude that I' is
the good measure of the actual widths in
strong H for usual inversion layers.

In performing a lineshape analysis of the
conductivity especially in strong H one has
to take into account the finite range of scatter-
ing potentials and the screening effect in
addition to the enhancement of the spin and
valley splitting caused by electron-electron
interactions. Such work has not been done yet
and is left for future study. The existence of the
strong and long-ranged potential can cause
a strong localization of electrons when Ep
lies close to the spectral edges. This might
explain recent experiments of Kawaji and
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Wakabayashi,!® who showed that there exists
a region of N, near the spectral edges, where
o,, vanishes. Two mechanisms were proposed
so far to explain the experiments. Aoki and
Kamimura proposed the Anderson localization
of electrons caused by potential fluctuation.?®
The Wigner crystallization was proposed by
Kawaji and Wakabayashi,'®?” and theo-
retically studied by Fukuyama®® and by
Tsukada.?® In any case the large and long
range potential fluctuations are considered
to play important roles in these phenomena.
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Appendix Field Disturbance Associated with Surface Roughness

The surface roughness causes a change of the electron density distribution in the z direction,
n(z— A(r)) —n(z)= — A(r)0On/0z. This gives the potential energy at (r, z)

2ne?

i

2me(y— k)
—X (r« v

iq'r 1 a—qlz—z"
A jdze lz=|

N.A(q) e jdz' e AT 2

on(z")
o7
on(z")

%z (A-1)

to the lowest order with respect to A(r). In addition to the above we have to include a change of
the electric field distribution induced by deformed Si-SiO, interface. It is given by

4me’ (1, — K,x)
KS(KS + Kox

¥

) (Ndepl+Ns)A(q) eiq~r e %,

(A2

to the first order in A(r). The roughness also causes the modification of the image potential. This

was calculated by Saitoh®® and is given by

ox)e
Z rr et

After a little rearrangement one gets eq. (2.24).
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