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The dependence of the quantum Hall effect on systematic changes in the electronic scattering has

been studied in experiments on the inversion layer electrons in Si metal-oxide-semiconductor field-

effect transistors which have driftable Na+ ions in the oxide. The widths and positions of the quan-

tum Hall plateaus corresponding to filled valley levels, filled spin levels, and filled Landau levels

were measured for oxide charges up to 10' cm at a temperature of 1.35 K and a magnetic field of
13 T. The widths of the plateaus were observed to increase with increasing oxide charge, which is

consistent with a picture in which the number of localized states at band edges increases with in-

creased electronic scattering. %ith increasing interface charge, however, the positions of the pla-

teaus corresponding to filled valley and filled spin levels exhibited systematic shifts with respect to
those for filled Landau levels. In addition, the rate of increase of the widths of the plateaus corre-

sponding to filled spin levels for increasing interface charge was less than that for filled Landau lev-

els. Additional experiments in which the direction of the magnetic field was changed in order to
change the relative splittings of the spin and valley states as compared to those for the Landau levels

were performed, and shifts in the positions of the plateaus corresponding to filled Landau levels

then were observed. The results observed here for shifts in the positions of the quantum Hall pla-

teaus are interpreted in terms of asymmetrical overlaps of the corresponding bands in the density of
states. It is argued that these overlaps arise from the effects of the positive interface charge on the

localized states at band edges.

I. INTRODUCTION

Since its discovery five years ago' the quantum Hall ef-
fect has attracted a great deal of experimental and
theoretical interest. 'i At low temperatures and high per-
pendicular magnetic fields the quasi-two-dimensional
electron gas (2D EG) formed in the inversion layer of
a Si metal-oxide-semiconductor field-effect transistor
(MOSFET) is found to exhibit flat plateaus in its Hall
resistivity as a function of electron density which is can-
trolled by the gate voltage. The plateaus occur at densi-
ties corresponding to the filling of complete Landau lev-

els, and the values of the Hall resistivity at these plateaus
are multiples of the universal constant ii/ei to a very
high degree of accuracy. This effect also has been ob-
served in the 2D EG at the interface of a modulation
doped GaAs/Gai „AlAs heterojunction; in this case the
2D EG, generally, is at a fixed density, and the Hall resis-
tivity is studied for varying magnetic field. In later
work '6 quantum Hall plateaus also have been observed at
densities corresponding to the filling of simple fractions
of the Landau levels. This phenomenon is referred to as
the fractional quantum Hall effect and is believed to arise
from many-body effects unlike the case for the integral
quantum Hall effect which is studied here.

The basic physical origin of the integral quantum Hali
effect has now come to be fairly well understood. ' The
system considered is a 2D EG in a perpendicular magnet-
ic field. The picture generally used is that the magnetic
field splits the states of the 2D EG into fully quantized
Landau levels which are separated by an energy Ace„
where the cyclotron frequency co, =eB/m'c, and m' is

the effective mass. For a density such that a Landau level
is completely filled there is effectively a gap of iik0, in the
excitation spectrum, and thus there are no energetically
accessible states into which the carriers can scatter. The
transport therefore is dissipationless, and the diagonal
resistivity p~ vanishes (as does the corresponding conduc-
tivity component o ). The Hall resistivity then becomes

p =B/en,

where n is the 2D EG density. For a filled Landau level
the density n is an integral multiple of the degeneracy
Be/Ii, and the Hall resistivity becomes

(2)

Here i is called the plateau index, and it is the number of
levels of equal degeneracy Be/h which are filled. The
energy-level structure for the Si MOSFET system studied
here is shown in more detail in Fig. l. Each Landau level
is split into two spin levels, and each spin level is split fur-
ther into two valley levels which arise from the orbital de-
generacy of the Si(100) surface. Each of these levels has
the same degeneracy Be/h and therefore gives rise to a
separate quantum Hall plateau.

In order to understand the occurrence of finite plateau
widths at these values of the Hall resistivity, localized
states due to impurities and disorder generally are in-
voked. ' ' These localized states are supposed to exist at
the edges of well-separated levels. As the density in-
creases the Fermi level moves into the localized states and
is pinned there. The localized states do not contribute to
the conductivity, and thus the resistivity does not change
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during their filling. The plateau width in density is equal
to the number of such localized states at the top of the
last band to be filled plus the number at the bottom of the
next band. A number of model calculations have been
performed to show that the existence of such impurity
states at Landau band edges should not affect the values
of the resistivity at the plateaus. ' "" Other possibilities
for the origin of the plateau widths, such as the pinning of
the Fermi level by the chemical potential of a reservoir for
electrons, also have been suggested, particularly for the
case of the GaAs/Gai, Al, As heterojunctions. '

The quantum Hall effect raises two different but related
issues. The first is the high degree of accuracy with
which the Hall resistivity at the plateaus is given by sim-
ple multiples of h/e, and the second is the physical ori-
gin of the plateau widths. The former question now is rel-
atively well understood based on pictures of the physical
system which involve well-separated bands with localized
states at the edges. The origin of the plateau widths in
terms of the microscopic physics of the interface, on the
other hand, is less well understood and to date has attract-
ed relatively less attention. An important matter relating
to the systems on which experiments are performed, espe-
cially the Si MOSFET system, concerns the situation in
which the adjacent Landau bands overlap substantia11y.
Recently, heat capacity' and de Haas —van Alphen'
studies of the GaAs/Gai „Al„Asheterostructure system
suggest that the bands may overlap substantially even in
this very high mobility system where one might have ex-
pected the Landau bands to be relatively sharp and well
separated. The possibility of substantial band overlap ap-
pears to raise questions about the applicability of simple
models based on well-separated bands for the quantum
Hall effect. The present work addresses the question of
the microscopic origin of the plateaus, and the results ob-
tained here are discussed in terms of the form of the den-
sity of states.

The present studies were made using specially fabricat-
ed Si MOSI'ET s which had intentional doping of the ox-
ide with Na+ ions. The Na+ ions in these systems have
been found to be quite mobile at high temperatures, and
the amount of fixed charge at the interface at low tem-
peratures can be controlled by drifting the ions toward or
away from the interface. ' At low densities Na+ ions at

L=1

FIG. 1. Sketch of the energy-level diagram for the 2D EG at
13 T on the (100) surface of Si indicating the Landau, spin (ar-
rows), and valley splittings. The spin and valley splittings are
dependent on filling; typical values are 2.5 and 0.5 meV for the
spin and valley splittings, respectively.

the interface produce bound states for the inversion layer
electrons which have been studied theoretically' ' and
experimentally. The added interface charge from the
Na+ ions causes increased scattering from these charges
and from potential fiuctuations associated with them.
This results in a decrease in the channel mobility, ' ' in
the broadening of the Landau levels, and in an increase
in the number of localized states at the band edges. "'s 2

The added positive charge at the Si-SiOi interface also
causes the conductivity threshold to shift. The determina-
tion of the conductivity threshold in these systems with
Na+ ions in the oxide has proven to be difficult, and
discrepancies between results using methods based on ex-
trapolations of the transconductance and extrapolations of
Shubnikov —de Haas structures have been reported. The
origin of this discrepancy is addressed and resolved in the
present work.

The objectives of the present work were to study the ef-
fects of controllable and systematic changes in the inter-
face scattering on the plateau widths in the quantum Hall
effect. Increases in the plateau widths with increasing ox-
ide charge were observed as expected. Severa1 other novel
and unexpected features also were observed. The rate of
increase of the plateau widths for levels associated with
filled spin levels was found to be different from those as-
sociated with filled Landau levels. In addition, the posi-
tions (in electron density) of the plateaus associated with
the filled spin and filled valley levels were found to shift
with increasing oxide charge, but those associated with
filled Landau levels did not shift. The latter feature ap-
pears to raise an important question with respect to the
quantum Hall effect because the plateaus are supposed to
occur at densities corresponding to the filled levels and
therefore to be at constant density independent of oxide
charge. We interpret these effects in terms of the overlap
of the density of states corresponding to the adjacent
bands.

The experimental results are presented next in Sec. II.
These results are discussed in Sec. III, and some brief con-
cluding remarks are made in Sec. IV. A brief version of
some of the present results has been given in Ref. 27.

II. EXPERIMENTAL RESULTS

For these studies Si MOSFET's in the form of Hall
bars 0.25 mm wide and 1.3 mm long, as shown in Fig. 2,
with Na+ doping in the gate oxide were used. These sam-
ples fall into two categories: (1) high mobility samples
which have p~,„at4.2 K greater than 2.5 m /Vs and
which have maximum driftable oxide charge (b,N,„)less
than 10" cm, and (2) good mobility samples which
have p~,„at4.2 K approximately 1 m /Vs and which
have maximum driftable oxide charge greater than
3X10' cm . The gate oxide thicknesses are between
100 and 200 nm.

A number of measurements were made on these sam-
ples. First, transconductance (dp/dV~) at 77 K and con-
ductivity at 4.2 K were measured to characterize them.
Then magnetoresistivity measurements at 1.35 K and 13
T were made. Both components of the resistivity tensor,
the diagonal magnetoresistivity p, and the Hall resistivi-
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ies is the filling factor rl which is the measure of the den-

sity in units of the Landau degeneracy g:

POTENTIAL PROBES GATE rl=n lg,
g=eB/h .
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FIG. 2. Schematic drawing of the MOSFET's used in this
study.

n =C(Vs —V„)/e, (3)

where n is the electron density per unit area. A useful
measure of electron density for quantum Hall effect stud-

ty p~, along with their derivatives with respect to gate
voltage or equivalently with respect to electron density
were measured. ac techniques were used for all these
measurements. For the transconductance and derivative
measurements a gate modulation of 10 mV at 1 kHz was
used. The dc source-drain voltage was less than 0.1 V for
the transconductance measurements, and the source-drain
current was 100 nA for the derivative measurements. The
components of the magnetoresistivity also were measured
using ac techniques. In this case a sine-wave source-drain
current of 100 nA at 1 kHz with a source impedance of
10 MQ was used for excitation, and both p~ and p~ were
measured simultaneously. The lock-in amplifiers and
current source were calibrated several times each day with
a known resistance to ensure consistent measurements.

After a complete set of measurements had been taken
for a given Na+ concentration at the oxide-semiconductor
interface, the Na+ concentration was changed by heating
the sample to 373 K and applying a small (-0.1 V) posi-
tive gate bias for a time of about 10 s to increase the Na+
concentration at the interface. A large negative bias of
about 50 V for 5—10 min was used to reduce the Na+
concentration at the interface back to its minimum value
which was reproducible in a given sample to within 10'0

cm
In the present work the results generally will be

displayed as functions of electron density rather than the
measured gate voltage Ve, because this makes the physics
clearer and also because it permits straightforward com-
parison of different samples having different oxide
thicknesses. When the gate voltage is above the threshold
value for conduction, Y„,a MOSFET may be considered
to be a capacitor with some capacity C due to the gate ox-
ide. We define V« in the usual manner for low-
temperature measurements as the gate voltage where the
transconductance at 77 K extrapolates linearly to zero. '

It then follows that the electron density is given by

It has been found' ' that Na+ ions in MOSFET's have
two stable locations in the gate oxide: one near the metal
and one near the Si-SiOz interface. When the Na+ ions
are drifted to the Si-Si02 interface their concentration can
be determined by the shift in V„.We use this method to
determine ~,„,the change in interface charge in the gate
oxide. The position of the conductivity threshold for a
given sample with the minimum oxide charge E,

„

indi-
cates that in this case the total N,

„

is less than 2X10'
cm 2, and therefore the values of ddV, „quoted here are
quite close to the total N,„.We have an indication that
the added Na+ ions are distributed uniformly in those
samples which have substantial Na+ (N,„&5 X 10"
cm ) because a well-defined impurity band like that re-
ported previously' has been observed for them.

Figures 3 and 4 show the effects of changing oxide
charge on p~ and p,„at13 T and 1.35 K. Quantum Hall
plateaus in p~ and corresponding broad minima in p
are observed near rI =2 and 4. The p minima near g =1
correspond to the filling of the first valley level of the
spin-up state (see Fig. 1). Those near rl =2 correspond to
the filling of the second valley level of the spin-up state
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FIG. 3. Diagonal resistivity p and Hall resistivity p„»as a
function of gate voltage in units of level filling factor g (see text)
at 13 T and 1.35 K for small Na+ concentrations in the highest
mobility sample. Curve A, ~,„=0and p~,„=2.5 m /Vs;
curve 8, LN,„=1.4&(10' cm and p~~=2 m /Vs; curve C,
AN, „=4.5X10'0 cm 2 and p =1.2 m /V s. The curves are
offset vertically from one another for clarity, and the arrows in-

dicate the positions of the quantum Hall plateaus.
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FIG. 4. p~ and pzy as functions of gate voltage in units of
filling factor g at 13 T and 1.35 K for larger Na+ concentra-
tions in a typical good mobility sample. Curve A, LÃ,„=0and

p ~=1 m2/V s curve 8 hN, =1 7&10" cm and
@~~=0.54 m /Vs; curve C, ~,„=3.5/10" cm ~ and

p ~=0.6 m2/Vs. The curves are offset vertically from one
another for clarity, and the arrows indicate the positions of the
quantum Hall plateaus.

giving a filled spin-up state and is referred to as the spin
plateau. The plateaus near r) =3 correspond to filling the
first valley level of the spin-down state. Those near rl =1
and 3 are referred to as valley plateaus. The plateaus at
t) =4 correspond to the complete ftlhng of the first Lan-
dau level, and are referred to as the Landau plateaus. Fig-
ure 3 shows the effects of small EN,„ona very high mo-
bility sample, and Fig. 4 shows the effects of greater
amounts of ~,„ona good mobility sample.

All of the basic features of the changes in the quantum
Hall effect with changing oxide charge which we will dis-
cuss are shown in Figs. 3 and 4. In Fig. 3 the Hall pla-
teaus are observed to become wider as small amounts of
Na+ are added. This can be seen in that the plateaus in

p~ and the corresponding minima in p~ near q =2 and 4
become wider as the oxide charge increases in going from
curve A to curve 8 and to curve C. In addition, it can be
seen that the plateaus and minima at g=4 show more
change than do those near q=2. The minima in p near

g =1, 2, and 3 are seen to move upward in density toward
the minimum corresponding to q=4 as N,

„

is increased.
In Fig. 4, on the other hand, the Hall plateaus become
narrower as increasing amounts of Na+ are added. The
effects of these larger Na+ concentrations can be seen
most easily by examining the p curves. The minimum
in p~ at g =4 becomes considerably narrower for increas-
ing Na+ concentration, and in curve C, p ceases to have
a zero value. There is much less effect on the minimum
corresponding to the filled spin level near g=2; the
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FIG. 5. Quantum Hall plateau widths in units of density as a
function of added oxide charge EN,

„
for the highest mobility

sample. The open symbols are for the full Landau plateau at
q =4, and the solid symbols are for the spin plateau near g=2.

minimum becomes broader in going from curve A to
curve 8, and it still has a zero value in curve C. The val-

ley minima almost cease to exist at the oxide charge densi-
ties in Fig. 4, curve C; the minimum and plateau near

g =3 are gone, and the minimum near q =1 is very weak.
The movement of the spin and valley minima with respect
to the first Landau minimum can be seen quite dramati-
cally here. At the oxide charge in Fig. 4, curve C, the
first spin plateau and first valley plateau in fact are nearer
to g =3 and g =2, respectively, than to g =2 and g = 1.

It should be noted that within the accuracy of these ex-
periments (-0.19o) the Hall resistivity at the quantum
Hall plateaus always is given by the usual formula, Eq.
(2), with the plateau index i having the integral values
i =2,6, . . . for the spin plateaus and t'=4, 8, . . . for the
Landau plateaus. That is, the values of the Hall resistivi-
ty at the plateaus correspond to the exact filling of levels
of equal degeneracy. Furthermore, within the accuracy of
the experiments the Hall resistivity at the plateaus is in-
dependent of changes in the oxide charge.

The widths of the uantum Hall plateaus were mea-
sured in the usual way in which the width of a given
plateau is taken to be the region in Vs or n for which

p~ =h /ie2+e, where e is a small quantity associated with
the experimental resolution. The widths at 13 T and 1.35
K, for example, are those for which dp~ /dn &3.5X10"
0 cm, where n is given by Eq. (3), and the corresponding
e is —1 Q. Because dp~ /dn changes rapidly with n at
the edges of the Hall plateaus the widths determined in
this way are relatively insensitive to the value of e. The
dependence of the Hall plateau widths on the concentra-
tion of interface charge is shown in Figs. 5 and 6. In Fig.
5 it is seen that the widths increase with increasing N,

„

for the highest mobility sample. Here the interesting fact
that the rate of increase in the plateau width for the full
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Landau level at r1=4 measured in units of density is
roughly equal to the number of added Na+ ions at the in-

terface can be seen. It is also seen that the spin plateau
widths near rl =2 increase only about one-fifth as rapidly
as do the Landau plateau widths. Figure 6 shows the ef-
fects of added interface charge for all the samples plotted
on a common set of axes. In order to make comparisons
between different samples the widths are plotted against
the mobility measured at the gate voltage of the given
Hall step and at 4.2 K and zero magnetic field. The
reason for the usefulness of this kind of plot is that I/p is
a simple measure of interface potential fluctuations.
Again there are systematic differences between the
behavior of the plateaus corresponding to filled Landau
levels as compared to those for filled spin levels. The
widths of the Landau plateaus increase rapidly to a max-
imum value at a mobility of about 0.9 m /Vs, where N,

„

is about 1.5 X 10" cm 2, and then decrease with increas-
ing I /pB The. spin plateaus, on the other hand, continue
to increase in width down to the lowest mobilities for
which data are available. In both cases the initial increase
in width is consistent with the width being linearly pro-
portional to I/p, . Recent studies of these sampless 3o have
shown that the mobility actually increases about 10' for
the highest mobility samples (p & 2 m /Vs) between 4.2
and 1.3 K, making the agreement better. This behavior
also is consistent with the data of Stormer et al. s In Fig.
6 the different symbols refer to different substrate biases

which give different mobilities.
The changes in the positions of the plateaus corre-

sponding to filled spin levels (i =2,6, 10, . . .) with respect
to those for filled Landau levels (i =4,8, 12, . . . ) are
shown systematically in Fig. 7. Here the plateau indices
for the spin and Landau plateaus are plotted against the
gate voltages at which each occurs. The data in Fig. 7 are
from a typical sample which has an intermediate value of
oxide charge, Pox 1 7Q 10 cIll Here the gate volt-
age which gives the position of a given plateau is taken to
be that at the corresponding p minimum. In those cases
where the p~ minimum is broad, the position is obtained
from a well-defined minimum which occurs at an in-
creased temperature (always less than 4.2 K). The shifts
of the spin plateaus with respect to the Landau plateaus
occur systematically out to the highest gate voltages stud-
ied. This is seen in Fig. 7 for the first three Landau pla-
teaus. The positions of the spin plateaus are plotted only
for these levels because for the higher-lying plateaus the
valley splitting becomes larger than the spin splitting,
making the determination of the plateau position and in-
dex difficult. The positions of the plateaus for filled val-

ley levels, which have been omitted from the figure for
clarity, show a behavior similar to those for filled spin
levels. Also, it can be seen that for a given Na+ concen-
tration the shifts are relatively insensitive to magnetic
field; the data for different fields extrapolate to nearly the
same gate voltage at zero plateau index. The position for
this extrapolation is different for the spin plateaus and is
compared to the Landau plateaus. We refer to the posi-
tion of this extrapolation as the effective threshold for the
given manifold of plateaus: Va, for the valley levels, V„
for the spin levels, and V,I for the full Landau levels. The
shifts of these effective thresholds with respect to the
measured conductivity threshold at 77 K are plotted in
Fig. 8 in units of density using Eq. (3) as a function of
added interface charge. Here it can be seen that the effec-
tive thresholds obtained from the extrapolation of the po-
sitions of plateaus corresponding to filled spin and filled
valley levels shift roughly linearly with Na+ concentra-
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FIG. 6. Quantum Hall plateau widths in units of level degen-

eracy g as a function of inverse mobility. (a) Widths of the spin
plateau near g=2; {b) widths of the Landau plateau for g=4.
The mobility in all cases is the mobility at the gate voltage of
the corresponding Hall plateau at zero magnetic field and 4.2 K.
The different symbols indicate different substrate biases: o,
+1V;G, OV;4, —1V;, —2V;0, —4V;4, —8V. The

lines are a guide to the eye.

0 0 20 5o
(V)0

FIG. 7. Extrapolations of the quantum Hall plateau indices
as functions of gate voltage at zero gate voltage to determine the
Landau and spin threshold voltages V,I and V„asdiscussed in
the text. The dashed lines with asterisks correspond to the spin
plateaus and the solid lines with dots correspond to the Landau
plateaus.



J. E. FURNEAUX AND T. L. REINECKE 33

to
ci"i vp'
(IO"t:m~)

~~ %$

yg rs

~ ~ ~ ~

JA H
~ ee

4 ~

QII A I+I I

IP0 5 l5
hNo„op"cm '9

FIG. S. Shifts of the effective threshold positions for spin
and valley plateaus (upper curve) and Landau plateaus {lower

curve) from the conductivity threshold V„measured using the
transconductance at 77 K as a function of dN,„.Uoltages are
measured in units of density. The different symbols correspond
to the different apparent thresholds as follows: , V,~, o, V„;
E, V~. The lines are a guide to the eye.

tion as small to moderate numbers of Na+ ions are moved
to the Si-Si02 interface (6Ã,„&5 X 10" cm ). The po-
sitions of the effective thresholds from the plateaus corre-
sponding to filled Landau levels, on the other hand, show
very little if any shift from the conductivity threshold un-
til ~,„&3)(10"cm i, after which the effective thresh-
olds move with respect to the conductivity thresholds (see
the dashed lines in Fig. 8).

In order to study further the observed shifts of the posi-
tions of the spin and valley plateaus with respect to the
Landau plateaus, additional experiments were performed
for varying magnetic fields perpendicular to the interface.
There are two different ways of changing the perpendicu-
lar magnetic field: first by changing its magnitude and
keeping its direction constant, and second by changing its
direction and keeping its magnitude constant. The spin

P

o-
I

I

o I

FIG. 9. p as a function of gate voltage in units of filling
factor for a total magnetic field of 13 T at 1.35 K with

AN,„=1.6X10" cm . 8~ is changed by rotating the sample
in the magnetic field. Curve A, 8& ——13 T; curve 8, 8& ——7.4 T;
curve C, B~——5.6 T. The solid lines show the ideal degeneracy
of the full Landau levels, and the dashed lines show the ideal de-
generacy of the spin levels.
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FIG. 10. Threshold positions for different 8~. The dashed
lines represents V„measured using the transconductance at 77
K. The dots and stars represent the effective Landau and spin
thresholds V,g and V„measured by the extrapolation of plateau
indices in Fig. 7. The triangle at zero magnetic field in (a) is ob-
tained using the traditional fan construction as discussed in the
text. {a) 8& is varied by changing the total magnetic field which
is always normal to the 2D EG. (b) 8~ is changed by rotating a
constant 13-T magnetic field with respect to the 2D EG.

and valley energy splittings depend on the total magnetic
field, but the Landau splitting depends only on the mag-
netic field component normal to the plane of the 2D EG.
Therefore varying the direction of a constant magnetic
field changes the splittings of the valley and spin levels as
compared to the Landau level splittings. This effect has
been used to measure the electronic g factor ' and the val-

ley splittings in these systems. In addition, changing the
perptnidicular component of the magnetic field changes
the level degeneracy 8&e/h. Therefore varying the direc-
tion of the magnetic field is useful in studying the widths
and the positions of quantum Hall plateaus.

The effects of varying the direction of the magnetic
field are shown in Fig. 9. Here p is given as a function
of filling factor for different magnetic field directions
with a total field of 13 T. The vertical dashed lines show
the positions in density of spin minima derived from the
gate voltage using Eqs. (3) and (4), and the vertical solid
lines show the positions in density of the minima corre-
sponding to filled Landau levels. At low angles the mini-
ma in p corresponding to filled Landau levels coincide
with the integral Landau level filling factors, and the oth-
er minima in p~ corresponding to filled spin levels occur
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at slightly higher filling factors than the dashed lines. At
the largest angles this behavior is reversed. The minima
in p which correspond to filled Landau levels are at
slightly higher filling factors than the solid lines, and the
other minima in p~ which correspond to filled spin levels
occur at the spin level filling factors. The effective
thresholds, V„and V«, are plotted as a function of the
perpendicular magnetic field component in Fig. 10(b).
For comparison, the effect of changing the magnitude of
the magnetic field with its direction always perpendicular
to the interface is shown in Fig. 10(a).

III. DISCUSSION

The properties of the systems studied here are some-
what simpler in the region of low oxide charge,
N,„&3)&10"cm, than in the region of high oxide
charge N,„~3&( 10" cm 2. This can be seen, for exam-
ple, for the plateau shifts in Fig. 8. Therefore we will dis-
cuss the low and high oxide charge regions separately. Fi-
nally, we have found that based on the present analysis we
are able to resolve the discrepancy between previous
threshold determinations which were made based on
transconductance, as compared to those made by extrapo-
lations of Shubnikov —de Haas features for Si MOSFET's
with Na+ in the oxide, and we discuss this issue at the
end of the present section.

A. The lour oxide charge region

We begin by considering the fact that all of the plateaus
tend to increase in width with increasing oxide charge as
seen in Figs. 3 and 5. These increases with increasing ox-
ide charge can be understood straightforwardly in terms
of a picture in which the plateau widths arise from the
pinning of the Fermi level by localized states at the band
edges. When the oxide charge is increased the scattering
of the inversion layer electrons increases. The scattering
of the electrons may arise directly from the charges of the
Na+ ions or it may arise from longer-range potential fluc-
tuations associated with the oxide charge distribution and
from other localized electrons. The increased scattering
gives rise to broadening of the levels, to an increased num-
ber of localized states at the band edges, and, in the stan-
dard Mott picture of localization, to movement of the mo-
bility edges inward toward the centers of the bands. The
plateau widths (in density) are given by the number of lo-
calized electrons above the upper mobility edge in one
band plus the number below the lower mobility edge in
the next band. Therefore the widths are expected to in-
crease with increasing oxide charge as observed.

The relative shifts in the positions of the plateaus asso-
ciated with the filled spin and valley levels, with respect to
those for filled Landau levels as well as the markedly dif-
ferent rates of increase of the plateau widths for filled
spin, as compared to those for filled Landau levels with
increasing Na+ concentration are more difficult to under-
stand however. %e begin by discussing the positions of
the plateaus. From the data for p~ and p~ the quantum
Hall plateaus at 8=13 T are displayed in Figs. 3 and 4 as

functions of the filling factor. It is seen that the plateau
corresponding to the filling of the first complete Landau
level occurs at the expected density which is given by a
filling factor of 4, and that this position does not change
with Na+ concentration. The plateau corresponding to
the first filled spin level, on the other hand, occurs at a
higher density than the expected filling factor of 2, and its
position moves higher in density with increasing Na+
concentration. We might note that this displacement of
the position of the plateau for the filled spin level from its
ideal position at a filling factor of 2 occurs in the original
data of von Klitzing et al., ' but was not discussed there.
These shifts occur not only for the first Landau level but
also consistently for higher-lying spin and Landau pla-
teaus (see Fig. 7). The plateaus corresponding to filled
valley levels behave in a manner similar to those for filled
spin levels.

These results for plateau positions are displayed sys-
tematically in Fig. 7, where the measured voltages at
which plateaus occur are plotted against the plateau in-
dices. The plateau indices represent the ideal degeneracy
of the levels whose filling gives the plateaus. Note that
for a given magnetic field the shifts of the spin plateaus
with respect to the Landau plateaus are uniform, giving
straight lines displaced from one another. Here it is seen
that at each magnetic field the line formed by the voltages
corresponding to the spin plateaus is shifted to higher
values than expected by the ideal degeneracy which is
represented by the line for Landau plateaus. As seen in
the figure, this feature can be represented by saying that
the effective threshold at zero degeneracy has been shifted
to higher voltages. It should be emphasized, however,
that this shift in the threshold merely represents the fact
that the density at which the plateau for each filled spin
level occurs is more that half of the density for the pla-
teau for the completely filled Landau level as seen in Figs.
3 and 4. These shifts in plateau position increase sys-
tematically with increasing Na+ concentration as shown
in Fig. 8.

These results for shifting plateau positions cannot be
understood on the basis of a picture of separated levels of
constant degeneracy because in that case adjacent minima
should be separated by the same density, and from Eq. (3),
by the same voltage. A density of states having separated
bands is sketched in Fig. 11(a) where it is seen that no
changes in the shape of the bands will give shifts in the
density at which the plateaus occur, provided the localized
states occur at the band edges. We argue that in order for
the observed shifts to occur the band ixiges must overlap
so that electrons from the higher band move down into
the upper edge of the lower band and vice versa. More-
over, for a plateau to move up in density from the expect-
ed position the overlaps of the adjacent bands must be
asymmetrical in such a way that more electrons move into
the lower band than move into the upper one. Such a pos-
sibility is shown schematically in Fig. 11(b). In order to
account for the increases of the shifts with increasing
Na+ concentration the asymmetrical overlaps must in-
crease with increasing concentration; we will return to this
point shortly. %e note here that in the present experi-
ments the positions of some of the broader plateaus were
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(a)

determined by raising the temperature in such a way that

p exhibits a distinct minimum. This is consistent with
the present interpretation in which the position of the pla-
teau is associated with the region of lowest density of
states which contains the most strongly localized states.

From the absence of shifts for the plateaus correspond-
ing to filled Landau levels at B=13 T, we argue that the
corresponding bands do not overlap; the observed shifts of
the plateaus corresponding to filled spin and valley levels,
on the other hand, suggest that these bands do overlap.
These features are consistent with the magnitudes of the
energy splittings between these levels. The Landau level
splitting at B=13 T is fico, =7 meV, the spin splitting

gpiiB is smaller on the order of 2.5 meV, and the valley
splitting is very small on the order of 0.5 meV (the spin
and valley splittings depend on occupancy). Estimates~ of
the bandwidths for systems of this kind are in the range
1.0—1.5 meV, which is consistent with the occurrence of
overlap at the spin and valley splittings.

The data in Figs. 9 and 10 for the effects of changing
the total magnetic field and of changing its direction with
respect to the 2D EG system provide a detailed confirma-
tion of the present interpretation of the origin of the shifts
of the plateau positions. The spin splittings are propor-
tional to the total magnetic field; the Landau level split-
ting and the degeneracy of each level, however, are pro-
portional to the component of the magnetic field perpen-
dicular to the 2D EG. When the total magnetic field is
changed both the spin and Landau level splittings de-
crease in proportion to the field. The degeneracy of the
levels and the widths of the levels also decrease however.
The relatively weak dependence of the positions of the
plateaus for filled spin and filled Landau levels seen in
Fig. 10(a) can be understood by noting that although both
the spin and Landau splittings decrease the level widths
also decrease, and therefore there is relatively little net
change in the band overlaps.

For the case in which the direction of the magnetic

(b)

FIG. 11. Sketches of possible forms of the density of states.
Hatched regions correspond to localized states beyond the mo-
bility edges at band edges. (a) corresponds to bands with
symmetrical shapes. {b) corresponds to bands with asymmetri-
cal shapes and overlaps between the bands as discussed in the
text.

field is varied, on the other hand, the relative magnitudes
of the spin and Landau level splittings are changed. In
this case the thresholds for the Landau plateaus are ob-
served to move upward and those for the spin plateaus
move downward. We interpret these data in the following
way. The spin splittings remain constant while the band-
widths decrease, leading to a decreased band overlap and
to the observed downward shift in the positions of the pla-
teaus for filled spin levels. The splitting between the Lan-
dau levels decreases while the spin splittings remain con-
stant, and therefore the upper spin state from one Landau
level begins to overlap the lower spin state from the next
Landau level, and the positions of the plateaus for the
filled Landau levels begin to shift as observed.

We now turn to the different rates at which the widths
of the plateaus corresponding to filled spin levels increase
with Na+ concentration as compared to those for filled
Landau levels as seen in Figs. 5 and 6. %e argue that this
feature also has a reasonable interpretation in the present
picture. The interpretation of the shifts in the plateau po-
sitions for filled valley and filled spin levels have required
substantial band overlaps which increase with Na+ con-
centration. As the band overlap increases the localized
states in the tails of one band tend to move into the region
of extended states of the adjacent band and thus tend to
become delocalized. Therefore the rate of increase of the
number of localized states giving the plateaus for filled
spin states for which the overlap is greatest will be less
than that giving the plateau widths for filled Landau
states for which the overlap is least. This behavior corre-
sponds to the experimental results shown in Figs. 5 and 6.
We note that the interesting fact, that the widths of the
plateaus for filled Landau levels when measured in units
of density is approximately equal to the number of added
Na+ ions (see Fig. 5), suggests that in this case each added
Na+ ion gives rise to approximately one localized elec-
tronic state. We note that such a situation is plausible but
that its quantitative understanding lies in the microscopic
physics of the formation of the localized states at the
band edges.

We argue here that the dominant physical effect giving
rise to the asymmetrical band shapes discussed above is
straightforward and easy to understand. If a positive
charge with a sufficiently strong potential is introduced at
the interface a localized electronic state appears at the
low-energy edge of the band. In general, when a distribu-
tion of positive charges is introduced at the interface a
distribution of localized states will appear at the low-
energy edges of the bands. The net effect is that the band
will acquire a low-energy tail as indicated schematically in
Fig. 11(b). These features, which are expected on the
above general grounds, have been observed both in numer-
ical studies and in analytical calculations carried out
on model systems consisting of attractive short-ranged
scatterers having densities roughly comparable to those in
the present experiments. Even in the absence of inten-
tionally doped Na+ ions the oxide charge in a Si
MOSFj T generally is positive. The resulting band asym-
metry and overlapping bands then would account for the
shifts of the spin plateaus in the absence of intentional
Na+ doping observed in both the present experiments and
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in the original experiments of v. Klitzing et al. The in-

troduction of additional Na+ ions gives rise to an increase
of the low-energy tails of the bands and to increases of the
shifts of the corresponding plateau positions as observed
experimentally here.

Although we feel that the dominant physical mecha-
nism giving rise to the shifts of the plateau positions is
that described above, there may be additional effects
which contribute to a lesser degree. We mention three
such possibilities here. The effect of screening is known
to increase as the band fills, 2' and therefore it will affect
the states at the tops of the bands most and those at the
bottoms least. This would tend to leave a higher density
of localized states at the lower edges of the bands which
would tend to increase the asymmetrical overlap. In addi-
tion, some novel many-body effects might be exhibited by
this confined, fully quantized system. An example is that
the lowest-lying localized impuritylike state associated
with the Na+ ions has a preferred spin orientation in the
magnetic field, and therefore when the lowest-lying spin
state which has parallel spin is filled, the electrons will be
required to avoid the region of the locahzed electron wave
function and thereby will have their energies raised. This
will not be the case for the higher spin state which has op-
posite spin. More generally, all of the spin and valley
states of a complete Landau level except the highest spin
state will have either a spin or valley function which is the
same as that of the lowest-lying localized state. These ef-
fects will tend to increase the overlaps between the levels,
except for those corresponding to the completely filled
Landau levels. Finally, we might note that theories which
treat the two-dimensional localization in a more sophisti-
cated way also may give some insight into the physical
origin of the plateau shifts discussed here.

8. The high oxide charge region

Although the scattering at the interface for this region
of high oxide charge becomes quite large, the general
features of the quantum Hall effect observed in the
present experiments for this region appear to be consistent
with the picture developed here for the region of lower ox-
ide charge. It is seen in Fig. 8 that the positions of the
plateaus corresponding to both filled spin levels and filled
Landau levels now shift with increasing oxide charge, but
that the magnitude of the shifts of the spin plateaus
remain greater than those of the Landau plateaus for each
value of N,

„

in the region studied. This behavior is con-
sistent with there being (asymmetrical) overlaps of all
bands due to increased scattering for these values of N,„.
The bands corresponding to the Landau splitting now also
begin to overlap for these values of N,„,and as a result
the corresponding plateau positions begin to shift as seen
in Fig. 8. The shifts of the spin and valley plateaus
remain somewhat larger than those of the Landau pla-
teaus, and thus the overlaps corresponding to the spin and
valley plateaus appear to remain comparable to or greater
than those for the Landau levels.

The behavior of the plateau widths shown in Fig. 6 for
the highest values of interface scattering is less straight-
forward. The plateau widths for filled Landau levels at

first increase more rapidly with increasing interface
scattering than do those for filled spin levels, but at the
highest values of the interface scattering they begin to de-
crease with increased interface scattering. The widths of
the plateaus corresponding to filled spin levels, on the oth-
er hand, continue to increase with increasing scattering to
the highest values of oxide charge used. It should be not-
ed, however, that the widths of the Landau plateaus
remain greater than or comparable to those for the spin
plateaus for all values of the oxide charge. The interpre-
tation of the behavior of the Landau plateau widths may
be that they increase to the greatest values observed at a
point at which substantial band overlap begins to occur.
After that their widths begin to decrease with increasing
interface scattering due to the fact that the localized states
from the tail of one band overlap the extended states of
the adjacent band and become extended states. This
occurs until the widths of the Landau plateaus decrease to
values comparable to those for the spin plateaus, which
apparently are typical of the widths of plateaus corre-
sponding to bands which have substantial overlap. We
should point out, however, that at very high oxide charges
the Landau plateaus cease to exist, and the present picture
of quantum Hall plateaus breaks down. In addition, in
this region of high oxide charge other descriptions of the
behavior of the qu uitum Hall plateaus may be appropri-
ate. '

C. Determination of conductivity threshold

The gate voltage at which the inversion layer first be-

gins to fill with electrons is called the conductivity thresh-
old, and it has been a central issue in studies of the 2D
EG in MOSFET's. i The usual methodz'z6 for determin-
ing the threshold voltage is the linear extrapolation of the
transconductance as a function of gate voltage to zero
transconductance at 77 K. This method was used to
determine V„in the present work. It is shown by the
dashed line in Figs. 10(a) and 10(b). This method is sim-

ple to perform and is reliable. A second method which is
suitable for threshold determinations at liquid-helium
temperatures was developed in some of the initial studies
on MOSI ET's. In this method the extrapolation to zero
magnetic field of the positions in gate voltage of
Shubnikov —de H~s structures gives the conductivity
threshold voltage, because at zero magnetic field the Lan-
dau levels coalesce at the band bottom of the 2D EG.
This procedure is the traditional fan diagram construc-
tion. The determination of threshold voltages in this way
is usually made based on the low magnetic field structure
of the Shubnikov —de Haas oscillations where the struc-
ture is sinusoidal as a function of gate voltage and where
it does not have complications due to spin or valley split-
tings. These two methods have bxn found to give con-
sistent results for the threshold voltage in MOSI RT's
which have relatively thick oxides (greater than 50 nm)
and which have a low density of interface states. ' For
samples in which the gate oxide contains an appreciable
number of Na+ ions, however, the fan diagram method
gives consistently higher threshold voltages than does the
extrapolation of the 77-K transconductance. 26 We believe
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that much of this inconsistency, especially in cases which

N,„&5X10"cm, can be explained by the results

presented here.
As we have discussed above and have shown in Fig. 7,

we have introduced a different method to determine what
we have called effective thresholds by using the extrapola-
tion to zero index of the positions in gate voltage of the
quantum Hall plateaus plotted versus plateau index.
From Eqs. (1) and (2) it can be seen that this method
nominally gives threshold positions. These effective
thresholds were used to characterize the shifts in plateau
position with Na+ concentration as shown in Fig. 8. We
have found that there are different threshold positions for
the different types of plateaus (spin, valley, and full Lan-
dau level), and we have accounted for the shifts of the pla-
teaus on the basis of asymmetrical overlaps of the corre-
sponding densities of states. The points at finite magnetic
field in Fig. 10(a) were obtained using this method for the
plateaus corresponding to filled Landau levels. We now
relate the results for these effective thresholds to those ob-
tained from the other methods.

First we have used the data from which the effective
thresholds in Fig. 10(a) were obtained to obtain the fan
diagram result. When this is done we find that the
threshold obtained by the traditional fan diagram method
depends strongly on the plateau index used and moves to
higher voltages with higher indices. The zero-field point
in Fig. 10(a) was obtained by averaging these fan diagram
results for plateau indices 16, 20, 24, 28, 32, 36, and 40.
Smaller indices were excluded because they included dis-
tortions due to the spin and valley levels. Higher indices
were excluded because sufficient data were not available
to give a reliable extrapolation to zero field.

In Fig. 10(a) we can see the differences between the
three methods for determining threshold for a typical
Na+ drifted sample. The difference between the thresh-
old determined using the fan diagrams [the zero-field
point in Fig. 10(a)] and the threshold determined using
the extrapolation of the transconductance at 77 K [dashed
line in Fig. 10(a)] is 1.3X10"cm, which is similar to
the difference obtained in Ref. 26 using these two
methods. In Fig. 10(a) it also can be seen that the fan dia-
gram result appears to be the appropriate limiting point
for the finite magnetic field values which were obtained
using the plateau index extrapolation. In this sense one
can interpret the difference, between the threshold ob-
tained from the transconductance and that from the fan
diagrams, as arising from the same origin as the shifts in
positions of the p~ minima associated with the filled
Landau plateaus in the plateau index extrapolation as the
magnetic field is lowered. From Fig. 8 it is seen that for
X,„&5X10"cm the high-field plateau index extrapo-
lation for the filled Landau plateaus gives results con-
sistent with the thresholds obtained from the extrapola-
tion of the transconductance at 77 K.

These results for the thresholds can be understood in
the foHowing way. At sufficiently high magnetic field the
Landau levels are well separated, and an extrapolation
based on their indices produces the physically correct
band bottom for the 2D EG system. We note that for
high magnetic fields these thresholds approach that ob-

tained from the transconductance at zero magnetic field.
The small difference between these two results at high
magnetic field is -3X10' cm, which we believe is a
real threshold shift between 77 and 4.2 K due to interface
states. As the magnetic field is lowered the present
method based on plateau index extrapolations gives
thresholds which begin to shift due to the asymmetric
overlaps of the bands. These overlaps increase as the
magnetic field is lowered In. the limit of very low fields
these thresholds go over to the fan diagram result. The
band overlaps give rise to an apparent threshold which is
shifted from the correct band bottom for the 2D EG. We
therefore believe that both the present method and the
method based on the transconductance are reliable mea-
sures of the gate voltage at which the Fermi level reaches
the bottom of the first subband in the inversion layer for
MOSFhT's with N,„&5X10" cm . This is true if the
magnetic field used for the present method is high enough
to give a threshold which is independent of magnetic
field.

The present method of extrapolation based on plateau
indices is particularly well suited for the analysis of data
obtained at magnetic fields which are sufficiently high
that the plateau index can be determined easily. The trad-
itional fan diagrams do not depend on knowing the pla-
teau index, and thus they are more appropriate in analyz-
ing low magnetic field data. For a sample with a low con-
centration of interface charge the plateau index extrapola-
tion is equivalent to the traditional fan diagram method,
and they both give reliable results for the determination of
the conductivity threshold. On the other hand, as noted
above, for systems with substantial oxide charge the tradi-
tional fan diagram approach can lead to substantial errors
in determining the band bottom due to the overlaps in the
densities of states at low magnetic fields, whereas the
present approach gives the most reliable results for these
systems.

IV. CONCLUDING REMARKS

We have presented the results of a series of experiments
on the quantum Hall effect in Si MOSFET's in which the
oxide charge was varied systematically by drifting mobile
Na+ ions in the oxide to the interface. This work
represents the first systematic investigation of the micro-
scopic origin of the plateau widths in these systems. The
widths were observed to increase with increasing Na+
concentration, as would be expected on the basis of an in-
creased number of locahzed states at the band edges due
to the increased disorder. In addition, two kinds of novel
features were observed. The plateaus corresponding to
filled spin and filled valley levels were observed to occur
at higher densities than expected, compared to those for
filled Landau levels on the basis of filling levels of equal
degeneracy, and secondly the rates of increase of the pla-
teau widths for filled spin levels and fiBed Landau levels
were observed to be different. We have interpreted these
novel phenomena in terms of substantial asymmetrical
overlaps in the densities of states corresponding to the lev-
els for which the positions shift. Experiments in which
the magnetic field was tilted with respect to the plane of
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the electronic system cause even the plateaus correspond-
ing to filled Landau levels to shift, which is consistent
with the present interpretation. We have argued that
scattering and localization by the positive charges added
at the interface gives rise to these asymmetrical band
broadenings and overlaps.

&e conclude by remarking that the present work may
have some interesting implications for our understanding
of the quantum Hall effect. The twa fundamental issues
arising in the quantum Hall effect are the accuracy with
which the Hall resistivity at the plateaus is given by mul-
tiples af h/e and the microscopic origin af plateaus. To
date these features have been understood in terms of a pic-
ture involving the filling of well-separated bands of equal
degeneracy which have localized states at the band edges.
The present work has shown the important role played by
substantial band overlap in understanding the origin of
the plateau widths in the Si MOSFET system. Other ex-
periments involving heat capacity' and de Haas —van Al-
phen' experiments suggest that there may be substantial
band overlaps even in the GaAs/Gai «Al, As heterojunc-
tion system. When such large overlaps occur it is no
longer entirely clear how to understand the meaning of
the occupancy af a band or how to identify the origin of a
given electron state with a particular band. These issues
may affect our understanding of the values of the Hall
resistivity observed at the plateaus, because that under-

standing is based on a picture of well-separated bands of
equal degeneracy. We note that in the present work shifts
of plateau positions which suggest band overlaps of up to
the entire hmd degeneracy have been observed, but that
nevertheless the corresponding values of the Hall resistivi-

ty at the plateaus are given by their ideal values indepen-
dent of the magnitude of the shift in plateau position or
of the magnitude of the band overlap. It is not clear on
the basis of the present picture of the origin of the quan-
tum Hall effect how these accurate values of the Hall
resistance can be reconciled quantitatively with such large
band overlaps. In addition, the present results concerning
the effects of interface scattering and overlaps from dif-
ferent bands in the density of states may have implica-
tions for the understanding of the fractional quantum
Hall effect; in this case the gap in the excitation spectrum
originates from many-body effects but is not yet fully un-

derstood.
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