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Influence of a One-Dimensional Superlattice on a Two-Dimensional Electron Gas*f
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We report unusual structure in the de conductivity below 4.2 K as well as nonperiodic
oscillations in the magnetoconductance of a two-dimensional electron gas in Si at low
magnetic fields. A model of a superlattice with a gap which varies with carrier density
is proposed to interpret the results. The superlattice appears to be of a somewhat gen-
eral nature although the cause is not yet known.

The recent interest in quasi two-dimensional
systems’ and artificial superlattices® stems in a
large part from the fact that one may essentially
build new physical systems. In the former case
one can reversibly change the carrier density or
Fermi energy, while in the latter the Brillouin
zone and the band structure are modified.

We have studied Si metal-oxide-semiconductor
field-effect transistors (MOSFET’s) which ex-
hibit behavior different from that usually ob-
served. These observations can be explained
within the framework of a model of a superlat-
tice structure at the Si-SiO, interface. We ex-
pect this behavior to occur in general in a cer-
tain class of MOSFET systems. These results,
therefore, illustrate the approach that many text-
books take in explaining lattice effects and Fer-
mi surfaces.?

The consequences of a one-dimensional super-
lattice can be most easily seen by considering an
isotropic two-dimensional electron gas (2D EG)
in the presence of a one-dimensional potential
with a first Fourier component of

V,=V [exp(2mix/a) + exp(~ 2mix/a)].
This potential will mix states with & vectors dif-

fering by the reciprocal lattice vector 2r/a. For
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k near 7/a, first-order degenerate perturbation
theory gives energies € =€, +€, with €,= ﬁzkyz/ 2m
and

€, =/ 2m)k,—7/a)
+e {1+ [(47%/2me )k, - n/a) +a?]¥?},

where €,= (*/2m)(r/a)?, and a =V /€,. Atk ,=n/
a, we have €,=€,(1xa), i.e., there is an energy
gap of 2V, at the zone boundary.

Some properties of this system will be a strong
function of Fermi energy (i.e., n,). For small
values of o and low n, and also for very large »n,
the behavior should be similar to that for the usu-
al 2D EG. As the Fermi energy approaches the
top of the first band, the density of states be-
comes very large and then decreases when the
Fermi energy is in the gap. There is a discon-
tinuous increase in the density of states when the
Fermi energy enters the second band.

Because of the behavior of the density of states,
we expect a w-shaped structure in the conductiv-
ity. The conductivity decreases near the band
edges because of the increase in scattering caused
by the increase in the density of states. Inthey
direction the conductivity with € in the gap should
increase with increasing =, as the scattering is
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decreasing and the y component of the velocity is
increasing. As the x component of the velocity
is decreasing, the effect is diminished in the x
direction.

In addition to the usual low-field magnetocon-
ductance and Shubnikov-de Haas (SdH) oscilla-
tions, the behavior in a magnetic field should
show the effects of open orbits and of magnetic
breakdown. For large values of the energy gap
and w,7, the conductivity in the x direction should
tend to zero as (w,7)"? and in the y direction it
should saturate when the second band is occupied.
If the gap were small and magnetic breakdown
did occur, the conductivity should tend to zero
as (w,7)"% in both directions. At densities where
the second band is occupied, one would expect in
the magnetic breakdown regime to see simultane-
ously SdH oscillations from the free-electron cir-
cle and the second-zone surfboard orbits.

The density of states of a 2D EG in the absence
of a superlattice is independent of energy and
equal to n(e) =m/n#%. For a superlattice which
produces a negligibly small gap, the sum of the
densities of states for the two zones should be
the zero-gap value, the values being proportional
to the Fermi perimeters. Thus

ny(€)=[(2/m) cos™ (nkg/a)lm/1#°).

The density-of-states mass (also the cyclotron
mass) is thus

myp =mac=m(2/7) cos™ (nky/a).

Some of the propei‘ties of the samples used in
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FIG. 1. Conductance vsns, Curve A, sample a at
1.7 K; curve B, sample c at 1.7 K; curve C, sample
aat 77 K; curve D, sample e at 4.2 K,

our experiments are summarized in Table I. The
linear samples have been described elsewhere.*
Most of the data reported here were taken on
samples a and ¢, both n-channel (811) samples,
with the majority on the former.

The conductance as a function of n, for sam-
ples a, ¢, and d is plotted in Fig. 1 at two tem-
peratures. Curve A of sample a exhibits the gen-
eral characteristics of a good quality Si MOSFET
at 1.7 K with extra structure around ng= 3x 10*?
cm”™2. The point labeled 2Z is the density at
which carriers begin to occupy the second band.
Curve B is the conductance of sample ¢ (I| y) at
the same temperature and shows clearly the ex-
pected w-shaped structure in the conductivity.
The structure in curve A (I| x) is less pronounced,
and more § shaped. As a and ¢ are different
samples, one should not ascribe the difference
in background conductivity to an anisotropic scat-
tering time although the difference agrees fairly
well with the expected anisotropy. Curve C of
sample a illustrates that at 77 K the structure is
not present (the case for all samples tested).
Both the mean free path and 2T have changed
from 1.7 K. Since the mobility is only 30% less
than that of sample ¢ at 4.2 K, the disappearance
of the structure must be due to k¥T'. Curve D is
for a p-channel (811) sample which showed no
structure. Its mean free path is about 15 times
less than sample a at the appropriate density.

Fang and Fowler® have studied (511) samples
and have seen similar structure in circular sam-
ples for n  between 6x10™ and 9 X102 cm™2,
Lakhani and Stiles® have studied other surfaces,
(311), (211), (322), (111), (110), and (100), and
have seen no structure in»n or p channels on these
surfaces, It would appear that the effect occurs
only for the vicinal planes of (100),

The application of a magnetic field perpendicu-
lar to the surface of a Si (811) MOSFET results
in behavior which is markedly different for differ-
ent magnetic field strengths and carrier densi-

TABLE 1. Sample properties.

Conductivity
Plane Channel Current mobility peak

Sample (normal) type direction (cm?®/V sec)
a,b (811) n ll(01T) 13000
c,d (811) n 1(017) 7000
e (811) P 1(017) 1700
f (811) ) Il01T) 1700
g (511) n Circular 3300
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9 (ARBITRARY UNITS)
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FIG. 2. Transconductance of sample a as a function
of ngatT=1.5K. Curve A, H=0 T; curve B, H=0.3 T;
curve C, H=0.8 T.

ties. For 0<H <0.3 T and for all densities, w,7
<1 and one observes a classical type of magneto-
conductance. The derived p for the lowest fields
equals the conductivity u. When 0.3<H <0.7 T,
SdH oscillations occur for carriers in the second

band as seen in Fig. 2 for several magnetic fields.

From the magnetic field dependence a mobility
can be extracted which is 2.5% 10* cm?/V sec for
ng slightly greater than 3X 10" cm™®. p decreas-
es with increasing n,. The oscillations as a func-
tion of n, of the conductivity extrapolate to the
point 2Z for all fields. The measured mobilities
for the carriers in the second band give an aver-
age scattering time differing by not more than a
factor of 2 from those in the first band at the
same density. For H<0.7 T, SdH oscillations
occur for carriers in the first band as seen in
curve C of Fig. 2. Mobilities derived from the
field dependence are consistent within the uncer-
tainties (+ 10%) with the conductivity mobilities.
As the magnetic field is increased beyond 0.9 T,
the low density oscillations extend to higher and
higher densities and eventually coexist with the
oscillations from the second band. The period
in ng of these first-band oscillations does not
change when they extend beyond the point 27 .
This rules out the possibility that the effect is
due to two different quantized levels of the per-
pendicular electric field.” The behavior is con-
sistent, however, with magnetic breakdown.
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FIG. 3. Measured effective masses as a function of
carrier density for samples a (+, run 1; X, run 2) and
c (o). Error bars shown are typical for each case.
The solid curve is the measured number of carriers
in the second zone. The dashed curves are the expect-
ed values for the model discussed in the text (exclud-
ing many-body effects).

If we assume the degeneracy of the second band
to be the same as that of the first band, we can
determine the number of carriers going into the
second band from the period in gate voltage of
the oscillations (solid curve in Fig. 3). By com-
paring this number with the number calculated
for different values of o, we find that the gap in-
creases from 4+ 1 meV at 3x 10 cm~? to 8+ 3
meV at 6X 10'* ecm™2. The magnetic breakdown
regime occurs over a wide magnetic field range.
For metals, easy breakdown occurs when E,
«<B(fiw, €z)¥?, where  contains angular factors
and is usually 1 or less.® At 6x 10** cm"™2, first-
band oscillations are observed for H>2.5 T, in-
dicating that €,<«<12 meV. The value of €, at 3
% 10'% ¢m"? agrees well with that estimated from
the spread in n, of the structure in the conductiv-
ity (0.2e;~4 meV).

The effective mass of the carriers can be de-
rived from the temperature dependence of the
SdH oscillations. The results are shown in Fig.
3 for carriers in both bands. The mass derived
for carriers in the first band is consistent with
that expected from the band mass.® The mass of
the carriers in the second band, however, is
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much smaller than any of the band masses of Si
and highly nonparabolic. The variation of mass
with », is in reasonable agreement with the val-
ues calculated from the dispersion relation of
our model taking into account the variation of o
with », (see the dashed curve in Fig. 3).

From the density at the point 2Z, we calculate
from our model a correlation distance of 104 A
[about 3.5 times the (811) surface lattice constant
of 31.4 A] with a half-width of 6% as the mean
free path is 1500 A. If we relate V, to a varia-
tion in the surface height, % cos(27x/a), in a man-
ner similar to that used in the treatment of sur-
face roughness scattering,” we find 2~0.1 A for
a normal electric field of 6x 10° V/ecm. This is
much less than an interatomic distance or the ex-
pected variation in height (surface roughness) of
3-5 A.° The magnitude of the potential and its
dependence on normal electric field may be ex-
plainable in terms of a correlation of the surface
roughness or of the graded region** of SiO, at the
Si-SiO, interface. There may be a correlated
variation in density, composition, etc. What
causes the correlation is unknown, although pe-
riodic steps have been observed on reconstruct-
ed surfaces of GaAs and other materials.?

To date substrate bias experiments have not
been quantitatively consistent. However the trend
(with both forward and reverse substrate bias) is
that the closer the carriers are confined to the
surface, the broader and more pronounced is the
structure in the dc conductivity. This trend is
consistent with an increase in @ with increasing
ns. There are other apparent weak dependences
of one parameter on another. More precise mea-
surements are necessary before more comments
can be made.

With such a superlattice structure one can
study the fermiology of a 2D EG with an addition-
al zone boundary as a function of density. In ad-
dition, experiments involving interband spectros-
copy, Bloch oscillators, caliper measurements
of the Fermi surface, and others appear possible.
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