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Electron focusing in two-dimensional electron gases grown on (311)B GaAs substrates
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We present a study of electron focusing in two-dimensional electron gases grown on (311)-orientated
GaAs substrates. The electronic properties of electron and hole gases grown on (311)-orientated GaAs
substrates have anisotropic behavior in the orthogonal [233] and [011] directions, however, the electron
focusing results presented demonstrate anisotropic effective mass and Fermi surface even though the mo-
bility is anisotropic. We also determine the ballistic length for the electrons.

In this paper we present transverse electron-focusing
studies of two-dimensional electron gases (2DEG’s)
grown on (311)B GaAs substrates. Transverse electron
focusing has been used quite extensively to determine the
sha{)e of the Fermi surface, while originally used for met-
als,"? the idea has been transferred to the study of
2DEG’s in GaAs/Al,Ga,_,As structures’ > and more
recently two-dimensional hole gases (2DHG’s).° In the
latter case the 2DHG’s were grown on (311) 4-orientated
GaAs substrates.”® We have studied electron gases
grown on (311)B GaAs substrates and found that, simi-
larly to the 2DHG’s grown on (311) 4, there is a marked
anisotropy in the transport properties: specifically the
mobility in the [233] direction can be 50% higher than in
the [011] direction.”'® Heremans, Santos, and Shayegan,
from their results for transverse hole focusing, suggest
that the anisotropic mobilities can be explained by a
warped Fermi surface that gives rise to a directional
dependence of hole wave-vector magnitude and corre-
sponding effective mass. Hole transport in 2D
GaAs/Al,Ga,_,As heterojunctions is in coupled light-
and heavy-hole bands, which can give rise to anisotropic
effective hole masses in various directions; however, this
is not -enough to explain the warping of the Fermi surface
that they observe, which can be as high as 30%. They
suggest that the effect is possibly caused by a modulation
in the growth plane of the band structure, which is possi-
bly caused by a surface corrugation on the (311) growth
surface. There now seems to be some evidence that the
surface of a (311) substrate is corrugated at temperatures
typical of molecular-beam epitaxy (MBE) growth. This
includes reflection high-energy electron-diffraction
(RHEED) studies of the growth surface!! and indepen-
dent measurements on transport properties of electrons
and holes in heterojunction systems;”!® however, reports
where both RHEED and electron properties have been
studied systematically on the same sample are not yet
available. In our investigations of the anisotropic mobili-
ty of 2DEG’s on (311)B substrates,'® we found that the
mobility dependence on carrier concentration could be
explained by a model of anisotropic interface roughness
scattering. However, anomalous magnetoresistance,
which was also observed in these structures, suggested
some merit in the idea of a band-structure modulation by
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surface corrugations. As a further study we have fabri-
cated an electron-focusing device similar to that of the
hole focusing device of Heremans, Santos, and Shayegan,
which not osly allows us to determine the shape of the
Fermi surface but also a ballistic length for electrons in
the 2DEG.

Figure 1 .shows a schematic of the device; the undoped
(311)B wafers were grown in a Varian GEN II MBE sys-
tem and consisted of the following layers: 1.1 pm of un-
doped GaAs followed by a 200-A undoped A10.33Ga0,637As
spacer, a 400-A Al 33Gag ¢7As doped with 10¥ em ™ Si,
and finally a 170-A GaAs cap. The lithographic pattern
{the solid parts in the figure) was defined with an electron
beam in PMMA and subsequently etched with a
H,S0,:H,0,:H,0 mixture to a depth of about 700 A thus
defining a number of narrow constrictions of about 0.8
um in width and 1-um separation. Alloyed Au,Ge,_,Ni
Ohmic contacts allowed resistance measurements to be
taken.

The design of the pattern allows the electron orbit to
be analyzed as a function of angle between the [011] and
[233] directions. A magnetic field is applied to direct a
ballistic cone of electrons from an emitter to a collector.
If the Fermi surface is warped in any way due to a
modification in band structure, then the classical cyclo-
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FIG. 1. A schematic representation of the device showing
lithographical defined constrictions (the solid regions) and
Ohmic contacts A —H for current and voltage probes. Electron
orbits are indicated for two different measurement angles.
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tron orbit will be modified instead of the normal circular
orbit for isotropic systems. The device design allows us
to measure the diameter of the cyclotron orbit for a given
magnetic field at five different cross sections.

The experiment was carried out at 1.7 K, a tempera-
ture at which quantum interference effects can be ig-
nored, and the sample was illuminated prior to measure-
ment. Using lock-in techniques, a current of 100 nA is
passed between one of the constrictions acting as the em-
itter (contacts 4 —-G), then a voltage is measured across
an adjacent constriction (B—-H), the collector, and all
other voltage probes are grounded to stop stray charging
effects. A magnetic field is then applied to obtain the
transverse magnetic-focusing spectrum. As the magnetic
field is increased a series of oscillations across the voltage
probes is observed. The first oscillation corresponds to a
magnetic field B, where the electron wave vector
k=wBeL /h, where L is the vector length between the
two constrictions; that is, exactly half a classical cyclo-
tron orbit traverses the two adjacent constrictions (see
one of the orbits marked on Fig. 1). The further oscilla-
tions at higher field correspond to multiple skipping or-
bits along the edge of the lithographic region between the
constrictions, where k=nwBeL/h, for n=2,3,..., .
At higher fields, Shubnikov—de Haas oscillations are ob-
served, these were used to determine the carrier density;
for these measurements the carrier density was 4.5X 10!
cm™2. Figure 2 shows a plot of k as a function of angle
for two samples from the same wafer. Independent Hall
and resistivity measurements from this wafer give mobili-
ties of 1.04X10°% and 1.43X10° cm? V™! s~ ! for [01T]
and [233] directions, respectively, for the same corre-
sponding carrier density. It can be seen to within experi-
mental error that the electron wave vector |k| lies on a
circle; this can be compared to the result of Heremans,
Santos, and Shayegan,” which showed an elliptical con-
tour for hole wave vectors. Heremans, Santos, and
Shayegan explained their results by introducing an aniso-

2 T
oo |
o~ . ® -‘\\ E
1.5 R JERE a
L e :
> [ ‘e J
— g
e o \\ "1
pre— 1 =3
y—{ F . 4
i b \ -4
= - ‘e 1
= 0.5 | PR
_M - | E
[ oo
0 PRSI SN ST S U UK THK S S AR S SN SR S B S S S
0 0.5 1 1.5 2

k || [233]1 (10%m™)

FIG. 2. Values of the electron wave vector are plotted as a
function of different measurement angles for two different sam-
ples @ and [0. A circle is plotted to demonstrate that the Fermi

surface is isotropic.
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tropic effective mass induced by a periodic modulation in
band structure, which they surmised could be due to sur-
face corrugations on the (311) substrate which have been
reported elsewhere.!! This can explain the anisotropic
wave-vector contour and mobilities, the mobility being
derived through the empirical relation py=er/m?*. In
our case, we observe anisotropy in the mobilities but not
in the effective electron mass. This confirms our earlier
prediction that the anisotropic mobility is caused purely
through an empirical scattering time 7 and not an
effective mass m *.1°

A further measurement was carried out to determine
the ballistic length for the electrons. The contacts to the
device were then reconfigured so that a constriction at
one end of the device was used as an emitter {contacts
A ~G) and sequentially all other constrictions were used
as collectors (B—H, C—-H, etc.). Thus electrons are emit-
ted from A and are collected either in B, C, D, E, and F.
Electron-focusing spectra were obtained for different
electron orbit lengths. Analyzing the amplitude of the fo-
cused electrons as a function of length results in a length
scale that is related to the ballistic length of the electrons.
Figure 3 shows a plot of electron-focus amplitude as a
function of path length. It can be seen that the amplitude
of the focused electrons has a functional form of
exp(—L /A, ), where A, is determined from the graph to
be between 2.2 and 2.5 um; this is somewhat dependent
on the sample. We noted that as the electron trajectories
are parts of circular orbits, the electron will travel the
same distance in both [011] and [233] directions, thus
the value of A, is an average in the two orthogonal direc-
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FIG. 3. Focus amplitude for spectra are plotted as a function
of path length for two different samples @ and O. The injector
current was from contacts 4 —G, while the voltage probes were
H-B, C, D, E, and F, respectively. The exponential dependence
on distance allows a ballistic length to be determined. A; is
found to be between 2.2 and 2.5 um, depending on the sample.
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tions. In order to investigate the ballistic length in or-
thogonal directions it will be necessary to devise another
sample design that does not involve the use of magnetic
fields. The elastic mean free path A, determined from
the mobility and carrier density, has values of 10.9 and
. 15 um, respectively, for the two directions. These values
are much larger than the measured value of A,; however,
this is typical of such measurements® since the length we
measure is connected with the ballistic nature of a cone
of electrons emanating from a constriction. The mean
free path calculated from mobility values gives an aver-
age length between large-angle scattering processes, but it
is likely that the ballistic length depends on different cri-
teria, for example the inclusion of some small-angle
scattering processes. However, a length calculated from
a single-particle scattering or Dingle time 7., which does
include small-angle scattering, is found to be 0.29 um [us-
ing a carrier density of 4.5X 10! cm™? and a value of
7,=0.99 psec (Ref. 10)]. Thus we see that the ballistic
length lies between the mean free path and the path of
one calculated from Shubnikov—de Haas oscillations.

In summary, we have shown that electron focusing can
be carried out on 2DEG’s formed on (311)B-orientated

wafers. The 2DEG’s show anisotropic transport proper-
ties, having higher mobilities in the [233] direction than
the [011] direction. However, in determining the mobili-
ty, the focusing experiment indicates that the effective
mass is isotropic, and thus we infer, an anisotropic car-
rier scattering time 7. This result would point against a
band-structure modulation by surface corrugations as re-
ported by Heremans, Santos, and Shayegan,” but support
anisotropic carrier scattering from, for example, interface
roughness scattering.!® Although the two systems may
be different, as Heremans, Santos, and Shayegan have
studied the A4 (or Ga-rich) surface and we have studied
the As-rich surface, at the moment there seems to be lit-
tle evidence that the two surfaces are special cases.!! The
ballistic length for electrons in the 2DEG was also deter-
mined at 1.7 K and found to be between 2.2 and 2.5 um,
as reporied previously in similar experiments. This
length is a factor of 3—4 smaller than the calculated mean
free path A /.
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