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We have realized by cleaved edge overgrowth a two-dimensional electron gas system in a
one-dimensional lateral superlattice consisting of 100 periods of 120 Å GaAs/20 Å AlGaAs. These
devices exhibit nonlinearI –V, including negative differential resistance, at high electric fields. We
demonstrate, by monitoring the changes in the two-dimensional electron density, that the nonlinear
I –V is due to high field induced electron trapping. ©1995 American Institute of Physics.

It was predicted by Bloch1 that electrons in a periodic
potential with an applied constant electric field would oscil-
late as a result of the Bragg reflections from zone boundaries.
Esaki and Tsu2 first proposed to use heterostructure superlat-
tices ~SL! to realize these high-frequency oscillations; they
also predicted that the effect would lead to a negative differ-
ential resistance~NDR!. Most of the earlier work is done on
doped GaAs/AlGaAs SL where current carrying charges ac-
cumulate to form high field domains,3 and only in undoped
SL and in a special three-terminal SL structure high field
negative differential velocity is observed.4–6

Recently, using a new crystal growth technique called
cleaved edge overgrowth~CEO!, Stormer et al.7 demon-
strated a new atomically precise lateral SL. CEO has signifi-
cant advantages over other nanostructure fabrication tech-
niques; it takes advantage of the atomic precision of
molecular beam epitaxial~MBE! growth and does not suffer
from surface depletion effects which can limit the precision
of lithographic techniques. New lower dimensional electron
systems and novel devices have already been realized using
CEO.7–13

It is of fundamental interest to investigate Bragg reflec-
tion effects at high electric fields in these new lateral SL
devices and compare the results to bulk SL devices. To this
end, we designed a lateral SL structure with a Fermi level
close to the top of the first miniband. The devices are real-
ized by liquid phase epitaxial~LPE! CEO which we first
demonstrated in the fabrication of a surface resonant tunnel-
ing diode.8

At low temperatures, unlike bulk SL devices, we have
not observed high field domain formation in our SL devices
suggesting that these lateral SL devices can deliver high cur-
rents without excess charge accumulation. Furthermore, un-
expectedly, some of our SL devices exhibit a special kind of
nonlinearity, including NDR, in theI –V measurements
where theI –V characteristics of the devices change after
application of high voltages. By carefully measuring the car-
rier density using magnetoresistance oscillations, we directly
monitor the density of the two-dimensional~2D! electrons
~n2D! at the overgrown interface. We find that the change in

the I –V characteristics is associated with a reduction in the
electron density and thus demonstrates that the observed
nonlinearity is due to electron trapping.

Fabrication of these devices requires two crystal growth
sequences. First, a superlattice structure is grown by MBE on
a semi-insulating GaAs substrate with the following param-
eters: 8000 Ån1-GaAs buffer layer~Si doped to 431017

cm23!, 100 periods of undoped 120 Å GaAs/20 Å
Al0.2Ga0.8As superlattice, and a 4000 Ån

1-GaAs top contact
layer ~Si doped to 431017 cm23!. Then, 5 mm35 mm size
samples from the MBE grown wafer are placed vertically on
a specially designed graphite slider for LPE growth. Samples
are cleaved by pushing the slider forward in the LPE cham-
ber and Sn-doped AlGaAs is grown at 710 °C on the freshly
cleaved interface. The regrown structure is cut into several
samples with a typical width of 1 mm. The shallow top con-
tact is made to the 4000 Ån1-GaAs layer by evaporating
and alloying a narrow strip of AuGeNiCr metal parallel to
the cleaved edge; the bottom contact is made to the 8000 Å
n1-GaAs after wet etching through the SL by alloying In:Sn.
A schematic cross-sectional diagram of the device is shown
in Fig. 1~a!. Note that the LPE-grown layer is typically
thicker near the edge in LPE growth due to the different
thermal conductivities of graphite and GaAs.14,15

The growth parameters of the device are chosen such
that the Fermi level would be in close proximity to the top of
the first miniband to enhance the miniband boundary effects
in transport. Figure 1~b! shows the calculated dispersion inx
direction using a standard 1D Kronig–Penney model using
120 Å wide wells, and 20 Å wide and 160 meV high barriers.
The lowest miniband lies between 14.7 and 27.7 meV and is
separated from the next miniband by 36 meV. Along they
axis the dispersion is quadratic. For our typical carrier den-
sity of n2D54.131011 cm22, the position of the Fermi level
is close to the top of the miniband~EF526 meV!, and the
Fermi surface is anisotropic withkF

(y)51.43106 cm21 and
kF
(x)51.83106 cm21.

The results of two-pointI –V measurements from three
samples atT54.2 K are shown in Fig. 2~a!. Samples 1A and
1B are from the same LPE growth whereas sample 2A is
from a different growth. The measurements are done using a
pulsed voltage ramp with a pulse width of 50ms and a duty
cycle of 0.05% to avoid sample heating. The solid lines show
the initial I –V obtained by sweeping the voltage up the first
time after cooldown; all three of the devices exhibit nonlin-
earI –V, in particular sample 1B exhibits NDR around 1.3 V.
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More strikingly, I –V characteristics change after this first
voltage sweep, i.e., as the voltage is swept down and in the
successive voltage sweeps, independent of the direction of
the voltage sweep, the currents follow the lower dotted
curves. After the change, the initialI –V characteristics can
be recovered by either shining red LED light or thermally
cycling the sample to room temperature. We should note that
these devices are very different from bulk SL devices in that
they do not show high field domain formation which would
lead to periodic NDR oscillations.3 The superlinearI –V ob-
served in sample 1B at low voltages~V,0.7 V! is not seen in
any of the other samples from this growth and is due to a
contact problem. In the rest of this letter, we will focus on
the data obtained from sample 1A and investigate the origin
of the high electric field induced change in theI –V charac-
teristics.

The change inI –V characteristics depends on the maxi-
mum applied voltage~Vmax!. Figure 2~b! showsI –V charac-
teristics of sample 1A for differentVmax; each curve is ob-
tained from a different cooldown of the sample. As shown in
the bottom curve, theI –V characteristic does not change if
Vmax is in the ohmic regime of the initialI –V. The upper
curves show how the change inI –V characteristics evolve as
Vmax goes beyond the ohmic regime.

In order to monitor the density of the 2D electrons at the

overgrown interface, we performed two-point magnetoresis-
tance measurements using standard lock-in detection at 17
Hz. Two typical magnetoresistance traces, one before~solid
curve! and the other after the application of a high electric
field, taken atT54.2 K are shown in Fig. 3~a!. The magnetic
field (B) is perpendicular to the overgrown interface. The
device exhibits Shubnikov-de Haas~SdH! oscillations which
disappear if the sample is positioned withB lying in the
plane of the overgrown interface as expected of the 2DEG.
The change in the period of the SdH oscillations after the
application of high electric field indicates that there is a re-
duction inn2D which we attribute to the electric field induced
trapping of electrons. From the period of the SdH oscilla-
tions we obtain an initialn2D54.131011 cm22, which re-
mains the same for different cooldowns. However, the final
n2D as shown in Fig. 3~b! depends on the maximum applied
voltage. Note that every point in Fig. 3~b! is obtained from a
different cooldown of the sample. If the maximum applied
voltage is in the linear regime of the device~Vmax,0.8 V!, no
change inn2D is observed. On the other hand, forVmax.0.8
V, we observe a decrease inn2D. Since the sample resistance
(R) is a function ofn2D, in this voltage rangeR is a function
of applied voltage. A nonlinearI –V is expected to result
from such a decrease inn2D. This is consistent with the ob-
served nonlinearity in theI –V characteristics of the device.
For applied voltages higher than 2 V, the 2D electron density

FIG. 1. ~a! Schematic cross-sectional diagram of the edge-grown SL device
~not to scale! and ~b! calculated dispersion relation inx direction for this
structure. Here,d is the period of the SL.

FIG. 2. I –V characteristics of~a! three different samples;~b! sample 1A for
different maximum applied voltages, atT54.2 K. The curves from different
samples in~a! and from different cooldowns in~b! are displaced upwards for
clarity. Solid lines are from the first voltage sweep up after the cooldown
and dotted lines are from the successive voltage sweeps.
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does not decrease any lower than 3.231011 cm22 and, in this
voltage range, theI –V characteristics of the device does not
change after the first voltage sweep~not shown!.

From these observations, we conclude that, triggered by
high electric fields, some of the electrons are trapped and this
electron trapping is the origin of the high field nonlinearity
observed in this device. The exact nature of these traps has
not been identified yet.

We repeated the same measurements on sample 1B from
the same LPE growth and showed that the NDR observed in
this device is also due to similar trapping effect. This sample
has the samen2D of 4.131011 cm22 before the application of
high fields andn2D decreases in a similar fashion withVmax.
For example, for the data shown in Fig. 2~a! the carrier den-

sity of sample 1B decreased to 3.531011 cm22 after the volt-
age sweep. On the other hand, sample 2A is from a different
growth and shows a well pronounced nonlinearity atV50.3
V. This nonlinearity is different in that it persists~actually
becomes more pronounced! after the application of high
voltages and, furthermore, no significant change in ohmic
resistance is observed. Unfortunately, we could not monitor
the 2D electron density for this sample, since the magnetore-
sistance of this sample does not exhibit SdH oscillations.
This might be either due to low electron mobility or due to
an open Fermi surface which can happen in a lateral SL if the
electron density is high enough to totally fill the first mini-
band.

In conclusion, we systematically studiedI –V character-
istics of lateral SL devices fabricated by the LPE overgrowth
technique. These devices behave differently from bulk SL
devices in that they do not form high field domains. We also
observed an unexpected decrease in current at high electric
fields which we showed to be caused by trapping of 2D
electrons.
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FIG. 3. ~a! Two-point resistance of sample 1A as a function of magnetic
field ~applied alongz direction! at T54.2 K. The solid trace was taken just
after the cooldown and the dotted line was taken after the application of a
high voltage~Vmax51.1 V!. Because of the aspect ratio of the 2DEG, our
sample geometry is equivalent to the Carbino geometry which measures
1/sxx . The arrows indicate Landau level filling factors 2, 4, and 6.~b! The
final carrier density after application of high electric fields as a function of
the maximum applied voltage. Each point is obtained from a different
cooldown of the sample.
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