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Bistable current–voltage characteristics caused by competition of tunneling through and
field-enhanced thermionic emission across a single barrier are investigated in an
n2-GaAs/Al0.34Ga0.66As/n

1-GaAs structure. The S-shaped part of the characteristic persists in the
whole temperature regime between 4.2 and 300 K in accordance with theoretical predictions. The
delay and switching times of the transition from the low- to the high-conducting state are
investigated as a function of the applied voltage and compared with simulations. The observed
timescales are much longer than expected from theory, which indicates the presence of additional
deep centers or interface states. ©1996 American Institute of Physics.@S0021-8979~96!04418-0#
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I. INTRODUCTION

Semiconductor heterostructures are well known to
hibit various types of electric instabilities if a sufficientl
high bias is applied.1 A simple structure, which exhibits an
S-shaped current–voltage characteristic under certain co
tions, is the heterostructure hot-electron diode~HHED!,
which consists of a single barrier clad between lightly a
heavily doped smaller gap semiconductor layers.2 At a given
voltage applied perpendicular to the heterolayers, bistab
is possible if the current is carried predominantly either
tunneling through the barrier~low-conductivity state! or by
field-enhanced thermionic emission over the barrier~high-
conductivity state!. Switching between these two stead
states is associated with a concomitant rearrangement o
potential and charge distributions perpendicular to the ju
tion. Regardless of the large power dissipation of the HHE
it serves as a prototype of a bistable device, which allow
convenient study of the fundamental nonlinear transp
properties due its simplicity.

To the best of our knowledge there is only one expe
mental observation of an S-shaped characteristic of
HHED fabricated from a GaAs/Al0.45Ga0.55As structure

2 be-
sides one from GaAs/AlAs,3 i.e., both differed in the offsets
of the lowest conduction band in the barrier. It should
noted that the structure with a single barrier must be c
trasted to quantum wells formed by a narrow gap semic
ductor clad between layers of a wide gap semiconducto
multiple quantum wells.4–6 In these structures the S-shape
characteristics are due to the additional effect of ene
transfer between the carriers entering the well across the
rier and those localized in the well.7

Theoretically the HHED has been investigated by diffe
ent approaches for various choices of relevant sample par
eters. In Refs. 8 and 9 Monte Carlo~MC! simulations exhib-

a!Electronic mail: asche@pdi.wias-berlin.de
3376 J. Appl. Phys. 80 (6), 15 September 1996 0021-8979

Downloaded¬05¬Aug¬2009¬to¬192.38.67.112.¬Redistribution¬subject
x-

di-

d

ity
y

y
the
c-
D,
a

ort

ri-
an

e
n-
n-
or
d
gy
ar-

r-
am-

ited a steep increase of the current due to the onse
thermionic emission as a response to an ideal voltage sou
The occurrence of an S-shaped current–voltage charact
tic and consequent instabilities leading to self-sustained
rent oscillations were theoretically first described by a sim
drift model.10 Later MC simulations also exhibited clearl
pronounced hysteresis and accompanying oscillat
behavior.11,12

The negative differential conductivity regime of th
current–voltage characteristic was reported to vanish at t
peratures above 77 K for the MOCVD-grown sample co
sidered in Ref. 2. In contrast to this result, calculations ba
on an improved drift model using quasiballistic transpor13

indicated only a moderate reduction of the bistability regim
of the characteristic with increasing temperature.14 The pur-
pose of this paper is to present experimental evidence tha
S-shaped current–voltage characteristic associated with
fundamental mechanisms of tunneling and field-enhan
thermionic emission can indeed be observed in a caref
designed GaAs/Al0.34Ga0.66As/GaAs structure~as described
below! in a wide temperature regime ranging from liquid H
to room temperature. Further emphasis is placed on the
namics of threshold switching to the high conductivi
branch, since the dynamical behavior is important for ap
cations as well as for information concerning the structu
perfection of the sample.

The paper is organized as follows. In Sec. II the HHE
structure and the sample preparation are described. The
perimental setup and the obtained results are presente
Sec. III. In Sec. IV we discuss the temperature depende
and the dynamic behavior and draw a comparison with f
ther numerical simulations on the basis of the model of Re
13 and 14.

II. STRUCTURE AND SAMPLE PREPARATION

The structure was grown by molecular beam epitaxy
indicated in Fig. 1. On an untiltedn1 GaAs~001! substrate a
/96/80(6)/3376/5/$10.00 © 1996 American Institute of Physics
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highly doped buffer layer system including a strongly dop
superlattice was grown. The superlattice is used because
effective for smoothing of the growth front as well as fo
trapping of impurities from the substrate surface. The act
layers of the HHED consist of 500 nm GaAs:Si~531015

cm23!, 200 nm Al0.34Ga0.66As and a highly doped GaAs ca
layer. To avoid Si segregation into the barrier, 3 nm thi
undoped GaAs layers were inserted on both sides of the
rier. The weakly doped GaAs drift region was intentiona
grown in front of the barrier in order to achieve a mo
perfect interface for the electrons impinging on the barr
from the cathode side, than the inverse sequence would g
The substrate temperature was 600 °C, and growth was
formed under arsenic stable conditions.

The lateral geometry of the samples was defined by
implantation. At the beginning Au:Ge was evaporated, ph
tolithographically structured, and alloyed at 470 °C. The
ameters of the active regions were chosen between 30 a
mm for the alloyed metal contacts on the anode side. T
the contact areas were covered by deposition of a 3.5mm
thick organic sheet in order to shield the active areas aga
ion implantation for insulation of the surrounding. The diam
eter of the shielded areas were chosen 2mm wider than the
alloyed contacts. To achieve insulation of the desired part
the cap layer the ion implantation was performed with ox
gen starting with an initial energy of 220 or 180 kV an
diminishing it step wise down to 25 keV. As known thes
upper energy limits yield a penetration of the O1 ions of 350
and 300 nm, respectively. Note that there is no signific
influence on the obtained current–voltage characteris
within this penetration range. After the implantation the pr
tecting organic layer was removed and larger metallic ar
than the defined active ones were evaporated and slig
alloyed for bonding. For this type of preparation of the ano
side, the cathode was prepared on the backside of the sam
Thus the current had to pass through the whole structure

In the experimental investigations we used small
diameter HHEDs in order to limit the current through th
sample thus avoiding destruction of the samples at high c
rents.

FIG. 1. Scheme of then2-GaAs/Al0.34Ga0.66As/n
1-GaAs heterostructure ho

electron diode~HHED!.
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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III. EXPERIMENTAL RESULTS

The measurements were performed by rectangular v
age pulses of typically 400 ns duration and a repetition f
quency of 2 Hz. A 50V resistorR1 was mounted in series
with the sample to measure the currentI . In order to vary the
load line an additional resistorR2 was used. For an applied
voltageU0 the voltage dropU across the sample is dete
mined by Kirchhoffs’s lawU5U02(R11R2)I . The voltage
dropsU across the sample as well as (R11R2)I were mea-
sured by a high impedance probe. The shortest pulses w
about 100 ns, limited by the generator. Both the voltage a
current pulses were measured at the end of the pulse, w
jitter and reflections due to mismatch did not significan
influence the pulse shape. In this flat section about 150 po
were measured and averaged over 20 pulses, i.e., an inte
tion over 3000 values was performed for each value of
applied voltage. The investigations were performed eithe
a He gas atmosphere between 4.2 and 300 K or in liquid
liquid nitrogen, and air, respectively.

The current–voltage characteristic for both polarities
shown in Fig. 2. In the low voltage regime it clearly demo
strates the behavior of a diode. However, at about 7 V for
forward bias, i.e., for carriers drifting through the weak
doped GaAs region to the barrier a peculiarity is observ
The precise value of this critical voltage differs for sampl
with different diameters. It is found to shift to higher value
with increasing diameter of the samples. The inset of Fig
shows the S-shaped peculiarity. It can be seen that repet
of the measurement cycle has almost no influence even a
long interruption intervals. It should be mentioned that t
currents do not fully scale with the nominally active cro
section ~the current densities are reduced up to 15% w
increasing cross section!. This difference, however, is too
small to allow for definite conclusions concerning the form
tion of current filaments. In fact, theoretical results sugg

FIG. 2. Current–voltage characteristic at 4.2 K for a sample with a diam
of d58 mm defined by ion implantation. The widths of the drift region an
the barrier are 500 and 200 nm, respectively. The inset shows the S-sh
part of the characteristic for repeated measurements.
3377Stasch et al.
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that current filamentation should set in only at larger sam
diameters of the order of 50mm. Note that experimentally no
hysteresis is observed directly, since the measurements
performed by pulse technique.

The curves demonstrate quite clearly the occurrence
two different conducting states for a fixed sample voltage
4.2 K. Since it is very interesting whether this behavior r
mains up to room temperature, we have investigated the t
perature dependence in detail. As shown in Fig. 3 the thre
old voltage and the current density shift to lower values w
increasing lattice temperature, but the S-shaped charact
tics remain up to room temperature and the bistability ran
is not reduced. Sweeping the temperature several times
tween 300 and 4.2 K yields reproducible results. The ‘‘p
cise’’ value of the critical voltage for the onset of the bist
bility depends on the position of the time interval chosen
determine the pulse amplitudes. This behavior is dem
strated in Fig. 4, where the temporal evolution of the curr
signal is shown for stepwise increased generator voltage.
stress that the generator voltageUgen is different fromU0
due to electrical reflections:Ugen5U0~11r!, where r de-
notes the reflection coefficient with21<r<1. It can be seen
that for earlier times of sampling a slightly higher value
applied voltage is necessary in order to attain the hi
conducting state. The time traces show that the current ju
from the low-conducting to the high-conducting sta
~switching! occur only after some delay time, which be
comes shorter when the generator voltage is slightly
creased. The switching time15 can be estimated by the
present setup to be about 10 ns, which is well above
experimental resolution. Note that the delay as well as
switching times slightly differ from sample to sample.

In order to study the dynamical behavior in more deta
we have plotted the delay times as a function of the gener
voltage in a semilogarithmic scale in Fig. 5. The delay tim
decrease exponentially with increasing voltage in the reg
shown. Near the turning point of the characteristic, i.e.,

FIG. 3. S-shaped parts of the current–voltage characteristics for diffe
lattice temperatures from 4.2 to 300 K~same sample as in Fig. 2!.
3378 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996

Downloaded¬05¬Aug¬2009¬to¬192.38.67.112.¬Redistribution¬subject
le

are

of
at
e-
m-
sh-
th
ris-
ge
be-
e-
-
to
n-
nt
We

f
h-
ps
e
-
in-

he
he

il,
tor
es
e

or

small overvoltages, there is a stochastic regime with long
average delay times as generally expected for thresh
switching.16 In this regime there are large statistical fluctua
tions of the delay times for a given applied voltage.

IV. DISCUSSION AND COMPARISON WITH THEORY

Our experimental investigations of the HHED clearl
demonstrate the persistence of bistability between a low- a
a high-conducivity branch in the whole investigated temper
ture regime from 4.2 up to 300 K. This agrees well with th
results from the quasiballistic drift model of Refs. 13 and 1

entFIG. 4. Evolution of the current with time for stepwise increased genera
voltage atT54.2 K for a sample withd512 mm defined by ion implanta-
tion. Note that the reflection coefficientr was positive for these measure-
ments.

FIG. 5. Delay time of the threshold switching vs generator voltage measu
for a point in the low-conducting state~Fig. 4!.
Stasch et al.
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The use of such a simplified transport model has t
great advantage that the behavior can be easily studied
large parameter range, for various initial conditions, and a
spatiotemporal phenomena can be investigated. In contras
this, MC simulations require a large numerical effort. Ther
fore, it is not surprising that a full bistability could not be
resolved in Ref. 8~which would require the use of differen
initial conditions! but only a switching was found. The ob
servation of the full S-shaped curve within a MC simulatio
requires the use of current controlled conditions as t
middle branch is unstable for voltage-controlled conditio
~see, e.g., Ref. 17!. Further MC simulations12 performed for
increasing as well as decreasing voltage ramps yield hys
esis and accompanying oscillations. The steepness of
transitions between the low- and the high-conducting bran
is shown to depend on theG-L andG-X scattering processes
Note that for the parameters used there~short drift and bar-
rier regions! the quasiballistic drift model does not exhibi
any bistability.14

Here we will use the results of the model from Refs. 1
and 14 for a comparison with the experimental results. T
model is based on quasiballistic transport in the lightly
undoped GaAs drift region. Additionally, an energy broa
ening of the electron distribution due to scattering with pol
optical phonons and scattering into theL valley is treated as
a perturbative effect. The lattice temperature mainly infl
ences the scattering, but also the tunneling via the car
distribution in the states bound in the triangular potent
well in front of the interface. The model assumptions ca
only be justified for drift regions of up to roughly 200 nm
because scattering becomes much more important for lon
length scales. Therefore, the model does not directly apply
our experimental situation. Nevertheless, a formal extens
beyond this limit yields similar current–voltage characteri
tics.

The calculated current–voltage characteristics for a 2
nm GaAs drift layer are shown in Fig. 6 for 300 and 4 K
Qualitatively, they reflect the same shift with lattice temper
ture as experimentally observed. The range of currents
voltages at the instability are also in good qualitative agre
ment. The quantitative differences may be caused by the
ferent lengths of the drift regions in theory and experime
Furthermore, the drift region was assumed to be undoped
the simulation. Besides, the measured voltages include a
tional contact and substrate as well as buffer resistances
should in general be larger than the theoretical values. T
strong influence of scattering events in our samples w
their long drift region is clearly reflected by the sublinea
current–voltage characteristic preceding the bistability r
gime. This may be attributed to a pronouncedG-L transfer in
the drift region, since the simulation shows that a fie
strength of 1–10 kV/cm occurs in the drift region even in th
low-conductivity state and of about 20–40 kV/cm in the hig
conductivity state, where strong thermionic emission dom
nates.

Now we present further simulations of the dynamic b
havior. At first we note that the transit time of the electron
through the sample should be lower than 7 ps if we assu
the average velocity to be larger than 107 cm/s. Therefore, it
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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is reasonable to assume that the distribution of the electro
adiabatically follows the actual potential distribution. Th
potential distribution itself is strongly dependent on the~two-
dimensional! charge densityrs in front of the heterojunction,
which determines the difference of the electric fields insid
the drift region and the barrier. This quantity can be iden
fied to be the most relevant dynamical variable in the fram
work of the general treatment of Ref. 17. Therefore the d
namical behavior of the diode has been simulated
reducing the number of degrees of freedom to two essen
dynamic variables, viz., the total voltage across the structu
U andrs .

13,14There it has been assumed that all charges a
essentially free, so that their dynamics are governed by
continuity equation. This means that the change ofrs in time
is just given by the difference of the currentjGaAs in the drift
region and the currentj AlGaAs in the barrier. The calculated
characteristic shows thatrs changes fromrl522.331027

As/cm2 at the low-conducting state torh521.731027

As/cm2 at the high-conducting state forU55 V, T54 K. The
typical switching times should be of the order o
(rh2r l)/~jGaAs2j AlGaAs!. Assuming that the difference in
the current densities~jGaAs2j AlGaAs! inside the sample is of
the order of several percent of the total current, we obta
typical time scales which should be shorter than 100 ps. T
numerical results for the total delay and switching times
dependence on the voltage are shown in Fig. 7. In agreem
with our estimate we obtain times which are shorter than 1
ps except for voltages which are very close to the thresho
voltage, where long delay times occur. Here the quant
~jGaAs2j AlGaAs! is almost zero as we are close to the statio
ary current–voltage characteristic where the condition
steady state givesjGaAs5j AlGaAs. The origin of the different
delay and switching times can be understood in terms o
phase portrait analysis of the nonlinear dynamic system d
scribing the threshold switching transitions.16 In the phase
space of the dynamic variables the low- and high

FIG. 6. Calculated current–voltage characteristics for different lattice te
peratures for a GaAs/Al0.34Ga0.66As heterostructure hot electron diode. Both
layer widths are 200 nm.
3379Stasch et al.
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conductivity states correspond to the stable fixed points
the applied voltage is raised to a value above threshold
low-conductivity state becomes unstable, and the sys
moves along a trajectory towards the high-conductivity st
For small overvoltages, the phase portrait is not chan
much and the initial state is still influenced by the form
stable fixed point; therefore the system will spend most o
time near the low-conductivity state before it eventually
comes faster along its trajectory towards the hi
conductivity state. Thus the delay time is essentially de
mined by the phase portrait only in the neighborhood of
low-conductivity state, i.e., by the unstable linear eigenva
of the corresponding fixed point, while the switching time
influenced by the global nonlinear features of the wh
phase portrait between the two fixed points. This can exp
the exponential decrease of the delay time with increa
overvoltage, as well as the much weaker dependence o
switching times upon varying overvoltage,16 as also observed
in our experiments.

The theoretically determined delay and switching tim
are, by orders of magnitude, too fast, compared with
experiment. This discrepancy can certainly not be explai
by the different sample parameters used, which might so
what change the time scale, but it strongly indicates that
dynamical behavior is governed by additional effects
glected in the simulation. A possible explanation could
the presence of some unidentified electronic states, w
become recharged during the switching process on a
time scale governed by their capture cross section and
emission time. It is well known that in spite of careful
controlled growth conditions some 1010 cm22 interface states
are always present besides possible deep centers as w
cannot be fully excluded furthermore that deep levels
created by ion implantation.

FIG. 7. Calculated total time for delay as a function of the applied volt
U0, where the device is operated in a circuit with a load resistorR. The inset
shows the temporal evolution of the current for three different applied v
ages~T54 K, R550 V, sample cross sectionA5431028 cm22!.
3380 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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The role of charging additional electronic states is su
ported by using a double pulse technique and varying t
time between two subsequently applied pulses. If the interv
becomes short enough and the states have not been f
emptied in the meantime the switching occurs after a shor
delay time. However, the switching time remains the same
for single pulses.

V. SUMMARY

Our detailed experimental results clearly demonstrate t
bistability in the single heterobarrier structure due to th
abrupt transition between the tunneling and the thermion
emission regimes as proposed in Ref. 2. However, the bis
bility is persistent up to room temperature in contrast to Re
2. The theoretically predicted trend14 of the temperature
dependence~Fig. 6! is correctly reflected in the experimenta
data, even if it is less pronounced for our structure~Fig. 3!
due to the difference in scattering events in the long dr
region as discussed above. The discrepancy between
theoretically expected and experimentally observed tim
scales for delay and switching times may be related to ele
tron capture at interface states or deep centers due to grow
related imperfections in contrast to the numerical simulatio
which assumed that all electrons are free.
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