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Abstract. The crossover between two regimes has been observed in the vertical
electric transport of weakly coupled GaAs/AlAs superlattices (SLs). At fixed d.c.
bias, the SLs can be triggered by illumination to switch from a regime of temporal
current oscillation to the formation of a stable electric field domain. The conversion
can be reversed by raising the sample temperature to about 200 K. An effective
carrier injection model is proposed to explain the conversion processes, taking into
account the contact resistance originating from DX centres in the n+-Al0.5Ga0.5As
contact layers which is sensitive to light illumination and temperature. In addition,
quasiperiodic oscillations have been observed at a particular d.c. bias voltage.

Since the formation of electric field domains and related
oscillations in theI–V curve of superlattices (SLs) were
first observed by Esaki and Chang [1], many experimental
and theoretical works have been performed to investigate
vertical transport properties of SLs [1–6]. In SLs with
moderate carrier concentrations provided by doping or
photoexcitation, low and high electric field domains occur
with a charge accumulated boundary when the applied
electric field is large enough to break up a uniform electric
field distribution. With increasing bias voltage, the domain
boundary moves through the SL and gives rise to oscillatory
behaviour in theI–V characteristics. The formation of
electric field domains can be seen through0–0 sequential
resonant tunnelling or0–X sequential resonant tunnelling
[3, 4]. Recently, damped and undamped temporal self-
oscillations of the current were observed in the MHz range
for SLs biased by a fixed d.c. voltage [7, 8]. For SLs with
a certain range of doping concentration, undamped self-
oscillations of the current have been reported to occur at
relatively high d.c. voltage, i.e. in the second current plateau
region of theI–V curve. Above and below this doping
concentration, the self-oscillations disappear completely,
resulting in the build-up of stable electric field domains
at higher doping concentrations or in a uniform electric
field distribution at lower doping concentrations [9]. In the
case of temporal self-oscillations, movement of the domain
boundary is proposed to be responsible for the oscillations
[8]. The oscillatory behaviour may possibly be employed
in device applications, for example, to produce tunable
microwave generators.

In this paper we show that doped SLs can exhibit either
undamped self-oscillations of the current or stable electric
field domains under a relatively low d.c. voltage (the
first current plateau region in theI–V curve). Switching
between these two states is controlled by triggering
the sample with additional optical illumination for the
transition from current self-oscillations to stable electric
field domains, and by raising the sample temperature for
the transition from stable electric field domains to current
self-oscillations. This behaviour is attributed to metastable
transitions of DX centres in the n+-Al 0.5Ga0.5As contact
layer and their influence on electron injection into the active
SL region. In addition, quasiperiodic oscillations have been
observed.

The samples investigated in this work were doped
GaAs/AlAs SLs grown by molecular beam expitaxy in a
VGMKII system. The typical SL sample consists of 40
periods of 87Å GaAs well and 41Å AlAs barrier. The
layer thicknesses were checked by x-ray double crystal
diffraction. To reduce the density of interface states, only
the centre 50Å of the well was doped with Si (n =
3× 1017 cm−3). The top n+ contact layer was 0.33µm
Al 0.5Ga0.5As and 200Å GaAs, doped with a Si donor
concentration of 2× 1018 cm−3. The area of the sample is
0.25 mm2. A 0.2 mm diameter window was processed on
the top side of samples for optical illumination.

TheI–V characteristics of the sample were measured at
77 K under different illumination conditions, by computer-
controlled data recording at a sampling frequency of
100 kHz using the pseudo-four-terminal technique (the
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Figure 1. The I –V characteristics of GaAs/AlAs SLs
measured with a sampling frequency of 100 kHz at 77 K:
(a) in the dark, (b) in background room light (shifted up
5 mA for clarity) and (c) after illumination by He–Ne laser
light for 1 min (shifted up 10 mA for clarity).

negative pole is connected to the top contact layer). In
addition, the usualI–V curve measurement was also
made with a slower scanning velocity of 50 mV s−1.
The temporal current self-oscillations in the MHz range
were recorded by photographing the display of a Hitachi
V-1050F oscilloscope, and their frequency spectra were
measured by an HP859213 spectrum analyser.

The I–V curves measured with a sampling frequency
of 100 kHz under d.c. biasing are shown in figure 1 for the
following conditions: (a) in the dark, (b) with background
room light illumination and (c) after illumination with
an He–Ne laser beam (6328̊A, 1 mW) for 1 min. In
curve (a), the sample was cooled down to 77 K in the
dark. An I–V curve typical for the weakly coupled SL
is observed except when d.c. voltage is applied in the
range 2.6–4.6 V. An irregularly fluctuating current curve
is recorded in this voltage range which results from the
temporal current oscillations in the MHz frequency range
and will be discussed in detail below. As shown in
curve (b), when the sample is exposed to the background
room light illumination, the region of irregular current
fluctuation moves to the voltage range between about
0.75 and 2.0 V. Within the region of irregular current
fluctuation, the temporal current oscillations can be directly
observed with the oscilloscope and their frequency spectra
can be analysed by a spectrum analyser. Figures 2(a),
(b) and (c) display the frequency spectra and current
oscillations measured at several fixed bias voltages under
the conditions described in figure 1 curve (b). At a
bias voltage of 1.41 V, for example, the amplitude versus

frequency relation is shown in figure 2(c). The fundamental
frequency of the oscillations is located at about 1 MHz.
Additionally, there are higher-order harmonics occurring
due to the nonlinearity arising from the negative differential
conductance (NDC) of the sample. The temporal current
oscillations are attributed to a motion of the domain
boundary through the SLs [8].

Under the same conditions as figure 1 curve (b), the
I–V characteristic is additionally measured by a slow
scanning method as shown in figure 3 curve (a). Instead
of exhibiting a fluctuation region, a flat portion occurs in
the corresponding bias region of theI–V curve, which
is similar to the report by Schwarzet al [10]. It means
that the unstable and stable electric field domains can be
separated in theI–V curve measured by high-frequency
recording, not by slow scanning recording, i.e. the high-
frequency recording can give us more information about
the properties of the electric field domains.

After the sample has been illuminated by He–Ne laser
light for about 1 min at low temperature, the temporal
current oscillations disappear and stable electric field
domains occur, as shown in figure 1 curve (c). Afterwards,
if the sample is kept at 77 K, itsI–V characteristic remains
in the same form as curve (c). However, it is found that
when the sample temperature is raised up to about 200 K
and then cooled once again to 77 K, theI–V curve will
repeat the same behaviour as shown in figure 1 curve (a),
i.e. the temporal oscillations of the current will take place
once again in the same bias voltage region of theI–V
curve. This indicates that at low temperature and fixed d.c.
bias the sample may have two interchangeable states in the
dark. One state exhibits the self-oscillations of current, and
the other has stable electric field domains. The two states
can be switched over by the trigger of light illumination
(for transition from the regime of self-oscillations to stable
electric field domains) and by raising sample temperature
(for transition from stable electric field domains to self-
oscillations). Such light illumination and temperature-
sensitive properties are somehow similar to the behaviour
of DX centres whenx > 0.2 in n-doped AlxGa1−xAs [11].

It is found that the voltage value at the first NDC peak
in the I–V curves is different for the cases in curves (a),
(b) and (c) of figure 1. It shifts from about 2.6 V in curve
(a) to 0.5 V in curve (c), depending on the conditions of
the sample. Because the voltage of the first NDC peak is
determined by resonant tunnelling between the ground state
of adjacent wells in doped, weakly coupled GaAs/AlAs SLs
[3], the large difference of bias voltage at the NDC peak
should be caused by the change in the serial resistance [12].
The larger bias voltage at the NDC peak in curves (a) and
(b) corresponds to a larger contact resistance of the AlGaAs
electrode layer in series with the SL region. In fact, after the
sample has been illuminated by laser light, theI–V curve
has a relatively steep rising part, as shown in curve (c) of
figure 1, which is what is as expected for the conduction
mechanism of resonant tunnelling between the ground state
of adjacent wells, i.e. the contact resistance is small enough
and can be neglected. This implies that laser illumination
can metastably reduce the contact resistance of the diode
and therefore enhance the electrical conductivity. Such a
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Figure 2. The frequency spectra of temporal current
self-oscillations measured under biases of 0.80 V (a),
0.92 V (b) and 1.41 V (c). The insets depicts the
time-dependent signal of the measured voltage. The
sampling resistance is 30 �.

situation can remain even after the optical illumination has
been switched off, i.e. the contact resistance has a property
similar to that of persistent photoconductivity related to the
DX centres in AlGaAs.

It is also found that for another GaAs/AlAs SL, with
the same structure and doping densities as our typical

Figure 3. (a) The I –V curve measured by a scanning
velocity of 50 mV s−1 in background room light at 77 K.
(b) The I –V curve of another GaAs/AlAs SL with GaAs n+

contact layer measured with a sampling frequency of
100 kHz under the conditions of curves (a) and (b) in figure
1 at 77 K (shifted up 10 mA for clarity).

sample except the top n+ contact layer is GaAs instead
of Al 0.5Ga0.5As, the high-frequency sampling measurement
exhibits only stable electric field domains as shown in
figure 3 curve (b) under the conditions of curves (a) and
(b) in figure 1. This means that the AlGaAs contact layer
plays a key role in determining whether the electric field
domains are stable or unstable in the NDC region.

From the above analysis, we may attribute the switch-
over between the two states of the electric field distribution
in the SL to the contact resistance which controls the
injection of carriers from the AlGaAs electrode into the SL
region. In the case ofNd ∼ 1.17× 1017 cm−3, according
to our simulation calculations, the transport current should
have been large enough to ensure stable electric field
domain formation. However, in the case of curves (a)
and (b) in figure 1 the contact resistance of the AlGaAs
layers significantly restricts carrier injection into the SL
region, thus the density of injected carriers is too low to
form a stable field domain boundary. In fact, the average
current in the self-oscillation regime (about 9 mA as shown
in figure 3 curve (a)) is smaller than the average current
found with stable electric field domains, about 14 mA as
shown in curve (c) of figure 1 in the corresponding bias
region. Thus, the smaller injected carrier concentration will
cause a reduction of the effective carrier concentrationNd .
However, after the deep levels of DX centres in the contact
AlGaAs layer have been ionized by illumination, the serial
resistance can be reduced due to the persistent conductivity.
The SLs will then exhibit the behaviour of stable electric
field domains.

The dependence of the temporal current oscillations on
the effective carrier concentration in the SL can be clarified
by a simulation using a discrete drift model calculation.
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For doped, weakly coupled SLs, transport properties in the
growth direction are described by the Poisson equations
averaged over one SL period`, Ampère’s equations for the
balance of current density, and the voltage bias condition
[6]

1

`
(εi − εi−1) = e

ε
(ni −Nd) (1)

ε
dεi
dt
+ eniv(εi) = J (2)

`

N∑
i=1

εi = V (3)

where εi is the average electric field,ni is the electron
concentration of theith well and i = 1, 2, . . . , N denotes
the QW index.ε, e,Nd andV are the average permittivity,
the electron charge, the average doping concentration and
the applied d.c. bias voltage respectively. The total current
densityJ is the sum of the displacement current and the
electron flux due to sequential resonant tunnelling. The
boundary condition at the first contactε(ε1−ε0)/e` = n1−
Nd = δ allows for a small negative charge accumulation
in the first well (δ � Nd ). The initial conditions are
εi(0) = V/N`. The velocity curvev(ε) in the NDC region
is modelled by a Lorentzian curve. Combining equations
(1), (2) and (3) , we obtainN dimensionless equations for
the electric field distributions

dEi
dτ
= 1

N

N∑
j=1

v(Ej )(Ej−Ej+1+ν)−v(Ei)(Ei−Ei−1+ν)
(4)

and an expression for the electric current

J (t) = εε1−1

Nttun

N∑
j=1

(Ej − Ej−1+ ν)v(Ej ). (5)

In the case of NDC induced by resonant tunnelling between
the ground state of adjacent wells, equations (4) are solved
numerically by the fourth-order Runge–Kutta method. For
calculating the electric field distributions in the SL region
under different d.c. bias voltages, the parameters used are
as follows: periodic numberN = 40, length per period
` = 12.8 nm, electric field strength at the NDC peak
ε1−1 ≈ 1.56× 104 V cm−1, tunnelling timettun ≈ 10 ns.
The dimensionless electron drift velocity curvev(E) used
in the simulation is shown in the inset of figure 4. Using
the boundary condition of aδ value from 10−1 to 10−5,
we obtained a range of carrier concentrations for realizing
the current self-oscillations at a fixed d.c. bias voltage
of 1.41 V, as shown in figure 4. The range of carrier
concentrations for displaying current self-oscillations is
located from about 0.87 to 2.89× 1016 cm−3 at δ = 10−2.
Therefore, the calculation shows that the average doping
concentration in the sample (Nd ∼ 1.17 × 1017 cm−3)
is high enough for a build-up of stable electric field
domains in the SL region, as we observed in figure 1 curve
(c). However, due to the presence of a highly resistive
AlGaAs contact layer, the injection-limited effective carrier
concentration should be less than the nominal value, i.e.
below 2.89×1016 cm−3, which results in the temporal self-
oscillations shown in curves (b) and (c) of figure 1.

Figure 4. Frequency (f ) versus concentration (Nd )
calculated by the discrete drift model for different boundary
parameters δ from 10−1 to 10−5 at 1.41 V. The current
self-oscillations disappear outside the region marked by
short vertical lines. Inset: the dimensionless electron drift
velocity curve V (E ) used in the simulation. The two peaks
correspond to the resonant tunnelling E1 → E1 and
E1 → E2 respectively. They are modelled by two
Lorentzian shapes.

The current self-oscillations are simulated under
different d.c. bias voltages takingNd ∼ 2× 1016 cm−3 and
δ = 10−3. The calculated temporal current oscillations and
corresponding frequency spectra are shown in figures 5(a)–
(c) for three different d.c. bias conditions: (a) 0.80 V,
(b) 0.92 V and (c) 1.41 V. The fundamental frequencies
in these spectra are between 1.0 MHz and 2.0 MHz,
decreasing with increasing bias. They are attributed to the
periodic movement of the domain boundary in the SL [8].
Additionally, there are a lot of higher-order harmonics in
the spectra caused by the nonlinearity related to NDC.

It is noted that the experimental results measured at
0.80 V and 1.41 V shown in figure 2 are in good agreement
with the simulated ones. However, at the bias value of
0.92 V, the measured oscillations and frequency spectra are
not consistent with the simulation, displaying quasiperiodic
oscillations. The quasiperiodic oscillations can be attributed
to a superposition of two independent periodic oscillation,
as shown in figure 2(b). The fundamental frequencies are
0.8 MHz and 1.0 MHz. Thus, the SL system can be
described by two independent periodic oscillation systems.
This is tentatively attributed to a process leading to the
creation of the chaotic window by varying the applied d.c.
bias [13].
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Figure 5. The simulated frequency spectra of temporal
current self-oscillations by the discrete drift model under
biases of 0.80 V (a), 0.92 V (b) and 1.41 V (c). The insets
show calculated temporal current oscillations.

In summary, we have investigated the formation of
current self-oscillations and stable electric field domains.
The sample exhibits either temporal current oscillations at
fixed d.c. bias voltage or stable electric field domains, being
controlled by the illumination conditions. Switching over
from temporal current oscillations to stable electric field
domain formation occurs when the sample is illuminated by
laser light, but the transition reverses when the temperature
is raised to about 200 K and then cooled again to 77 K.
The reason for the switch-over between two states is
attributed to the contact resistance originating from the
n+-Al 0.5Ga0.5As layers and the undersupply of injected
current into the SL region. Whether the domain boundary
is stable or not is determined not only by the average
doping concentration, but also by the injected current
when the sample has a larger contact resistance. In
addition, quasiperiodic oscillations have been observed
experimentally.
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