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Abstract. We have investigated non-equilibrium electron transport properties of a quantum well with an
inserted thin semi-insulating potential barrier layer in nonlinear bias using a time-dependent simulation
technique. We find that the charge redistribution with time in the whole structure has an important effect
on the final current-voltage (I-V) curves. The results show that there are two evident current hysteresis
phenomena in the negative differential conductance regions and the inserted semi-insulating potential
barrier layer induces the formation of multiple emitter quantum wells, which leads to high-frequency
terahertz current oscillations with multiple-frequency relations around the valley of current.

PACS. 73.63.Hs Quantum wells – 73.21.Fg Quantum wells – 73.23.-b Electronic transport in mesoscopic
systems – 73.50.-h Electronic transport phenomena in thin films

Double-barrier resonant tunneling nanostructures have
been extensively studied due to their potential device ap-
plications. There have been many important experimen-
tal discoveries in this confined system [1–5]. Most of the
experimental research focuses on the dc transport proper-
ties, such as linear and nonlinear response [6–8]. Because
of the small dimension of the nanostructure device, a very
small bias voltage applied on the device can cause a very
strong internal electric field. Thus, the carriers in the de-
vice are in a state far from the equilibrium state. Besides
this, the transport processes become non-Markovian due
to memory effects induced by scattering, some abnormal
phenomena have been found, such as the negative cur-
rent problem under positive bias [9]. The effects of tran-
sient current transport and charge density variations in
the non-equilibrium states are still a important problem.

In this paper, using a time-dependent simulation tech-
nique, we study the electron transport behaviour of a main
AlGaAs/GaAs/AlGaAs quantum well with a thin semi-
insulating potential barrier layer which can be formed by
adequate doping with Al atoms in the GaAs quantum well.
The band-profile is shown in the inset of Figure 1. Simi-
lar structures have been fabricated in experiment, such as
resonant tunneling diodes that incorporate a single layer
of InAs quantum dots [10,11], as well as a monolayer InAs
potential well or AlAs potential barrier [12,13]. The ex-
perimental current-voltage (I-V) curve of electron trans-
port through a double-barrier AlGaAs/GaAs/AlGaAs
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quantum-well shows bistability and a plateaulike struc-
ture [14–16]. In our theory, we obtain the high-frequency
oscillations of current as well as a multiple-frequency os-
cillation relation, which occur in the first and second I-V
hysteresis cycles, respectively. The high-frequency oscil-
lations of current in double-barrier structures have been
introduced in some experimental and theoretical stud-
ies [16–18], and current oscillations with frequencies be-
low THz have also been detected in experiment [16]. Our
work obtains the multiple-frequency relation of current os-
cillation in the double barrier structure with a thin semi-
insulating layer whose steady state I-V curves have been
obtained in experiment [14]. This kind of current hystere-
sis has also been found in the quantum wells of many other
materials [19–23].

The inserted layer can introduce charge redistribution
to form multiple emitter quantum wells and has an impor-
tant effect on the current transport in the device. We find
two high-frequency current oscillation regions in which
there are current multiple-frequency oscillations. These
time-dependent nonlinear characteristics may find appli-
cation in future high-frequency devices.

The Wigner function formulation of quantum mechan-
ics has been used in our approach due to its ability
to handle dissipated and open-boundary systems natu-
rally [17,18,24]. This equation is not the steady state but
a time-dependent equation, which considers the time ef-
fect. The detailed theoretical method can be found in ref-
erence [25]. With the lowest-order approximation to the
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scattering term, the time-dependent dynamic equation for
quantum transport is
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where the kernel of the potential operator is given by
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m* is the electron effective mass. x and r are the Wigner-
Weyl transformation coordinates. U is the conduction-
band edge. f (x, k) is the Wigner function. Appropriately
treating scattering in semiconductors is very important
for getting reasonable simulation results. We employ the
relaxation-time approximation to deal with the scattering.
In the relaxation time approximation, the collision terms
in the above equation are written as
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where τ is the relaxation time and f 0 is the equilibrium
Wigner function. The boundary conditions are
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The corresponding electron and current density may be
obtained by the k-space integral of the Wigner function.
Another important equation in our model is the Poisson
Equation (PE). Because of the conservation of the trans-
verse momentum, the electron density in the plane vertical
to the electron transport direction is distributed homoge-
neously. So the Poisson equation in our model is reduced
into a one-dimensional equation where the x direction is
the electron transport direction,

d2

dx2
u (x) =

q2

ε
[Nd (x) − n (x)] , (6)

where ε is the dielectric permittivity. u(x ) is the electro-
static potential, q is the electronic charge, N d(x ) is the

Fig. 1. I-V curves of the double-barrier structures with an
inserted potential barrier layer, the data are the time-averaged
values of current. The inset is the conduction-band diagram of
device under certain bias.

concentration of ionized dopants, and n(x ) is the density
of electrons, which is given by

n (x) =
∫ ∞
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dk

2π
f (x, k). (7)

The corresponding current density may be written as
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To solve the WFE-PE equations, we must discretize the
simulation zone and these WFE-PE equations. The final
results of the current and electron density are obtained by
self-consistent calculations [25].

The parameters used in our simulations are as fol-
lows: The momentum and position spaces are discreted
into 134 and 160 points, respectively. The donor density
is Nd = 2.0 × 1018 particles/cm3, and the doping extends
to 3.0 nm before the emitter barrier and after the collec-
tor barrier. The compensation ratio for scattering calcu-
lations is 0.3. The high emitter and collector AlxGa1−xAs
potential barrier, undoped GaAs main quantum well and
thin inserted semi-insulating AlyGa1−y As potential bar-
rier widths are 3.0, 5.0 and 1.38 nm, respectively, as shown
in the inset of Figure 1. The simulation box is 55.0 nm and
the main barrier potential is 317 meV. The device temper-
ature is 77 K. The effective mass of an electron is taken
to be 0.0667 m0.

Figure 1 shows the mean I-V curves of the quantum
well with the inserted potential barrier layer when the
time-dependent simulation reaches steady state in the for-
ward and backward bias sweeps. In the calculation, the
bias voltage is applied to the device continuously with
a 2 ps time interval for each bias step. There is a tran-
sient regime for each bias step, but the final current value
is a mean value of transient current. According to our
calculation, the transient irregular current occurs in the
first 200 fs interval, the current can basically reach the
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Fig. 2. The current density as a function of time in the for-
ward bias sweep. (a) under low bias which corresponds to the
first resonance bias, (b) under high bias which corresponds to
the second resonance bias. For clarity of presentation, all the
curves have been translated in the vertical coordinate by cer-
tain values.

steady state, which shows either a sustaining oscillation
or a constant value. The I-V curve shows two evident cur-
rent hysteresis regions, as is shown in Figure 1. When we
consider the time-dependent current density, the results
show the following phenomena: (1) the current density
shows an oscillation with the frequency of about 4 THz;
(2) the multiple-frequency oscillations of current density
appear in different bias voltage regions; (3) The current
density oscillations with time show amplitude-modulated
wave form; (4) the current density oscillations mainly lie
around the valleys in the hysteresis regions.

The time-dependent current density curves at different
bias voltages of the forward bias sweep are shown in Fig-
ure 2. The current density oscillation with the frequency
of about 4 THz appears after the bias voltage passes the
resonant bias voltage (0.38 V). With increasing bias volt-
age, the peaks of current density start to split and the
double-frequency phenomenon appears. When the current
is far from the valley, it returns to a linear response. The
second hysteresis region appears when the bias voltage
equals 0.5 V. We find that a triple-frequency current os-
cillation of about 12 THz appears in this region, as shown
in Figure 2b. In order to understand these phenomena, we
have analysed the distribution of the electron density as
shown in Figure 3. From Figure 3a, it can be seen that
in low bias voltage which corresponds to the first reso-
nant tunneling of the devices, there is an electron den-

Fig. 3. The local electron density distributions in the for-
ward bias sweep. (a) under low bias which corresponds to the
first resonance bias, (b) under high bias which corresponds to
the second resonance bias. For clarity of presentation, all the
curves have been translated in the vertical coordinate by cer-
tain values.

sity peak in the main quantum well (MQW) and there
are no evident electron density oscillations in the emitter
region before the emitter potential barrier. In this bias
voltage region, the emitter quantum well (EQW) is not
formed. However, when the bias voltage passes the res-
onant point, the sudden decrease in the tunnelling cur-
rent leads to a dramatic increase in the electron reflection
coefficient. The interference between the injected and re-
flected electron waves causes a large spatial depletion of
electron density in the emitter region. The depletion of
electrons induces a drop in the potential and forms an
EQW. Also the depth of the EQW increases with the in-
crease of the bias voltage, and the energy level of the EQW
separates from the three-dimensional continuum states in
the emitter region. The coupling between the conduction-
band edge in the EQW and the lowest-energy level in the
MQW tends to lift the energy level in the MQW and de-
presses the conduction-band edge in the EQW. The ap-
plied bias has the opposite effect on the energy level in
the MQW. The interplay of these two opposite effects de-
termines the formation of the EQW. The existence of the
inserted thin barrier layer adjusts the energy level struc-
ture of the MQW by restricting the electron motion of the
MQW, which further affects the electron density distribu-
tion of the emitter region and forms the multiple EQWs
as shown in Figure 3. Furthermore, the coupling between
the energy level in the EQWs and that in the MQW will
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greatly influence the transport of electrons. There are sev-
eral factors jointly affecting the transport process: the cou-
pling between the three-dimensional continuum states and
the level of MQW contributes the main current, and the
coupling between the level of EQW and that of MQW pro-
vides the accessional current forming the oscillatory cur-
rent density. Coupling between multi-EQWs and MQW
will leads to the multi-frequency current density oscilla-
tions. This coupling of the EQW and MQW contributes
to the current oscillations, so the formation of an emitter
quantum well is important. Because of the large capaci-
tance and impedance of the device, it might be difficult to
detect directly the high-frequency oscillations of current
using the electric detection technique. But, the EQW is
formed mainly through the time-dependent change of elec-
tron density in the emitter close to the AlxGa1−xAs bar-
rier. This change of electron density in emitter can affect
the photoluminescence or absorption spectrum and make
it change with time. The high-velocity femtosecond laser
technique can be used to detect this kind of charge density
change in the emitter, so that information concerning the
electron density in the emitter through photoluminescence
or absorption spectrum change can be obtained.

In order to explain these kind of current density oscil-
lations, we give the following qualitative explanation using
a less rigorous, yet transparent theoretical model. Because
the energy level in the EQW is a quasi-bounded state, we
suppose that the average residence times of electrons in
the EQW and MQW are �/γE and �/γM , respectively,
where γE and γM are the corresponding quasi-bound en-
ergies of the EQW and MQW. After the formation of the
EQW, the electrons can inject into the EQW and occupy
the quasi-bound state level by phonon scattering. When
the level of the EQW is close to that of the MQW, the elec-
trons of EQW can tunnel into the MQW which leads to
accessional electron transport. However, at this time, the
velocity of injected electrons is larger than that of tunnel-
ing electrons, and electron injection is dominant, which
leads to electron accumulation and lifts the conduction-
band edge and quasi-bound state level. The lifted level of
the EQW promotes the electron transport, and the current
increases gradually. When the level of the EQW equals
that of the MQW, electron tunnelling is dominant. The
tunneling of electrons into the MQW makes the electron
number in the EQW decrease and reduces the conduction-
band edge of the EQW, which leads to a decrease of tun-
neling current until the injected electrons are re-dominant,
and a new accessional current cycle starts. So the current
oscillation is determined by the average residence time of
electrons in the quasi-bound state level. When only one
EQW is formed, the coupling between the EQW and the
MQW makes the residence time of electrons in the cou-
pling system be �/(γE + γM ). Because γM << γE , the
oscillation period is the electron average residence time
�/γE in the EQW, and the residence time of electrons
in the MQW can modulates this oscillation frequency as
shown in Figure 2b. When there are two EQWs, the res-
idence time is �/(γE1 + γE2). Because the level coupling
between the EQWs is large only when the two levels of

Fig. 4. The current density as a function of time in the back-
ward bias sweep. (a) under low bias which corresponds to the
first resonance bias, (b) under high bias which corresponds to
the second resonance bias. For clarity of presentation, all the
curves have been translated in the vertical coordinate by cer-
tain values.

EQWs are near, i.e. γE1 = γE2, the oscillation frequencies
are doubled. Thus, the multiple-frequency oscillations of
current are related to the number of EQWs and requires
that the levels of the different EQWs are near. When the
bias further increases to reach the second hysteresis region,
the emitter region shows a three-EQW structure, which
leads to triple-frequency current oscillations. According
to our explanations, the current oscillation frequency is
determined by the parameters of the device, such as the
width and height of barrier and width of quantum well
and middle semi-insulating barrier layer, but the relation
of multiple-frequency does not depend on the detailed de-
vice parameters. At the same time, the coexistence of the
3D and 2D states in the emitter is necessary for the for-
mation of the oscillations, so the spacer region and doping
concentration is also very important. Its oscillation am-
plitude could depend on the height and width of middle
barrier, but it needs further studies.

Figure 4 represents the current as a function of time
in the backward bias sweep, which shows a similar phe-
nomenon. The forward bias sweep corresponds to the in-
jection process. The backward bias sweep corresponds to
the electron drag process, which is not the simple in-
verse process in the situation of non-equilibrium electron
transport. In backward sweep, the double-frequency phe-
nomenon is more significant and appears in the low bias
as shown in Figure 4a.
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In conclusion, for the quantum well device with an in-
serted thin potential barrier layer, we have found two evi-
dent current hysteresis regions and multiple-frequency os-
cillations of current density. This inserted potential barrier
layer strongly affects the electron density distribution and
current curves. It promotes the formation of multi-EQWs
in the emitter region and further leads to current density
oscillations. Using this inserted layer technique, we can
adjust the high-frequency oscillations only by changing
the dc bias voltage, which leads to a multiple-frequency
quantum device only by changing the bias between the de-
vice. In the future, experimental researchers may use high-
velocity femtosecond lasers to detect the change of elec-
tron density in the emitter close to the barrier to obtain
information about these high-frequency oscillations. These
results can extend qualitatively to the case of a quantum
well with a repulsive potential quantum-dot layer.
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