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Abstract—The effect of the bandgap width between the first and second energy minibands on the charge
transport in a semiconducting superlattice to which electric and tilted magnetic fields are applied is studied
theoretically. The time dependences of the current passing through the superlattice are calculated, and the
dependences of the amplitude and frequency of electric current oscillations on the applied voltage are con
structed. It is found that the interminiband electron tunneling facilitates a decrease in the amplitude of cur
rent oscillations, but simultaneously increases their frequency.
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Semiconducting superlattices are complex nano
structures consisting of several alternating thin
(~10 nm) layers of various semiconducting materials
that usually have close crystal lattice periods (e.g.,
GaAs and AlGaAs) [1, 2]. The difference in the band
gap widths of such materials ensures the spatially peri
odic modulation of the conduction band, which leads
to the formation of narrow energy minibands for
charges moving in the direction perpendicular to the
surface of the layer [3, 4]. In the presence of a static
electric field, these specifically quantummechanical
properties of the semiconducting superlattice make
possible the emergence of Bloch oscillations localizing
electrons and, hence, leading to the formation of a
descending segment on the current–voltage charac
teristic of the device. Under the conditions of a nega
tive differential conductivity, a semiconducting super
lattice can generate current oscillations associated
with the drift of domains with a high charge concen
tration. It was shown experimentally that the fre
quency of oscillations of the current passing through
the semiconducting superlattice may attain values on
the order of 100 GHz [5, 6]. The motion of domains in
the superlattice can be controlled by a tilted magnetic
field [7, 8]; complex trajectories of individual elec
trons appearing in this case [9–11] may significantly
improve the amplitude and frequency characteristics
of the current being generated [7, 12].

this case, the description of charge transport in super
lattices, as well as the interpretation of experimental
data, is simplified significantly. However, the effect of
the interband tunneling on the amplitude and fre
quency characteristics of superlattices remains an
important fundamental problem interesting for tech
nical applications. This effect has been studied insuffi
ciently and calls for systematic analysis.
In this study, we describe the results of computer
simulation of the dynamics of electric current passing
through a semiconducting superlattice for various val
ues of bandgap width Eg between the first and second
energy minibands. In particular, we construct the
dependences of frequencies and amplitudes of electric
current oscillations in the semiconducting superlattice
in crossed electric and magnetic fields for various val
ues of the bandgap width.
The simulation of processes occurring in the semi
conducting superlattice was based on the system of
equations including the continuity equation, the Pois
son equation, and the expression for the current density
taking into account the electron drift velocity [2, 7]:
∂n = 
∂J,
e 
∂t
∂x
∂F
e
(1)
 =  ( n – n D ),
ε0 εr
∂x

In simulating and constructing strongly coupled
superlattices, the spacing between minibands is usu
ally set to be large enough to disregard the Landau–
Zener interminiband tunneling [7, 9, 10, 12, 13]. In

J = env d ( F ),
where t denotes time and coordinate x corresponds to
the direction perpendicular to the layers of the super
lattice. Variables n(x, t), F(x, t), and J(x, t) determine
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Fig. 1. Dependences of the electron drift velocities on the electric field strength for various gap widths between the first and second
energy minibands: (a) in zero magnetic field (b) in a tilted magnetic field, B = 15 T, θ = 40°; curve 1 corresponds to the absence
of tunneling; (2) Eg = 150; (3) 133, and (4) 111 meV.

the concentration, electric field strength, and current
density, respectively. Parameters ε0 and εr are the abso
lute and relative permittivity, respectively; nD is the
equilibrium concentration of electrons; vd is the elec
tron drift velocity calculated for mean value of F, and
e is the electron charge.
Following [8, 11], we assume that the contacts on
the emitter and collector of the superlattice are
Ohmic; in this case, current density J0 through the
emitter is determined by the conductivity σ = 3788 S
of the contact, J0 = σF(0), and electric field strength
F(0) can be determined from the boundary conditions
L

∫

V = U + F ( x ) dx,
0

where V is the voltage applied to the superlattice and U
is the voltage drop across the contact [8].
For zero magnetic field, the dependence of the drift
velocity on the electric field strength at low tempera
tures can be calculated analytically using the Esaki and
Tsu formula [4]
ωB τ
,
v d = Δd
 
2ប ( ω B τ ) 2 + 1

(2)

where Δ is the width of the first miniband, d is the
superlattice period, τ is the effective electron scatter
ing time, and ωB = eFd/ប is the frequency of Bloch
oscillations. In the presence of a tilted electric field,
the dependence of the drift velocity on the electric
field strength was calculated numerically using the
semiclassical theory described in detail in [5, 10, 11].
The possibility of tunneling between the first and sec
ond minibands was taken into account using the
approach described in [14, 15]. In this approach, the
drift velocity with allowance to interminiband tunnel
ing is defined as

v d, mod = v d ( 1 – T ( F ) ) + T ( F )v d, free ,

(3)

2
eFτ
(4)
v d, free =  ( cos θ ) ,
2m*
where m* is the effective mass of an electron in the
semiconductor and θ is the magnetic field tilt angle
relative to the x axis. In this case, vd, free is the drift
velocity of the electron in the second miniband, calcu
lated in the free electron approximation. Intermini
band tunneling probability T(F) is defined in accor
dance with [14–16] as

⎛ m*d ( E g ) 2 ⎞
⎟ ,
T ( F ) = exp ⎜ 
⎝ 4ប 2 eF cos θ⎠

(5)

where Eg is the bandgap width between the first and
second minibands. The presence of cosines in expres
sions (4) and (5) reflects the presence of a tilted mag
netic field applied at angle θ relative to the supercon
ducting superlattice.
In our simulation, we used the following values of
parameters describing actual devices used in experi
ments [10, 12]: m* = 0.067me, where me is the mass of
a free electron; Δ = 19.1 meV, d = 8.3 nm, τ = 0.25 ps,
nD = 3 × 1022 m–3, εr = 12.5, magnetic induction is B =
15 T, and θ = 40°.
Figure 1a shows the dependence of drift velocities
on the electric field strength for various values of Eg in
zero magnetic field. In this case, the peak correspond
ing to the maximal electron drift velocity, which
remains unchanged for any Eg, can be observed. It can
be seen from formula (2) that this peak, which will be
henceforth referred to Esaki–Tsu peak [4], appears
when ωBτ = 1, which corresponds to stabilization of
Bloch oscillations. With increasing electric field
strength F, the number of Bloch oscillations per
formed by an electron between scattering events
increases, which leads to a decrease in the drift veloc
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Fig. 2. Current–voltage characteristics for various values of the gap width between the first and second energy minibands: (a) in
zero magnetic field (b) in a tilted magnetic field, B = 15 T, θ = 40°; curve 1 corresponds to the absence of tunneling; (2) Eg = 150;
(3) 133, and (4) 111 meV. Arrows mark the values of V corresponding to the emergence (Vs) and failure (Vf) of current oscillations.

ity. A further increase in F substantially increases the
interminiband tunneling probability, which in turn
leads to a sharp increase in the electron drift velocity.
With decreasing Eg, the value of F at which the elec
tron drift velocity begins to increase as a result of inter
miniband tunneling obviously also decreases.
In a tilted magnetic field, the dependence of the
drift velocity on the electric field strength (see Fig. 1b)
acquires other peaks also apart from the Esaki–Tsu
peak. These peaks appear due to resonances of oscilla
tions at the Bloch frequency ωB and cyclotron fre
quency ωc = eBcosθ/m*, which correspond to ratios
ωB/ωc = 0.5, 1, and 2 [9, 11]. In the presence of the
tilted magnetic field, the drift velocity in the range of
strong electric fields also increases. Like in zero mag
netic field, this effect can be explained by the fact that
the electron mobility in the second miniband to which
the electron is tunneling is higher than in the first
miniband.
Figure 2a shows the current–voltage characteris
tics calculated for different values of the bandgap
width Eg between the first and second minibands in
zero magnetic field. Figure 2b represents the current–
voltage characteristic in the case when a tilted mag
netic field is applied to the superlattice. In both cases,
at the onset of generation (VS), the I–V characteristic
acquires a noticeable descending segment on which
the differential resistance is negative.
For finite values of Eg (curves 2–4), upon an
increase in voltage, the descending segment on the I–
V curve changes for a segment with increasing current.
This can be due to the fact that with increasing V, the
values of electric field strength become sufficient for
inducing interminiband tunneling and, hence, for
increasing the electron drift velocity (see Fig. 1). Upon
a further increase in V, this region expands, and for a
large V (Vf in Fig. 2), failure of current oscillations
takes place.
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Figure 3a shows the dependences of current oscil
lation amplitude ΔI on voltage V in zero magnetic
field. It can be seen that for a finite gap width, there
exists a finite range of V values in which the current
passing through the superlattice exhibits oscillations
(Figs. 3c and 3d show examples of the time depen
dence of current for V = 0.8 V and Eg = 150 meV). The
form of such dependences changes when a tilted mag
netic field is applied to the superlattice (Figs. 3b, 3d).
It can be seen that the magnetic field shifts the current
oscillation threshold towards higher values of V (cf.
Figs. 3a and 3b). Like in zero magnetic field, the finite
gap width limits the oscillation generation region. In
addition, the application of the magnetic field compli
cates the ΔI(V) dependence, which acquires several
local peaks (see curve 4 in Fig. 3b). The magnetic field
also changes the form of current oscillations in the
semiconducting superlattice for the same values of
control parameters. For example, for V = 0.8 V and
Eg = 150 meV (Figs. 3c, 3d), the magnetic field sub
stantially increases the amplitude of oscillations (the
frequency of oscillations also changes thereby,
although this change is not so strong for the values of V
and Eg used in Figs. 3c and 3d).
Figure 4 illustrates the dependence of frequency f
of current oscillations on applied voltage V for various
values of Eg in zero (Fig. 4a) and nonzero (Fig. 4b)
tilted magnetic fields. In both cases, a decrease in the
gap width leads to an increase in the domain repetition
rate. This is due to the fact that interminiband tunnel
ing reduces the electron concentration in the drifting
charge domain. The formation of a moving domain is
associated with the descending segment on the vd(F)
curve (see Fig. 1) [7], for which a higher value of F
indicates a lower electron drift velocity vd. Thus, a
decrease in the charge concentration in a domain
reduces the local electric field strength, leading to
acceleration of electrons in the domain and to an
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Fig. 3. Dependences of the electric current oscillations on the voltage applied to the semiconducting superlattice for various gap
widths between the first and second energy minibands: (a) in zero magnetic field (b) in a tilted magnetic field, B = 15 T, θ = 40°;
curve 1 corresponds to the absence of tunneling; (2) Eg = 150; (3) 133, and (4) 111 meV; time realizations of current for V = 0.8 V
and Eg = 150 meV (c) in zero magnetic field and (d) in a tilted magnetic field B = 15 T, θ = 40°.
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increase in the frequency of oscillations. At the same
time, it can be seen that while the presence of a mag
netic field in the absence of tunneling increases the
frequency for any values of V, the effect of the mag
netic field on the frequency of current oscillations for
finite values of Eg depends on the applied voltage. For
low voltages V, the magnetic field increases the current
oscillation frequency, while in the range of relatively high
voltages, the frequency of oscillations in a nonzero mag
netic field may decrease (Figs. 4a, 4b, curves 2, 3).
Thus, it has been established that interminiband
tunneling of electrons in a semiconducting superlat
tice may noticeably affect the amplitude and fre
quency characteristics of current oscillations being
generated. In particular, a decrease in the gap width
between the first and second minibands may lead to a
decrease in the amplitude of current oscillations, while
the frequency of oscillations may noticeably increase.
These effects are preserved in the presence of a tilted
magnetic field and can be used in designing devices on
the basis of semiconducting superlattices. The nature
of these phenomena is explained by the influence of
the interminiband tunneling on the charge concentra
tion in moving domains; however, further investiga
tions are required for obtaining a comprehensive
explanation of the mechanisms of these effects.
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