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Abstract—Spectra of current oscillations caused by the transport of the electron domains induced by an
applied voltage in a semiconductor superlattice with the absence and presence of the tilted magnetic ﬁeld
are numerically investigated with allowance for the interband tunneling.
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1. INTRODUCTION

through the semiconductor superlattice. We expect
that the results of this investigation can be used for
optimizing parameters of the output signal of the
semiconductor superlattice.

Semiconductor superlattices are nanostructures
that consist of alternating thin layers of semiconductors, which can be used for generating and controlling high-frequency oscillations [1]. If the period of
the superlattice is smaller than the coherent length
(about 6 nm) and the width of the minibands is tens
of millielectronvolts (strongly coupled superlattices),
the width of the bandgap between the ﬁrst and second minibands can be as large as ∼200 meV. Weakly
coupled superlattices are characterized by a period
of more than 10 nm and small widths of minibands
(<1 meV) and the bandgap (∼100 meV). In strongly
coupled superlattices, electron transport is mainly determined by the motion along the ﬁrst miniband while
in weakly coupled superlattices the typical transport
mechanism is a cascade of electron interminiband
tunneling processes [2, 3].
In strongly coupled superlattices, the applied voltage gives rise to the generation of electron domains
that move along the structure. Domain transport
through the superlattice results in oscillations of the
current through the superlattice. Earlier it was shown
that the presence of a tilted magnetic ﬁeld increases
the amplitude and frequency of the oscillations [4, 5].
In this work, we investigate the eﬀect of the interminiband tunneling on the oscillations of the current

2. SIMULATION OF DOMAIN TRANSPORT
WITH ALLOWANCE
FOR INTERBAND TUNNELING
The main objective of this work is to investigate
the eﬀect of inteminiband tunneling on complex processes in a semiconductor superlattice by examining
current oscillation spectra for diﬀerent widths of the
bandgap. To this end, various earlier proposed methods for simulation of semiconductor superlattices are
used.
Processes in a semiconductor superlattice were
simulated using a system of equations that includes
the continuity equation
∂J
∂n
=
,
∂t
∂x

(1)

e
∂F
=
(n − nD ),
∂x
ε0 εr

(2)

e
the Poisson equation

and the expression for the current density allowing for
the electron drift velocity [5, 6]
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J = envd (F ).

**

(3)

Here t is the time; the x coordinate corresponds to
the direction perpendicular to the superlattice layers;
the variables n(x, t), F (x, t), and J(x, t) determine
28
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the concentration, the electric ﬁeld strength, and the
current density, respectively; ε0 and εr are the absolute and the relative permittivity; nD is the equilibrium
electron concentration; vd is the electron drift velocity
calculated for the electric ﬁeld strength F ; and e is the
electron charge.
Following [4, 7], we think the contacts of the superlattice emitter and collector to be ohmic. Then
the current density J0 through the emitter will be
dictated by the contact conductance σ = 3788 Ω−1 :
J0 = σF (0). The electric ﬁeld strength F (0) can be
found from the boundary conditions
L
V =U+

F (x) dx,

(4)

0

where V is the voltage applied to the superlattice and
U describes the voltage drop at the contacts [7].
When there is no tilted magnetic ﬁeld, the dependence of the drift ﬁeld on the electric ﬁeld strength at
low temperatures can be calculated analytically using
the Esaki−Tsu formula [3]
vd =

ωB τ
Δd
,
2 (ωB τ )2 + 1

(5)

where Δ is the width of the ﬁrst miniband, d is the
period of the superlattice, τ is the eﬀective time of
electron scattering, and ωB = eF d/ is the Bloch oscillation frequency. When there is a tilted magnetic
ﬁeld, dependences of the drift velocity on the electric
ﬁeld strength were calculated using the semiclassical
theory [4, 8, 9]. The possibility of the tunneling between the ﬁrst and second minibands was consideered
using the approach described in [3]. According to this
work, the drift velocity is determined with allowance
for the interminiband tunneling as


(6)
vd,mod = vd 1 − T (F ) + T (F ) vd,free ,
eF τ
cos2 θ.
(7)
vd,free =
2m∗
Here m∗ is the eﬀective mass of the electron in the
semiconductor, θ is the tilting angle of the magnetic
ﬁeld with respect to the x axis, and vd,free is the electron drift velocity in the second miniband calculated in
the free-electron approximation. The interminiband
tunneling probability T (F ) is determined in accordance with [3, 10] as


m∗ dEg2
,
(8)
T (F ) = exp − 2
4 |eF | cos θ
where Eg is the width of the bandgap between the ﬁrst
and second minibands. Cosines in (4) and (5) indicate
the presence of the tilted magnetic ﬁeld applied at
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an angle θ with respect to the semiconductor superlattice.
The simulation was performed with the following
parameters that describe real devices and were used
in experiments [2, 9]: m∗ = 0.067me , where me is the
mass of the free electron; Δ = 19.1 meV; d = 8.3 nm,
τ = 0.25 ps; nD = 3×1022 m−3 ; εr = 12.5; magnetic
ﬁeld induction B = 15 T; and θ = 40◦ .
As follows from (3), to obtain the time realizations
of the current through the semiconductor superlattice
we should know the dependence of the drift velocity
on the electric ﬁeld strength. These dependences are
shown in Figs. 1(a) and 1(b) for diﬀerent widths of
the bandgap between the ﬁrst and second minibands
and conﬁgurations of the magnetic ﬁeld. Diﬀerent
widths of the bandgap were considered in accordance
with (6). When there was no tilted magnetic ﬁeld,
dependence (5) was taken as an unmodiﬁed drift velocity, and when there was a ﬁeld, the dependence was
numerically calculated according to [8].
3. RESULTS OF SIMULATION
OF SEMICONDUCTOR SUPERLATTICE
WITH INTERBAND TUNNELING
As follows from (8), the probability of electron
tunneling from the ﬁrst miniband to the second one
increases with increasing electric ﬁeld strength and
decreasing bandgap Eg . As is evident from Figs. 1(a)
and 1(b), the decrease in the tunneling probability
leads to an appreciable increase in the drift velocity at
a high electric ﬁeld strength. This is because the drift
velocity in the second miniband, where the electron
moves freely, is higher than in the ﬁrst miniband and
thus the general drift velocity increases with increasing number of electrons in the second miniband. With
the tilted magnetic ﬁeld, the tunneling-related eﬀects
are less distinct because, according to (8), the cosine
of the ﬁeld tilting angle yields the value smaller than
unity.
Examples of the time realizations obtained are
shown in Figs. 1(c) and 1(d). Given the identical
voltage and bandgap, the oscillations in the presence
of the tilted magnetic ﬁeld are usually more complex,
having a pronounced peak and a few lower neighboring peaks. In the absence of the tilted magnetic
ﬁeld and at a low voltage, the oscillations are close to
harmonic ones, but their shape changes with growing
voltage, as shown in the ﬁgure. It is worth mentioning
that the current oscillation frequency is also higher in
the presence of the tilted magnetic ﬁeld (with other
parameters being equal).
Power spectra were constructed using current realizations with a duration of about 10 ns obtained with
diﬀerent voltages applied to the superlattice and the
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Fig. 1. (a, b) Dependences of the electron drift velocities on the electric ﬁeld strength for diﬀerent widths of the bandgap between
the ﬁrst and second energy minibands in the absence of the tilted magnetic ﬁeld (a) and in the presence of the tilted magnetic
ﬁeld B = 15 T, θ = 40◦ (b). The bandgap are Eg = 200 meV (1), 150 meV (2), 130 meV (3), and 110 meV (4). (c, d) Time
realizations of the current for the voltage V = 0.8 V and the bandgap Eg = 150 meV in the absence of the tilted magnetic ﬁeld
(c) and in the presence of the tilted magnetic ﬁeld B = 15 T, θ = 40◦ (d).

bandgaps between the ﬁrst and second minibands in
the absence and presence of the tilted magnetic ﬁeld.

tunneling rather strongly aﬀects the electron group
dynamics; and Eg = 150 meV, an intermediate case.

Let us ﬁrst examine the case with no tilted magnetic ﬁeld and two voltages, V = 0.4 V (close to
the onset of the current oscillation generation) and
V = 0.7 V (at the developed generation). We begin
with considering the eﬀect of the interminiband electron tunneling on the oscillation power of the current
through the semiconductor superlattice at V = 0.4 V.
It follows from (4) that as the voltage applied to
the superlattice increases, the electric ﬁeld strength
increases as well, and so, consequently, does the electron tunneling probability at the same bandgap. It is
thus obvious that no interminiband tunneling eﬀect is
observed at low voltages (Figs. 2(a), 2(c), 2(e)). The
power spectra under consideration are constructed for
several bandgaps: Eg = 200 meV, when the tunneling
probability is negligibly low; Eg = 130 meV, when

The situation appreciably changes at the voltage V = 0.7 V. Here the change in the width of the
bandgaps between the ﬁrst and second minibands
produces a substantional eﬀect on the power spectra (Figs. 2(b), 2(d), 2(f)). Both the power of the
fundamental oscillation frequency and the frequency
itself change: the frequency gradually decreases with
increasing interminiband tunneling probability. As
the tunneling probability increases, the power of the
fundamental frequency ﬁrst grows but then slightly
diminishes. This means that the initially present
electrons that tunneled to the second miniband cause
an increase in the power, but the power decreases
as the number of the electrons increases. The eﬀect
is due to the number of the tunneled electrons and
thus to the interminiband tunneling probability rather
than to a change in the width of the bandgap and is
conﬁrmed by the fact that this eﬀect is not observed at
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Fig. 2. Spectral power densities of current oscillation in the absence of the tilted magnetic ﬁeld for diﬀerent voltages and widths
of the bandgap between the ﬁrst and second energy minibands: (a, c, e) V = 0.4 V, (b, d, f) V = 0.7 V, (a, b) Eg = 200 meV,
(c, d) Eg = 150 meV, (e, f) Eg = 130 meV.

V = 0.4 V, when the width changes at an almost constant tunneling probability (because of relatively low
electric ﬁeld strength), see Figs. 2(a), 2(c), and 2(e).
For any width of the bandgap between the ﬁrst and
second minibands the change in the voltage leads to
identical results. A comparison of Figs. 2(a), 2(c),
2(e) and 2(b), 2(d), 2(f) shows that an increase in
the voltage leads to a decrease in the fundamental
frequency with increasing power. An exception is
the case with V = 0.7 V and Eg = 130 meV, where
PHYSICS OF WAVE PHENOMENA
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the eﬀects arising from the interminiband tunneling
are rather strong that results in suppression of all
harmonics in the spectrum except the fundamental
frequency. However, the power of the fundamental
frequency is higher than at V = 0.4 V.
Now let us examine the case where the tilted
magnetic ﬁeld is applied. Again, we choose two
voltages V = 0.4 V, which is close to the threshold
value (the threshold value of the voltage applied to
the semiconductor superlattice is the value at which
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Fig. 3. Spectral power densities of current oscillation in the presence of the tilted magnetic ﬁeld B = 15 T, θ = 40◦ for diﬀerent
voltages and widths of the bandgap between the ﬁrst and second energy minibands: (a, c, e) V = 0.6 V, (b, d, f) V = 0.9 V,
(a, b) Eg = 200 meV, (c, d) Eg = 150 meV, (e, f) Eg = 130 meV.

the generation of oscillations of the current through
the superlattice begins; note that in the presence of
the tilted magnetic ﬁeld generation begins at high
voltages [4]) and V = 0.9 V, when the generation is
well developed. As in the case with no tilted magnetic
ﬁeld, at the lower voltage the electron tunneling probability is high even at a small width of the bandgap,
Eg = 130 meV, and the eﬀect of the interminiband
tunneling is insigniﬁcant (Figs. 3(a), 3(c), and 3(e)).

A comparison of the results obtained without and
with the tilted magnetic ﬁeld (e.g., at Eg = 200 meV
for deﬁniteness), when tunneling can be ignored, reveals an interesting eﬀect (see Figs. 2(a), 2(b) and
3(a), 3(b)). In the absence of the tilted magnetic ﬁeld,
the power in the spectrum decreases with increasing
harmonic number while in the presence of the tilted
magnetic ﬁeld the observed situation is much more
complicated. At a suﬃciently high voltage V = 0.9 V
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the power of harmonics is seen ﬁrst to decrease and
then to increase. At a low voltage V = 0.6 V applied
to the semiconductor superlattice, the power of the
fourth harmonic can be higher than the power of the
fundamental frequency. This eﬀect can be employed
for increasing the generation power at higher harmonics, which is important for increasing the generation frequency of the system. Comparing the drift
velocity proﬁles in Figs. 1(a) and 1(b) we can see that
in the presence of the tilted magnetic ﬁeld more peaks
appear in addition to the Esaki−Tsu peak resulting
from the electron scattering. These peaks correspond
to the resonances of the Bloch and cyclotron frequencies and are responsible for the more complicated
group dynamics observed in Figs. 1(c) and 1(d).
In the presence of the tilted magnetic ﬁeld at the
width of the bandgap between the ﬁrst and second
minibands Eg = 200 meV, an increase in voltage entails an increase in the power spectrum of the fundamental component, as in the case when there is
no tilted magnetic ﬁeld. In addition, the power ratio
between the fundamental frequency and the fourth
harmonic is changed. As was mentioned above, at
a low voltage like V = 0.4 V the power of the fourth
harmonic is higher than the power of the fundamental
frequency, but the latter increases with voltage.
Let us return to the eﬀects associated with the
interminiband tunneling. At the voltage V = 0.9 V
applied to the semiconductor superlattice, the probability for the electron tunneling from the ﬁrst miniband
to the second one is quite high. When there is no tilted
magnetic ﬁeld, the fundamental frequency power ﬁrst
increases with interminiband tunneling probability
and then decreases. When there is a tilted magnetic
ﬁeld, the reverse is true: the fundamental frequency
power ﬁrst decreases and then increases (Figs. 3(b),
3(d), 3(f)). However, as was pointed out above, the
interminiband tunneling probability in the presence of
the tilted magnetic ﬁeld is lower (see (8)). The eﬀects
arising from the interminiband tunneling depend on
the tunneling probability rather than directly on the
width of the bandgap, otherwise those eﬀects could
also be observed at a low voltage. In the presence
of the tilted magnetic ﬁeld with the bandgap decreasing, Eg < 130 meV, and the voltage being high,
V = 0.9 V, the intensity of the fundamental frequency
in the spectrum should decrease. Thus, it follows that
as the interminiband tunneling probability increases,
the power of generation at the fundamental frequency
of the domain transport begins oscillations. In the
context of semiconductor superlattice applications, it
is of interest and current importance to investigate the
above inference and ﬁnd the probability for the electron tunneling from the ﬁrst miniband to the second
one that corresponds to the highest power at the given
parameters.
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4. CONCLUSIONS
The eﬀect of the interminiband tunneling on the
complex processes in a semiconductor superlattice
is considered in the work. Spectral power densities
of oscillations on the semiconductor superlattice are
analyzed at diﬀerent voltages applied to the semiconductor superlattice and widths of the bandgap between the ﬁrst and second minibands in the absence
and presence of the tilted magnetic ﬁeld. The main
result of the work is the conclusion that the power
of the generation at the fundamental frequency of the
domain transport begins oscillating as the interminiband tunneling probability increases that can be used
for optimizing the output signal parameters of the
semiconductor superlattice.
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