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ABSTRACT

We study effects of the external tilted magnetic field on the generation of sub-THz/THz oscillations in the
semiconductor superlattice. We show that this field provides the increased power of harmonics in the THz range.
Changing the tilt angle essentially influences the distribution of spectral power of current oscillations in the
semiconductor superlattice.
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1. INTRODUCTION

The development of semiconductor devices working in sub-THz and THz ranges is of a high importance for a wide
range of applications1 including astrophysics, medicine, etc.2,3 In particular, one of the most challenging tasks
of modern electronics is the elaboration of technically available sub-millimeter wavelength devices operating at
room temperature.4 Typically, the use of nano- and microstructure-based setups such as quantum-cascade lasers
(QCLs), transferred electron devices (TEDs) and other devices that exhibit negative differential conductance is a
widely used approach in the related studies.5,6 Nevertheless, characteristics of such devices are strongly limited
by their physical dimensions such as the minimal length of active media in TEDs that strongly influences the
frequency of oscillations. In order to improve properties of such devices, external influences such as, e.g., electric
and/or magnetic fields can be applied.7

The semiconductor superlattice is related to the promising devices demonstrating the negative differential
conductance and working in sub-THz/THz range. Semiconductor superlattices are composed from alternating
layers of different semiconductor materials (two or more) with different bandwidth. Such periodic structure
promotes the formation of minibands in which electrons can travel along the semiconductor superlattice. If
the product of the carrier concentration within the device and the sample length exceeds a critical value, the
NDC triggers the formation of propagating charge domains, which could be utilized both for generation and
amplification of sub-THz/THz radiation.8,9

Recently, we have shown that the drift velocity of electrons in the semiconductor superlattice can be effectively
controlled by an external tilted magnetic field.10,11 In this paper we study how the external tilted magnetic field
can be utilized to increase the power of the highest harmonics of the semiconductor superlattice in THz range.
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Figure 1. Drift velocity of electron in the superlattice for B = 0 (solid curve, red online), B = 12 and θ = 30◦ (dotted
curve, green online), B = 12 and θ = 40◦ (dashed curve, blue online).

2. DRIFT VELOCITY

Within a semiclassical assumption, the drift velocity vd of a single electron under the influence of electric field
F = (−F, 0, 0) and magnetic field B = (B cos θ, 0, B sin θ) can be written as12,13

vd =
1

τ

∞
∫

0

vx(t)e−t/τ dt, (1)

where τ is the scattering time of electron, vx(t) is the x-component of velocity, determined by the motion equation
of electron in the semiconductor superlattice14

p̈z + ω̂2
cpz = C sin(Kpz − ωBt − φ), (2)

where

C = −

∆dm∗ω̂2
c tan θ

2h̄
, (3)

K =
d tan θ

h̄
, (4)

φ =
d

h̄
(pz(0) tan θ + px(0)) . (5)

In the equations (2) – (5), p = (px, py, pz) is the electron’s impulse, ∆ is the superlattice miniband width,
d is the layer width, m∗ = 0.067me is the effective mass of electron in GaAs, me is the free electron mass,
ωB = eFd/h̄ is the cyclic Bloch frequency, ω̂c = ωc cos θ is the cyclic cyclotron frequency along the drift axis
Ox, and ωc = eB/m∗. The equation (2) that can be solved only numerically, determines other components of
the impulse

px = eF t − pz tan θ, py =
ṗz

ω̄c
, (6)

and the velocity of electron

ẋ =
d∆

2h̄
sin(Kpz − ωBt − φ), ẏ =

ṗz

ω̄cm∗
, ż =

pz

m∗
. (7)
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The latter, in turn, allows us to determine the drift velocity of electron (1) that also depends from the electron’s
impulse p0 = (px0, py0, pz0)

vd = vd(p0). (8)

Drift velocity vd can be determined analytically when the magnetic field is absent B = 0.12 For initial
conditions p0x = 0, p0y = 0, p0z = 0, it has the following form

vd =
d∆

2h̄

τωB

(1 + τ2ω2
B)

. (9)

Dependencies of the drift velocity from electric field for the semiconductor superlattice without external
magnetic field and for the semiconductor superlattice with an applied magnetic field for two different tilt angles
are shown in Fig. 1. According to this Figure, applying the external field implies significant changes in the
dynamics of electron in the active media. In contrast to the case of B = 0 (solid line, red online) curves
corresponding to the applied magnetic field exhibit multiple maxima. The first maximum, for the lowest value
of F , also exists when B = 0 and is associated with the onset of Bloch oscillations. All other maxima occur
because of the enhanced acceleration of electrons on the Bloch-cyclotron resonances. For the case of θ = 40◦,
the drift velocity is sufficiently higher, and the maxima corresponding to the Bloch-cyclotron resonances are
more pronounced in comparison with θ = 30◦. This circumstance allows us to control the system dynamics by
changing the tilt angle of the applied magnetic field.

3. COLLECTIVE ELECTRON DYNAMICS

To describe a collective electron transport in the superlattice we use an earlier described model,11,15 with
parameters of the semiconductor superlattice taken from recent experiments.16 The miniband transport region
is discretized into N = 480 layers, each of width δx = 0.24 nm, that is small enough to ensure convergence of the
numerical scheme. The discretized current continuity equation is

eδx
dnm

dt
= Jm−1 − Jm, m = 1 . . . N, (10)

where e > 0 is the electron charge, nm is the charge density at the right-hand edge of mth layer, at position
x = mδx, and Jm−1 and Jm are the current densities at the left and right hand boundaries of the mth layer

Jm = enmvd

(

Fm

)

, (11)

where Fm is the mean field in the mth layer.15 The drift velocity, vd(F ), corresponding to electric field, F , was
described in Section 2.

The electric fields Fm and Fm+1 at the left- and right-hand edges of the mth layer respectively, are related
to the discretized Poisson equation

Fm+1 =
eδx

ε0εr
(nm − nD) + Fm, m = 1 . . . N, (12)

where ε0 and εr = 12.5 are the absolute and the relative permittivities, respectively, and nD = 3 × 1022 m−3 is
the n-type doping density in the semiconductor superlattice layers. The current density injected into the contact
layers of the semiconductor superlattice subjected to the field F0 is J0 = σF0, where σ = 3788 Sm−1 is the
conductivity of the heavily-doped emitter.15 The voltage, Vsl, dropped across the semiconductor superlattice
defines a global constraint:

Vsl = U +
δx

2

N
∑

m=1

(Fm + Fm+1), (13)
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Figure 2. Amplitude spectra of current oscillations in the semiconductor superlattice: (a) B = 0, (b) B = 12 and
θ = 30◦, (c) B = 12 and θ = 40◦. Frequency range 1–2 THz is shown in the right panel. Supply voltage applied to the
semiconductor superlattice is Vsl = 610 mV.

where the voltage, U , dropped across the contacts includes the effect of charge accumulation and depletion in the
emitter and collector regions, and the voltage across the contact resistance,17 R = 17 Ω. The current through
the device is

I(t) =
A

N + 1

N
∑

m=0

Jm, (14)

where A = 5 × 10−10 m2 is the cross-sectional area of the semiconductor superlattice.15,17

To describe effects of the magnetic field on the dynamics of analyzed system, the Fourier spectra of current
oscillations in the semiconductor superlattice were estimated (Fig. 2). For better representation, the range of 1–2
THz is illustrated in the right panel. When the magnetic field is absent (Fig. 2(a)), the amplitude of harmonics
rapidly decreases till 200 GHz and then reduces almost linearly. In contrast, if magnetic field is applied at
θ = 30◦ (see Fig. 2(b)), a sufficient reduction of spectral components near 70 GHz with the following maxima at
140 GHz appear. Besides, spectral amplitudes increase at frequencies above 1.1 THz, and they have significantly
more power at 1–2 THz range as compared with Fig. 2(a). Increasing the tilt angle (see Fig. 2(c), θ = 40◦)
results in the further swapping of the generation power to higher frequencies.

The obtained result can be illustrated using the spatial dynamics of charge traveling through the superlattice.
The spatio-temporal distributions of electron concentration in the semiconductor superlattice are shown in Fig. 3.
One can see, that the charge domains appear near the emitter of semiconductor superlattice when B = 0
(Fig. 3(a)). The charge concentration in the domain increases during its moving to the collector, whereupon
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Figure 3. Spatio-temporal distributions of charge in the semiconductor superlattice: (a) B = 0, (b) B = 12 and θ = 30◦,
(c) B = 12◦ and θ = 40◦. The coordinate, x, and charge density, n, are given in non-dimensional units. Supply voltage
applied to the semiconductor superlattice is Vsl = 610 mV.

the speed of the domain decreases. When the magnetic field is applied (Fig. 3(b)), the formation of the domain
displaces to the middle of active media, that results in the increased speed, and, accordingly, the increased
frequency of generation. This time domain reaches collector before it became too “heavy” and slow. The
increasing of the tilt angle of the magnetic field (Fig. 3(c)) provides a further shifting of the domain emergence
to the collector region, and the frequency increases. In fact, magnetic field enables us to artificially decrease the
active media for moving domain and to increase the frequency of charge transport.

4. CONCLUSIONS

In this paper we studied effects of the external tilted magnetic field on the generation of sub-THz/THz high
harmonics in the semiconductor superlattice. We showed that the tilted magnetic field can effectively swap the
power to THz frequencies. Furthermore, changing the tilt angle of the external magnetic field essentially influ-
ences the distribution of spectral power of current oscillations in the semiconductor superlattice and enables us to
control them. The obtained results are important for design of new THz generators, based on the superlattices,
TEDs and other devices with negative differential conductance.
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