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The formation and propagation of dipole domains in superlattices are studied both by the modified discrete drift

model and by the nonlinear Schrédinger equation. The spatiotemporal distribution of the electric field and electron

density are presented. The numerical results are compared with the soliton solutions of the nonlinear Schrédinger

equation and analysed.

It is shown that the numerical solutions agree with the soliton solutions of the nonlinear

Schrédinger equation. The dipole electric-field domains in semiconductor superlattices have the properties of solitons.
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1. Introduction

In the study of electronic transport in semi-
conductor superlattices (SLs), the properties of the
electric-field domains and transportation phenomena
have been extensively studied® ! both experimen-
tally and theoretically. Recently, a discrete drift—
diffusion model of charge transportation in weakly-
coupled SLs has been established and used to anal-
yse the dipole electric-field domains successfully.?!
Based on the microscopic sequential tunnelling model,
the charge monopoles, the charge dipoles, even the
coexistence of both the oscillation types are possi-
ble under various contact doping.[l Experimentally,
a self-sustained high-frequency current oscillation at-
tributed to propagating dipole domains is reported to
be due to a miniband transportation mechanism.!”!
We use the nonlinear Schrédinger equation (NLSE) to
describe the electric-field domains resulting from the
negative differential conductivity and to obtain soliton

solutions. (8]

In this paper, the dipole domains in SLs are stud-
ied both numerically and analytically. Our numer-
ical work is based upon the discrete drift model of
charge transportation in SLs. We present a detailed
numerical analysis of the dipole electric-field domains
in doped weakly-coupled GaAs/AlAs SLs. Then we
investigate the properties of the dipole domains mak-
ing use of the NLSE. The numerical simulation results

are analysed and compared with the analytical results

of the NLSE. The results demonstrate that the dipole
electric-field domains in SLs have the behaviours of

solitons.
2.Physical model and numerical

simulation

[10] of trans-

According to the discrete drift model
portation in SLs, each quantum well reaches a local
equilibrium through sequential tunnelling processes in
weakly-coupled SLs. The vertical transport properties
in the growth direction can be described by the follow-

ing equations:

€ — &1 = S(nZ — N3) (Poisson equation). (1)

de;  env(e;)
et 4 AT
dr d

In these relations, €, e and d are the average permit-

= J (Ampere equation). (2)

tivity, the electron charge and the superlattice period,
respectively. ¢; is the electric field, n; is the two-
dimensional (2D) (areal) electron number density (to
be determined), with i=1,2,--
tum well index. N} is the 2D intentional doping at
the wells.

To study the equations, it is convenient to ren-

-,N denoting the quan-

der them dimensionless, using characteristic physical
quantities. As the unit of the electric field E; = ¢;/¢q,
we adopt €9 = A/ed, with A being the energy sepa-
ration between the first and the second electron sub-
bands.

dimensionless effective electron velocity.

v(E;) = v(e;)/v(eo) is the normalized and
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From Egs.(1) and (2), we obtain a set of N equa-
tions for the electric-field profiles

dB;, &
" Z;V(Ej)(Ej —Ej1+p)
— Nv(E;))(E; — Ei—1 + p), (3)

where t = 7v(gp)/Nd is the dimensionless tunnelling
time. The characteristic charge density ng = egq/e is
used to normalize the doping u = N} /ny.

The initial conditions are E;(0) = Vy./Ndeg, with
Vie being the applied dc voltage bias and Vy./Nd the
average electric field in the superlattice sample. The

global charge conservation/!]

oo+ Z —eNp)=eNy <(52 + 53) (4)

is adopted as the boundary condition in numerical
simulations. Here Ny is the doping density in the
contact layers (see Ref.[11] for a detailed discussion
of other parameters).

We consider a GaAs/AlAs SL with d=16nm,
N=80, u=0.09, E;(0)=1.53, Ny = 1.23 x 10**m~3
Equation (3) is solved numerically by the fourth-order
Runge-Kutta method to obtain electric-field distribu-
tions through the SL region. From the electric-field
profiles, the total current density and the electron den-
sity can be calculated.

The spatiotemporal distributions of the electric
field are seen from Fig.1. The calculated electron den-
sity and time-dependent current oscillations are shown
in Figs.2 and 3. The spatial structures of the elec-
tron density and the electric-field distributions show
that the oscillation is due to the propagating dipole
domains. The charge dipoles move with maintaining
both the shapes and the amplitudes.

Fig.1. Spatiotemporal distributions of the electric field.

Fig.2. Spatiotemporal distributions of electron density.

12x1073F

10x1073}

8x10™3

6x103F |

Fig.3. Temporal evolution of the current density J.

3.Nonlinear Schrodinger equa-

tion and its soliton solution

In terms of the negative differential conductivity,
the formation and transportation of dipole domains
in SLs can be described phenomenologically by the
self-trapped potentiall®'? x| ¥(z,t)|?, where ¥(z,t)
is the electron wavefunction, | ¥(z,t)|? is the electron
density, and « is a real constant.

Then the Hamiltonian is
. B2

H=-—V?_
2m

=Ho — k| ¥(z,1)?, (5)

V(z)+ eEx — k| ¥ (z,t)|?

where V(z + d) =
with a period d, e is the electronic charge, and E is
the strength of the electric field.

The corresponding Schrodinger equation is

V(z) is the periodic SL potential

0
— U(x,t
"ot (%)

Its formal solution can be written as ¥(z,t) =
u(z,t)¢p(x,t), where ¢(z,t) is the Bloch function,

which satisfies the Schrodinger equation

— HyU(z,t) + k| ¥(2,t)> @ (z,t) = 0. (6)

.0 -
Zad)(x)t) :H0¢($,t). (7)
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u(z,t) is the envelope of the wavefunction ¢(z,1t).

The tight-binding approachl® and the multiple
scales method!" show that the envelope function
u(z,t) is governed by the NLSE

Ou(z,t)  0%u(z,t)
ot D2

where b = KDy is real, and Dy is the average electron

+ blufu(z,t) =0,  (8)

density.
The NLSE has a soliton solution

u(z,t) :\/?ZAsech[QA(x — 4At)]

x exp[—2idx + 4i(\* — A%)t].  (9)

Here, A is the soliton amplitude, and —4 is its veloc-
ity. A and A are determined by the initial conditions.

The soliton solutions imply that solitons are ob-
served as envelopes of the Bloch functions. The enve-
lope functions correspond to the electric-field domains
in SLs. So the dipole electric-field domains in semi-

conductor SLs are characterized by solitons.

Juf?

23

Fig.4. Soliton solutions of the envelope functions.

The soliton solutions (9) are shown in Fig.4, which

correspond to the electron density |u(zx,t)|2. The di-

mensionless parameters used in our calculations are as
follows: b=-22, A = 9.5 x 108, —4\ = 183.5.
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Fig.5. Comparison of the numerical solutions (circled
line) with the analytical soliton solutions (solid line)

at different times.

4. Analyses and conclusions

The electric field, the electron density and the
current self-oscillations of the dipole electric-field do-
mains have been studied both numerically, with the
self-consistent discrete drift model, and analytically,
by means of the NLSE. The numerical results show
that the dipole electric-field domains exhibit soliton-
like behaviours, whose electric field and electron den-
sity move with their shapes and amplitudes remaining
unchanged. The spatiotemporal properties of the nu-
merical and analytical results are in agreement with
each other, as shown in Fig.5, where the circled lines
indicate the numerical solutions, and the solid lines in-
dicate the analytical soliton solutions. The numerical
solutions and the analytical results demonstrate that
the dipole electric-field domains in semiconductor SLs

have the characteristics of solitons.
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