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By the numerical method, we show a transition process from static to dynamic electric-field domain formation

in semiconductor superlattices. During this transition, there can be noticed a sawtooth-like zone in which static and

dynamic electric-field domain zones appear alternatively with increasing voltage. Therefore, a dynamic dc voltage

band emerges from each sawtooth-like branch of the current—voltage characteristic. These results are qualitatively in

agreement with experiment.
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1. Introduction

Some features that are associated with vertical
transport in strongly coupled superlattices, such as
Bloch oscillation, dynamical localization, and mini-
band transport, have been widely discussed with a
tight-binding model.'=#l For the superlattices with
larger barrier widths, the coupling is weaker, and se-
quential tunnelling of electrons between different wells
plays a dominant role in the charge carrier transport
in the system. In the past years, depending upon the
circuit conditions and the material parameters, e.g.
the mean doping density Np, either stable station-
ary domains (for high Np), or self-sustained oscilla-
tion of the domains (for intermediate Np) are found
in weakly coupled superlattice (SL).5~1% It has been
shown that the current self-sustained oscillation only
occurs within a certain range of carrier concentration.
However, above this carrier concentration range the
current—voltage (I —U) characteristics exhibit discon-
tinuities on the sequential resonance tunnelling (SRT)
plateau and show a series of sawtooth-like current
branches corresponding to the static electric-field do-
main (EFD) formation.!>'!] So, we know that chang-
ing of Np will lead to a transition between the static

and dynamic formations of EFD. The same transi-

tion can be produced by applying an external mag-
netic field parallel to the SL layers ['? or increasing
the sample temperature. The SL sample temperature
induced transition process between the static and dy-
namic formations of EFD has been investigated in de-
tail, in which a phenomenon is observed: a dynamic dc
voltage band is found emerging from each sawtooth-
like branch of the I — U characteristic in experiment.
As temperature increases, dynamic dc voltage bands
appear and expand within each sawtooth-like branch,
squeeze out the static region, and join together to turn
the whole plateau into a dynamic EFD formation from

the static one.[*3]

On the theoretical side, it has been shown that the
I — U characteristic and dynamic dc voltage band can
be reproduced fairly well by the models which com-
bine essentially the discrete Poisson equation and rate
equations for carrier densities in the different quantum

wells.[14-16]

In this paper, the transition process between
static and dynamic formations of EFD is produced
by the numerical method in SL, and the dynamic dc

voltage band is investigated in detail.

2.Model

Consider a SL of N wells, the state of SL is de-
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scribed by the electric field E; on the 7th barrier, where
1=1,2,...
tron densities in the wells from the doping density Np

, N is the barrier index. Deviations of elec-

cause an inhomogeneous field distribution via the dis-

crete Poisson equations
E(Ei_Ez'fl):ed(ni_ND):i:152a-":N7 (1)

where n; is the electron density in the ¢th well, e is
the electron charge, d is the period of SL, and € is
the permittivity. The fields have to satisfy the global

voltage constraint

U= Eid, (2)

where U is the bias voltage. Ampere’s equation for

the balance of current densities
dE; .
eﬂ—i—eniv(Ei):J,z:1,2,...,N, (3)

where v(E;) is a drift velocity for the local voltage
drop, and J is the total current densities. The bound-

ary condition ') is
ng = (1+ C)Np, (4)

where C' is a quite small dimensionless value. Ac-
cording to the transport characteristic of SRT, we se-

lect the sum of two Lorentzian functions as the phe-

nomenological drift velocity.['%]
v(E;) :< 0.81WQ,
UE) <§—M - 1.0)2 +WQ,
20 > ®)
<E;,1 — 2.35) + WQ,

where WQ,, WQ, are the dimensionless parameters
of Lorentzian drift velocity.

As shown in Fig.1, under field Ey;, the SRT re-
lates the first level of the ith well and the second level
of the (i+1)th well, and under field Ey; the SRT may
relate the first level of the ith well and the third level
of the (i4+1)th well, or the second level of the ith well
and the third level of the (i+1)th well, which deter-
mine the different subband energy structures. We set
our Egs.(1)—(5) dimensionless by using the character-
We take Ey; as

istic physical quantities as follows.

the unit for electric field E, where Eyj=A/(ed), with
A being the energy separation between the first and
the second electron subbands. The unit of v(E) is
its value at £ = FEy;, where it has a local maximum
due to resonance in tunnelling. Then, we take Jj
(where Jy = ev(Enm)/d), Uy (where Up=N Eyd), Npg
(where Npg is defined as eFy/ed), and iy, (where
tiun=d/v(EM)) as units of J, U, Np, t, respectively.
The system is solved numerically by the fourth-order
Runge—Kutta method. When simulating the I — U
characteristic by increasing dc bias U, we use a uni-
form initial field profile at the lattices in low dc bias.
In the step of next dc bias, the initial field profile is de-
termined by the distribution of long-time mean value
of E;(t) which is the calculated result of last dc bias.
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Fig.1. Velocity of the electrons as a function of the
electric field, for the fixed parameters WQ; = 0.01
and WQ, = 0.18. Eyj, v(Ey) are taken as the units
of electric field E and drift velocity v(E), respectively.
FEy and Eygq are the locations of two sequential reso-

nant tunnelling peaks.

3. Results and discussion

The typical phase diagrams which distinguish the
dynamic zone (current self-oscillation zone) from the
static zone (non-oscillating zone) are shown in Fig.2
for fixed WQ; = 0.01, N = 40, WQ, = 0.18,
C = 0.001; and in Fig.3 for fixed Np = 0.13, N = 40,
WQ, = 0.18, C = 0.001.
amplitude line denotes the oscillation amplitude of
J(t). At the top zone of Fig.2 and bottom zone of

Fig.3, we can notice a sawtooth-like zone in which the

The value of the iso-

static and dynamic zones appear alternatively with
increasing voltage. Here, we can obtain dynamic dc
voltage bands by computing current—voltage curves of

the above zones.
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Fig.2.
oscillation current J(t) as a function of the mean dop-

A phase diagram of the amplitude of self-

ing density Np and voltage U for the fixed dimension-
less parameters WQ; = 0.01 of a semiconductive SL.
The value of iso-amplitude line denotes the amplitude

of J(t). Here, N = 40, WQ, = 0.18, C = 0.001.
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Fig.3. A phase diagram of the amplitude of self-

oscillation current J(t) as a function of the dimension-
less parameter WQ, and voltage U for fixed Np = 0.13
of a semiconductive SL. the value of the iso-amplitude
denotes the amplitude of J(t). Here, N = 40, WQ, =
0.18, C = 0.001.

How to simulate the experimental results in
Ref.[9]? Figure 2 shows that a transition from dy-
namic to static EFD occurs, as Np increases in the
range from Np=0.10 to 0.15, for fixed WQ;=0.01. In
this transition, we can find that the dynamic dc volt-
age bands appear and expand, within each sawtooth-

like branch of the I — U characteristic, squeeze out

the static region, and join together to turn the whole
plateau into a dynamic electric-field domain formed
from the static field domain. In the model, we know
that average carrier concentration is not equivalent
to average doping density at about 100K because im-
purity excitation is not complete (intrinsic exciting is
neglected). So, increasing temperature will lead to a
little increase of carrier concentration in the SL. This
process could be simulated by the increase of the pa-
rameter Np of the model. However, it is shown in
Fig.2 that the transition occurring with increasing Np
is a reversal process of the transition from static to dy-
namic EFD induced by increasing temperature, which
has been found in Ref.[9].

For the simulation of experimental results, we
consider another factor, the width of resonant tun-
nelling peak, which will be broadened with increasing
temperature. This corresponds to the result of rais-
ing the value of WQ, in our model. Naturally, we
focus on the transition for fixed Np, which occurs by
changing WQ); in the range of WQ, =~ 0.005 to 0.02,
as shown in Fig.3. This shows that the transition oc-
curring by increasing WQ); is in qualitative agreement
with the experimental result. We draw a group of I-U
curves to simulate the experimental results, but these
I — U curves overlap for a fixed Np because the value
of Np is related positively to the mean current den-
sity J. Obviously, the experimental result shows that
raising temperature will result in a little increase of
carrier concentration. Hence, the result of increasing
temperature should be simulated by simultaneously
increasing Np and WQ; of our model (see Fig.5, the
values of WQ; and Np at a certain temperature is re-
lated to the material quality). However, the two cases,
solely increasing the value of WQ; or Np in our model,
will lead to two reversal transition processes, as shown
in Figs.2 and 3. Could we simulate experimental re-
sults by synthesizing the two factors? Fortunately,
we obtain a group of I — U curves by the numerical
method, which is shown in Fig.4. (similar to the Fig.2
of Ref.[9]) It is in good agreement with the experi-
mental result. In this case, the transition from static
to dynamic EFD caused by increasing WQ; is domi-
nant in the procedure of increasing temperature, and

a reversal process with increasing Np is counteracted.
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Fig.4. From bottom up, I — U curves showing a

transition process from static to dynamic EFD caused
by simultaneously increasing Np and WQ;. Here
N = 40, WQ, = 0.18, C = 0.001; bottom curve:
Np=0.12, WQ; = 0.006, immediate curve: Np=0.13,
WQ; = 0.01 and top curve: Np=0.14, WQ; = 0.02.
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Fig.5. Enlargement of Fig.4. The dynamic voltage

band emerges at each current branch. Open squares

indicate the dynamic region while solid squares indi-

cate the static region.

For investigating this transition, we focus on these
I —U curves, shown in Fig.4. Here, J is mean current
density. They exhibit a series of about 40 sawtooth-
like current branches. Omne sawtooth-like current
branch represents a well jumping from low-field to
high-field. In the right plateau, currents fall sharply.
It presents the last several wells jumping to high field
simultaneously because of instability. Hence, when
parameter N = 40, the number of sawtooth-like cur-
rent branches of these I — U curves will be less than
40. The same phenomenon has been found in Ref.[9].
In Fig.4, it can be noticed that a transition from static
to dynamic EFD occurs. For Np=0.12, WQ,; = 0.006,

the bottom curve exhibits a series of sawtooth-like cur-
rent branches which correspond to the static EFD. For
Np=0.14, WQ; = 0.02, in the top curve the sawtooth-
like branches disappear, a flat current plateau is ob-
served, and the current self-oscillations appear under
dc biases across the whole plateau, indicating the dy-
namic EFD formation. When Np=0.13, WQ; = 0.01,
namely, the intermediate curve, we see the dynamic dc
voltage bands emerge from each sawtooth-like current
branch. In these bands, current self-oscillations are
observed. As is more clearly shown, an enlargement
of Fig.4 in detail is in Fig.5 (similar to Fig.3 of Ref.[9]).
Open squares indicate the dynamic region while solid
squares indicate the static region. Figure 6 (similar to
Fig.4 of Ref.[9]) shows an example of the temporal cur-
rent self-oscillation with Np=0.13, WQ; = 0.01 and
applied dc bias U = 1.358 within a dynamic voltage
band.
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Fig.6. Simulated periodic time dependence of the cur-

rent at Np=0.13, WQ; = 0.01, and U = 1.358. show-

ing the so-called current self-oscillation or dynamic

EFD.

In summary, by the numerical method, we have
drawn two phase diagrams in which the sawtooth-like
zones show that the static and dynamic EFD zones
appear alternatively with increasing voltage in verti-
cal transport of SL. Therefore, a dynamic dc voltage
band emerges from each sawtooth-like branch of the
current—voltage characteristic. Under the guidance of
the phase diagrams, we can obtain transition processes
between the static and dynamic formations of EFD by
solely changing WQ, or Np. However, the SL sample
temperature induced transition process is simulated
These

results are qualitatively in agreement with the exper-

by simultaneously changing the two factors.

iment results.
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