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Suppression of the tunneling current in a bilayer electron system
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~Received 27 July 1998!

In this work, we have numerically integrated the effective-mass nonlinear Schro¨dinger equation for an
electron wave packet in a bilayer electron system in space and time. Due to the nonlinear effective-mass
equation, it is found that the charge dynamically trapped in both wells produces a reaction field which modifies
the system resonant condition. Considering an electron-electron interaction, we have calculated the tunneling
times between the two quantum wells when a change of carrier density is induced in one quantum well. At
large electronic sheet densities, we have also shown the possibility of having a suppression of the tunneling
current due to nonlinear effects.@S0163-1829~99!07111-8#
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In the last years, the physics of strongly coupled tw
dimensional electron gases have attracted considerable i
est for possible 2D-2D~two dimensional! tunneling devices.1

These quantum systems constitute double layers of 2D e
tron gases separated by a thin barrier. With the applicatio
parallel and perpendicular magnetic fields to such bila
heterostructures, a variety of phenomena has been obse
at several electron sheet densities. In the experiments,
magnetotransport measurements on double quantum w
have been for high magnetic fields perpendicular to
growth plane, where the electronic kinetic energy
quenched and Coulomb interactions dominate.2,3 In such a
case, interesting phenomena arise from the combined e
of tunneling and electron-electron interactions.4 In addition,
and when the magnetic field is applied in the growth pla
recent work has also investigated the magnetotransport p
erties in which case single-particle tunneling dynamics do
nate the interactions between both electron semicondu
layers.5

At zero magnetic field, many-body interactions in su
low-dimensional electronic systems have also been the
ject of a great attention.6 The tunneling between two paralle
2D electron gases has been recently investigated as a
tion of the carrier density and temperature.7 In such an ex-
periment, the carrier densities in both semiconductor lay
were independently controlled by two different applied
ases. Thus the relationship between the applied interla
voltage and the carrier densitiesn1,2 in both quantum wells
was determined. In this way, Turneret al.7 investigated the
zero-field differential tunneling conductance as a function
the applied interlayer voltage. From the width of the o
tained tunneling resonance, the lifetime of electrons withi
2D electron gas was measured as a function of electron
sity and temperature. As a result, they obtained electr
impurity, electron-phonon, and electron-electron contrib
tions to the overall scattering time.7

In a double-quantum-well system, we know that the el
tron dynamics is determined by the different competing p
cesses of carrier tunneling and carrier scattering. The car
tunnel from one well to the other as long as the tunnel
time is shorter than other scattering times.8 Using time-
resolved optical techniques, Emilianiet al.8 studied the dif-
ferent competing processes of carrier tunneling, exciton
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mation, and exciton recombination inside a double-quantu
well system. A very good agreement between the predicti
of the model and the experimental data was reached, con
ering the tunneling time and the different scattering tim
values.

In a bilayer electron system, the lifetime of two
dimensional electrons in the semiconductor layer plane
been measured by tunneling spectroscopy,9 and different
scattering rates have been obtained. In view of such re
tunneling spectroscopy experiments,9 we note that one re-
maining key question is the theoretical analysis of the t
neling times in a double-layer electron system. In the pr
ence of an interacting 2D electron gas, the theoretica
calculated tunneling times could be used to investigate
different competing processes in the quantum heterost
ture. Then the carrier dynamics in a bilayer electron syst
could be also determined as the same manner as in the
toluminescence experiments.8

However, we note that, at present, the electron dynam
between parallel two-dimensional electron gases has
been theoretically studied from a time-dependent point
view. In principle, and with the using of a time-depende
wave function for the charge density in the semiconduc
growth direction, the tunneling rate values can be easily
tained.

In view of the above comments and from a theoreti
point of view, in this work we shall study the time-depende
evolution of an electron wave packet considering electr
electron interactions in a double-quantum-well system. T
method of calculation will be based on the discretization
space and time for the carrier wave functions. We shall sh
that the tunneling time values and the system resonant
dition can be strongly modified due to many-body intera
tions.

In order to study the charge-density dynamics in the str
ture growth direction, we need to solve the time-depend
Schrödinger equation associated with an spinless electro
a double-quantum-well potential. The wave functionc in the
z axis will be given by the nonlinear Schro¨dinger equation10

i\
]

]t
c~z,t !5F2

\2

2m*

]2

]z2
1Ve-e~ ucu2!1Vqw~z!Gc~z,t !

~1!
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wherem* is the standard GaAs effective mass,Vqw is the
quantum well potential andVe-e is the potential given by the
electron-electron interaction in the heterostructure reg
Such a many-body potential is given by Poisson’s equat

]2

]z2
Ve-e~z,t !5

en

«
uc~z,t !u2, ~2!

wheren is the initial electronic sheet density in both qua
tum wells. We should point out that in Eq.~1! the Ve-e many-
body potential is a wave-dependent quantity. Such a resu
given by Eq.~1!, where Ve-e depends on the wave functio
form.

Now we discretize time by a superscriptq and spatial
position by a subscriptj. Thusc→c j

q . The variousz values
becomej dz in the conduction band, wheredz is the mesh
width. Similarly, the time variable takes the valuesqdt,
wheredt is the time step. In this way, and to treat the tim
development, we have used an unitary propagation sch
for the evolution operator obtaining a tridiagonal linear s
tem that can be solved by standard numerical methods.11 In
addition, we have also solved Poisson’s equation associ
with Ve-e using another standard tridiagonal numeric
method for eacht value.10

In the experiments,7 the carrier densities in both semico
ductor layers were independently controlled by two differe
applied biases. In such conductance measurements, the
rier density in the lower semiconductor layer was fixe
Meanwhile, the carrier density in the upper layer was c
trolled by a gate voltage. Taking this into account, we ha
taken two Gaussian wave packets centred in both quan
wells as our initial wave function. In principle, the height
both wave packets are given by two different coefficientsc1
~left quantum well! and c2 ~right quantum well!. If the ap-
plied interlayer voltage is zero, we have a symmetric wa
function and both Gaussian coefficients are identical,
c15c2 . However, if a change of carrier densitydn is in-
duced in the first quantum well, the ratio between bo
gaussian coefficients can be written asc1 /c25112dn/n,
and the total electron sheet density is given byn1dn. As a
result, an asymmetric wave function att50 is obtained.

In Fig. 1, we show the amplitude of the wave functio
ucu2 and the conduction-band potential at several times.
have numerically integrated Eqs.~1!, and~2! using an initial
2D electron sheet density equal ton;6.031011cm22 for the
two quantum wells. In Fig. 1, we take a change of carr
densitydn50.631011 cm22 in the left quantum well. Then
the equations are numerically solved using a spatial m
size of 0.5 Å and a time mesh size of 0.2 a.u. and a finite
~4000 Å! large enough so as to neglect border effects.
have considered a GaAs/Ga0.7Al0.3As double-quantum-wel
system which consists of two 100-Å -wide quantum we
separated by a barrier of thickness equal to 16 Å . At t50,
we have assumed a symmetric wave function that is cre
in the center of both quantum wells.

The numerical integration in time allows us to obtain t
probability of finding the charge densityQa,b inside a
quantum-well region@a, b# at any timet,

Qa,b~ t !5E
a

b

dz uc~z,t !u2 ~3!
n.
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where@a,b# are the quantum-well limits. In Fig. 2, we plo
the charge densityQa,b in the left quantum well versus time
The total charge density in both quantum wells has b
taken equal to 1. The change of carrier density in the
quantum well has been taken equal todn50.6
31011 cm22. Such adn value is small. However, the exis
tence of the tunneling oscillations between the two quant
wells is clearly shown in Fig. 2. It is found that the amplitud
of the tunneling oscillations is increased as we increasedn.
We can also notice that smooth curves have not been
tained from our numerical integration. The different lin
shown in Fig. 2 display small oscillations~see the inset of
Fig. 2!. These small oscillations are independent of the tim
mesh size. Such a result is given by Eq.~1! where Ve-e
depends on the wave function form in our nonlinear Sch¨-
dinger equation. Due to the Ve-e potential being a wave-

FIG. 1. ~a! Conduction-band potential and wave function at
50.3 ps. ~b! Conduction-band potential and wave function att
50.5 ps. We have taken an initial 2D electron sheet density eq
to n;6.031011 cm22, and a change of carrier densitydn50.6
31011 cm22 in the left quantum well.

FIG. 2. Charge density in the left quantum well (Qab) vs time.
We have taken an initial 2D electron sheet density equal ton
;6.031011 cm22, and a change of carrier densitydn50.6
31011 cm22 in the left quantum well.
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PRB 59 9789BRIEF REPORTS
dependent quantity, the charge dynamically trapped in
two wells produces a reaction field which modifies the tim
evolution of the system. As a consequence, the probabilit
finding an electron in the left quantum well displays sm
oscillations as time progresses.

In Fig. 3, we have plotted the amplitude of the tunneli
oscillations versus the change of carrier densitydn in the left
quantum well. The charge density in both quantum we
have been taken equal to 1. In principle, we have taken
initial sheet density equal ton52.031011 cm22. In Fig. 3 it
is clearly shown the existence of resonant tunneling pe
Such a result can be easily explained as follows.

Up to a certain value of the change of carrier dens
(dn56.031011 cm22), we have found that the amplitud
of the tunneling oscillations is increased as we increasedn.
The electron energy levels of both wells are exactly align
at dn50. Therefore, ifdn;0 the charge density will oscil
late between both wells with a certain tunneling period. Ifdn
is increased, the amplitude of the oscillations will also
increased due to the field-induced tunneling process. H
ever, we know that if the potential difference between b
wells is higher than the level splitting, the resonant condit
is not obtained, and, then, the tunneling process is not
lowed. Such a result is clearly shown in the numerical d
plotted in Fig. 3. In Fig. 3, we have found the existence
oscillations up to a certain value ofdn.

Figure 4 shows the different resonant tunneling peak
different n values. Taking into account the relation betwe
the oscillation amplitude and the tunneling current, we c
see that our results are consistent with the experimental
obtained by Eisenstein, Pfeiffen and West3 and Turneret al.7

In the experiments, the authors found a peaked tunne
conductance atdn;0 in the absence of an applied magne
field. If n is increased, we also note the existence of two n
effects in Fig. 3. First, the amplitude peak position is shift
to a higherdn value. Second, the amplitude peak value
decreased.

This shift in the amplitude peak can be easily explained
follows. Up to a certain resonant value ofdn, we have field-
induced tunneling oscillations due to the existence of a
tential difference between both wells. Such a potential va
is given by the ratio betweendn and n. Consequently, the
resonantdn value is increased as we increasen.

Let us study the second point. In Fig. 3, we have fou

FIG. 3. Amplitude of the tunneling oscillations vsdn. We have
taken four different electron sheet density values.
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that the oscillation amplitude at a resonant condition is
creased as we increase the 2D sheet density. We shal
plain this result considering our nonlinear effective-ma
Schrödinger equation. In absence of electron-electron int
action, we know that the amplitude of the oscillating char
density is approximately equal to 1 at resonant condition10

However, it has been also shown that such a result can
modified due to nonlinear effects.10 In the case of Ref. 10, no
charge is present in the right well and, in principle, the init
resonant condition is approximately obtained for small c
rier sheet density values. In our case, two Gaussian w
packets centered in both quantum wells is our initial wa
function. Up to a certain resonantdn value, we have field-
induced tunneling oscillations. It is clearly shown in Fig.
that the resonantdn value is increased as we increasen.
Then the total electron sheet density in the double-well s
temn1dn is also inreased. At highn1dn values, the time-
dependent evolution of the wave packets is strongly modi
due to nonlinear effects, i.e., due to the Ve-e(ucu2) potential
in Eq. ~1!. The charge dynamically trapped in the doub
well system produces a reaction field which modifies
amplitude of the tunneling oscillations. As a consequen
the amplitude of the oscillating charge density is never eq
to 1.

When thicker barriers are introduced in our numeric
evolution, we also note the existence of an important eff
in the tunneling process. The amplitude peak position
shifted to a lowerdn value. If the barrier thickness is in
creased, the level splitting value between both wells is a
decreased. As a result, the resonant condition is shifted
lower dn value.

To obtain the tunneling times, we note the existence
tunneling charge oscillations between both quantum wells
Fig. 2. From a semiclassical point of view, the tunneling tim
value is given by

t5
1

nA
, ~4!

where n is the oscillation frequency andA the oscillation
amplitude~transmission!.12 The amplitude and the frequenc
of the tunneling oscillations can easily be obtained from F

FIG. 4. Tunneling time at resonant condition vs electron sh
density.



s

s
fe
tu
w

an
b
t

to
a

e
at
n

n
at
th
r-

de

ng

n-
ith

is

e
ing

ell
be-
sion
can

ed
-
ron
del
u-

ng
tem

ells

p-
the

ias.

9790 PRB 59BRIEF REPORTS
2. And taking into account Eq.~4!, the semiclassical value
for the tunneling times can be easily calculated.

In Fig. 4, we plot the tunneling timest at resonant con-
dition versusn. We note thatt is exponentially increased a
we increase the initial carrier sheet density. Such an ef
can be understood considering that the amplitude of the
neling oscillations at resonant condition is decreased if
increasen ~Fig. 3!. Then, and from Eq.~4!, the obtainedt
values are also exponentially increased.

From a semiclassical point of view, the dynamics of
electron that is localized in a quantum well is determined
the two different competing processes of carrier tunneling
the other well and carrier scattering in the semiconduc
layer plane. An electron tunnels from one well to the other
long as the tunneling rate is higher than the scattering rat
the quantum-well layer plane. The different scattering r
values has been recently investigated from an experime
point of view.7

From then and T dependence of the linewidthG, Turner
et al.7 obtained the electron-impurity, electron-phonon, a
electron-electron contributions to the overall scattering r
G. In the temperature range considered, they found that
mobility is dominated by impurity scattering. At a fixed ca
rier density,G exhibited an approximateT2 temperature de-
pendence. From the experiments over a range of carrier
sities, they investigated then dependence of the linewidthG.
In the high-n, low-T regime, they found a constant scatteri
time tsc;1.2 ps.
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At this point, we should remark that our calculated tu
neling time in a bilayer system increases exponentially w
increasingn due to nonlinear effects~Fig. 4!. Such an effect
is given by the amplitude of the tunneling oscillations, that
strongly decreased as we increasen ~Fig. 3!. Then t is al-
ways higher thantsc if the electron sheet density is larg
enough~the experiment shows a constant and low scatter
time tsc value at large electronic sheet densities!. At the
high-n regime, the scattering process in the quantum-w
layer plane is more efficient than the tunneling process
tween the two quantum wells. Consequently, a suppres
of the tunneling current at large electronic sheet densities
be expected.

In summary, in this work we have numerically integrat
a nonlinear effective-mass Schro¨dinger equation in a double
quantum-well system in space and time. Electron-elect
interaction effects have been considered in our mo
through a Hartree potential. It is found that charge accum
lation effects can play an important role in the tunneli
process. If the carrier sheet density is increased, the sys
resonant condition is shifted to a higherdn value. In addi-
tion, the obtained tunneling time between the quantum w
is exponentially increased as we increasen due to nonlinear
effects. Finally, we showed the possibility of having a su
pression of the tunneling current in the bilayer system at
high-n regime.

This work was supported in part by Gobierno de Canar
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