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Dynamics of directly created excitons in asymmetric double quantum wells

P. Aceituno, H. Cruz, and A. Herna´ndez-Cabrera
Departamento de Fı´sica Fundamental y Experimental, Universidad de La Laguna, 38206 La Laguna, Tenerife, Spain

~Received 24 June 1996!

In this work, we have studied the dynamics of an electrically pumped exciton that is directly created by
hole-assisted electron resonant tunneling in an asymmetric coupled quantum well system. We have numerically
integrated in space and time the effective-mass Schro¨dinger equation for the electron-hole pair taking into
account the two-particle nature of the tunneling process. We have also included the time evolution of the
transition from spatially indirect to direct excitons. Considering a different exciton binding energy for each
quantum well, we have obtained a different charge oscillation semiperiod for each binding energy case. In this
way, the possibility is shown of having a new kind of terahertz electromagnetic radiation emerging from such
a semiconductor quantum well system after electric pumping.@S0163-1829~96!06748-3#
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I. INTRODUCTION

In recent years, semiconductor quantum wells have sh
many new optical and electronic properties,1 playing a new
role in many electronic devices such as field-effect tran
tors, photodetectors, and quantum well lasers.1,2 Recently,
GaAs/GaxAl1-xAs semiconductor coupled quantum we
have been used to observe tunneling charge oscillatio
solids.3 In such an experiment, the superposition of bo
symmetric and antisymmetric quantum well eigenstates
the conduction band led to coherent tunneling between b
quantum wells, and thus to an electron-hole pair with a tim
dependent distance. In this way, a time-varying excito
dipole moment in the wells was obtained, so that it allow
the emission of electromagnetic radiation at the oscillat
frequency.

There is also a great interest in other related phenom
such as spatially coherent quantum well~QW! excitons, with
an in-plane momentumkexi;0, due to their capability of
radiating in the perpendicular direction to the QW. Up to t
present, resonant optical pumping was needed to create
ciently such excitons. In a recent experiment and theory,
et al.4 have shown the possibility of the direct creation
kexi;0 electrically pumped QW excitons. It seems intere
ing to extend the analysis to asymmetric coupled quan
wells ~ACQW’s!. In the direct generation of excitons ele
trons tunnel from an-type material through a barrier to th
left quantum well~LQW!. Because of the structure is close
by a p-type material, the process is assisted by the elect
hole Coulomb interaction, obtaining a two-particle proce
We assume that holes thermally diffuse into the right qu
tum well ~RQW!. Under resonant conditions between tw
adjacent wells with different widths, electron-in-exciton
~the exciton electrons! can tunnel back and forth from on
well to the other. Thus, we can expect that the genera
time-dependent dipole can radiate THz electromagn
waves before radiative recombination.

The process is as follows: First, the electron tunnels to
wide LQW forming a cross or spatially indirect~interwell!
exciton with the hole in the narrow RQW. Second, if t
resonant conditions for the exciton tunneling between b
wells coincides with the electron resonant conditions
540163-1829/96/54~24!/17677~4!/$10.00
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tween the free electron state in then-type material and the
electron-in-exciton state in the left well,~i.e., both reso-
nances occur at the same applied field! the electron-in-
exciton tunnels to the RQW, forming a spatially direct~in-
trawell! exciton. The difference with respect to Ref. 4 is th
in our work, the initial state is the free electron in then-type
GaAs layer and the hole in the RQW. The intermediate s
is the cross or indirect exciton. If this exciton and the dire
exciton are aligned, the final state will be the direct excit
with the electron and hole located in the RQW. Then,
electron-in-exciton oscillates between the wells before
combining. Finally, it will be shown that the dynamics of
directly created electron-hole pair will lead to a new type
time-dependent dipole moment in the system, and thu
new kind of terahertz emission will emerge from the devic

II. METHOD OF CALCULATION

Our task is the analysis of these time-dependent excito
processes in asymmetric double quantum wells, examin
the dynamical evolution of excitonic electron-hole pair5

The method of calculation will be based on the discretizat
of space and time for the carrier wave functions.

We simulated the injected-free electron, localized initia
in the n-doped material, by a Gaussian wave packet. T
hole wave packet stands initially in the RQW. After crossi
the first barrier, the electron is trapped by the Coulomb
teraction and forms the cross exciton with the hole. Un
resonant conditions the electron-in-exciton packet is a lin
superposition of the two eigenstates in the conduction ba
and hence, nonstationary. Subsequently the electron
exciton packet will oscillate between the left and right wel
Meanwhile, the hole packet will remain localized in the rig
well. Besides this, we have two different exciton bindin
energies6,7 that affect the wave-packet dynamics. As will b
seen the cross-exciton binding energy is lower than the di
exciton binding energy.

We will consider in this work the ACQW potential repre
sented in Fig. 1. The left electrode is an-doped GaAs layer.
A 100-Å Ga0.65Al0.35As layer separates the electrode and
left QW. The left ~80-Å! and right ~58-Å! wells consist of
GaAs. The barrier between the wells consists of a 25-Å-w
17 677 © 1996 The American Physical Society
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Ga0.65Al0.35As layer. The right electrode is ap-doped
Ga0.65Al0.35As layer. In principle, in our proposed ACQW
system, we have chosen a right quantum well width t
allows electron-in-exciton coherent tunneling between
wells in the conduction band at the same applied field tha
required for the free electron resonance from then-doped
electrode to the electron-in-exciton state in the left well.
order to simulate a realistic experimental structure, then
layer has a donor concentration of 431016 cm23 and thep
layer has an acceptor concentration of 131018 cm23. As has
been stated before, holes diffuse thermally into the RQ
We have assumed ame*50.067m0 effective mass in the con
duction band and amh*50.7m0 heavy-hole mass.

In order to study the dynamics of tunneling, we need
solve the time-dependent Schro¨dinger equation associate
with the Hamiltonian for a spinless exciton in the hete
structure region. The excitonic wave functionF is given by

LF~re ,rh!5 i\
]

]t
F~re ,rh!, ~1!

where we have

L~re ,rh!5D~re ,rh!1 (
i5e,h

F2
\2

2mi*
]2

]zi
2 1Vi~zi !G ~2!

and the operatorD,

D~re ,rh!52
\2

2mxy
¹xy
2 1VC~r,ze2zh!, ~3!

where the subscriptse,h refer to electrons or holes, respe
tively, andVe(ze),Vh(zh) are the quantum well potentials
Theme* andmh* values are the effective masses,mxy is the
reducedx2y plane electron-hole mass andr5re2rh is the
relative motion within the quantum well plane. Dismissin
the difference in the dielectric constants for well and barr
the Coulomb potential is

VC~r,ze2zh!5
e2

eAr21~ze2zh!
2
. ~4!

We separate the total wave functionF into the motion
alongz and the in-plane motion of the excitonf~r!,

FIG. 1. Asymmetric double quantum well under electron-
exciton resonant condition.
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F5C~ze ,zh!f~r!, ~5!

while retaining Coulomb effects in the growth direction:

H (
i5e,h

F2
\2

2mi*
]2

]zi
2 1Vi~zi !G1W~ze2zh!J C~ze ,zh!

5 i\
]

]t
C~ze ,zh!. ~6!

The potential

W~z!5E
0

`

drrF \

2mxy
@]rf~r!#22

e2

eAr21z2
f2~r!G

~7!

will be added to the heterostructure potentials.8 This two-
variable Schro¨dinger equation can be simplified introducin
the factorizationC(ze ,zh)5c(ze)c(zh), thus obtaining the
equations

F2
\2

2me*
]2

]ze
2 1Ve~ze!1Wh~ze!2eFzeGce~ze!

5 i\
]

]t
ce~ze!, ~8!

F2
\2

2mh*
]2

]zh
2 1Vh~zh!1We~zh!1eFzhGch~zh!

5 i\
]

]t
ch~zh!, ~9!

that have to be solved together since the term

Wi~z!5E dz8c i
2~z8!W~z2z8! ~10!

couplesce andch wherei5e,h. To simplify this calculation
we have used the ansatz9 f~r!5(2/a)e2r/a for the in-plane
motion of the exciton, wherea corresponds to the Bohr ra
dius in the two-dimensional case.

Now we discretize time by a superscriptn and spatial
position by a subscriptj and k for the conduction and va
lence band, respectively. Thus,ce→k j

n and ch→wk
n . The

variousze,h values becomejdz and kdz in the conduction
and valence bands, wheredz is the mesh width. Similarly,
the time variable takes the valuesndt, wheredt is the time
step. In this way, to treat the time development we have u
an unitary propagation scheme for the evolution operato
both conduction and valence bands10,11 obtaining a tridiago-
nal linear system that is solved by standard numerical m
ods. We have assumed that a mixed electron-hole pa
initially created att50. Then, Eqs.~6! and ~7! are numeri-
cally solved using a spatial mesh size of 0.5 Å and a ti
mesh size of 1 fs and a finite box~2000 Å! large enough to
neglect border effects.

At certain electric field, electron-in-exciton energy leve
of the right and left wells are aligned in the conduction ba
while, in the valence band, the hole level is mainly localiz
in the right well. Then, the electron charge density will o
cillate in a band with a certain tunneling period, and the h
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will remain localized. We have neglected the mixing effe
in the valence band.12 Such an approximation is well justifie
for our structure potentials.5

The numerical integration in time allows us to obtain t
average electron and hole positions^z&ab

e,h and the carrier
charge densityQab

e,h in a defined semiconductor region [a,b]
at any timet,

^z&ab
e,h~ t !5E

a

b

dze,huce,h~ze,h ,t !u2ze,h , ~11!

Qab
e,h5E

a

b

dze,huce,h~ze,h ,t !u2. ~12!

Sinceze,h depend ont, the Coulomb interaction, which
mostly determines the exciton binding energy together w
the in-plane kinetic term, will depend ont too. To calculate
the binding energyEb(t) we proceed as follows: at eacht
and ^z&ab

e,h(t) valuesVC(r,ze2zh ,t) andWh(ze ,t) are as-
sessed. In this way, the exciton binding energy is given b13

Eb~ t !5
\2

2mxya
2 2

4e

a2Ezedzece
2~ze ,t !E

zh

dzhch
2~zh ,t !

3E
0

`

rdrVC~r,ze ,zh ,t !e
2 2r/a

5E
zh

dzhch
2We~zh ,t !. ~13!

Other contributions to the binding energy are very sm
In addition, Eb can also be calculated by minimizing th
expectation valueE of the total HamiltonianL with respect
to the parametera at each step. Also, such a method allo
us to obtain the time evolution of^r&5^Fur2uF&1/2.

III. RESULTS AND DISCUSSION

We first show the evolution of the electron-in-exciton a
eraged position, as well as the evolution of its charge d
sity. In Fig. 2, we have plotted̂z&ab

e versus time,a andb

FIG. 2. The averagedz value of the electron position. Blac
line: free electron; gray line: electron-in-exciton.
s

h
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being the left quantum well limits. One clearly sees the c
rier oscillations for the electron-in-exciton packet when t
free electron is placed initially in the left well~i.e.,z50, the
center of the left well, att50!. The oscillation period can be
easily determined by analyzing the position of the oscillat
peaks in the curves of Fig. 2. This figure also represe
superimposed the free electron oscillations. Two percept
differences exist between the motion of the two kinds
electrons because of the Coulomb interaction. First,
electron-in-exciton oscillations have a more remarka
asymmetry than the free electron oscillations. Second,
period of the former electron is about 10% greater than t
of the latter~29 fs and 26 fs, respectively! in agreement with
the calculations of Mohaidatet al.14 The electron is acceler
ated when moving toward the hole and attracted when m
ing away from the hole. Both effects on the exciton wa
packet almost compensate for each other and the net effe
a little increase of the oscillation period. On the other ha
the transition from spatially indirect to spatially direct exc
ton varies the Coulomb interaction and the in-plane kine
energy. The exciton binding energy grows abruptly, from 4
meV to 9.1 meV, when the spatially indirect exciton chang
to the direct one as shown in Fig. 3.13 It should be noted tha
another effect on the exciton binding energy is attributable
the external electric field. When the electron and hole
spatially separated in the presence of an electric field,
Coulomb potential energy between them is increased w
the in-plane kinetic energy is reduced, leading to the red
tion of the binding energy and the increase of the spa
extension. Because of the above effects, there is a s
asymmetry in the oscillation shape. These features are
perceptible in the electron charge density oscillatio
Qab
e (t) represented in Fig. 4. Thus, we have an oscillat

electron-hole distance, whose amplitude is also oscillating
time in a different way from that of the resonant free electr
or the electron trapped only by the Coulomb interaction.

It is worth mentioning other effects that contribute to t
detected charge oscillations in experiments. First,
electron-in-exciton interaction with the existing phonons
finite temperature. The electron-optical phonon scattering
duces the mean life of the direct created exciton15 and the

FIG. 3. Exciton binding energy versus time during a period. T
initial state corresponds to the spatially indirect exciton in the
well.
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number of tunneling events. Second, the total density os
lation amplitude~the product of the direct created excito
concentration and the electron-in-exciton charge oscillatio!
can be strongly damped by the exciton-free carriers inte
tion. This effect has been calculated for photoexcited e
trons in ACQW.16 Thus, the number of perceptible oscilla

FIG. 4. Free electron charge density oscillations~black line!
compared with electron-in-exciton charge density oscillations~gray
line! in the left well.
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tions is reduced to a few tens, in good agreement w
experiments.

IV. CONCLUSIONS

We have numerically integrated in space and time
effective mass Schro¨dinger equation for a directly create
electron-hole pair in an asymmetric double quantum w
system. This exciton is generated through hole-assisted e
tron resonant tunneling, being a two-particle process.
have obtained the excitonic dynamics, which is basically
termined by the two different natures of the exciton~spatially
indirect and spatially direct exciton!. The electron-in-exciton
asymmetric charge oscillations, together with the confin
hole, will lead to a new type of coherent electromagne
radiation emerging from the semiconductor ACQW, af
electrical pumping. Taking into account that the mean l
for an electron-hole pair in GaAs is 200 ps, an experimen
observation of such a process is possible in principle. Ot
quantities as current densities~which are directly translated
into THz radiation! can be straightforwardly usable for ex
perimentalists. A forthcoming publication will deal with thi
question more profusely.
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