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Dynamics of directly created excitons in asymmetric double quantum wells

P. Aceituno, H. Cruz, and A. Herndez-Cabrera
Departamento de Bica 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 Stihger 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
qguantum 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 pumgi80163-18206)06748-3

[. INTRODUCTION tween the free electron state in thetype material and the
electron-in-exciton state in the left wellj.e., both reso-
In recent years, semiconductor quantum wells have shownances occur at the same applied fiette electron-in-
many new optical and electronic propertfeslaying a new  exciton tunnels to the RQW, forming a spatially diréit-
role in many electronic devices such as field-effect transistrawell) exciton. The difference with respect to Ref. 4 is that,
tors, photodetectors, and quantum well laseérKkecently, in our work, the initial state is the free electron in theype
GaAs/GaAl, ,As semiconductor coupled quantum wells GaAs layer and the hole in the RQW. The intermediate state
have been used to observe tunneling charge oscillation i the cross or indirect exciton. If this exciton and the direct
SO”dS.S In such an experiment, the Superposition of botheXCiton are aligned, the final state will be the direct exciton
symmetric and antisymmetric quantum well eigenstates iwvith the electron and hole located in the RQW. Then, the
the conduction band led to coherent tunneling between botglectron-in-exciton oscillates between the wells before re-
quantum wells, and thus to an electron-hole pair with a timecombining. Finally, it will be shown that the dynamics of a
dependent distance. In this way, a time-varying excitonicdirectly created electron-hole pair will lead to a new type of
dipole moment in the wells was obtained, so that it allowedime-dependent dipole moment in the system, and thus, a
the emission of electromagnetic radiation at the oscillationew kind of terahertz emission will emerge from the device.
frequency.

There is a_lso a great interest in other relate_d phenpmena, Il METHOD OE CALCULATION
such as spatially coherent quantum wWeEW) excitons, with
an in-plane momentunk,,~0, due to their capability of Our task is the analysis of these time-dependent excitonic

radiating in the perpendicular direction to the QW. Up to theprocesses in asymmetric double quantum wells, examining
present, resonant optical pumping was needed to create effhe dynamical evolution of excitonic electron-hole pairs.
ciently such excitons. In a recent experiment and theory, Ca®he method of calculation will be based on the discretization
et al* have shown the possibility of the direct creation of of space and time for the carrier wave functions.

Key~0 electrically pumped QW excitons. It seems interest- We simulated the injected-free electron, localized initially
ing to extend the analysis to asymmetric coupled quantunn the n-doped material, by a Gaussian wave packet. The
wells (ACQW'’s). In the direct generation of excitons elec- hole wave packet stands initially in the RQW. After crossing
trons tunnel from an-type material through a barrier to the the first barrier, the electron is trapped by the Coulomb in-
left quantum well(LQW). Because of the structure is closed teraction and forms the cross exciton with the hole. Under
by ap-type material, the process is assisted by the electrorresonant conditions the electron-in-exciton packet is a linear
hole Coulomb interaction, obtaining a two-particle processsuperposition of the two eigenstates in the conduction band,
We assume that holes thermally diffuse into the right guanand hence, nonstationary. Subsequently the electron-in-
tum well (RQW). Under resonant conditions between two exciton packet will oscillate between the left and right wells.
adjacent wells with different widths, electron-in-exciton’s Meanwhile, the hole packet will remain localized in the right
(the exciton electronscan tunnel back and forth from one well. Besides this, we have two different exciton binding
well to the other. Thus, we can expect that the generatednergie$’ that affect the wave-packet dynamics. As will be
time-dependent dipole can radiate THz electromagnetiseen the cross-exciton binding energy is lower than the direct
waves before radiative recombination. exciton binding energy.

The process is as follows: First, the electron tunnels to the We will consider in this work the ACQW potential repre-
wide LQW forming a cross or spatially indire¢interwell) sented in Fig. 1. The left electrode imadoped GaAs layer.
exciton with the hole in the narrow RQW. Second, if the A 100-A Ga, gl 34AS layer separates the electrode and the
resonant conditions for the exciton tunneling between botheft QW. The left(80-A) and right(58-A) wells consist of
wells coincides with the electron resonant conditions beGaAs. The barrier between the wells consists of a 25-A-wide
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FIG. 1. Asymmetric double quantum well under electron-in-
exciton resonant condition.

GaysAlgssAs layer. The right electrode is g-doped
Gay Al 35AS layer. In principle, in our proposed ACQW
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will be added to the heterostructure potentfalBhis two-
variable Schrdinger equation can be simplified introducing
the factorizationW (z.,z,) = ¢(z.) ¥(z,), thus obtaining the

system, we have chosen a right quantum well width thagquations

allows electron-in-exciton coherent tunneling between the
wells in the conduction band at the same applied field that is

required for the free electron resonance from thdoped
electrode to the electron-in-exciton state in the left well. In
order to simulate a realistic experimental structure, the
layer has a donor concentration 0k40' cm 2 and thep
layer has an acceptor concentration of10'® cm™3. As has

been stated before, holes diffuse thermally into the RQW.

We have assumedra} =0.067m, effective mass in the con-
duction band and & =0.7my heavy-hole mass.

In order to study the dynamics of tunneling, we need to

solve the time-dependent ScHinger equation associated
with the Hamiltonian for a spinless exciton in the hetero-
structure region. The excitonic wave functidnis given by

A(I)(re,rh)=iﬁ%d>(re,rh), (1)
where we have
ﬁZ 2
Alre,Tn) =A(re,rn) + 2 ~omr a2 TVi@)| @
and the operatoA,
2
A(re.rn) == 5 —V3,+Vc(p.ze—n), 3

2/u*xy

where the subscripts,h refer to electrons or holes, respec-
tively, and Vq(zo),Vy(z,) are the quantum well potentials.
Them andmj values are the effective massgs,, is the
reducedx—y plane electron-hole mass apeF p.— py, is the
relative motion within the quantum well plane. Dismissing
the difference in the dielectric constants for well and barrier
the Coulomb potential is

eZ

VC(pyze_Zh): ﬁ
eVp t+(Ze—12p)

We separate the total wave functidn into the motion
alongz and the in-plane motion of the excitab(p),

(4)
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that have to be solved together since the term

d

=i 2 n(2), ©

wi(z)=f dz' (2" )W(z—2") (10)
couplesi, and i, wherei = e,h. To simplify this calculation
we have used the ansata(p)=(2/a)e *'2 for the in-plane
motion of the exciton, whera corresponds to the Bohr ra-
dius in the two-dimensional case.

Now we discretize time by a superscriptand spatial
position by a subscripf andk for the conduction and va-
lence band, respectively. Thug.—«] and ¢,—¢i. The
various z, ;, values becomgéz and kéz in the conduction
and valence bands, whegz is the mesh width. Similarly,
the time variable takes the valuagt, whereét is the time
step. In this way, to treat the time development we have used
an unitary propagation scheme for the evolution operator in
both conduction and valence baffs' obtaining a tridiago-
nal linear system that is solved by standard numerical meth-
ods. We have assumed that a mixed electron-hole pair is
initially created att=0. Then, Eqs(6) and(7) are numeri-
cally solved using a spatial mesh size of 0.5 A and a time
mesh size of 1 fs and a finite b@2000 A) large enough to
neglect border effects.

At certain electric field, electron-in-exciton energy levels
of the right and left wells are aligned in the conduction band
while, in the valence band, the hole level is mainly localized
in the right well. Then, the electron charge density will os-
cillate in a band with a certain tunneling period, and the hole
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FIG. 2. The averaged value of the electron position. Black FIG. 3. Exciton binding energy versus time during a period. The
line: free electron; gray line: electron-in-exciton. initial state corresponds to the spatially indirect exciton in the left
well.
will remain localized. We have neglected the mixing effects
in the valence bant? Such an approximation is well justified being the left quantum well limits. One clearly sees the car-
for our structure potential%. rier oscillations for the electron-in-exciton packet when the
The numerical integration in time allows us to obtain thefree electron is placed initially in the left weli.e.,z=0, the
average electron and hole positio(®S;' and the carrier ~center of the left well, at=0). The oscillation period can be
charge densit@%” in a defined semiconductor regioa,p] ~ €2sily determined by analyzing the position of the oscillation
at any timet, peaks in the curves of Fig. 2. This figure also represents
superimposed the free electron oscillations. Two perceptible
b differences exist between the motion of the two kinds of
<Z>§t?(t):J dZe n 4°"(Zen 1) |*Zen (1) electrons because of the Coulomb interaction. First, the
a electron-in-exciton oscillations have a more remarkable
b asymmetry than the free electron oscillations. Second, the
QZ’&?ZJ dze o 4°"(Zen )| (12)  period of the former electron is about 10% greater than that
a of the latter(29 fs and 26 fs, respectivelyn agreement with
the calculations of Mohaidait all* The electron is acceler-
Sincez®" depend ort, the Coulomb interaction, which ated when moving toward the hole and attracted when mov-
mostly determines the exciton binding energy together withng away from the hole. Both effects on the exciton wave
the in-plane kinetic term, will depend dntoo. To calculate  packet almost compensate for each other and the net effect is
the binding energyE,(t) we proceed as follows: at eath 4 little increase of the oscillation period. On the other hand,
and (z)g'bh(t) valuesV¢(p,z.—z,t) and Wy (z,t) are as- the transition from spatially indirect to spatially direct exci-
sessed. In this way, the exciton binding energy is giveli by ton varies the Coulomb interaction and the in-plane kinetic
energy. The exciton binding energy grows abruptly, from 4.2

h? 4e 2 2 meV to 9.1 meV, when the spatially indirect exciton changes
Ep(t)= 2,uxya2 B ?L dzel/’e(ze’t)thdZ“wh(zh 1 to the direct one as shown in Fig.l%lt should be noted that
© another effect on the exciton binding energy is attributable to
% f“ dpVe(p.ze.zy e~ 2018 the external electric field. When the electron and hole are
o PUpPYcipZersn, spatially separated in the presence of an electric field, the
Coulomb potential energy between them is increased while
2 the in-plane kinetic energy is reduced, leading to the reduc-
- Lhdzthhwe(zh,t). (13 tion of the binding energy and the increase of the spatial

extension. Because of the above effects, there is a slight
Other contributions to the binding energy are very small.asymmetry in the oscillation shape. These features are also
In addition, E, can also be calculated by minimizing the perceptible in the electron charge density oscillations
expectation valu& of the total HamiltoniamA with respect  Qax(t) represented in Fig. 4. Thus, we have an oscillating
to the parametea at each step. Also, such a method allowselectron-hole distance, whose amplitude is also oscillating in

us to obtain the time evolution dp)=(d|p?/d)*2 time in a different way from that of the resonant free electron
or the electron trapped only by the Coulomb interaction.
lIl. RESULTS AND DISCUSSION It is worth mentioning other effects that contribute to the

detected charge oscillations in experiments. First, the

We first show the evolution of the electron-in-exciton av- electron-in-exciton interaction with the existing phonons at

eraged position, as well as the evolution of its charge denfinite temperature. The electron-optical phonon scattering re-
sity. In Fig. 2, we have plottedz)s, versus timea andb duces the mean life of the direct created excitcand the
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10 tions is reduced to a few tens, in good agreement with
experiments.

IV. CONCLUSIONS

0.8
We have numerically integrated in space and time the
— effective mass Schdinger equation for a directly created
3 06 electron-hole pair in an asymmetric double quantum well
& system. This exciton is generated through hole-assisted elec-
tron resonant tunneling, being a two-particle process. We
el have obtained the excitonic dynamics, which is basically de-

termined by the two different natures of the excitspatially
indirect and spatially direct excitgnThe electron-in-exciton
| asymmetric charge oscillations, together with the confined
0-500 0.02 0.:,4 0':,6 0.178 0.10 hole, will lead to a new type of coherent electromagnetic
Time (ps) radiation emerging from the semiconductor ACQW, after
electrical pumping. Taking into account that the mean life
FIG. 4. Free electron charge density oscillatidbfack ling  for an electron-hole pair in GaAs is 200 ps, an experimental
compared with electron-in-exciton charge density oscillatignay ~ observation of such a process is possible in principle. Other
line) in the left well. guantities as current densitiéshich are directly translated
into THz radiation can be straightforwardly usable for ex-
perimentalists. A forthcoming publication will deal with this
question more profusely.

number of tunneling events. Second, the total density oscil
lation amplitude(the product of the direct created exciton
concentration and the eIectron-m-ex_cnon charge pscn_lahons ACKNOWLEDGMENTS

can be strongly damped by the exciton-free carriers interac-
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