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Free-electron density effects on the exciton dynamics in coupled quantum wells
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We have studied the alterations produced by the free-electron density on the dipole moment generated by the
exciton oscillations in an asymmetric coupled quantum-well system. This physical situation is possible for the
case of carrier injection, when the electron concentration is greater than the hole concentration, and free
electrons and excitons coexist. Excitons are directly created by hole-assisted electron resonant tunneling, where
doped layers supply electrons and holes. Many-body interaction and elastic scattering strongly influence the
coherent dynamics of excitons, leading to time-dependent modifications of the resonant energy levels and of
the level-splitting energies. As a consequence, nonperiodic charge oscillations and nonlinear regimes appear
for electron densities higher than*®@m~2. Beyond electron densities of #@m 2 the exciton generation can
be inhibited, leading to tunneling collapse.

I. INTRODUCTION The resonancéA =0 and At=2T, the minimum splitting
energy is usually achieved by applying an electric field per-

Semiconductor quantum wells have shown many new oppendicular to DQW layers. In order to clarify the meaning of
tical and electronic properties playing a key role in manymentioned parameters, we sketched in Fig. 2 two pairs of
electronic device$? Recently, GaAs/Ga&\l;_,As semicon- energy levels in the vicinity of the resonana@s=0, indi-
ductor coupled quantum wells have been used to observeated by arrowsfor free electrons and for electrons in the
tunneling charge oscillation in solidsin such an experi- exitonic state, respectively. Curves correspond to an ACQW
ment, the superposition of both symmetric and antisymmeteonfigured by a 8-nm LQW and 6-nm RQW, separated by a
ric quantum-well eigenstates in the conduction band leads t8-nm barrier, and subjected to different electric fields.
coherent tunneling between both wells, and thus to an The resonant photoexcitation has been widely studied,
electron-hole pair with a time-dependent separation. Then &om both the theoretic&i™* and the experimental point of
time-varying excitonic dipole moment in the quantum-well view.>*#*3While the concentrations of the two types of car-
region is obtained, allowing the emission of electromagnetigiers forming excitons are equal in photoexcitation, the case
radiation at the oscillation frequency. of direct created excitons is essentially different because we

There is also a great interest in other related phenomenzan deal with two very different concentrations of electrons
as spatially coherent quantum-wéQW) excitons, with an  and holes. The different doping of electrodes causes this pe-
in-plane momentunk,,,~0, due to their capability of radi- culiarity. We stress here that, in the usual experimental con-
ating in the perpendicular direction to the QW and its pos-ditions, donor concentration is greater than acceptor concen-
sible application in vertical planar microcavities. Until now, tration (~10'® and ~10'®cm™3, respectively.* The excess
resonant optical pumping was needed to create such excitoe$ injected electrons will remain in the free-electron energy
efficiently. In a recent experiment and theory, Caical?  level without forming excitons and interacting not only be-
have shown the possibility of the direct creation of electri-tween themselves but also with electrons trapped in excitons.
cally pumped QW excitons withke,q~0. In a previous

paper we analyzed the exciton binding energy in asymmet- Gay gshlp 35S

; ) ; : : GaAs

ric coupled quantum wellSACQW'’s). In the direct genera- n-GaAs p-Gag g5Aly 3575
tion of excitons, electrons tunnel from amtype material Fida elseticn

through a barrier to the left quantum wéllQW). Owing to = fevel —

the structure ends in p-type material(Fig. 1), we assume Fa N o

that holes diffuse thermally into the right quantum well = S EIEEOH I et
(RQW) and the process is assisted by the electron-hole Cou- Electron in cross | exciton level
lomb interaction, and a two-particle process is obtained. exciton level —

Then, and under resonant conditions between two adjacen

wells with different widths, electrons in the excitonic state I ——

can tunnel back and forth from one well to the other. As s HHOIE Ve
commented before, the generated time-dependent dipole ca L

radiate terahertz electromagnetic waves before radiative re S

combination. Such a dipole moment is determined by the
interwell electron density imbalance. The oscillation period,
mr=2mfilAy, is determined by the level splitting energy FIG. 1. Asymmetric double quantum well under the excitonic
for ACQW's. HereA = JAZ+ (2T)2, whereT is the tunnel-  electron resonant condition in the absence of free-electron density
ing matrix element and is the splitting for uncoupled wells. effects.
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lution of excitonic electron-hole pairs as a function of the
carrier density. The method of calculation is based on the
matrix density formalism in the momentum representatfon,
which gives us the temporal evolution of the injected carri-
ers. Initially, a group of electrons tunnels into the LQW. The
charge, dynamically trapped by the energy-level resonance
between wells, produces a reaction field that modifies the
time evolution of the system.

We assume that injected electrons in the LQW, which
were initially in then-doped material, follow & distribution

Free electron
resonance

Energy (meV)

Electron-in-exciton in time, e.g., we assume an ultrafast injection to simplify

,resonance , calculations(Actually, electrons spend some time in tunnel-
15 20 25 30 35 ing across the left confining barrier and a Gaussian distribu-

Electric Field (kV/em) tion may be more adequate. The analysis of the exact form of

the injection and the diffusion is the subject of future work
FIG. 2. Resonance positidindicated by arrowsfor free elec-  Also, diffusion of holes from thep-doped material to the
trons and for excitonic electrons as a function of an applied electriRQw is considered as &(t) function. We use the previous
field. Solid lines: ACQW's excitonic electron levels. Dashed "“953approximation since we are interested in knowing the evolu-
ACQW's free-electron levels. Dotted lines: free-electron levels fortion of densities after injection, which does not depend on
decoupled QW's. any associated field, as opposed to the photoexcitation.

. . . . . In order to study the dynamics of electron tunneling, we
The process of direct exciton creation can be considered ig .+ from the quantum kinetic equation for the density op-

two steps: First, if the Fermi level of the-type material A i th . hich i
resonates with the electron level in the left well, the eIectroneratorR(t) in the momentum representation, which is ob-

tunnels to the wide LQW forming a cross or spatially indi- tained from the Liouville quantum equation,
rect(interwell) exciton with the hole diffused into the narrow
RQW (see Fig. 1 Second, if the resonant condition for the IR i . .
electron in the excitonic state between both wells is satisfied, 5t %[H R(1)]=0. (1)
then the electron in the excitonic state tunnels to the RQW,
forming a spatially direct(intrawell) exciton. Meanwhile, R
holes remain localized in the right well. HereH is the many-band Hamiltonian of the ADQW, which
In this paper we show that, when the two constituentincludes the Coulomb interaction between carriers. We
(electrons or holésdensities increase, many-body interac-project Eq.(1) on the conduction band as in Ref. 8, consid-
tions cause both the electron in the excitonic state level an€éiring the pair of tunnel-coupled states, which are described
free-electron level renormalization and lead to slightly dif-in a basis of the leftl) and right(r) QW orbitals[¢(z) and
ferent resonant conditions for both electron species. Varia¢(z), respectively. Such orbitals are the transverse compo-
tion of the free-electron resonant condition with increase ohents of electron eigenstates for the corresponding single-
the electron density is by far less noteworthy than that ofvell cases. All the populated hole states belong to the right
excitonic electrons, but free-electron oscillations can modifywell, and we describe them by the set of thW orbitals
excitonic electron oscillations in a determinant way. As a¢y(z), whereb is the hole subband number. To use the
consequence, the charge-oscillation period also varies in @rbital representation we must ensure that the injected and
nonmonotonic manner producing even the collapse of cohediffused carrier densities are small enough to neglect the de-
ent tunneling. This problem is interesting from a technologi-formation of the orbitals due to the screening of Coulomb
cal point of view because the carrier distribution could beinteraction. This approximation is valid when the band-
used to control the device characteristics. It should be nobending energies are small with respect to the carrier quan-
ticed that, in the present work, the density of carriers will nottization energies. For the GaAs-g&@Alg3As ADQW the
be too high £10*?cm™?), and therefore many-body pro- approximation above can be used if carrier densifies
cesses as phase-space occupation of the plane waves paratel0*?cm ™2 The screening of the two-particle Coulomb in-
to the interfaces are not relevafit. teraction can be negligible compared with the repulsive Har-
The paper is organized as follows. In Sec. Il we proposdree term. It is important to mention here that the effect of the
two coupled sets of Bloch equations to describe the dynamelectron-hole Coulomb interaction, even if unscreened, can
ics of the electron in the excitonic state and free-electrorbe canceled by other many-body processes beybind
densities. In Sec. Ill we present numerical results and discuss 10'cm™2. Moreover, we neglect the transversal motion
dynamic peculiarities of both types of electron distributions.operator, which is relevant in exciton binding-energy calcu-
Also, we include a brief discussion of the approximationslations.
used in calculations. Concluding remarks are presented in the Following Ref. 8 the Hamiltonian of the Coulomb inter-
last section. actionV¢ is obtained fron®

Il. METHOD OF CALCULATION

1
. . o Ve=— M al . al ., aveang.
In this section we analyze dissipative time-dependent ex-  © ZSmE,n SZS k’kzq mnl( @) 8msc-qBns k- - gBns'k Amse

citonic processes in ACQW'’s, examining the dynamical evo- (2
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Herem, nindicates electron staték r) and hole state&), S 2 me?
is the normalization area, arg=|q|. Coulomb matrix ele- A=A+ j J dz dZ|z—2'|

mentsM ,,,(q) are defined as follows: ¢

X[1g(2)]2= ¢i(2)[2]
| | dzaz exqi—alz=z) X[l )t (2Pl @

2Tene
an(q): E(;n x

X | bl 22 (2|2 3) Where_ subscripf[sﬁ a_nd exc refer to _free ele_ctrons and el_ec-

m n ’ trons in the excitonic state, respectively. It is worth mention-
wheree,=e for n=I,r ande,=—e for n=b, e being the NG that excitonic electrons not only interact among them-
electronic charge and the dielectric function, which we Selves and with holes but with free electrons as well. Another

assumed to be constant across the interfaces. In the formgifference with respect to the photoexcitation case is that, in
expressions we have made use of the same approximatioH!,e present case, holes and electrons are located in different
as in Ref. 8. HoweverM ,(q) is quite different for free Wells att=0; n{ . {ni) is the excitonic electror(free-
electrons and for electrons in the excitonic state. Thus, renoglectron density in thej well (j=1,r), andn? is the hole
malization of level-splitting energies will be different for the density in thebth hole subband in the right well. Under these
two types of electron levels. circumstances,

To obtain the one-particle contribution in the Hamiltonian

V¢, we use the Hartree-Fock approximation that leads to the ON. =S nb=pn’ _ +p 9
kinetic equation h % t = Mexc™ Niexc: (€)
ot 0 o Here 2N, is the total hole sheet density. If we denote by 2
&_tp+ g[h+ U=t ppt] = pt+ Gpt s (4)  the total electron density, we find
where all terms have been described elsewhaie have 2N= (nl +nl )=2N+2N;, (10)
J. , ,

introduced the collision-integral matrﬁf,t and the matrix of

interband generatioépt as in Ref. 16. Here after we treat where A; is the free-electron density, and
the collision-integral matrix in the elastic-scattering approxi-

mation. We neglect interband recombination processes be- ntz,f(exc)INuexc)—n{,f(exc),

cause they are much slower than the scattering-induced re- (12)
laxation. After integration over the electronic wave vector, 2ntz,f (exc)=n't,f (exc)—n{,f (exg »

we found the Bloch-equation system for the vector density ,

— (X Y nZ - to=NtiHNfexc being proportional to the total dipole
ne=(ne.ng,ng) evolution moment:’ Due to the fact that holes are located in the right

well, expressiong7) and (8) become

an
E_[thnt]:Gt! ) o2
At,exc:A+ Z(ntz,exc+ Np) (12

an? ‘

Sl N&(t) (6) d

ol (1). an

2
Heren? is the sheet electron density per one well, e.g., half A=A+ 4LeZnth, (13
: € ,

the total density of electrons in the DQW structuf&(t)

=(0,0N4(t)) is the generation term andLl: \yherez is the distance between the centers of the left and
=(2T/7,0A/f) describes nonlinear dynamical properties ight wells.
of the system. Equation®) and (6) split into two coupled Hereafter we express tmi o densities in units oN;,,

?Irc:ch;?]/stletr?s,l or;(e :or firer? elerctr%nignﬂ tfh? gthtﬁr forte);ﬁ'ﬁit,f in units of N;, and time in units ofz/2T. Also, we
ons. Analytical €xpressions are igentical tor both SyStems.i4,ce dimensionless parameters

taking into account the different values of densities, genera-

tion terms, and level-splitting energies. re27 re27 Z A
After some algebra we obtain Aoxe™ Nh7, ag= NfT, K=or B= o7
27T92 / (14)
A=A+ — dz dZ[z-2| Here 7 is the relaxation time for the nondiagonal part of the
density matrix® Parametersr,,. and a; are related to the
X[l (22— pi(2)|*] doping concentration of donors and acceptassuming that
they are fully ionizedl « characterizes the dissipation, a@d
X[ 12120} gyt | e (212N o= 2 [d6(2)|?07 accounts for the coupling strength between wells and the
I pexe T bexe g ° : asymmetry of the ACQWB=0 states the resonant condi-

@ tions (see Fig. 2.
Now, dimensionless Bloch equation systéby for exci-
and tons reads
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. =10"cm-2
n;(,exc+[ﬁ+2aexc(ntz,exc+1)]n¥,exc+ Kn;(,exczo’ (a) 4 N,=10%crm

h{exc_ [:8+ 2aed ntz,exc+ l)]ni(,exc"_ Kn%/,exc"_ ntz,exc: 0(1 )
15

© =4 O Na o == o

=z _ Y
nt,exc nt,exc_o’

where hi=dn!/dt. The previous system is coupled to the
corresponding system for free electrons:

nzl, tot /N

NE et (B+2ang )Y ¢+ kni (=0,

Y — (B+2a4n{ )N ¢+ k0 ¢+ =0, (16)

] ] |
2 4 6 8
with the initial conditionsn¢; =1 andng;=0 att=0. We can Time (in units of 7h/T)

see from expressiond5) and (16) the distinct resonant po-
sitions for excitonic electrons and for free electrons. Solving (b) N, =5x10"cnr?
both systems jointly we gety ., which is proportional to ! 4
the total dipole moment, as we have stated above.

ll
-

Ly
Ngs—Ng =0,

(=]

AL\Q

Ill. RESULTS AND DISCUSSION

In this work we consider an ACQW potentigFig. 1), 0
with a distance between the centers of the wgks10 nm. ;
For typical experimental conditions, T2~5meV and e
=12, we obtain thaty;=1 corresponds to a sheet density or

1
1
0

nz(, tot /N

N;~5x10%cm 2, and k=0.1 corresponds to a relaxation -
time 7~1.3 ps.

To analyze the response of the electron system as function
of time, we perform numerically the coupled syste(i$) 1 | . ;
and(16) through the Runge-Kutta method. We will focus our 0 2 4 6 8
attention on the most interesting results corresponding to the Time (in units of xf/T)
cases in which the Con_centrations of injected _electrons_ ar€ F1G. 3. Time evolution of normalized dipole moment for a fixed
higher than thermally diffused hole concentrations. At f'rStexcitonic electror(or hole sheet density,, close to resonance and
we have studleq the |anue.nce of the free-electror! concentrgy, ditferent values of & .p8). (8 Ny=10cm 2, ag=0.2, and
tion on the osplllatory regime (_)f excitons. I;or tthS PUrPOS€z_ _0 4. Panel 1w;=0; panel 2:a;=0.2; panel 3x;=1; panel
we used a fixed hole density ofl,~10cm™® (aee a4 a;=1.8. (b) N,=5x10"cm™?, ae=1, andB=—2. Panel 1:
=0.2), varying the injected electrons in a range betwlen ,.—0; panel 2:2;=0.2; panel 3:a;=1; panel 4:a;=1.8.
=N, andN= 10N}, (there are no remarkable differences for
lower N}, values except a very low increase in the oscillationlonger exist, giving rise to a dense gas of free electrons, and
period, upon making iN;). Figure 3a) shows the time evo- a ‘“chaotic” behavior occurgpanel 4. Such a situation is
lution of n{ ; for (aex.,8)=(0.2,—0.4) andx=0.05. The delayed for higher hole densities{,=1). Panel 1 of Fig.
factor (B+2ae,) is equal t0A . J2T at nf,~=0 andB  3(b) presents the appearance of the nonlinear regime for ex-
=A /2T at n{;=0, and correspond to the level-splitting citons, and quantum beats remain even for injected densities
energies at—x. B=—2aq. gives us maximum excitonic beyondN~10'cm™.
electron oscillation amplitude for each densfyanel 1 rep- Figures 4a) and 4b) include a parallel analysis for a
resents the behavior for the two excitonic electron leveldixed density of injected electrons. F@), a\=1, the sheet
close to their resonance. As soon as the free-electron densi@ignsity N, of diffused holes varying from 0 to 4
increases, the renormalization of energy levels slightly set&10°cm™ for (b), a;=2, with Ny, ranging from 0 to 8
excitonic electron levels apart from resonance and placex 10®°cm™2 Panel 1 of Fig. 4) shows the situation in
free-electron levels near resonance. Moreover, the excitonighich only free electrons are present. Once holes have been
electron level approaches the free-electron level. As a corintroduced into the RQW, the density of free electrons is
sequence quantum beats appgaanel 3. From a physical reduced, and the corresponding relative energy splitting in-
point of view, the higher density of injected electrons pro-creases. It should be noted that energy splitting is a time-
duces a relative widening of the excitonic electron leveldependent function due to its dependencenpn. The rela-
splitting and a relative narrowing of the free-electron leveltive increase of the energy splitting refers to its value for
splitting. Then the free-electron oscillation amplitude domi-Np(Ns)—0. Once the hole densitiexcitonic electron den-
nates dipole moment fod~6x 10°cm™2 (panel 3. Finally,  sity) exceeds the free-electron density, anharmonic oscilla-
the positive part of the Hartree potential cancels the attractions occur(panels 3 and ¥ Figure 4b) shows a similar
tive Coulomb interaction. As a consequence, excitons ndehavior of the dipole momefior a fixedN=10""cm ?) as
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(a) N =5x10"%m-? (a) N,=10"cnr?
1 1
4
or 4 ok
-1 -1
1 3 1 3
or ok
2
%8 -1 ~ -1
S 2 ! 2
23 ok
-1 -1
! 1 ! 1
or ot
-1 1 ' ' -1 1 | |
0 2 4 6 8 0 2 4 6 8
Time (in units of wh/T) Time (in units of =h/T)
(b) N =10"cm? (b) N, =5x10"%c?
1 1.0
I 4 4
0 ool
-1
1.0
1 3 3
or = 09
2 S
gy 10
S = 2
or 2 09l
-1
or 1 0.9}
-1 L | { I l !
0 2 4 6 8 0 2 4 6 8
Time (in units of wh/T) Time (in units of =f/T)

FIG. 4. The same as Fig. 3 for fixed injected-electron sheet FIG. 5. The same as Fig. 3 for a fixed hole density and for
density N and for 8= —2ae. (@ N=5x10°cm 2 Panel 1: excitonic electron far from resonant conditioria Np=10"cm™2
Qex=0, a;=1. Panel 2:aq=0.2, a;=0.8. Panel 3:ag=0.5, andB=0.2.(b) N;=5x10'"cm ? and 8=1. «; values for panels
a;=0.5. Panel 4aq,=0.8, ;=0.2. (b) N=10"cm 2 Panel 1: 1-4 are the same as for Fig. 2.
tex=0, a;=2. Panel 2:a,=0.4, a;=1.6. Panel 3ag~=1, a;

=1 Panel 4iag,=1.6, a;=04. the last density the shift of the resonance causes a partially

transmitted electronic charge across the central barrier. The

in Fig. 4(a). Of course, higher density produces a decrease ohagnitude of the remaining charge depends on the carrier
the n{; oscillation amplitude due to the electron-electron in-concentration. Then initial amplitude of oscillations depends
teraction and changes in resonant conditions. We use a on carrier density as Figs. 3—6 show. Of course, the oscilla-
=0.05 value in calculations. tion amplitude also decreases with time due to dissipative

The set of Figs. 5 and 6 represents the total dipole moeamping. This situation can be explained using the following
ment for the same densities of holes and electrons than iarguments: the space-charge potential is a consequence of
Figs. 3 and 4, but far from the excitonic electron resonanthe difference between the spatial distribution of electrons
condition (ae= B in Figs. 5 and & The most interesting and holes. In our proposed system, electrons are not local-
situations occur folN,~5x10*cm™2 [Fig. 5(b)]. After a  ized but holes are confined within the right well layer. The
transient anharmonic regime quantum beats appealNfor space-charge potential is repulsive for the localized holes and
~1.4x10"cm™2, and free-electron oscillations are modu- attractive for electrons. To obtain an accurate carrier distri-
lated for the very low excitonic electron oscillations becausebution one must include the Hartree potential self-
free electrons are closer to their resonances than excitons.consistently. As a consequence, at low carrier concentrations,

A general feature that we have mentioned above is th¢he electron-hole interaction dominates over electron-
relation of anharmonic responses with the electronic concerelectron and hole-hole repulsion. This fact was shown in Ref.
trations, which can be expressed in terms of the chargg, where only the electron-hole Coulomb interaction was in-
density’® In the absence of dissipation and for electroniccluded. An increase in the number of carriers helps in in-
densities lower than 2 10'°cm™2, the harmonic oscillatory ~creasing the repulsive part of the Hartree potential to equal
behavior persists unaltered during a long time due to the verthe Coulomb interaction. From this point the oscillation pe-
low influence of many-body contributions and to the separariod strongly decreasésS These results agree fairly well with
tion far from the resonance for free-electron levels. Beyondhose of Raichét about photoexcited carriers. When the
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(a) N =5x10"%cnr? field (~ 10 kV/cm) applied normal to QW's causes a sharp
1.0 reduction in the second electron binding energXof®! The
051 electric field required to achieve the electron resonance in
) 4 our proposed structure is about 25 kV/cm. We expected that
(17-3 the formation of such complexes should be quenched at this
’ electric field.
05t
S 0.0 ?
&10 IV. CONCLUSIONS
" os) 2

We have studied the free-electron density effects on the
0.0 time evolution of direct created excitons by means of two

1.0 coupled Bloch systems, obtained from the Liouville quantum
05 1 equation. The excitonic dynamics is basically determined by
0.0 | | | carrier concentrations and the dissipation even for narrow-
0 2 4 6 8 gap materials. Our results show that, for electron densities
Time (in <f/T) higher than 1&cm2, the repulsive part of the Hartree po-
(b) N =10"em? tential tends to equal the electron-hole Coulomb potential
10 and the oscillation period decreases. When the repulsive part
o9k of the Hartree potential cancels electron-hole Coulomb inter-
o8l 4 action, excitons no longer exist. Also, we have found a very
10 rich variety of responses, from modulation and quantum
0.9 3 beats to an anharmonic regime, as a consequence of the dif-
- ferent densities of the two kinds of electron levels. Densities
g 08 mainly affect level-splitting energies and resonanesu-
»,:‘3 0.9 2 pling strength. Electron oscillations together with the con-
' fined hole will lead to a nonlinear coherent electromagnetic
?;g" A radiation emerging from the semiconductor ACQW, after
0.9 1 electrical injection. Taking into account that the mean life for
P an electron-hole pair in GaAs is longer than 100 ps, an ex-
0.8 perimental observation of such a process can be possible.
07 : ' ' Other quantities, such as current densitiggich are directly
0 2 4 6 8 . : .
Time (in units of ©/T) translated into terahertz radiatiprean be straightforwardly

calculated with this method as well.
It should be noticed that, unfortunately, only photoexcita-

FIG. 6. The same as Fig. 4 for fixed injected-electron sheetion experiments for ACQW'’s are available. In such experi-
densityN and 8= aey (@) N=5x10%cm 2 Panel Liag=0, a; ments, the main effect of the photoexcited carrier density is a
=1. Panel 2@, =0.2, a;=0.8. Panel 3uq,—0.5,a;=0.5 Panel  reduction of both the oscillation period and amplitdfén
4: @ey=0.8, a;=0.2. (b)) N=10""cm 2 Panel l:ae=0, ;=2.  practice, the electron density is lows(0*cm2), even in
Panel 2:aq=0.4, ay=1.6. Panel 3:a=1, as=1. Panel 4. electronic injection, to produce considerable nonlinear ef-
@exc= 1.6, a1=0.4. fects. Then, we studied effects of the Coulomb interaction

only in the first order of perturbation theory, neglecting fluc-
Coulomb interaction is absolutely canceled, excitonic electuations of the electron density. Such fluctuations lead to the
tron levels and free-electron levels coincide and excitons disdephasing of the coherent oscillations. This dephasing effect
appear. increases with the excitation density Then, we restricted

Some comments about approximations used in calculasurselves to moderately low values of the excitation density
tions are now given. We assumed an ultrafast injection anfa<2).
diffusion into the wells, such that the duration of such pro- It can be concluded that, though the most adequate den-
cesses is shorter than the period of the coherent oscillationsities for practical purposes in our structfer achieving an
Since the interwell separatich (~10nm) is typically of the  appreciable oscillation amplitude and a constant pé¢réve
order of the exciton Bohr radiuag, we neglected the ex- included between £0 and 13°cm 2 some density-
change contribution in comparison with the direct Coulombdependent processes such as modulation of radiation, quan-
contribution, due to the small value 6f+/meZ, wheres is  tum beats, and nonlinear responses promise interesting tech-
the mean energy of the injected electrons. Also, we assumetical applications in commutation and communications.
that e is large with respect to the effective level-splitting Therefore, the detailed study of high-density peculiarities de-
energies for the DQW. serves special attention.

We would like to mention here that, at densities much less
than that required to produce unbinding, an exciton can bind
with a second excess electron to form a negatively charged
exciton(a trion, X ~).2° We did not consider in this work the This work has been supported in part by Gobierno Au-
possibility of forming trions because of the electric-field- tonomo de Canarias: Conséegde Educacio, Cultura y De-
induced ionization of these complexes. A modest electrigortes.
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