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Time-resolved exciton transfer in GaAs/Al„Ga, „As double-quantum-well structures
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Transfer of excitons through a barrier is studied by means of time-resolved photoluminescence in a
biased GaAs/Al„Ga& „As asymmetric double-quantum-well structure. By tuning the external electric
field, the dynamics of the system is investigated in the vicinity of the resonance between the first conduc-
tion subbands of the two wells. The excitonic nature of the tunneling process at low temperature is
demonstrated. A nonlinear behavior of the interwell transfer is also observed when the appearance of a
crossed exciton induces a dipolar electric field. The experimental curves are quantitatively compared
with a theoretical simulation of the exciton-assisted tunneling process.

INTRODUCTION

Coupled-quantum-well (QW) structures represent one
of the most widely used heterostructures to perform opti-
cal studies of carrier or exciton tunneling through a bar-
rier in semiconductors. In the strong-coupling limit
(small barrier width between the two QW's), the electron-
ic levels becomes delocalized over the two wells. ' A
coherent excitation of the two levels arising from the cou-
pling between the two wells can lead to the optical obser-
vation of oscillations of the photocreated wave packet.
In the weak-coupling regime (wide barrier width), car-
riers and excitons can be created in a given QW by a
selective excitation of its levels and tunneling can occur
to the adjacent QW if the tunneling time is shorter than
the recombination time. The use of a simple system such
as an asymmetric double-QW structure offers many ad-
vantages: The origin of the levels of the whole structure
is easily tracked and the application of an electric field
gives the opportunity of varying the resonance conditions
between the levels of the adjacent wells.

By steady-state or time-resolved experiments, evidence
of electron and hole tunneling has been given ' and the
calculated assisted-tunneling rates' ' are in good agree-
ment with experimental data. Nevertheless, in the wide
barrier regime, the excitonic nature of the transfer is
often forgotten: in fact, although evidence for it has been
reported by steady state experiments, ' ' no agreement
has yet been reached on whether, especially in time-
resolved experiments, excitons transfer as a whole or
rather free-electron and hole tunneling is observed. '

Moreover, if the fundamental conduction and valence
states are not localized in the same well, a so-called
crossed exciton or indirect exciton can appear. Con-
sidering the reduced overlap of the electron and hole
wave functions, a long lifetime is expected for the crossed
exciton. ' Another consequence of this spatial separa-
tion of charges is the large induced electric dipole which
may modify locally the applied electric field and therefore
the dynamics of the transfer itself, as shown by Sauer,
Thonke, and Tsang in steady-state experiments per-
formed at very high excitation regime. '

In this paper, we present an experimental study of the
effects of band alignment on the tunneling times of exci-
tons in a biased asymmetric double-quantum-well struc-
ture. The tunneling times are measured, as a function of
the applied electric field, around the resonance between
the two fundamental electronic levels of the two wells.
The excitonic nature of the transfer at low temperature is
demonstrated. Two resonances are observed in the tun-
neling times when varying the electric field: they occur
on both sides of the resonance, which would be predicted
on the basis of the alignment of the electronic levels.
Even for excitons, fast tunneling times (a few tens of ps)
are measured at low temperature under resonant condi-
tions. Finally, the transfer from a direct to a crossed ex-
citon is strongly dependent on the excitation-intensity.
Intensity-dependent recombination curves are measured
and the observed nonlinear behavior is explained in terms
of the appearance of a dipole due to the formation of the
crossed exciton. The experimental curves are quantita-
tively compared with a theoretical simulation of the

45 11 782 1992 The American Physical Society



45 TIME-RESOLVED EXCITON TRANSFER IN. . . 11 783

exciton-assisted tunneling process.
The paper is organized as follows. The sample, experi-

mental setups, and results are described in Sec. I. A
theoretical simulation is developed and discussed in Sec.
II. Section III is devoted to the interpretation of the re-
sults, and finally conclusions are drawn in Sec. IV.

I. EXPERIMENTAL RESULTS

A. Sample description and experiment

The sample used in our measurements consists in two
GaAs quantum wells of different widths, 78 and 35 A, re-
spectively, separated by a 55-A-thick A1Q 3GaQ 7As bar-
rier. This double-quantum-well structure is embedded in
the intrinsic 1-pm-thick AlQ 3GaQ 7As part of a p+-i-n+
junction (p+-type substrate and 4000-A n+-type GaAs
upper layer). Near the double-quantum-well structure,
the Alo 3Gao 7As barrier is replaced by a (8 mono-
layers)/(4 monolayers) GaAs/A1As superlattice, on a
thickness of 600 A, in order to improve the quality of the
interfaces. Square mesas with a surface of 80X80 pm
are obtained by optical lithography and wet etching.
Au-Ge-Ni/Au contacts are deposited on both the p+-
type back side and the n+-type mesa top.

A picture of the relevant energy levels of the structure
is shown in Fig. 1, where the levels of the wide well and
the narrow well are indicated without or with a prime, re-
spectively. By applying a voltage from —1 to —4 V, cor-
responding to an electric field in the range —37.5 to —70
kV cm, it is possible to bring the fundamental electron-
ic level E1 of the wide well and the fundamental E'1 level
of the narrow well close to resonance (Fig. 1). At zero
field, E1 is the fundamental conduction level of the sys-
tem, while E'1 becomes the fundamental one after the
resonance. The fundamental valence-band level remains
H1, the first heavy-hole state of the wide well.

The measurements have been performed at T =4 or 2
K, keeping the sample fully immersed in liquid helium.
cw measurements have been performed by standard dye
laser and lock-in techniques. For the time-resolved mea-
surements the optical excitation was provided by a pyri-
dine dye laser synchronously pumped by the second har-
monic of a Nd: YAG mode-locked laser with a 76-MHz
repetition rate and 5-ps pulse duration. Part of the mea-
surements was done with a dye laser synchronously
pumped by an Ar+-ion mode-locked laser; in this case
the pulse duration was 3 ps and the repetition rate 82.3

MHz. The laser was focused on a 100-p,m-diam spot and
the photoluminescence (PL) signal was detected, in a
backward geometry, by a Hamamatsu synchroscan streak
camera after a 30-cm Jobin-Yvon monochromater or a
22-cm Spex double monochromator (1-meV resolution).
The time resolution of the whole system was of the order
of 15 ps. The PL decay curve for the crossed exciton has
been measured using a time-correlated single-phonon-
counting apparatus, providing a time resolution of 100 ps
after numerical decon volution for the instrumental
response function. Time- and frequency-resolved spectra
were recorded gating the signal from the time-correlated
single-phonon-counting system at different delays with
respect to the excitation pulses.

B. cw measurements
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By tuning the laser energy below the first
electron —heavy-hole transition of the thin QW, the wide
well is selectively excited. The cw PL spectrum of the
wide QW, obtained at low excitation density, is reported
in Fig. 2 for different bias voltages. As clearly shown, the
low-energy side of the PL line becomes more important
when increasing the negative voltage and eventually two
peaks appear for V~ —3.5 V. At low voltage (V= —1

V), only the direct exciton (called X) is observed. This
exciton is related to the first electronic state E& and the
first heavy-hole state H& of the wide QW (Fig. 1). At
suScient negative voltage ( V= —3.5 V) a crossed exciton
(labeled X" in Fig. 1) appears. X" is formed with a hole
in the fundamental heavy-hole H, state of the wide QW
and an electron in the fundamental conduction state E',
of the thin QW. This makes possible the study of the
transfer through the barrier from the direct exciton to
the crossed one.

Note that the X"' crossed exciton related to the E
&

and

FIG. 1. Band diagram of the double-quantum-well structure
with the schematic allowed excitonic transitions: X, X', X",
and X"'.
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FIG. 2. cw photoluminescence spectra of the wide well at
different applied voltages.
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H
&

states is not observed experimentally, the fundamen-
tal hole level of the double quantum well remaining H,
for all the range of applied voltages.

C. Exciton tunneling times at low excitation density
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On one hand, when exciting above the narrow QW
band gap, it is possible to study the decay time of the
direct exciton (called X' in Fig. 1) when both carriers are
localized in the thin QW. The exciton wavelength is then
matched to the E &-L

&
optical transition.

On the other hand, when the excitation wavelength is
chosen in order to match the transition between E, and
L„the wide QW is selectively excited and the transfer of
the X exciton towards the X"can be studied.

In Fig . 3 the variation of the PL decay time, as a func-
tion of the applied voltage, is displayed for the X' exciton
(squares) and the X exciton (circles). These data corre-
spond to a set of experiments performed at low excitation
power (=10 carriers/cm per pulse). As clearly shown
in this figure, the dependence of the PL decay time on the
applied voltage is quite different for the two excitons.
The variation with voltage of the decay time of the X' ex-
citon exhibits a minimum at V = —2 V ( =40 ps). As far
as the X exciton (circles) is concerned, for applied volt-
ages between —1 and —2. 5 V, the PL decay time from
the wide QW shows results that are fairly constant
( =220 ps); for higher voltages it increases and a max-
imum at V = —3.2 V ( =350 ps) is observed followed by a
minimum at V = —4. 1 V ( =20 ps). For sufficiently neg-
ative voltages, the PL decay time of the X"exciton is also
measured (Fig. 4). It is found around 10 ns and no
significant dependence on the applied voltage (

—4. 5
V & V & —3.5 V) is observed.
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FIG. 4. Photoluminescence decay time of the crossed exciton
X" for an applied voltage of V = —3.9 V.

D. Excitation density dependence of the exciton transfer

II. THEORETICAL FRAME

Whatever the voltage is, the PL decay time of the X'
line does not depend on the excitation power. The same
independence is observed for the X line at low negative
voltage. In this case, when the wide QW is selectively ex-
cited, the experimentally observed PL decay of the direct
X exciton is closely related to the recombination of the
isolated wide QW. On the contrary, at higher applied
electric fields ( V& —3.2 V) when the transfer process
from direct to crossed exciton is possible, the PL decay
curves of the wide QW appear strongly dependent on the
excitation intensity, as shown in Fig. 5, for V = —3.8 V.
In our experimental configuration, an excitation power of
1 mW corresponds roughly to a density of photocreated
carriers of 10' /cm . At low excitation intensity (0.3
mW), a fast decay of the PL is observed over more than
one order of magnitude, followed by a weak slower one
[Fig. 5(a)]. The data of Fig. 3 correspond to the decay
time of the fast component. At moderate excitation in-
tensity [1.3 mW: Fig. 5(b)], the PL decay still shows two
components, but the relative magnitude of the fast com-
ponent with respect to the slow one decreases; the fast
component at short times is essentiaBy the same as in

Fig. 5(a). At higher excitation [6 mW: Fig. 5(c)], only a
slow component is observable, and a further increase of
the excitation intensity [11 mW: Fig. 5(d)] gives rise to a
wide plateau, foHowed by a slow decay in the same range
as in Fig. 5(c).

0
-5

Applied voltage (V)

FIG. 3. Decay time of the photoluminescence of the wide
well (circles) and of the narrow well (squares) as a function of
the applied voltage at low excitation density. The arrows indi-
cate the positions of the calculated R, and R2 resonances (see
Sec. III).

A. Electron and hole states

In the following, we will be concerned with the first
few optical transitions near the fundamental gap. Only a
few conduction- and valence-band levels are present in
the structure at zero bias (well widths & 100 A). Figure 6
shows the theoretical variation as a function of the exter-
nal electric field of the four principal band-to-band edges
and the four corresponding 1S-like "ground" exciton
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states for the (78 A)/(55 A)/(35 A) structure described in
Sec. I. The details of the calculations have been present-
ed elsewhere, ' and in the following we will discuss the
same results in terms of a simpler model.

For simplicity, we assume a tight-binding description
of the biased asymmetric double quantum well
(ADQW). ' ' The structure is initially considered as two
noninteracting wells, and we retain only the ground elec-
tronic (E, and El) and hole (h1 and h1) levels of each iso-
lated well. Unprimed and primed quantities refer to the
wide and narrow wells, respectively.

Both the external electrostatic potential and interwell
(tunnel) coupling due to the finite barrier width must be
considered when searching for the actual ADQW levels
(E„E'„H„and H 1). In a first approximation the elec-
tric field I' only shifts in a rigid way the isolated well en-
ergies s, and s'I (if we focus on the conduction-band
states). Taking the origin of the electrostatic potential at
the center of the barrier, we then have

(Z) =Ploc, L (Z ZlV ), (2b)

where y„,(z), the ground-state solution of the unbiased
isolated quantum-well problem, is strongly localized in
the quantum-well region. We neglect in this simple
description the corrections on the energies and wave
functions due to the intrawell quantum confined Stark
effect, ' which are small for thin wells.

Eigenstates of the mhoIe structure result from the tun-
nel coupling of the two localized (in different wells) states.
An estimation of the strength of this coupling is given by
the parameter A,C=IA, ,A.zl', where IA, ll and IA, 2 are the
transfer integrals:

I X, I

= Vc & q)loc L(z —zII, ) lip, oc L (z —
z1v ) & „;d,„,ll, (3a)

creases (increases) with increasing electric field. The cor-
responding wave functions are given by

lP, (z)=lPI„L(z —z ),

sl(F) =el(F =0)+eFz~,
s', (F)= E',(F=0)+eFz„,

(la)

(lb) I~21= VC& bloc L(z zII )lq&loc, L (z z1V) &»«o„~,ll (3b)

where z = (L +b)/—2, zz =(L'+b)/2, with L, L', and
b corresponding to the wide well, narrow well, and bar-
rier widths, respectively. The two wells are disposed as
shown in Fig. 1, so that, for positive F, El(F) I e1(F)] de-

The integration has to be performed over the well re-
gions, and V& is the conduction-band confining potential.
IA, , I

and A,2I vary exponentially with the barrier width
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FIG. 5. Measured photoluminescence decay of the wide well at V = —3.8 V for increasing excitation powers: 0.3 mW (a), 1.3 mW
(b), 6 mW (c), and 11 mW (d). 1 mW corresponds to an estimated density of 10' cm photocreated carriers.
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resonant value Fp allows the change from a situation of
two quasidecoupled wells to a situation of two strongly
interacting wells (resonance Ro). Note that for thick bar-
riers (b ) 100 A) or very thin barriers (b & 20 A),

~

b,F, ~

is either extremely small or very large, and no experimen-
tal resonant features are expected in any physical proper-
ty depending on the spatial extension of the ADQW
states when varying the external field. In the thin-barrier
case, the resonances would be very smooth; in the wide-
barrier case, the broadening of the lines due to the inho-
mogeneity of the structure washes out the resonance.
For the (78 A) /(55 A) /(35 A) structure described above,
we find ~bE(FO)~ =3 meV, ~bF, ~

=3 kV/cm, and

Fp = —54 kV/cm.
For the valence states, similarly, we have

h, (F)= —[h, (F =0) eF(z ~—(,
h i(F)= —fh i(F =0)f+eFzz,

(6a)

(6b)
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FIG. 6. Calculated electric-field dependence of the band-to-
band transitions (e.g. , E&-H&) and 1S excitonic transitions (e.g.,
X). Arrows show the resonances expected for the tunneling pro-
cess: R, for the X'-X"' couple, R2 for the X-X" couple and R o

for the band-to-band resonance.

and Ac~0 when b ~~. The tight-binding energy ma-
trix reads

e, E—
e', E—0

0

The corresponding wave functions for E =E& and
E =Ei, the two ADQW eigenenergies, are

(ph (z) = A y, (z)+ A 'y, (z), (5)

where the coefficients A and A' (A + A' =1) account
for the mixing of the two decoupled c.

&
and c& states.

For a given barrier width, another important parame-
ter is the energy "detuning" Ae(F) =

~
c.,(F)—e', (F) .

Whenever b,e(F)))2A,C, the ADQW energies and wave

functions are given essentially by the two decoupled solu-
tions (

~
A~, ~

A '~ =0 or 1). On the other hand, whenever
b, s(F) ~2k, C, the tunnel interaction effectively mixes the
two localized states, and each one of the two ADQW
eigenstates spreads over the whole ADQW structure

[ I
A

I

=
I
A 'I = I/&2 if b e(F)=0].

The last inequality [b,e(F) ~ 2Ac ] can be rewritten
(AF( =(F Fo( ~2k, C/ed= b—F, ), where Fo is the reso-
nance field defined by c, , (FO) = e', (Fo), Fo (0, and d is the
distance between the center of the two wells. For field
values in that interval the ADQW energies Ei and E', de-

viate from the isolated well values c., and c.', and, in par-
ticular, the crossing c,

&

=
c& at F =Fp is replaced by an an-

ticrossing with an energy splitting ~bE(Fo)~=2k, C. A
variation of the external electric field by ~b,F, ~

near the

and the energy crossing h
&
=h

I is located in the positive
field region. The corresponding hole wave functions are
given by

Xhi(z) =bloc, L(z zw) ~ (7a)

X, (z) =Xi„L,(z —
ziv)

1

(7b)

where yi„(z) is the ground-hole solution of the unbiased
isolated quantum-well problem. For negative fields we
have h, (F))h', (F), and the hole wave functions yh (z)

1

and y„, (z) are strongly localized in the wide and narrow
1

wells, respectively. Since for hole states A,
& =0, a good

approximation is to consider the two decoupled solutions
[Eq. (7)] as solutions of the ADQW problem.

Four band-to-band transitions are then obtained by
combinating the two hole levels and the two electronic
levels. Far from the resonance R p region
( ~F Fo ~

))
~
b,F, ~

—
) one has both direct and crossed

edges; direct (crossed) transitions occur between a hole
and an electron located in the same (different) well:
E, H, =e,-h, and-E', H', =e', -h', (E',-H, =c,', -h, an-d

E, H', =e, -h ', ). W-e would like to stress here two
features.

(i) The fundamental transition associated to each hole
level changes from a direct one to a crossed one (or vice
versa) as we go from one side to the other of the reso-
nance field Fo (R o in Fig. 6). In particular, when

F, & F & 0, the first energy edge corresponds to the intra-
wide-well transition c,-h, , whereas for F &Fp it corre-
sponds to the interwell c] h

&
one. As we will see below,

the fact that for large negative electric fields the ground
electronic transition corresponds to a crossed one is cru-
cial for the understanding of the experimental results.

(ii) The second remark concerns the interband optical
absorption in an ADQW under off-resonance condition.
This absorption is essentially an intrawell process (verti-
cal transition in the real space). Indeed, it strongly de-

pends on the overlap of the electron and hole wave func-
tions, which is almost negligible for carriers in diAerent
wells (interwell overlaps are roughly smaller by a factor



45 TIME-RESOLVED EXCITON TRANSFER IN. . . 11 787

f„ I [& (q, ,
(z) IX,(z) &+ ~'(q, (z) IXg, (z) & ll'

Before discussing exciton states, let us consider in detail
the variation with the electric field of the oscillator
strength f„ for an electron-hole pair. Let us take, for in-

stance, the E,-H, and E
&
-I

&
transitions. For

F, «F &0, the E, -H& transition is the fundamental one
and f,(E,-H, ) is almost independent on F, whereas
f„(E', H, ) varies -exponentially with the energy
difference hE, and f„(EI-H&)«f„(E&-H&). As F ap-
proaches Fo (Fo & F), the electron wave function becomes
delocalized and f„(E~-H&) decreases [f„(EI-H, ) sharply
increases], reaching a minimum value (maximum value)
for F=Fo, which is roughly a half of its off-resonance
value [roughly equal to f„(E,-H &

), respectively], since
the wave function associated with E, delocalizes into the
narrow well by at most a factor I/v'2. For F &Fo, the
opposite trend is observed. This behavior of f„as a func-
tion of F is also observed for excitons (see below), and
turns out to be important for the understanding of both
cw and time-resolved PL experiments.

B. Exciton states

In the simplest approximation, an exciton state (let us
focus on the 1S-like "ground" exciton state) can be as-
signed to each of the four band-to-band edges considered
above. In the following, they will be labeled by X, X', X",
and X"'. The exciton energies read

ex(F) =e,(F) h, (F) —R», —

ex (F)= e', (F)—h ', (F) Rx, —

ex-(F)=e', (F)—h, (F) Rx, , —

ex- (F)=e)(F)—h') (F) Rx-, —

(9a)

(9b)

(9d)

where R~, R~, Rz-, and R~- are the respective electric-
field-independent binding energies. The corresponding
wave functions can be taken as

q'x =
m. ,(z. )Xh, (zh )Nxe"p( p/~x ) (loa)

A,c/Vc « 1 with respect to the intrawell ones). Since in
addition the intr awell edges are energetically well
separated, it turns out that for such electric-field values
the spatial origin of the optical process can be tracked
back, which is very convenient from a practical point of
view.

On the other hand, in the anticrossing region "in-
terwell" and "intrawell" contributions to the optical
properties compete. In fact, due to the increasing spread
of the eigenstates through the whole structure, "inter"
and "intra" become meaningless as F approaches Fo. In
addition, when the energy mismatch between the two
ADQW levels is of the order of a few meV, the experi-
mental optical resolution of the two contributions be-
comes difficult because of the broadening of the lines.

The oscillator strength f„ for interband transitions is
proportional to the square of the electron and hole wave
function overlap:

4» =p, (z, )X„,(zi, )Nx.exp( —p/Ax. ),
h&

+x" f' (z )Xh (zh )Nx"e"p( p/~x")
E)

q'x'"=f' (z )X„(zh )Nx"'exp( p/~x"')
Ki e

(10c)

(10d)

ex x- =aex+Pq x„(a'+P'=1),
q'x, x- =rP»+&q'x- (r +& =1»2 2

(1 la)

(1 lb)

where the four coefficients [like A and A' in Eq. (5)] ac-
count for the mixing of the different excitons and deviate
significantly from the 0 or +1 only for field values near
F] and F2. Then, the field induced anticrossing of the ex-
citon states (for a fixed hole state) is associated with the
corresponding electronic state (between E& and E

&
at Fo);

moreover, in the tight-binding approximation, the energy
splittings at the respective resonances are roughly the

where A, (i =X,X',X",X'") is a variational parameter
that minimizes the exciton energy and N; =(2/n. A, )' a
normalization constant.

Due to the very different energies between the levels h
&

and h ', (at F & 0), the four excitons above can be divided
in two groups: on one hand, X and X", both associated
with the ground hole state of the wide well (h, ); on the
other, X' and X'", both associated with the ground hole
state centered on the narrow well (h', ). Each hole level
originates a direct and a crossed exciton, corresponding
to the pairing of such a hole either with an electron local-
ized in the same well (direct) or in the other one (crossed).
Due to the spatial separation of the carriers, the binding
energies of the crossed states are considerably smaller
than the direct ones [for instance, for the (78 A)/(55
A)/(35 A) system, R»=8.3 meV and R»---3. 5 meV].

Let us consider the X and X" states. According to
Eqs. (9) they will cross at F =2[ s(F=0)—z', (F=0)

Rx+Rx—.]led =F0—[Rx Rx-]l—ed In the .same way
the X' and X"' levels cross for F, =F0+[Rx. Rx-. ]l—ed.
Due to the different binding energies of the direct and
crossed excitons, the two excitonic resonances (hereafter
called R& for the X'-X"' couple and R2 for the X-X"
couple) will correspond to electric field values F, and F2
shifted with respect to Fo,' this shift turns out to be nega-
tive for the X-X" couple and positive for the X'-X"' cou-
ple: F2 & Fo (F& & 0. The observation of two sharp
features in the variation of the relative intensities of the
cw PL lines of an ADQW system as a function of F (and
around Fo) has been recently claimed as strong evidence
of the excitonic nature of these resonances. '

In order to evaluate the tight-binding exciton energies
Ex, E&, Ex-, and Ex'- we consider the two couples
(X,X")and (X',X'") separately. The tight-binding exci-
ton matrix has the same form as in Eq. (4) for pure elec-
tronic states. c., and e.

&
must be replaced by c,-h &-Rx and

e.&-h &-Rz- for the X and X" excitons, respectively, and in
a similar way for the X',X"' couple. In doing so, we
neglect off-diagonal terms accounting for the coupling of
the X-X" excitons (or X'-X"' excitons) due to the
Coulombic interaction, found to be much smaller than
kc. The corresponding exciton wave functions are
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same for both excitons and electrons:

(F )
—E „(F )~

—~E (F ) —E'(F )~

(12)

Most of what has been said before concerning the four
band-to-band transitions is also valid for excitons, and, in
some sense, concerns primarily excitons. Indeed, both
optical absorption and PL lines of the ADQW at low
temperatures are dominated by excitonic features. Since
an exciton can be simply visualized as an interacting
electron-hole pair, all of what has been said in items (i)
and (ii) of Sec. II A is also valid for excitons.

As has been pointed out, the exciton recombination
time displays a variation with the electric field around the
fields F2 (X-X")or F, (X'-X'"). For the X-X" states we
have

—2

(x,x") f dze+x, x"(ze~ zh ze~ p 0)

one. Intrawell recombination times are of the order of a
few hundreds of ps, while for crossed processes ~„(xx-) is
in general of the order or longer than 10 ps. That ex-
plains why a crossed PL signal has been only observed
when the ground interband transition is a crossed one. In
fact, a high population of electron-hole pairs (excitons) is
needed to compensate for the small recombination rate
per couple. As we will see below, interwell assisted
scatterings are eventually able to convert a crossed
(direct) pair into the direct (crossed) one associated with
the same hole level before a crossed (direct) recombina-
tion can occur. Let the crossed exciton correspond to the
fundamental one; if interwell scatterings are able to bring
a photocreated direct pair into a crossed one before an in-

trawell decay (this happens for scattering times shorter
than the direct recombination time}, then, at low temper-
ature, a crossed PL line is expected.

Note, finally, that the final binding energies of the four
excitons are field dependent in the tight-binding approxi-
mation. In fact, if we define

R~(F)=E, (F) H, (F) —Ex(F)—, (14}
(13)

We show in Fig. 7 (solid line) the variation with the
external applied voltage of the calculated recombination
time of the direct exciton X. We have taken an intra-
wide-well recombination time of 220 ps measured at
V= —2 V. For fields F2 &F (or —3.2 V& V), X corre-
sponds to the fundamental exciton level of the couple
X-X". It corresponds to the upper exciton level for fields
F &Fz (or V & —3.2 V). As discussed at the end of Sec.
II A the oscillator strength f„decreases near F =F0 due
to the spatial delocalization of the electronic wave func-
tions. In the same way, the increase of the radiative
recombination time near F =F2 is due essentially to the
spatial delocalization of the exciton wave function in the
anticrossing region.

In the off-resonant case, the crossed recombination
probability I/r, ~xx ~

is much smaller than the direct

600
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100

0
-70 -65 -60 -55 -50 -45

Electric field (kV/cm)
-40

FIG. 7. Solid line, calculated radiative recombination time of
the X exciton as a function of the applied voltage. Dotted line,
field dependence of the calculated PL decay time of the wide
well, taking into account radiative recombination and tunneling
processes.

Rx(F) approaches (deviates from) the decoupled value

Rx for field values ~F Fz~ ))~bF, ~
(~F F2~ & ~bF, ~

). In
particular, Rz(F) [R~ (F)j should reach a minimum

(maximum) value around F =F2. The recombination
time and the binding energy show opposite variations
with F, as expected (the more the exciton is bound, the
smaller the radiative decay time).

C. Assisted interwell transfer

Assisted relaxations in biased double quantum wells
have been extensively discussed (see, for instance, Ref. 15,
and references cited therein). Both elastic (ionized im-

purities, interface roughness) and inelastic (acoustical and
optical phonons) processes have been shown to substan-
tially broaden the excited eigenstates, and, in particular,
couple states centered in different wells for the intermedi-
ate barrier thicknesses (b large enough to ensure a prefer-
ential localization of the wave functions in one of the two
wells, but not as large to make the interwell overlap
negligible; i.e., 30 A & b & 80 A).

Figure 8 displays the impurity-assisted exciton transfer
times for the (78 A)/(55 A)/(35 A) structure (dashed-
dotted curve, X-X"couple; dashed curve, X'-X"' couple).
For comparison, we show also the results for independent
electrons (solid curve}. As discussed in Sec. II B, when

excitons are taken into account the position of the reso-
nance in the tunneling process is shifted, with respect to
the field corresponding to the band-to-band resonance R o

to a higher negative value of the electric field for the
X-X" couple, and to a smaller negative value for the
X'-X"' couple. The tunneling times calculated for in-

dependent electrons seem to be more or less one order of
magnitude shorter than the exciton tunneling times. The
results in Fig. 8 were obtained in the framework of the
exciton states presented in Ref. 17. %'e consider elastic
intersubband processes assisted by ionized impurities sup-
posed to sit on the two inverted interfaces of the struc-
ture, with an areal concentration of 10" cm . The ini-
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)0s X ~ X-X

10

X"-X~'' r'

/ ~

description we use, the theoretical consideration of exci-
ton states in quantum well is enormously complicated
when the real dispersion of the valence states is con-
sidered (see, for instance, Ref. 28 and references cited
therein). Although quantitative results are not easily ob-
tained, nevertheless, such considerations appear to be im-
portant for the interpretation of the experimental results
concerning the X' excitons (see Sec. III). Finally, as
stressed in Ref. 17, the one-step process X' —+X has been
found to be much less efficient than the ones involving an
intermediate crossed exciton level. '

D. Rate equations

O, l
-70 -60 -50

F { kV/cm)
-40

FIG. 8. Electric-field dependence of the impurity assisted
tunneling times for the [(75 A)/(55 A)/(35 A)] ADQW struc-
ture. Dotted line, transfer between the X' and X"' excitons.
Dashed-dotted line, transfer between the X and X" excitons.
Solid line, tunneling time without excitonic effects.

tial state is always taken to be a 1S-like state with vanish-
ing in-plane wave vector (Kt~, ~=0) in the upper exci-
ton branch and we compute, in the Born approximation,
the time necessary for such an exciton to undergo
impurity-induced transitions that conserve the total ener-

gy towards all possible states of the lower branch. For
high (small) negative fields, the transfer converts a direct
exciton into a crossed one for the X-X" couple (the
X'-X" couple). Detailed calculations of the field-induced
deformation of the exciton wave functions reveal that the
X-X" and X'-X"' resonances take place at the electric-
field value where the transfer time has an absolute
minimum. '

The results presented in Fig. 8 correspond to scattering
times that couple exciton states formed by the same hole
level (X~X" or X'~X"'). For the X-X" couple, the
hole state H& is the fundamental one. Thus only the elec-
tron effectively transfers, whereas the hole only partici-
pates as a spectator. The differences between the
dashed-dotted and solid curves are therefore due to the
correlated motion of the electron-hole pair in the exciton
state. Note, however, that for the X' direct exciton both
the electron E', and hole H& levels involved are one-
particle excited states. Thus, the electron and hole can
transfer successively via assisted scatterings. So, for the
X' states there is a symmetric process to the one present-
ed in Fig. 8 (dashed curve) and for which only the hole
effectively transfers. Such processes are much too com-
plicated to be treated theoretically. We have shown
that the tunnel transfer of independent holes in biased
ADQW systems are strongly dependent on the mixed na-
ture of the valence states (heavy-hole —light-hole mix-
ings). So we expect that such mixing effects should also
be important when considering the tunnel transfer of
correlated holes. However, as compared to the parabolic

Simple rate equations are proposed in order to theoret-
ically evaluate the variation with time of the intensity of
the various PL lines. They incorporate pump rates for
the direct X and X' excitons, direct and crossed (field-
dependent) radiative recombination rates, and direct to
crossed exciton transfers. Nonradiative processes are
neglected. When X" is the ground exciton state, the
time-dependent rate equations for the areal density of the
population of the X-X"couple can be written as

dnx/dt = nx lr„—~x~

(nx —nx. e —t'")!-r,(xx„)+Gx(t),

dnx Idt = nx Ir„~x—-~+ (nx n» e ) I& (x,x")
—PhE

(ISa)

(15b)

F,pp(t) =(e/e)n~-(t) . (17)

where bE(F)= ~EX(F) Ex,.(F)~; r—,~zx-~ is the transfer
time for the X-X" couple, and I/P=k~ T is the thermal
energy, accounting for the thermally activated reverse
transfer. Gx(t) represents the pump rate, related to the
excitation density Dz by

Gx(t) =(D, /r )exp( t lr ), —

where v. is the rise time of the direct luminescence.
When X is the fundamental state, (nx nx-e ~ —) has to
be replaced by (nze ~ nx-). —

The three time constants are all electric-field depen-
dent: in fact, r, ~z~.~(F) is given in Fig. 8 and both
r„~x~(F) and r„~x.~(F) are calculated as discussed above.

is taken equal to 50 ps, the measured value of the rise
time of the photoluminescence from the wide well in the
off-resonant region. The initial conditions are taken to be
nx(t =0)=nz"(t =0)=0, for F =F;„;,the initial value of
the electric field.

Let us consider F;„;&Fz. At t =0 a photogenerated
density of carriers is injected in the wide well, which re-
laxes towards the direct subband edge with a characteris-
tic time constant given by ~ . Then, radiative recom-
bination with a rate proportional to 1/~, &x~(F;„;) and
transfer into the narrow well at a rate proportional to
1/r, ~xx"~(F;„;)can occur. Once the transfer begins, an
induced dipole, due to the spatial separation of the elec-
trons and the hole, appears, and an opposite field rises.
This opposite field F, (t) can be estimated to be
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F, (t) enters in the time evolution of nz and nz, .in a
nonlinear way. It changes the local effective electric field
in the ADQW region; this modifies the recombination
and transfer times, as well as the energy difference AE,
which all determine the evolution rate of n~ and n~- and
consequently the evolution of F

pp
Since the induced op-

posite field is positive, the effective electric field

F(t)=F;„;+F, (t) approaches F2.
In the following we will be interested in the different

time dependences of the various PL lines for different
pumping intensities. Let us take F;„;=—67. 5 kV/cm
(which corresponds to V= —3.8 V, as in Fig. 5). We also
have AE;„;=8 meV, ~„(&)=250 ps, ~„(z-)=10 ns, and

7t(g y )
60 ps; ~,(~ ~.)

is therefore smaller than ~„(~) at
t =0.

We will denote by I(t) and I"(t) the luminescence in-
tensities of the X and X" lines, defined by I(t) =nx/r„~x~
and I"(t)=nx. /~„~x ~, respectively. As pointed out be-

fore, when the energy difference hE is smaller than the
spectral broadening of the PL lines ( = 5 meV; see Fig. 2),
the observed luminescence should be a sort of average of
the two theoretical intensities I and I". For a convenient
comparison with experiment, we have also considered the
time evolution of the total luminescence, defined as
I„,(t) =I(t)+a(t)I "(t), where a(t) accounts for the mix-

ing of the PL lines [the time dependence of a is due to the
time dependence of F( t) and thus of b,E].

We show in Fig. 9 the time evolutions of the PL inten-
sities I(t), I"(t), and I„,(t) and of the induced opposite
field F &0&(t) in Fig. 10. Various excitation densities are
considered: D, =1, 5, 8.5, and 15X10' cm . The plot-
ted PL intensities are all divided by D„and in the figures

D, appears in unity of 10' cm
Before describing our theoretical results, let us first dis-

cuss two main pints concerning the solutions of Eqs. (15).
The opposite geld. Due to the tunneling process, part

of the photocreated direct excitons is converted into
crossed ones. The opposite field initially increases with t.
For a total field greater than F2, the direct exciton level
becomes the fundamental one and the X~X" transfer
stops. In that case only X"~X processes are eventually
possible and again force the structure to approach reso-
nance R2. So, F, (t) is a bounded function of time:
0~F»z(t) ~ ~F;„;-F2~=F,„(=9.5 kV/cm in our case).
When t ~ ao we also have to recover the initial situation
at t =0, before the optical excitation: two depopulated
exciton states and an internal electric field
F(t = 00)=F;„;.

As shown in Fig. 10, F(t) initially increases with t and
reaches a maximum value F,„(D,) &F,„at a time
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FIG. 10. Time evolution of the induced electric field by the
excitonic transfer for four excitation densities: 10', 5 X 10',
8.5 X 10', and 15 X 10' cm

tz(D, ), both depending on the excitation power. F(t)
eventually saturates at F,„ for a short time interval and
slowly decreases to zero when t goes to infinity.

The "thermal equilibrium" condition. Also important
is the "thermal equilibrium" term b=(nx, nx-e —~ ).
Let us first suppose that the recombination times are
every large (r„~Do ). The pumping rate Gx(t) governs
the evolution of the two populations for small times
(b, =O at t =0), whereas the evolution of nx and nx at
longer times ( t ))r ) is determined by b, [since
Gx(t)~0] Then, fo. r t~ ~ we get the stationary solu-
tions

ng +calx =D (18)

However, we know that the F, and nz- are not in-
dependent [Eq. (17)]. If, in addition, we remember that
0 &F, (t) &F,„, then, from Eqs. (17) and (18) we
deduce

D, &(1+e ~ )F,„/(e/c)=7X10' cm (19)

Thus, if D, is not too high, the nonlinear condition rely-
ing on nz- and F

pp
and the thermalization condition

6=0 are compatible.
At t =0, b,(t)=0; then, because of the pumping rate,

b, (t) increases at small times. Due to the interwell
transfer it decreases rapidly and reaches a value very
close to zero at a time tz(D, ) that depend on the excita-
tion density.

These considerations are still valid if the radiative
recombinations are taken into account. This is due to the
fact that the recombination times are always much
greater than the transfer and r times. The times tt, (D, )
are almost the same, and the "critical" density increases
to 8.5X10' cm instead of =7X10' cm as in Eq.
(19). We have also found numerically that for
D, & 8.5 X 10' cm 2 (low and intermediate excitation re-
gimes) tz(D, ) =tz(D, ); i.e., for a given D„ the opposite

field grows up whenever the condition 6=0 is not
reached. For t ) tt, (D, ) this quasiequilibrium condition
remains and F, (t) begins to decrease again.

For higher excitation powers (D, &8.5X10' cm )

we have chosen, for simplicity, to retain the coupled sys-
tem given by Eqs. (15), subjected to the same (nonlinear)
constraint imposed by the Eq. (17). For these densities
F,~~(t) rapidly saturates (t~=r ), and so nx- and bE,
too. Only part of the injected excitons are needed to
bring the structure to R2, and pairs in excess accumulate
in the ADQW.

We will now discuss separately the three density re-
gimes: low, intermediate, and high excitation density.

Low excitation density In .Fig. 9(a) D, =10' cm
For low laser excitations the induced electric field is
negligible compared to F,„: F, ~ & 1.5 kV/cm for
nx„& 10'o cm [see Eq. (17)]. The time evolution of the
direct luminescence I(t) is then determined by both r
and the parallel between ~„[z~ and ~, [zx-~, evaluated at
F=F;„;. At small times I„,(t) follows I(t). When I(t)
becomes smaller than I"(t), the total luminescence is due
essentially to the crossed excitons, and displays a much
slower decay. In Fig. 10 F, (t) displays a very smooth
maximum at tF -600 ps.

Intermediate excitation density In Fi.gs. 9(b) and 9(c),
I(t) shows a fast rising time ( =50 ps) and a subsequent
decay, which is steeper for D, =8.5X10' cm than for
D, =SX10' cm . In the same way, I"(t) rises more
rapidly for increasing excitation powers. If the induced
dipole field was not taken into account, an increase of D,
should proportionally increase both n~ and n~-. Howev-
er, as nz- increases, F varies and, since the transfer time
decreases continuously as F approaches F2, the transfer
rate increase and so tends to increase n~ ~ even more. Re-
versely, the direct luminescence decreases faster (at small
decay times) with increasing excitation intensity. Thus,
up to t =tF the time evolution of I and I" is primarily
determined by the induced dipole, which forces the struc-
ture to approach the resonance field F2 as much as possi-
ble. In fact, the reverse transfer and the induced dipole
are both proportional to n~- and tend to produce oppo-
site effects, so that for longer delay times (t ) t~), when
the quasiequilibrium is reached (b, =O), both I(t) andI"(t) show a slow decrease with time [Figs. 9(b) and 9(c)].
In this intermediate density regime tF =tz ~~, and a
two-slope decrease of I(t) is theoretically obtained. The
time corresponding to the transition from the first slope
to the other is in numerical agreement with the time tz
and tz defined above. In Fig. 9(b) t~ =200 ps and in Fig.
9(c) t+=120 ps (see Fig. 10). The higher the excitation
density is, the smaller t~. As far as the total lumines-
cence is concerned, the higher D, is, the more rapidly I„,
is dominated by a(t)I "(t).

High excitation density In Fig. 9(d) D,.= 15 X 10'
cm 2 and both I(t) and I"(t) or I„,(t) display an almost
stationary behavior at small times (plateaus of nearly con-
stant intensities). We attribute this behavior to the excess
pairs present in the structure. For t &600 ps, I"(t)
shows a slow decay, whereas I(t) rapidly decreases to
very small values. We have checked numerically that
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b, (t) exhibit a slow decrease with time and t~=600
ps)) tF =~ . So, in the framework of our simple model,
the break in I(t=tt, ) is associated with the passage of a
nonequilibrium situation, with X pairs present in excess
in the structure and a saturated population of X" pairs,
to a situation of quasithermal equilibrium for these two
populations. All these aspects are in good qualitative
(and also in some cases in good quantitative) agreement
with the experimental results, as discussed in the follow-
ing section.

III. DISCUSSION

A. Exciton tunneling times

Ei

RXt» Rx

H,
Hi

Resonance Rl

E) ~ Ei
R Rx

Hi

Hi
Resonance R2

FIG. 11. Band diagram of the double-quantum-well structure
at the X'-X"' resonance (resonance RI) and at the X-X" reso-
nance (resonance R &).

Let us first consider the X' exciton. The measured de-
cay time of the photoluminescence from the thin QW re-
sults to be the parallel between the recombination time of
the X' exciton, characteristic of the isolated well, and its
tunneling time towards the wide well. As the applied
voltage increases from —1 to —3 V, due to the quantum
confined Stark effect, the decreasing overlap of the elec-
tron hole wave functions causes a small increase of the X'
recombination time. Hence the minimum (=40 ps) of
the PL decay time observed for an applied voltage of —2
V can be unambiguously attributed to a higher tunneling
rate of the X' exciton. This minimum is not far from the
resonance R, (defined in Sec. II and calculated at —2. 3
V) where the X' and X'" levels anticross (see Fig. 11).
More precisely, this resonance rather corresponds to the
calculated resonance between the 1S state of the X' exci-
ton and the continuum of the X"' exciton, where a reso-
nance in the exciton transfer does occur. '

As far as the X exciton is concerned, the observation of

the resonance R 2 is also expected when the X and X" en-

ergy levels anticross (Fig. 11). According to calculations,
this resonance occurs at V = —3.05 V; experimentally, a
broad maximum is observed in the PL decay time of the
X exciton as a function of the applied voltage, around
V= —3 V (Fig. 3). This feature can be easily accounted
for by the calculated variations of the radiative and tun-
neling times of the X exciton, as plotted in Fig. 7.

At low negative voltage, before the R2 resonance (
—2

V( V ( —1 V), X is the fundamental level of the two
wells, and its decay time is governed by the intrawell
recombination channel of the isolated wide well. Increas-
ing the negative voltage from V= —2 V, a low increase
of r„(X) is experimentally observed, as predicted by the
solid lines of Fig. 7. This is due to the small decrease of
the overlap of the electron and hole wave functions.

When the resonance R2 is reached (V= —3 V), the
electronic part of the X and X" excitons become delocal-
ized over the two wells as detailed in Sec. II, and the
eigenstates of the system are described by two %~~. -like
wave functions. Close to R2, we are experimentally un-

able to resolve spectrally the %'z~- states because of the
broadening of the lines. So, even if the theory predicts an
effective transfer between these two states, the PL decay
time of the wide well remains equal to the recombination
time of the %'~~ ~ states. This time is calculated to be 530
ps (Fig. 7). A comparison with the measured value of 350
ps indicates that, even if the right order of magnitude is
reached, nonradiative processes are still effective.

Increasing the negative voltage (V (—3.2 V, F (60
kV/cm), the electronic parts of the X and X" excitons be-
come again more and more localized in the wide and the
thin wells, respectively. Moreover, for V & —3.2 V, X"
becomes the fundamental state of the whole structure, so
that an effective transfer is now expected from the X exci-
ton toward the X" one. Thus, when a sizable energy
difference between the X and X" lines appears, their spec-
tral resolution, and then the measurement of their respec-
tive lifetimes, become possible. The minimum observed
at V= —4. 1 V corresponds effectively to a good experi-
mental resolution between the X and X" lines. The time
measured here (20 ps) must now be compared to the cor-
responding point (160 ps) calculated as the dotted line of
Fig. 7. In fact, our model considers only the resonance
between the 1S level of the X exciton and the 1S level of
the X" exciton; resonances between the 1S level of the X
exciton and the other levels of the X" exciton
(2S,2P, . . . , continuum) occur for applied voltages in
the range —3 to —3.3 V. Obviously, these resonances
will speed up the tunneling of the X exciton. For higher
values of the applied voltage ( V = —4. 1 to —4. 5 V), the
increase of the X exciton tunneling time is related to the
increased misalignment of the X and X" levels.

In the intermediate region (
—4 V( V (—3.5 V) the

picture is much more complicated, due to the fact that
the two excitonic lines cannot be observed independently.
This region is not well described by our model of assisted
tunneling. A proper description of the system should in-

clude an accurate treatment of the spectral broadening of
the energy levels.

Our interpretation is well supported by the time- and
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frequency-resolved spectra shown in Fig 12. The time
evolution of the PL lines of the wide QW is shown on
Fig. 12(a) for a —3.7-V bias voltage (F =66.25 kV/cm).
At time t =0 only the X exciton recombination is ob-
served. Then transfer occurs and the recombination of
the X" exciton appears (1-ns delay}. Finally, for a 2-ns
delay, only the recombination of the X" exciton remains,
in agreement with the measured decay time of the X" ex-
citon (Fig. 4}. A significantly different result is obtained
in Fig. 12(b) for a —3.2-V bias voltage (F =60 kV/cm) at
the resonance Rz. Here, the PL line decays homogene-
ously, indicating that no transfer occurs.

One must note that a resonance can be observed either
as a minimum or a maximum of the PL decay time. In
general, a minimum is observed if the level populated by
the interwell transfer process is rapidly depopulated by
intrawell relaxation. This is the case when E', -E2-like
resonances are studied: ' ' the populated level E2 relaxes
to the fundamental E, level. This is also valid in our case
at the resonance R „' the delocalized X'-X"' state relaxes
towards the X state, which is the ground state of the
whole heterostructure, through hole tunneling. As a
matter of fact, the 40-ps tunneling time measured at
V = —2 V is coherent with calculated values of hole non-
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FIG. 12. Time- and frequency-resolved spectra of the wide-
well photoluminescence for two applied voltages. (a) V = —3.7
V, "far" from the resonance R2 where the X and X" lines are
spectrally resolved; (b) V= —3.2 V at the resonance R2. cw
spectra are also shown with bold lines.

0
resonant tunneling times through a 55-A barrier with an
energy mismatch of about 3 meV. In all of these cases a
real transfer of population from one well to the other
really occurs.

On the other hand, at the R2 resonance, the populated
level is delocalized over the whole structure and has no
way to relax rapidly. We then observe the recombination
time of the delocalized %zz- states.

We want to emphasize that here we have evidence that
excitonic resonances are involved in the tunneling process
at low temperature. Although the two processes are re-
lated to the E,-E', lining up, the X'-X"' resonance (R, )

does not occur at the same voltage that the X-X" reso-
nance (R 2 } does because of the difference between the ex-
citonic binding energies: they are in the 10-meV range
for the direct X and X' excitons, while they are in the 3-
meV range for the crossed X"and X"' excitons.

B. Excitation power dependence

Let us now turn to the nonlinear behavior observed in
Fig. 5. It is qualitatively similar to the one predicted by
the theory. However, note that the experimental results
have to be compared with the calculated
I„,(t)=I(t)+a(t)I"(t) of Fig. 9. For high excitation
power, the induced electric field becomes large enough to
bring the ADQW system close to the resonance R z,
where the X and X"photoluminescence signals cannot be
spectrally distinguished.

At t =0, for a voltage of V = —3.8 V, the internal elec-
tric field is —67. 5 kV/cm. At low excitation power [Fig.
5(a)], the experimental PL decay is well reproduced by
the curve displayed in Fig. 9(a). The Ineasured decay (60
ps) of the fast component has to be compared with the
calculated 90 ps. Note that even if the right order of
magnitude is reached there is still a small discrepancy be-
tween the two results. It may arise from an
oversimplification of our modeling of the assisted transfer
process.

At moderate excitation powers [Fig. 5(b)], a two-slope
time decay, with an increased magnitude of the slow
component, is observed, as shown in Fig. 9(b). As the
tunneling process occurs, a population of X" excitons
builds up and induces a dipolar electric field Fppp oppo-
site from the applied one. This field brings the system
close to resonance and speeds up the excitonic transfer; a
value of about 40 ps is calculated for the PL decay time
(50 ps measured). As the time proceeds, the X" popula-
tion decreases and goes away from resonance, and an ap-
parent long decay time of the PL is observed.

At high excitation powers [Fig. 5(c)], the transfer is
rapidly saturated, as explained in Sec. II; the reverse
transfer becomes non-negligible and only a slow com-
ponent is observable. Note that in the calculated PL de-
cay curves of Fig. 9, an instantaneous response of the
detection apparatus is assumed. A finite response time
would smooth the initial part of the calculated curves and
wash out the small discontinuities calculated at short de-
cay times. Finally, in the very-high-excitation regime
[Fig. 5(d)], the observation of a plateau, followed by a
slow decay time, is in good agreement with the calculated
I„,(t) at very high D, [Fig. 9(d)].
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The agreement between the experimental observations
and the calculated behavior is quite satisfactory. Never-
theless, slightly higher excitation intensities are used in
the calculations. This may be due to the fact that our
model considers only the effects of the induced electric
dipole and does not take into account filling effects,
which tend to slow down the tunneling process. '

IV. CONCLUSION

The excitonic nature of the interwell transfer at T =4
K has been unambiguously shown by means of time-
resolved photoluminescence experiments in GaAs/
A1Q 3GaQ 7As asymmetric double-quantum-well struc-
tures. Fast exciton tunneling times as short as a few tens
of ps have been measured in near-resonant conditions for
the electronic levels in the two quantum wells.

A nonlinear behavior of the PL temporal dynamics as
a function of the excitation intensity has been observed
and explained in terms of a simple model for the coupled
exciton populations in the two wells, predicting a time
dependence of the characteristic recombination constants
due to the macroscopic electric dipole induced by the ex-
citonic transfer. A good agreement between the experi-
mental data and the calculated assisted transfer rates is

obtained in the whole range 10' —10" cm of the exci-
tation density. Finally, a long decay time of the order of
10 ns for the PL originating from the crossed exciton has
been experimentally measured, in good agreement with
the expected reduction in the decay rate due to the de-
creased wave function overlap.

We want to remark that our experimental data and
theoretical analysis clarify the exciton nature of tunnel-
ing. In QW heterostructures, at low temperature, inter-
band optical absorption and radiative recombination are
due to correlated electron-hole pairs. We show in this
work that correlated electron-hole pairs also determine
the inter well transfer of optical excitation in biased
double-quantum-well structures at low temperature.
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