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Quantum-size effects on radiative lifetimes and relaxation of excitons
in semiconductor nanostructures
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A systematic study of exciton dynamics is presented in quantum boxes formed naturally along the axis of a
V-shaped quantum wire, by means oftime and spatially resolved resonantphotoluminescence. The depen-
dence of radiative lifetimes and relaxation mechanisms of excitons is determined versus the size of the boxes.
The radiative recombination rate varies linearly with the length of the box, showing that the exciton has a
coherence volume equal to the volume of the box. In a low excitation regime, emission from excited states has
not been observed, which would be a consequence of relaxation bottleneck, but there is clear evidence that
relaxation via emission of LA phonons depends strongly on the energy separation between the different
quantum box levels.@S0163-1829~98!07839-4#
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I. INTRODUCTION

Following the success of semiconductor quantum w
~QW’s!, which permitted one to study two-dimensional o
tical and electronic effects due to confinement, many inv
tigations have been carried out in similar quasi-one dim
sional quantum wires ~QWR’s! and zero-dimensiona
quantum boxes~QB’s!. Recent improvements in growt
techniques allowed the fabrication of high-quality semico
ductor nanostructures with good optical properties like Q
heterostructures grown on nonplanar substrates,1–3 or V- and
T-shaped QWR’s,4–8 or different III-V quantum dots.9–12

However, fluctuations of size and/or composition still exi
leading to inhomogeneous broadening in the optical spec
which hides the intrinsic properties of a single quantu
structure. Spatially resolved photoluminescence or mic
photoluminescence~mPL! spectroscopy in the domain of dif
fraction limited optics has recently been developed, and
lowed one to study, for example, optical properties
‘‘natural’’ QB’s formed by well-width fluctuations in narrow
GaAs QW’s,13–16 single quantum dots,9,11,17 or single
QWR’s.18–20

An important problem that has been investigated theor
cally and experimentally is the relaxation of carriers in su
semiconductor nanostructures and especially in QB’s.
impact is of course important concerning the efficiency
optoelectronic devices. It has been predicted that electr
relaxation is quenched whenever the energy separation
PRB 580163-1829/98/58~15!/9933~8!/$15.00
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tween levels does not exactly match the energy of a
phonon, or exceeds a few meV for emission via L
phonons.21,22In that case, a strong decrease of photolumin
cence~PL! signal should occur. In fact, this predicted rela
ation bottleneck remains controversial, and the experime
facts are to our knowledge not completely conclusive.
deed, in the case of low excitation regime several gro
reported on rapid carrier relaxation in different Q
systems,23–25and only under high pump power has excitati
emission from excited states been observed because of s
filling effects.10,26–29In order to explain efficient relaxation
mechanisms like multiphonon-assisted emission30,31 or
Auger-like scattering inside one electron-hole pair have b
proposed.32

Another interesting aspect of quantum confinement
nanostructures is whether the correlated electron-hole
keeps or loses its excitonic nature. Obviously the answe
the question is related to the size of confinement compare
the exciton Bohr radius, i.e., to the comparison between
kinetic energy and the Coulomb interaction. The density
carriers present in the structure should also change the na
of electron-hole pairs. Nevertheless, this problem is bey
the scope of this work, and hereafter we will call an excit
a correlated electron-hole pair in a general manner.

In this paper we propose to investigate radiative lifetim
and relaxation mechanisms of excitons present in a sin
QWR by means ofresonant time-resolvedmPL. Recently,
mPL experiments have shown that, in QWR’s, excitons
9933 © 1998 The American Physical Society
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9934 PRB 58J. BELLESSAet al.
localized at low temperature in local potential minima.18–20

These potential minima can be viewed as naturally form
QB’s with a weak confining potential along the wire ax
since they are formed by one-monolayer~1-ML! thickness
fluctuations of the wire. Therefore we expect that excit
relaxation is mainly governed by the dynamical properties
carriers in a zero-dimensional QB. Moreover, microphoto
minescence excitation~mPLE! spectroscopy33 has revealed
that one QWR is segmented into extended sections of h
dreds of nm with slightly different confining potentials, an
inside these sections the QB’s are present. In this way,
systems can be studied in such a structure: the already m
tioned QB’s and the long sections which can be conside
as quasi-one-dimensional QWR’s. ThemPLE spectra allow
us to pump resonantly excited levels of a given QB.34 Then
the resonant time-resolvedmPL give the possibility to mea
sure~i! the relaxation times between levels by studying
rise time of the temporal spectrum, and~ii ! the radiative
lifetime of an exciton in a QB. The measured radiative lif
times of localized excitons are long compared to the val
in a two-dimensional QW, ranging between 300 and 500
depending on the QB length along the wire axis. This is
our knowledge, the first time that the dependence of exc
radiative recombination in a single QB is studied experim
tally as a function of the QB size. In some experime
where themPL of one QWR section is observed, the relat
QWR exciton radiative lifetime is shorter, about 150 ps. T
measured rise times vary from a few ps~which is the experi-
mental time resolution! to 100 ps, and this dispersion of va
ues gives us information about the relaxation mechani
between the QB levels. Since the confinement energy in
QB’s is only a few meV, relaxation is made possible
emission of LA phonons. Emission with LO phonons is n
discussed here because the GaAs LO-phonon energy i
meV. A clear dependence of relaxation times with the ene
separation between the levels is observed as predi
theoretically,30,35and the emission rate with a single LA ph
non decreases as soon as the energy separation of leve
ceeds a few meV.36 For higher excitation energy, mul
tiphonon emission remains a very efficient relaxati
process. All the presented results are performed at low e
tation power where there is only one~or less! electron-hole
pair created in one QB. The dependence of the reso
time-resolvedmPL with excitation power will be the subjec
of a future publication.

The paper is organized as follows: in Sec. II, we gi
some details concerning the growth and structure of sam
and the experimental setup. Section III is divided in tw
parts: after the presentation of themPL and mPLE experi-
ments, we discuss the results obtained on the radiative
times of localized excitons as a function of the size of
QB’s. Finally, relaxation processes in QB’s are discusse

II. EXPERIMENTAL DETAILS

The studied GaAs/AlxGa12xAs QWR’s are grown on a
4.8-mm pitch V-grooved GaAs substrate by flow rate mod
lation epitaxy, a modified metal-organic vapor-phase-epit
growth technique which can be controlled on atomic leve5

The QWR thickness at the center of the V is about 5 nm,
the Al content in the barriers is 33% for the~001! top facet.
d
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In order to enhance the PL signal of the QWR, the~001! flat
region and part of the~111! A sidewall AlxGa12xAs barrier
layers have been removed by selective wet chem
etching.5 The lateral size where the electronic wave functio
are confined is about 15 nm. The full width at half maximu
of the PL line for this sample is 8 meV, and the Stokes sh
between the PL and PLE is 4 meV,37 showing the good
optical properties of the sample.

Continuous and time-resolvedmPL and mPLE experi-
ments have been performed at 6 K using a mode-locked ar
gon laser pumping synchronously a dye laser~LDS 722!.
The pulse width is 5 ps, and the repetition rate is 82 MH
The excitation beam is focused with a microscope object
and the laser spot diameter is 1mm. The time-resolved PL
signal is analyzed through a double monochromator ope
ing in the subtractive mode, and detected by a tim
correlated single-photon-counting system with a time reso
tion of 40 ps. It can be improved if a deconvolutio
procedure is used. Then the best time resolution achieve
about 10 ps. The spectral resolution is 200meV but inmPLE
experiments the resolution is given by the width of the la
line, which is 50meV. This explains why usually themPLE
peaks are narrower than themPL ones.

The excitation power in all the presented experiments
low enough that at most one exciton is created in a QB. T
number of created excitons can be estimated from the
lowing relation:N5(a lPt/hn)b, wherea l represents the
absorption probability in the material. A typical value whic
is usually taken in the literature isa l 50.6% in a GaAs
quantum well.38 P is the excitation power,t is either the
radiative lifetime of excitons in a continuous excitation
the repetition rate in a pulsed excitation, andb is the ratio
between the illuminated wire surface and the laser spot
face. From this relation, it appears that when the pu
power is lower than 100mW ~continuous excitation!, there is
always less than one electron-hole pair per QB. For pul
excitation the pump power must be lower than 2.5mW. This
estimation is made assuming that the mean radiative lifet
is about 300 ps, which is consistent with our experimen
results and that about ten QB’s are present in 1mm, which
corresponds to the number of peaks observed in themPL
spectrum. The factorb is taken equal to 0.05.

III. RESULTS AND DISCUSSION

A typical mPL experiment is shown in Fig. 1. It demon
strates the ability to separate properties of a single QWR
single QB. All spectra have been recorded at the same p
tion on one wire under similar conditions. In the bottom
the figure is represented amPL spectrum of the QWR. The
usual PL line is split into several sharp peaks, separated
or 2 meV and distributed over 10–15 meV. The line is ce
tered around 1.644 eV. This fine structure of themPL spec-
trum strongly depends on the observed QWR, and is a
modified when moving the laser spot along one wire. W
have attributed these peaks to fundamental exciton state
calized in minima of the QWR confining potential.18,33 They
are due to size inhomogeneities created by 1-ML thickn
fluctuations on the top~001! interface. The confinement en
ergies of the localized states are distributed over 10 m
and this reflects the size distribution of the QB’s, which
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PRB 58 9935QUANTUM-SIZE EFFECTS ON RADIATIVE LIFETIMES . . .
the origin of the inhomogeneous broadening of the PL lin
In the central part of Fig. 1 is presented amPLE spectrum

detected at 1.6436 eV on a sharp peak of themPL spectrum
labeledA. At the energy position of the firste12h1 QWR
exciton transition, several peaks as narrow as 0.2 meV
observed. ThemPLE peaks are attributed to excited states
the emitting QB and to QWR states corresponding to w
sections with slightly different confining potentials, due
size inhomogeneities along the wire axis.33 The first peak
labeledB, and the peak labeledC, at 2.8 and 3.8 meV abov
the detection, are attributed to the first and second exc
states of the same QB, respectively. The higher-energy p
correspond to wire states. From the energy difference
tween the fundamental~peak A! and the first and secon
excited states~peak B and C!, we can estimate the QB
length. Assuming that its potential is 1-ML deep~corre-
sponding to 9 meV! then the length of the QB is about 5
nm. It is worth noting that themPLE peaks appear at differ
ent energy positions when changing the detection ene
because each emitting QB is associated with a different w
section or with several wire sections.

On top of Fig. 1 is presented the resonantmPL (RmPL)
spectrum excited at the energy position of peakB ~1.6467
eV!. Only one peak is observed at 1.6436 eV, which is
energy of peakA. This result nicely proves that peaksA and
B are related to the same QB and can be assigned to the
fundamental and the first excited state, respectively. It is n
possible to perform resonant time-resolvedmPL in order to
analyze the relaxation mechanisms between levels of a si
QB or a QWR section, and measure the radiative lifetime
one exciton confined in such a quantum structure.

A. Radiative lifetimes

Figure 2~a! shows themPL andmPLE spectra correspond
ing to the resonant time-resolvedmPL depicted in Fig. 2~b!.
The mPLE spectrum has been recorded by detecting on
lowest-energy side peak~indicated by an arrow in the figure!.

FIG. 1. MicroPL, mPLE andRmPL. The excitation power is
equal to 3mW. PositionA ~1.6436 eV! is the detection energy o
the mPLE spectrum, andB ~1.6464 eV! is the excitation energy o
the RmPL spectrum. PositionC is equal to 1.6474 eV.
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We have performed resonant excitation of themPL on peaks
labeleda, b, andc on the curve, at 5.3, 9.3, and 18.4 me
respectively. Peaka is attributed to the first excited state o
the emitting QB, and peaksb andc are attributed to thee1
2h1 ande12h2 transitions of the QWR, respectively. Th
latter transition is actually forbidden, but it might becom
allowed because of the asymmetry of the QWR potent
We estimate the QB length to be about 40 nm.

FIG. 2. ~a! mPL andmPLE detected on the lowest-energy sid
peak~1.6408 eV! of themPL. The detection is labeled by an arrow
Peak positionsa, b, andc correspond to the three resonant exci
tion energies of the time-resolvedmPL experiments represented i
~b!. The pump power for all experiments in~a! and~b! is a fewmW.
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9936 PRB 58J. BELLESSAet al.
The time decay of theRmPL is quasiexponential for all
the excitation energies@Fig. 2~b!#. The three curves can be
fitted by the same decay time constant of 350 ps. We c
quite safely assume that it represents the exciton radiat
lifetime, since the decay time depends neither on the exci
tion energy nor on the excitation power. We have als
checked that the total PL intensity increases linearly as t
pump power is increased. This is a good indication that th
exciton decay is dominated by radiative recombination. R
cent measurements on a single QB but with a different stru
ture give the same order of magnitude for the radiative life
time of excitons.24,29 Generally, our experimental results are
in agreement with theoretical calculations of exciton radia
tive lifetimes in QB’s,39,40 but not with the assumption that
the radiative lifetime is proportional to the inverse of the
homogeneous linewidth of the PL line. Indeed, themPL
peaks are 200meV wide. If we assume that the linewidth
represents the homogeneous broadening, then we deduce
the phase coherence time~radiative lifetime! should be equal
to 2 ps.41 This means that the lines are broadened by som
very fast dephasing mechanism within a few ps, probab
related to the electron-hole exchange interaction in the pa
like in two-dimensional structures.42 Broadening due to ther-
mal energy can be excluded since thekT at 6 K is0.51 meV,
which is larger than the linewidth of themPL peaks.

For a givenmPL spectrum, we can study the emission o
several QB’s, record for each one the relatedmPLE spec-
trum, and perform the time-resolvedmPL with a resonant
excitation on different excited states of the QB correspon
ing to the differentmPLE peaks. Figure 3 shows the mea
sured radiative lifetimes as a function of the energy positio
in themPL, from all the resonant time-resolved experiment
Nonresonant measurements, where the excitation energy
in the higher energy QWR transitions, are also represent
with different symbols on the figure. We observe that th
values vary inside themPL line from 150 up to 500 ps gen-
erally increasing as the peak energy position decreases. T
dispersion of the experimental values is obviously related

FIG. 3. Measured radiative lifetimes as a function of the energ
position in themPL line. The open and solid symbols correspond t
nonresonant and resonant excitation, respectively. The dotted line
just a guide to the eye.
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the different QB lengths. Although the peak energy posit
does not correspond in a straightforward manner to a gi
variation of the QB length, it appears that the most elonga
QB’s are related to peaks on the high-energy side of
mPL, since the radiative lifetimes are faster in this ener
domain. Indeed this energy range corresponds to the abs
tion of the first QWR transition, and we expect in this d
main to find the most elongated QBs or the QWR-like s
tions, with faster radiative lifetimes. Citrin43 calculated that
in the case of a GaAs cylindrical QWR~with 10-nm radius!
the radiative lifetime of a free exciton is about 150 ps, whi
is in agreement with our results. Measurements of the te
perature dependence of the radiative lifetimes in similar
shaped QWR’s are also in accordance.44,45

As we have already discussed, we can deduce, from
energy positions of themPL andmPLE peaks, the length o
the emitting QB. We can then plot, for each time-resolv
experiment, the measured radiative lifetime as a function
the QB length. These results are shown in Fig. 4, where
radiative recombination rate 1/t is plotted versus the lengthL
of the QB. We observe that, asL decreases, the recombina
tion rate decreases linearly. Our results are consistent
theoretical predictions46–48made in order to explain the ‘‘gi-
ant oscillator strength’’ of bulk excitons bound to impuritie
Commonly, the radiative recombination rate is related to
oscillator strength according to49

1

t
5

ne2v2

2p«0m0c3 f , ~1!

wheref is the total oscillator strength~OS! of the transition
overall the polarization contributions, and the other symb
are the usual physical constants. For excitonic absorpt
the optical matrix element is nonzero only fornsstates of the
exciton with a wave vector almost equal to zero. Then
OS of the free bulk 1s exciton state is equal to

f 5
2Pcv

2

m0\v

V

~paB
3 !

5 f 0

V

~paB
3 !

, ~2!

y

is

FIG. 4. Radiative recombination rate 1/t, as a function of the
QB lengthL. A linear fit of the experimental data is also show
The equation of the fit is 1/t5aL1b, with a53.04
31025 (ps21 nm21) andb51.6731023 (ps21).
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where Pcv
2 is the dipole matrix element connecting Bloc

states in the valence and conduction bands,\v is the energy
of the transition,aB the three-dimensional~3D! Bohr radius
of the exciton, andV is the volume of the crystal. It appea
that the OS is proportional to the ratio of the volume of t
crystal to the exciton volume. The OS for a bound excit
can be derived from this last expression by replacing
volume of the whole crystal by the volume within the ele
tron and the hole overlap, i.e., corresponding to the num
of cells covered by the center-of-mass motion of the bou
exciton. This volume is often called the ‘‘coherence vo
ume’’ of the exciton,35,50 Then the radiative recombinatio
rate scales like

1

t
}

Vcoherence

Vexciton~L !
. ~3!

Under these considerations, when the coherence vol
is reduced, the OS is reduced, leading to an increase o
radiative lifetime. In this sense, the situation of an excit
localized in a QB is similar to the 3D bound exciton. As t
size of the box is reduced, the coherence volume of the
citon is reduced leading to a decrease of the OS and
longer radiative lifetime. This effect has been observed a
years ago in CuCl microcrystals.51 This is also confirmed by
our experimental observations, that suggest taking as the
herence volume the volume of the box in which the exci
is confined (Vcoherence553153L nm3). It is interesting to
notice that in the limit of long boxes whereL@aB , the ex-
perimental data seem to deviate from the linear depende
of the radiative recombination rate withL. Above a coher-
ence length of about 100 nm, they saturate to the value o
exciton radiative lifetime in the QWR. In the studied ran
of lengths, we have not observed any dependence of
exciton volume,Vexciton, with L. In the opposite limit of
small boxes whereL,aB , the description in terms of coher
ence volume is no more valid since the center of mass
the relative motion of the exciton are coupled.52 The deter-
minant factor acting on 1/t is the volume of the exciton
which for L!aB should vary rapidly withL. Although there
is a lack of experimental data, we could expect that in t
limit the radiative recombination rate should increase as
size of the QB becomes smaller thanaB , due to an enhance
ment of the excitonic OS. This would be similar to what w
observed in narrow GaAs/Ga12xAl xAs QW’s.53 Recent mea-
surements of exciton binding energies in InxGa12xAs/GaAs
QB’s show that as the size of the boxes is reducedL
,50 nm) an important increase of the binding energy
observed.54 Then the OS should also increase leading to
enhancement of the radiative recombination rate. Howe
we do not believe that this effect should be so importan
the present case, since the confinement energy is on
meV.

B. Relaxation processes

As we have already mentioned, resonant excitation on
mPLE peaks permits the determination of the relaxation ti
between two discrete levels from the measurement of the
time of the temporal spectrum. The time-resolved spectra
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fitted assuming a three-levels model, and deconvoluted
the 40-ps temporal response of the experimental setup.

Due to the weak confinement in the QB’s, the ma
mechanism responsible for relaxation between quantum
els is emission of LA phonons. The PL is then efficient on
when the separation in energy between levels does not
ceed a few meV. From energy and momentum conserva
arguments,36 we can deduce the maximum phonon ener
leading to significant scattering rates and given by the sim
relation

Emax5\csqmax'
hcs

Lz
, ~4!

wherecs is the sound velocity in the material,qmax is the
maximum phonon wave vector, andLz is the dimension of
the strongest confinement. In our case,Lz55 nm andcs
55150 m s21 in GaAs, then the maximum phonon energy
about 4.3 meV. In Fig. 2~b!, the determined rise times in
crease as the excitation energy is increased: we find 75,
and 222 ps for excitationsa, b, and c, respectively. These
results are consistent with the threshold energy obtaine
Eq. ~4!. Indeed, excitationa ~5.3 meV! is the closest toEmax,
and gives the fastest relaxation time; for excitationsb andc,
the relaxation rate with emission of one LA phonon is r
duced, and the relaxation times are longer. Multiphonon
sisted relaxation is commonly admitted to be a possi
mechanism for efficient relaxation.30,31

In the following, we propose to discuss the dependence
the scattering rate with energy separation between levels
single QB. Figure 5 shows the relaxation rates 1/t rel deter-
mined experimentally for QB’s with different lengths, as
function of the energy separation between the detection
the excitation energy position. Here, for each QB, the ex
tation is resonant with the first excited level. We observe t
the experimental values present a pronounced maximum
an energy spacing of about 4 meV, and decrease elsew
The curve in full line represents the calculated electron–L

FIG. 5. Relaxation rate 1/t rel , for different QB’s as a function of
the energy separation between the excitation~first excited level! and
detection energy position~fundamental state!. The full line repre-
sents the calculated electron–LA-phonon scattering rate from
first excited level to the fundamental state.
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9938 PRB 58J. BELLESSAet al.
phonon relaxation rate. The calculation was performed us
the Fermi golden rule, which gives the transition probabil
between two discrete levels:

1

t i f
5

2p

\ (
q

z^C i uWuC f& z2d~Ef2Ei1\vq! ~5!

for phonon emission of energy\vq at zero temperature.W is
the electron-phonon interaction potential, which is equal,
the LA-phonon mode, to:W5DA(\q/2rcsV)eiqW •rW. V is the
volume of the system,r is the density of the material,D the
deformation potential, andcs the sound velocity in the ma
terial ~we took r55.36 g/cm3, cs55150 m s21 for GaAs,
and D56.8 eV!. In Eq. ~5!, C i and C f are the electronic
wave functions in the initial and final states of energyEi and
Ef , respectively. In order to calculate the wave functions
separable QWR confining potential was used. In the gro
direction we assumed an infinite square well potential
5-nm width; the thickness variation of the GaAs layer in t
lateral direction can be easily represented by a parab
potential.18 In these two directions the confinement potent
was assumed to be the same for all the QB’s. Along the w
axis, small geometry fluctuations create local poten
minima that localize the excitons. In this last direction t
localization potential is different for each emitting QB, and
parabolic potential with different curvatures was used to r
resent these fluctuations. The induced confinement is w
leading to the small level splittings observed in themPLE
spectra. The assumption of a completely separable pote
is necessary for the analytical calculation of expression~5!.
Then the total electronic wave function is simply the prod
of the separable wave functions. Since the confinement
tential along the wire axis is weak~9 meV!, the confinement
energy of electrons due to localization is more import
than for holes. The relaxation of holes is very efficie
through their dense spectrum of states. Therefore, we
sider that electrons are mainly responsible for the slow
down of relaxation, and we calculate solely the electron–L
phonon relaxation rate. Nevertheless, an accurate descri
of phonon scattering should include excitonic effects,35 and
take into account a more precise representation of the
finement potential. This last point is, however, very difficu
to obtain because of the complex geometry of the struct

The calculation shows that the relaxation rate between
first excited and the fundamental state increases as the
spacing (Ef2Ei) increases, reaches a maximum at 4 m
and then decreases again. The maximum value corresp
to the threshold phonon energy deduced in Eq.~4!, is well
confirmed by the experimental results, and demonstrates
efficient relaxation with the LA phonon depends mostly
the strongest confinement potential. The order of magnit
of the calculated scattering rate is in agreement with the
perimental values, showing that the approximate descrip
of the potential is finally quite justified, and that electrons a
mainly responsible for the decrease of relaxation. Howe
it should be pointed out that an important dispersion of
experimental values appears. This might be due to a diso
in the shape of the boxes along the wire direction, which
not well defined and could influence the relaxation rate.
though calculations predict that the relaxation rate sho
become negligible as the energy spacing is greater tha
g
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meV, the measured relaxation times remain relatively f
~less than 100 ps!. This means that relaxation is still efficien
even for an important energy separation between the lev
As an explanation we could consider the presence of o
cally inactive exciton states between two optically allow
states, as intermediate levels helping in relaxation,29 or the
Auger-like scattering mechanism inside one electron-h
pair proposed in Ref. 32 which finally suppresses the pho
bottleneck.

Another interesting effect observed experimentally a
confirmed by the calculation is that relaxation from high
excited states to the fundamental can be more efficient t
relaxation from the first excited to the ground state. This
shown in Fig. 6, where two time-resolved spectra of t
same QB excited resonantly on the first~spectrumB! and
second~spectrumC! excited levels are represented. The
levels correspond to the peaks labeledB andC on themPLE
spectrum in Fig. 1. Both time-resolved spectra have the s
exponential decay connected to the radiative lifetime of
fundamental state. However the rise time is sensitively d
ferent in the two experiments. Indeed, values of 50 and 20
were found for spectraB and C, respectively. This clearly
indicates that relaxation from the second excited level to
fundamental is more efficient, and the energy separatio
the determinant factor acting on the transition rates.
though the wave functions are different for the first and s
ond excited levels, calculations55 show that the correspond
ing relaxation rates have a similar dependence with ene
separation; that is, they increase until the energy reach
meV, and then decrease again. Therefore the relaxation
corresponding toB will be smaller thanC, since excitation
energyB is lower thanC, leading to a faster relaxation tim
in the case of excitationC.

IV. CONCLUSION

In summary, time and spatially resolved photolumine
cence experiments allowed us to determine the radiative

FIG. 6. Time-resolvedmPL spectra for resonant excitationsB
andC corresponding to themPLE peaks shown in Fig. 1. The de
tection energy is the same as positionA ~1.6436 eV!.
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time of excitons in single QB’s with different lengths forme
naturally along the axis of a V-shaped QWR. The confin
ment potential in this direction is weak~9 meV! and the
lengths of the boxes vary from 20 to 100 nm. The radiat
lifetimes of the localized excitons are long, ranging from 3
to 500 ps, in comparison with the radiative lifetime of a
exciton in a single QWR~150 ps!. The radiative recombina
tion rate is found to be proportional to the coherence volu
ys
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of excitons in the boxes. Resonant relaxation with emiss
of a LA phonon has been studied as a function of the ene
separation between the QB discrete levels. The scatte
rate presents a pronounced maximum at 4 meV, corresp
ing to the threshold phonon energy taking part in the rel
ation, as expected theoretically. Relaxation processes rem
fast ~,100 ps!, even for higher-energy separation, sugge
ing that no phonon bottleneck occurs in the present QB’s
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