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Enhanced Radiative Recombination of Free Excitons in GaAs Quantum Wells
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Radiative properties of free excitons in a single GaAs quantum well are studied under resonant excita-
tion. Enhanced radiative recombination of the excitons, caused by the breakdown of the translational
symmetry of the system, is evidenced by the very short lifetime as well as by the strong intensity of the
signal. Dephasing mechanisms, by transferring the excitons to nonradiative states, increase the observed
lifetime. We deduce a radiative lifetime of 10 4 ps in the absence of dephasing mechanisms.

PACS numbers: 7 l.35.+z, 73.20.Dx, 78.47.+p, 78.65.Fa

2D confinement of an exciton in a quantum well (QW)
leads to a shrinkage of the exciton Bohr radius accom-
panied by an increase of the oscillator strength and of the
binding energy [1,2]. This leads to the observation of
strong resonances up to room temperature, allowing a
large number of potential applications [3]. The amount
of work, theoretical as well as experimental, devoted to
the behavior of excitons in quantum wells has therefore
been considerable [4]. Among the possible techniques,
luminescence, because of its simplicity and sensitivity,
and also because of the fact that luminescence transitions
in QW's are dominated by excitonic recombination, has
been quite widely used [5-8].

In 3D, the time-resolved behavior of excitonic polari-
tons has been extensively studied (see [9] for a review).
Excitonic polaritons are stationary states of an infinite
dielectric medium (and, therefore, should not exhibit any
temporal evolution). Decay either is observed through
phonon scattering [10] (as evidenced for example by Bril-
louin scattering [11]),or is due to the existence of crystal
surfaces where polaritons can transform into external
photons (radiative decay) with a rate I given by

I =(1 —R)V /L,

where R is the reflection coefficient, Vs the polariton
group velocity, and L the length of the sample. This pic-
ture may explain the "giant oscillator strength" of exci-
tons in thin samples, as observed in GaAs [121.

The above description, however, relies on the transla-
tional invariance of the crystal, and implies the conserva-
tion of momentum from the exciton to the photon. For
excitons conftned in quantum wells, the coupling to pho
tons is profoundly modified by the breakdown of transla-
tional symmetry in the growth direction (hereafter la-
beled z). This coupling is now very strong for excitons
with a wave vector (ki (nruu/c, as they can couple to a
whole ID distribution of photons (here ron is the frequen-
cy of the photon at the exciton energy, n the material re-
fractive index, and c the speed of light). Compared to the

decay rate of 3D excitons (estimated from the longitudi-
nal-transverse splitting), the decay rate of free excitons
in quantum wells has been predicted [13-16] to be en-
hanced by a factor

24m(Vab) ',
where A, is the radiation wavelength and ab the exciton
Bohr radius. This amounts to 8x10s in GaAs quantuin
wells, and radiative decay of near k =0 excitons should be
very fast, of the order of 10 ps. On the contrary, excitons
with k above nruu/c should not recombine at all.

This enhanced radiative decay rate, which relies on the
coherent nature of the exciton, is only possible in the ab-
sence of perturbations and, in particular, if the phase
coherence of the exciton is preserved long enough. As
noted by different authors [15-17], the loss of phase
coherence (for example, due to the scattering by acousti-
cal phonons if the temperature is too high) will prevent
radiative recombination and thus increase the radiative
lifetime from the expected value of about 10 ps to much
longer times. An important point has to be raised, as it is

generally neglected: The ratio of the luminescence inten-
sity li„(t =0) to the excitation power P should be in-

versely proportional to the radiative lifetime [17,18]. Al-
though luminescence measurements do not allow for an
absolute measurement of the intensity, relative measure-
ments bring information of great importance.

Apart from temperature eA'ects, other perturbations
may alter the decay of excitons: exciton-exciton or exci-
ton-carrier scattering [19],and also any kind of imperfec-
tion in the quantum well and, in particular, interface
roughness. Interface roughness will tend to localize the
excitons and give rise to bound excitons with a lifetime of
the order of 1 ns. As a result, as pointed out by Hanamu-
ra [15], the enhanced radiative decay of excitons should
be very difficult to observe as it requires one single QW of
the highest quality.

In this Letter, we demonstrate for the first time the
enhanced radiative decay of free excitons in a single
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quantum well. Not only do we monitor the decay of the
luminescence intensity, but also the relative value of this
intensity and the homogeneous linewidth. Under reso-
nant excitation at 1.7 K, we observe a radiative decay
time as short as 24 ps in a high-quality GaAs/A1As quan-
tum well and show that temperature (above 2 K), excita-
tion density (above 3 x 10 cm ), as well as excitation
detuning (by only 2 meV), by allowing phase-breaking
mechanisms, increase the luminescence lifetime and the
homogeneous linewidth, and decrease the intensity.

We have studied a single GaAs/A1As QW grown by
molecular-beam epitaxy using growth-interruption tech-
niques [20]. This sample shows a splitting of the exciton-
ic transitions. The well width is 45 A, and the exciton
splitting is 12 meV. The full width at half maximum of
the lines is only 2 meV, and no Stokes shift is observed
between luminescence and luminescence excitation:
Therefore, the quality of the sample is very high. There
is currently a discussion about the relation between the
luminescence splitting and the interface quality [21,22]:
In any case, each of the excitonic lines corresponds to the
recombination of excitons in portions of the well with a
well-defined average thickness. Three lines are generally
present at each spot position. By carefully mapping the
sample, it is possible to find zones where one transition is
dominant, the two other regions representing less than
10% of the signal. All experiments are carried out on
such a zone, where scattering of the exciton to other
zones of different thickness (which leads to heating of the
excitons [23,24]) may be neglected. At such a position,
the line shape of the excitonic transition can be fully ana-
lyzed: As we will show in the following, we observe
mainly an inhomogeneous Gaussian linewidth at low tem-
perature and 1ow density, and an additional Lorentzian
broadening as the temperature or the density is increased.

The sample is excited with picosecond pulses generated
by a synchronously pumped dye laser, and the 1umines-
cence is detected by a streak camera. The overall resolu-
tion of the system is of the order of 20 ps (see the dashed
line in Fig. 1). The sample is immersed into superfluid
helium for the measurements at 2 K, and is placed on the
cold finger of a closed cycle cryostat for the measure-
ments at higher temperatures.

Let us first describe our experimental findings. We
show in Fig. 1 the time decay r~„at 2. 1 K of the exci-
tonic luminescence for an excitation density of 3 x 10
cm, as a function of the detuning between the pump
and the exciton energies. All curves are plotted in abso-
lute number of counts recorded in the same conditions.
For resonant excitation, the decay time is nonexponential,
the long-time decay being of the order of 40 ps, and the
intensity is quite high [25]. The short-time transient (t
& 20 ps) is due to residual diflused laser light and can be

suppressed by using crossed polarizers. As soon as the
laser is detuned above the exciton line, the lifetime in-
creases (up to about 200 ps) and simultaneously the in-
tensity decreases. The same qualitative behavior is ob-
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served for resonant excitation when the temperature is
raised above 2 K, or when p is increased above 10'
cm . In this last case, due to the change in excitation
power, we do not observe a decrease of I~„but a de-
crease of the ratio I~„m(r =0)/p. In each case, the life-
time increases up to a limit close to 200 ps.

When the detuning is increased above the exciton ener-

gy, a long rise time develops which has already been ob-
served by different authors [26,271 and attributed to exci-
ton relaxation and cooling. We observe the same increase
of the rise time, but with different features (see the inset
of Fig. 1): The absolute value of the rise time is rather
short in our case; we consider that this is a consequence
of the high quality of the sample, preventing the heating
of the exciton subsequent to the trapping into larger por-
tions of the well. The rise time is then only due to
thermalization of initially hot excitons, and not to trap-
ping of the exciton into lower-energy regions of the well.

Line shapes of the excitonic transition at 2. 1 K, record-
ed 50 ps after resonant excitation at various densities, are
reported in Fig. 2. The increase of the linewidth and the
Lorentzian contribution to the line shape are clearly evi-
denced. At low temperature and low density, the line-
width is mainly Gaussian as a result of residual inhomo-
geneous broadening (for example, potential fluctuations
due to impurities in the barriers or at the interface). A
small Lorentzian contribution can be resolved giving a
homogeneous width of 0.34 meV. At higher densities, a
good fit to the line shape is obtained by keeping the
Gaussian contribution constant and increasing the
Lorentzian linewidth (see the fits in Fig. 2). A moderate
temperature increase, up to 30 K, also leads to a similar
Lorentzian broadening.

FIG. 1. Exciton luminescence decays for diAerent detunings
between the laser and the exciton energy. The same scale is
used for the diAerent measurements: A decrease in intensity is
observed simultaneously with the increase of lifetime. The laser
time behavior is plotted as a dashed curve. Inset: Rise time of
the excitonic luminescence for diA'erent detunings.
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FIG. 3. Measured exciton lifetime, under resonant excita-
tion, as a function of the dephasing time (deduced from fits
similar to those of Fig. 2). The fit corresponds to Eq. (3), with

F0=8 ps and r'=8 ps, and rt„„=1000ps.

FIG. 2. Excitonic line shapes under resonant excitation at
diA'erent densities. The fit is a convolution of a constant Gauss-
ian linewidth (1.7 meV) and a density-dependent Lorentzian
linewidth.

(3)

which in our case leads to

1/r e+1/«„„+1/r '

(1/~o)(1/r')
(3')

The contribution of the nonradiative lifetime also has
to be taken into account: The high quality of our samples
is obtained through the growth of very thin AlAs barriers
(50 A). Hence our sample structure is analogous to the
"resonant tunneling diodes" studied by Tsuchiya, Mat-
sutsue, and Sakaki [28], and tunneling phenomena are in-

We now discuss our results. At low temperature, under
resonant excitation, upon increase of the excitation densi-
ty p, the dephasing time decreases because of exciton-
exciton collisions [19]. The shorter dephasing time is
clearly evidenced by the increased homogeneous line-
width and can be estimated by our fitting procedure.
Even if we are at low temperature, the excitons can be
scattered to two different nonradiative states: the triplet
states and the exciton states with k above neon/c. The
respective importance of these two channels is difticult to
assert, so at the present stage we can only use a simple
calculation where we assume a two-level system, one cor-
responding to the radiative excitons and one to the nonra-
diative ones. The excitons can be scattered to the nonra-
diative states with a dephasing time ~d ph and they come
back to the radiative states with a characteristic time r'.
Such a system has a short-time solution decaying as
1/r l„m = 1/r o+ I/r d,»+ 1/r ', which is not observable
with our time resolution, and a long-time solution given

by

eluded through an "exciton lifetime" rt„„ inside the dou-
ble barrier, leading to a decay time r given by 1/r =1/

+1/rt„„. Our measurements at large densities, de-
tunings, or temperature, exactly on the same spot, give a
decay time of the order of 200 ps, in agreement with [27].

The observed decay times are plotted as a function of
the observed homogeneous broadening in Fig. 3, together
with the results of the best fit using Eq. (3) for ro =8 ps,
i'=8 ps. The agreement with the measured values is
reasonable. As can be seen from (3), ro and r' play the
same role in the long-time solution so that a set of solu-
tions exists giving a large error bar for ~0, 10~4 ps.
This value is in quite good agreement with the theoreti-
cally predicted value of 8.4 ps: For our sample structure,
the infinite well is a good approximation and we only
correct Hanamura's value of 2.8 ps [15] by a factor of 3
to account for the refractive index of GaAs [16].

Temperature eAects are more difticult to model. If we
follow [17] or [16],and assume a thermalized exciton dis-
tribution, the variation of the luminescence decay time
should be linear in T, refiecting the proportion of excitons
with wave vector (ki (neo/c. However, the phonon-
scattering time is expected to be a few picoseconds at low

temperatures [15] (we estimate 1.5 ps at 9 K and 0.5 ps
at 15 K). As a consequence, for resonant excitation, low

temperature, and low density, we cannot safely assume a
thermalized distribution. In our experiments, the lifetime
variation is not linear with temperature but slower (40 ps
at 2 K and 65 ps at 9 K) probably because the excitons
are initially cold and cannot be considered to be at lattice
temperature just after the excitation pulse.

One might argue that our short lifetimes are simply
due to localized excitons (on impurities or interface de-
fects, as was assumed by Oberhauser et al. [29]). The
short lifetime might have two explanations: short radia-
tive lifetime of trap centers (giant oscillator strength of
bound excitons [30]) or rapid capture by nonradiative
centers. The lifetime increase with po~er or with temper-
ature would simply be due to the saturation of these lo-
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calized states and to the release of free excitons. Indeed,
the temperature and density where we observe the
changes correspond to reasonable defect densities and lo-
calization energy. We discard this explanation for the
following reasons.

(i) It is only in the samples of the highest available
quality that the very short lifetime of excitons is observed.
Reducing the quality of the sample, and thus increasing
the density of possible trapped excitons increases the ra-
diative lifetime [24] in agreement with our model and
contrary to what a model of localized excitons would pre-
dict. Furthermore, the radiative lifetime of localized ex-
citons is expected to be of the order of I ns. It could be
shorter only for highly localized traps, then giving rise to
large energy shifts. This is contrary to our observation of
a negligible shift compared to the linewidth of only 2
meV. In the low-density regime, we do not observe any
change in line shape or in peak position with time.

(ii) The assumption of rapid trapping on nonradiative
centers is contradicted by our observation of a diminution
of the ratio Ii„(0)/p upon density increase: In such a
model, this ratio should stay approximately constant.

In conclusion, we have clearly evidenced the very fast
radiative decay of excitons caused by the breakdown in
translational symmetry in quantum wells. The deduced
radiative lifetime is 10 4 ps in quite good agreement
with theory. Our results easily explain the obvious dif-
ference between bulk GaAs samples where bound transi-
tions dominate the spectrum even in the highest-quality
samples, and GaAs QW's where free-exciton transitions
dominate even in medium-quality samples.

The authors express their thanks to I. Bar Joseph, G.
Bastard, A. Chomette, B. Lambert, A. Regreny, and C.
Weisbuch for useful discussions. D.S.K. is an 0%ce of
Naval Technology Post Doctoral Fellow.
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