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We show that a unified picture, namely, thermalization within the inhomogeneously broadened exci-
ton band, can be used to explain the excitonic photoluminescence (PL) spectra in quantum wells in-

dependently of the presence, or lack thereof, of the low-energy shift of the PL line with respect to the ab-

sorption peak (Stokes shift). The Stokes shift itself turns out to be a mere consequence of the thermal
equilibrium with a quadratic dependence on the absorption linewidth and a linear dependence on the in-

verse of the excitonic temperature. The predictions are found to be in excellent agreement with careful
measurements in GaAs/A1„Ga& „As single-quantum-well structures.

I. INTRODUCTION

Excitons in low-dimensional semiconductor systems, in
particular quantum-well (QW) structures, have attracted
much interest in the past years due to their peculiar prop-
erties, which, making them different from bulk excitons,
have permitted the realization of a new generation of
electro-optic devices. The optical techniques, and in par-
ticular photoluminescence (PL), ' are widely recognized as
the most powerful tools not only for studying the intrin-
sic features of the confined excitons but also for charac-
terizing the defect content and the sample quality.

So far two different approaches have been used for the
analysis of the QW excitonic optical spectra, mainly de-
pending on the presence, or lack thereof, of a redshift of
the PL emission with respect to the fundamental absorp-
tion transition, usually referred to as the Stokes shift (SS).
If the SS is negligible, a free-exciton picture is usually ap-
plied to the recombination kinetics in QW's. The exciton
center-of-mass wave function is supposed to be delocal-
ized over the whole QW plane and, as a consequence of
the polariton effect, a very short lifetime is predicted
(often referred to as superradiance). The much longer PL
decay times measured after nonresonant excitation are
then explained in terms of the thermalization between ac-
tive and silent excitonic states, which gives rise to a
temperature-dependent lifetime. On the contrary, the
presence of a sizable SS is commonly assumed " as a
direct proof of exciton trapping at interface defects, thus
implying both localization of the exciton center-of-mass
wave function and lack of thermalization. This picture
has strong consequences on the whole recombination
kinetics; in fact, apart from the trapping dynamics itself,
the radiative lifetime is predicted to increase by nearly
one order of magnitude as a consequence of the reduction
of the excitonic coherence length. We can therefore sum-
marize the commonly accepted pictures as follows: the
presence of a SS means exciton localization and lack of
thermalization, while its absence is the signature of free
excitons and, eventually, of a thermalized distribution.

In this paper we show that a unified picture, namely,
thermalization within the inhomogeneously broadened

exciton band, can be applied for explaining the whole
phenomenology of the QW exciton optical spectra. We
suppose that the recombining carriers, after momentum
and energy relaxation, populate the excitonic states with
a quasiequilibrium distribution described by an effective
temperature Tz. Then, if the inhomogeneous broadening
is small compared to the thermal energy KTC, each exci-
ton state has essentially the same thermal population:
the PL reflects the absorption and the SS is not observ-
able. On the contrary, if the excitonic linewidth exceeds
the thermal energy, the low-energy side of the inhomo-
geneous exciton band is enhanced by the thermal popula-
tion and a SS appears. On the basis of such a simple
model we are able to find the general relationship be-
tween the SS, the photogenerated carrier temperature Tc,
and the absorption linewidth h. In particular we predict
that, for a given Tc, the SS is quadratic with 5 rather
than linear, as recently claimed in Refs. 10 and 11.

We have performed a detailed study of the PL line
shape in a set of good quality GaAs/Alo 3Gao 7As single-
quantum-well (SQW) structures, with a Stokes shift rang-
ing between 0 and 4.4 meV, by means of photolumines-
cence and photoluminescence excitation (PLE) measure-
ments under low-power continuous-wave (cw) excitation.
The thermalization of the photogenerated carriers is ex-
perimentally demonstrated, at all temperatures (1.8 —120
K) and in all the QW's investigated independently of the
SS values, by the presence in the PL spectra of free car-
rier and light-hole exciton recombinations. The equilibri-
um distribution, which necessarily follows the cw excita-
tion, can then be described, with a very good approxima-
tion, by a thermal distribution. The resulting carrier
temperature Tz is directly obtained from a fit of the PL
free-carrier slope; we find that T& is, in general, higher
than the lattice temperature TL. Only for resonant exci-
tation at the heavy-hole (HH) exciton energy and/or high
lattice temperatures does Tc correspond to TL, in a11 oth-
er cases T& & TL. As a consequence, care has to be used
when assuming that the low-temperature condition
KTL «5 implies exciton trapping or when using the
nominal lattice temperature TI whenever comparing the
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experimental data with theoretical predictions based on
exciton thermalization. In fact the e6'ective temperature
Tc (not Tz ) is the relevant parameter for describing the
recombining exciton distribution.

We therefore correlate the value of the SS with the
measured carrier temperature Tc. The experimental data
are found to be in excellent agreement with the thermali-
zation model for the SS origin in the whole range of in-
vestigated temperatures. Both the predicted temperature
and linewidth dependence of the SS are nicely verified in
all the QW's investigated. From our results it follows
that the observed SS's can be unambiguously related to
thermalization within the inhomogeneous distribution of
the excitonic states, even when the measured SS and 6
largely exceed the lattice thermal energy KTz.

The paper is organized as follows. Section II is devot-
ed to the analysis of the consequences on the PL line
shape of the thermal equilibrium hypothesis inside the in-
homogeneous excitonic band; moreover the general rela-
tionship between the SS, the absorption linewidth, and
the carrier temperature is derived. Details of the QW's
investigated and the experimental setup are briefly re-
ported in Sec. III. In Sec. IV we present and discuss the

experimental results. The concluding remarks are given
in Sec. V.

II. THEORY

Let us now discuss the effects of the thermalization hy-
pothesis on the PL line shape of the SQW structure. If
the photogenerated carriers are in thermal equilibrium at
a temperature Tc, the PL spectrum will be essentially
given by'

(E—Eo)
Ipt (E)=a(E)exp

c

where the QW absorption spectrum a(E) is multiplied by
the Boltzmann factor and the HH exciton transition en-

ergy Eo is taken as a reference for the thermal distribu-
tion. Rewriting a(E)=ao(E)+a(E), where ao(E) and
a(E) describe the absorption from the fundamental exci-
tonic transition and from higher excited states, respec-
tively, and assuming that ao(E) has a Gaussian profile as
a consequence of the QW inhomogeneities, Eq. (l) be-
comes

(E—Eo)'
Izt (E)=ac(EO )exp ' — exp

20'

(E —E )

KTc
+a(E)exp

(E Eo)—
KTC

=ao(EO)exp
(E ED+a /K—TC) +

20

0 2

+a(E)exp
2(KT~)

(E Eo)—
KTc

The dominant contribution to the PL spectrum is there-
fore a Gaussian band with exactly the same linewidth as
the absorption, but peaked at the energy
Ec =ED cr /KTc. F—rom the hypothesis of thermal
equilibrium, which seems very reasonable under cw exci-
tation, and the assumption of a Gaussian excitonic band,
the Stokes shift S=ED —Eo between the absorption and
the PL lines is

~2 Q2S= —=0. 18
c c

where 5=2&2ln2o is the full width at half maximum
(FWHM) of the Gaussian absorption line.

Note that, assuming a Gaussian line shape, the only
e8ect of the thermalization inside the HH inhomogene-
ous band is the SS; neither the validity of the thermal
equilibrium hypothesis nor the value of the carrier tem-
perature Tc can be determined by the PL line shape
analysis of the HH exciton band. However, this informa-
tion is contained in the recombination from the higher
excited states [described in Eq. (2) by the term propor-
tional to a] and can be extracted from the PL data if a
high dynamic range is allowed by the experimental ap-
paratus. We would also like to remark that, in the frame-
work of the exciton trapping model for the SS origin, ' '"
the higher excited states are supposed to be empty; there-
fore the presence, or lack thereof, of PL emission from

I

free carriers and/or light-hole excitons can be used as a
test for discriminating between the trapping or the
thermalization model.

It could be questioned whether a Gaussian profile is a
realistic assumption for describing the HH absorption
spectrum in QW's in fact different line shapes have
been proposed recently. Due to the inhomogeneities aris-
ing from interface roughness, an asymmetric profile for
the exciton absorption in QW s, with a Gaussian low-

energy shape and an exponential high-energy tail, has
been reported ' on the contrary, a standard Gauss-
Lorentz profile has been used recently for the PL line-
shape analysis. '

In any case, assuming an arbitrary line shape
ao[(E Eo ) /b, ] for the—HH exciton band, the Stokes
shift will be determined by imposing equal to zero, for
Eo =Fo —5, the first derivative of Ipp(E), that is,

1, S 1 S—n' ——— a ——=0,
KTc '

where ao(x) stands for the first derivative of ao(x).
Defining 6 (x) as the logarithmic derivative of ao(x) [i.e.,
G(x) =ao(x)/ao(x)] one has, for the Stokes shift, the ex-
pression

5= —56
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which, for 6 smaller than KT&, becomes

tro(0)

KTc &0(0)

with ao the second derivative of ao. Therefore, even if
Eq. (3) is indeed correct only for a Gaussian line shape, it
is found that, at least for 6 & KTc and apart from the nu-

merical constant 0.18, the predicted dependences of the
SS on both the temperature and the linewidth are valid
independently of the exact absorption line shape. As an
example, if ao(x} were a hyperbolic secant, in the limit
6 ~ KT&, one would get for the Stokes shift
S=—0.145 /KTC

It is also worth stressing that Eq. (4) shows, as expect-
ed, that only the low-energy absorption profile deter-
mines the value of the Stokes shift at a given tempera-
ture. Even if the absorption line shape were asymmetric
with a Gaussian shape only on the low-energy side, as
predicted in Refs. 14 and 15, Eq. (3) would be still correct
for any value of 6/KTc. At the same time Eq. (1) re-
quires that the absorption low-energy tail has to vanish
faster than exponentially; otherwise an infrared diver-
gence of the PL spectru~ would occur. In other words, a
Gaussian-like low-energy profile of ao seems to be need-
ed, thus strengthening the general validity of Eq. (3}.

On the other hand, Eq. (3) predicts a divergence of the
SS for vanishing Tc. The relaxation of the thermaliza-
tion hypothesis for Tc~0 has been invoked in Ref. 15
for avoiding similar unphysical results. We believe in-
stead that the divergence of the SS is mainly due to the
unphysical assumption of an infinite distribution of the
excitonic states [with energies even smaller (larger} than
the exciton transition in the well (barrier) bulk material],
while a cutoff is certainly needed for a better approxima-
tion to real samples. Even more relevant is the experi-
mental finding, reported in Refs. 14 and 16 and observed
in all the samples that we have investigated (see Sec. IV),
that Tz is generally larger than the lattice temperature
TL, saturating to a finite value for decreasing TL (Tc =20
K for Tr =1.8 K) and thus removing the SS divergence.

As far as the effects of the thermalization on the PL
line shape for non-Gaussian broadening are concerned, it
is easy to understand that a Tz-dependent high-energy
profile will become apparent as soon as the HH exciton
absorption spectrum decays slower than the Boltzmann
factor. However, the slope of the excitonic PL high-
energy tail, which also reflects the ao profile, cannot be
directly used for estimating the effective carrier tempera-
ture and a PL line shape fit has to be used. On the other
hand, Tc can be measured with better precision from the
high excited-state recombination.

Concluding this section, a few remarks on previous
theories for the SS's origin are certainly needed. The Srst
model proposed interprets the Stokes shift in terms of ex-
citon localization at interface defects, ' assuming the
value of the SS as a direct measure of the exciton binding
energy at the trap. Moreover no general relationship be-
tween the SS and 6 is predicted, even if the two quanti-
ties originate by the same physical origin (i.e, the inter-
face roughness). The SS is then supposed to decrease

when the temperature is increased as a consequence of
the thermally activated detrapping of the excitons. The
exact temperature variation of the SS therefore depends
on the defect density, and in general this gives rise to a
nonlinear 1/Tc dependence of the SS. Furthermore, be-
cause of the presence of two PL peaks (free and localized
excitons) with temperature-dependent amplitudes, the PL
line shape, and in particular 6, should also strongly de-
pend n c.

Recently a topographical theory of the exciton optical
spectra has been proposed, trying to demonstrate a
universal relationship between the SS and the exciton ab-
sorption linewidth. ' '" The photoluminescence is sup-
posed to refiect the distribution of local minima (i.e., la-
teral regions of the QW thicker than all the neighboring
ones) of the inhomogeneous distribution of the exciton
states, under the main assumption that the photogenerat-
ed carriers are trapped at each minimum independently
of its depth. This means a lack of thermalization of the
recombining carriers and the low-temperature regime
KTL «6 has been invoked" as a sufficient condition for
its validity. Within this framework and assuming a
Gaussian absorption spectrum, it has been shown' '"
that the SS is linear with 6 with a coefficient of propor-
tionality equal to 0.553, in agreement with a set of experi-
mental data where a slope of 0.6 is found. Obviously this
model does not consider the dependence of the SS on the
temperature because its basic assumption is that the exci-
tons are not in thermal equilibrium.

Both these models assume that the SS reflects a trap-
ping of the exciton at local defects of the QW structure
and conversely that the absence of a measurable SS is a
signature of free-exciton recombination. On the con-
trary, our model shows that the presence, or lack thereof,
of the SS only depends on the relative magnitude of 6
and KTc. Finally predictions similar to ours for the SS
origin have been reported very recently in Refs. 12 and
15. Nevertheless it was claimed in Ref. 15, following
Yang and co-workers, ' '" that Eq. (3) is incorrect since
the thermal equilibrium was supposed to be ineffective at
very low temperatures; in Ref. 12, instead, no general re-
lationship between the SS, 6, and Tc was predicted.

III. EXPERIMENT

We have investigated several nominally undoped,
GaAs/A103Ga07As SQW's belonging to different struc-
tures grown by molecular-beam epitaxy on undoped sub-
strates at a temperature of the order of 600'C. The nom-
inal well widths are 40, 50, 60, 70, 120, and 180 A; the
QW's are separated by thick barriers (200—300 A) in or-
der to decouple the carrier wave functions. The PL and
PLE measurements have been performed using a cw Ar+
pumped Ti:sapphire laser as the excitation source; the ex-
citation power used in all the measurements presented
here was between 0.1 and 1 W/cm (corresponding to a
carrier density of about 10 —10 cm ), except where
different values are explicitly reported. The wavelength
was tuned in and out of resonance with the fundamental
excitonic transition, but always below the A103Ga07As
barrier absorption edge. In the case of resonant excita-
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tion, a nearly 90' scattering geometry was chosen with
the incoming light at grazing incidence and the PL detec-
tion normal to the sample surface. This choice reduces
the intensity of the Rayleigh scattering (RS) signal, which
is mainly peaked in the direction of the reflected beam.
However, due to the large index of refraction, this setup
corresponds to a nearly backscattering geometry inside
the crystal. The laser tuning was computer controlled;
the accuracy of the excitation energy calibration was of
the order of 0.2 meV. The PL signal was dispersed
through a 60-cm double-grating monochromator (spec-
tral resolution of 0.2 meV) and detected by standard pho-
ton counting techniques. The samples were mounted in a
cryostat allowing to vary the temperature in the range
1.8—300 K.

IV. RESULTS AND DISCUSSION

We report our results discussing the experimental data
in two separate sections. We report in Sec. IVA data
referring to QW*s without a SS and in Sec. IVB data
from QW's where a measurable SS is observed; in fact it
is common to consider these two sets of structures to be
qualitatively different. Section IV C is devoted to a gen-
eral discussion of the whole ensemble of data presented,
showing that the apparently distinct phenomenologies
are instead only different aspects of the same general pic-
ture.

A. QW's without SS

In this section we present the experimental data refer-
ring to two SQW structures of 120 and 180 A, showing
no measurable SS at very low lattice temperatures TL.
Actually, since the two samples show very similar
behaviors, we will essentially refer to the 180-A QW. The
half width at half maximum (HWHM) of the PL and
PLE lines turns out to be, at 1.8 K, as small as 0.22 and
0.28 meV for the 180- and 120-A QW's, respectively, that
is, two of the smallest values ever reported in the litera-

ture. These values are indeed comparable with the homo-
geneous linewidth of the exciton transition in QW's and it
can be therefore questioned whether the discussion re-
ported in Sec. III can be applied.

According to Hegarty et al. ,
' a sharp discrimination

between homogeneous and inhomogeneous broadening
can be obtained by measuring the enhancement of the RS
at the HH resonance, which has been shown to be
effective only for inhomogeneous lines. We report in Fig.
1 the PL spectrum of the 180-A QW obtained by scan-
ning the cw excitation energy around the HH exciton
transition at 1.8 K. The hatched peaks represent the con-
tribution from RS, as easily recognized from the line
shape which reflects, as expected, the instrumental reso-
lution. Very small contributions from RS are found out-
side the resonance region, due to a careful cleaning of the
sample surface and alignment of the optical setup. On
the other hand, a dramatic enhancement of the RS inten-
sity is observed when the excitation approaches the HH
exciton resonance. A huge signal from resonant Rayleigh
scattering (RRS) requires the presence of some kind of
disorder giving rise to an inhomogeneous broadening of
the transition. ' ' The intensities of the RRS (dots) and
PL (squares) signals as a function of the excitation energy
are reported in Fig. 2. The two curves show similar
behaviors, both reflecting the absorption spectrum, apart
from a small redshift of the RRS compared to the PLE
curve ascribed in Ref. 17 to the dispersion of the homo-
geneous linewidth within the absorption profile. More
important is the strong enhancement of the RS with

respect to the PL, which makes the RS signal dominate
the optical spectra as soon as the excitation energy is

nearly resonant with the fundamental exciton transition.
At the same time, we find a strong dependence of the

RRS on the lattice tenperature, as shown in the inset of
Fig. 2, where the peak values of the RRS and PL intensi-
ties are reported as a function of TL . A strong decrease
of the RRS is found when TL is increased from 1.8 to 20
K, while the integrated PL intensity remains approxi-
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FIG. 1. PL spectra of the 180-A QW at Ti =1.8 K for
different excitation energies showing a resonant enhancement of
the RS {hatched areas) when the excitation is tuned across the
HH exciton band. The relative scale factors of the PL spectra
are also given in the figure.

1.526 1.5265 1.527 1.5275

Excitation energy (eV)

1.528 1.5285

FIG. 2. Intensities of RRS (dots) and PL (squares) as a func-

tion of the excitation energy in the case of the 180-A QW; the
lines are only guides for the eye. In the inset the temperature
dependence of the RRS and PL signals is reported.
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mately constant in the same temperature interval. The
RRS dominates the optical spectrum at the lowest tem-
peratures while it is almost completely washed out at
10—20 K. As a consequence we can perform resonant ex-
citation of the PL only for TL ~4 K. A detailed analysis
of the temperature dependence of the RRS, which con-
tains very useful information on the exciton dephasing
mechanisms, is outside the scope of this paper. Here we
would only like to stress the inhomogeneous nature of the
PL bands despite their extremely small HWHM's.

Nevertheless we should probably mention a very im-

portant implication of our findings upon a "hot" topic in

the field of exciton recombination in QW s. Time-
resolved PL experiments have shown recently that a very
fast initial decay is observed when a resonant excitation
at the HH exciton is used, but different interpretations
have been proposed. On one hand, it has been argued in
Refs. 19 and 20 that the cold photogenerated excitons
recombine before thermalizing even if the occurrence of
many processes upon comparable time scales complicates
the analysis of the experimental results. On the other
hand, resonant Rayleigh scattering, which decays with
the dephasing time, has been assumed in Ref. 18 as the
main contribution responsible for the initial decay. One
of the main differences between the two experiments is
the lattice temperature, namely, TL =1.8 K in Ref. 18,
while TL was in the range 12-40 K in Ref. 20. We be-
lieve that the strong thermal quenching of the RRS we
have reported here is very likely the principal origin of
the apparent disagreement between the two assignments.

Let us now analyze in more detail the PL line shape.
We report in Fig. 3 a semilogarithmic plot of the PL
spectra of the 180-A QW at two di8'erent lattice tempera-
tures TL, under both resonant (full lines) and non-
resonant (dashed lines) excitations. Two features clearly
emerge from these spectra. First of all, in spite of the low
lattice temperature, recombination from both free car-
riers and light-hole (LH} excitons is observed, in addition
to the main HH exciton peak, showing that the recom-
bining carriers also populate the higher excited levels. As
discussed in Sec. II this is a signature of thermalization
among the different states. Second, at low TL, the
thermal distribution of the photoexcited carriers is very
different, depending on the excitation energy E,„,. In
fact, as shown in Fig. 3(a), an increase of 9 meV on E,„,
produces a drastic increase of the population of both free
carriers and LH excitons.

One can directly measure the carrier temperature T&
from the slope of the high-energy tail of the free-carrier
spectrum and/or from the ratio of the heavy-hole to
light-hole exciton peaks, if compared with the PLE spec-
trum. We find that, at low lattice temperatures and non-
resonant excitation, Tc comes out higher than Tl, denot-
ing an inefficient cooling of the photogenerated carriers,
in agreement with previous investigations. ' ' On the
other hand, Tc approaches TI when the lattice tempera-
ture is increased and finally Tc = TL for TL ~40-50 K,
as shown in Fig. 3(b); only for resonant excitation at the
HH exciton energy does Tc = TI even at the lowest lat-
tice temperatures.
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FIG. 3. Semilogarithmic plots of the PL spectra under reso-
nant (full line) and nonresonant excitation (dashed line) of the

0
180-A QW. The sharp peaks in the spectra correspond to the
RS signals and mark the value of E,„,. The straight lines
represent the best fit to the slope of the free carriers emission,
from which we estimate the value of Tc. (a) TI =5 K and
E,„,= 1.5262 and 1.5352 eV for resonant and nonresonant exci-
tation, respectively. For E,„,=1.5262, T~ has been estimated
from the ratio of the HH and the LH recombination intensity.
(b) TL =40 K and E,„,=1.5255 and 1.7 eV for resonant and
nonresonant excitation, respectively. Note that for E,„,=1.7

0
eV the recombination from the 120-A QW is also present. The
excitation intensity is 0.5 W/cm .

A very convincing proof of the validity of the thermali-
zation assumption is provided by comparing the PL spec-
tra divided by the Boltzmann factor exp( E—/KTC),
with T&=TL in the resonant case and T& given by the
population of the higher states for nonresonant excita-
tion. An example for TL =7 K is given in Fig. 4; the mu-

tual agreement is indeed very good. It should also be not-
ed that the spectra in Fig. 4(b} very nicely agree with the
experimental PLE spectrum, not reported in the figure to
avoid confusion.

Our results also show that T& does not depend on the
excitation power P,„, as far as the low excitation regime
is concerned. However, the physics dramatically changes
when P,„, exceeds a few tens of W/cm, as shown in Fig.
5 for resonant excitation. Above this excitation intensity
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S=2.8 meV
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FIG. 4. Semilogarithmic plots of the PL spectra, under reso-
nant (crosses) and nonresonant excitation (solid line) of the 180-
A QW at TL =7 K. (a) Experimental spectra. (b) PL spectra
after division by the thermal factor exp[ (E E—o)/K—Tc ]. For
the resonant excitation case we have found T& = TL =7 K. For
the nonresonant case Tc=12 K has been obtained from the
slope of the free carriers emission, as in Fig. 3(b); as shown in
the 6gure, good agreement between the two spectra is obtained
after division by the Boltzmann factor. The excitation intensity
is 0.5 %'/cm'.

we find both a relevant heating of the excitons and a
broadening of the PL line shape.

B. QW's with SS

---- lW/cm

(h
~kal

~ W

3 W/cm

6 VV/cm

20 W/cm

100 W/cm

1.524 1.529
Energy (ev)

1.534

0
FIG. 5. PL spectra of the 180-A QW as a function of the ex-

citation intensity for resonant excitation at T& = 10 K.

Here we consider the results from the QW's with
thicknesses ranging between 40 and 70 A, showing a SS
in the range of 0.8—4.4 meV at low TL, the HWHM's of
the PLE excitonic lines are in the range 1.4-3.7 meV,
clearly denoting an inhomogeneous broadening. Let us
illustrate the phenomenology observed by considering the
40-A QW; the other structures show very similar
behaviors. The comparison, at TI =1.8 K, between the
nonresonant PL (solid line) and the PLE (dashed line)
spectra is reported in Fig. 6. The continuum edge and

FIG. 6. Comparison between the PL (full line) and PLE
(dashed line) spectra for the 40-A QW at TI = 1.8 K. We find a
SS of 2.8 meV. Note that the continuum edge (CE) and the
light-hole (LH) exciton recombination are resolved in the PLE
spectrum.

the light-hole exciton are clearly resolved in the PLE
spectrum and indicated in the figure. The measured SS is
S =2.8 meV while the absorption linewidth is 6=6 meV;
therefore the low-temperature conditions KTI &&S and 6
are largely verified. Following common belief and the
picture of Refs. 10 and 11 one should conclude that the
PL rejects exciton trapping and a lack of thermalization.
Note also that the ratio S/b, =0.47 is in fair agreement
with the prediction of Refs. 10 and 11.

Nevertheless we now demonstrate that the trapping
model cannot be applied. The semilogarithmic plot of
nonresonant PL spectra at four different lattice tempera-
tures is reported in Fig. 7, where for the sake of simplici-
ty the different curves have been shifted so that the PL
maxima occur at the same energy. Besides the main peak
both the free carriers and light-hole exciton emissions are
resolved in the PL spectra, as shown by the comparison
with the PLE spectrum reported in Fig. 6. The presence
of recombination from high excited levels is, as discussed
previously, in contrast with the exciton trapping model
and denotes a thermal distribution of the photogenerated
carriers among different states.

The slope of the high-energy tail of the free-carrier
emission spectrum (together with the ratio of the heavy-
hole to light-hole exciton peaks) directly provides the car-
rier temperature Tc. The straight lines in Fig. 7(a) are
the best fits to the experimental data; the values obtained
are given in the caption and the estimated accuracy is of
the order of 10%. In analogy with the results of Sec.
IV A, we find that, at low lattice temperatures, T~ turns
out to be higher than T~. It should be stressed that in
our experiments the photogenerated carrier density
( —10 cm ) is comparable or even smaller than the usu-
al values in cw measurements; heating of the lattice does
not certainly occur, as the resonant PL with similar P,„„,
in the 120- and 180-A QW's demonstrated rsee Figs. 3(a)
and 4]. Moreover we find that Tc does not change when
the excitation power is decreased by a factor 10. At the
same time, in QW's with a sizeable SS the resonant exci-
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tation with zero excess of energy for photogenerated car-
rier, which as shown before for QW's without SS ensures
Tz = TL even at the lowest TL, is complicated by the fact
that the PL peak lies on the low-energy side of the ab-
sorption spectrum. Resonant excitation on the low-
energy side of the PL produces a very weak PL intensity
and the RRS completely dominates the measured spec-
trum.

In order to emphasize the validity of the thermal equi-
librium hypothesis, we report in Fig. 7(b) the same spec-
tra of Fig. 7(a) divided by the Boltzmann factor
expI E/E—Tc); the curves are shifted to facilitate the
comparison. The mutual agreement of the four plots is
rather good, even if the contribution from the higher ex-
cited states seems to be somehow higher at low TI.
However, one has to consider the large amplification of
the experimental data when normalizing for the thermal
population. For example, in the case of curve (4}, refer-
ring to T~ =1.8 K and T&=21 K, the amplification of
the free-carrier recombination with respect to the low-
energy side of the HH exciton is of the order of 10'; in

I ~ ~ ~ ~ I ~ ~ ~ \ ~

fact the 10% indetermination on Tc has a big effect on
the high-energy side of the spectra. At the same time, we
find that the relative contribution of the free carriers and
LH excitons, with respect to the HH excitons, is higher
the lower is the lattice temperature, also in the PLE spec-
tra.

The plots reported in Fig. 7(b), as stated by Eq. (1),
should reflect the QW absorption: indeed, they agree
rather well with the measured PLE spectra. This also
suggests the possibility of measuring the absorption spec-
trum of the QW's by simply performing accurate PL
measurements (i.e., with a high dynamic range). It turns
out, for instance, that an estimate of the excitonic bind-
ing energy from the onset of the free-carrier spectrum~I
can be obtained from PL experiments instead of using the
commonly adopted techniques (PLE, refiection, transmis-
sion on a substrate etched sample, etc.}, which require
tunable sources.

The measured Stokes shifts at various temperatures are
reported in Fig. 8 as a function of 1/ETc, with Tc mea-
sured from the slope of the free-carrier recombination, as
shown in Fig. 7; the error bars correspond to an uncer-
tainty of 0.3 meV on the SS's and 10% on Tc. The data
reported in Fig. 8 refer to nonresonant excitation (=50
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FIG. 7. PL spectra of the 40-A QW at four different lattice
temperatures: curve (1), Tl =50 K and T&=52 K; curve (2),
T& =30 K and Tc=38 K; curve (3), TL =10 K and Tc=26 K;
curve (4), T& =1.8 K and T&=21 K. (a) Semilogarithmic plot
for evidencing the recombination from the high excited states:
the arrows indicate the energy positions of the continuum edge
and of the light-hole excitation, respectively, as measured by the
PLE spectrum (Fig. 6). The straight lines are fits for estimating
the carrier temperature Tc. (b) The same PL spectra as in (a)
divided by the Boltzmann factor exp I E/KTz J. —

FIG. 8. Measured Stokes shift as a function of 1/KT& for
nonresonant excitation (=50 meV above the HH transition). (a)
Squares and dots refer to the 40- and 60-A QW's, respectively;

0
(b) squares and dots refer to the 50- and 70-A QW's, respective-
ly. The error bars correspond to an uncertainty of 0.3 meU on
the SS and of 10% on Tc. The straight lines are the best fits to
the experimental data assuming S=P'/KTc. In the insets we
report the dependence of Tc on TL, note the saturation toward
a nearly constant value around Tc =20 K, in all cases, when de-
creasing Tl .
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meV above the HH transition) and the dependence of Tc
on TL is shown in the insets where the straight lines are
T~ = TI . At low Ti the carrier temperature Tc seems to
saturate at a constant value independently of TL, decreas-
ing TI below 4 K, no significant change of T~ occurs.
On the contrary, Tc approaches Ti when increasing the
lattice temperature, typically for Ti ~ 50—60 K.

The linear dependence of S on 1/KTC, predicted by
Eq. (3), is clearly demonstrated for all the QW's investi-
gated. Note that, as stressed in Sec. II, the assumption of
thermal detrapping of excitons from the interface defects,
suggested in Ref. 9, gives rise to a nonlinear 1/Tc depen-
dence of the SS. At the same time, in the framework of
the detrapping model, a strong variation in the PL line
shape of the HH recombination is expected with the ap-
pearance, for a given range of TL, of two difFerent lines
(free and localized excitons), contrary to our experimen-
tal findings (see, for instance, Fig. 7). The straight lines
in Fig. 8 represent the best fit S=P /KTC to the experi-
mental data, and the fitting parameter P, reported in
Table I, turns out to be, as predicted by Eq. (3), in good
agreement with the standard deviation o. obtained from a
Gaussian fit of the PLE excitonic lines. Actually the ex-
perimental line shapes are not Gaussian; in particular we
find that the HH exciton peaks are asymmetric with a
more prominent high-energy tail. ' This feature is in
qualitative agreement with the predictions reported in

Refs. 14 and 15, where a Gaussian low-energy tail and an
exponential high-energy profile are expected as a conse-
quence of the interface roughness. We have shown in
Sec. II that Eq. (3) is valid even if only the low-energy
side of the absorption is Gaussian-like and this explains
the agreement between P and o. We also want to em-

phasize that the agreement concerns values of the SS's, at
low TI, ranging between 4.4 and 0.8 meV and an interval
of lattice temperatures TL from 1.8 to 120 K.

Finally we report in Fig. 9 the dependence of the SS on
cr, at Tc = 30 K (which corresponds to different values of
TL for different QW's) together with the linear behavior

given by Eq. (3) and the square-root prediction of Refs.
10 and 11. Again, the agreement of the experimental
data with Eq. (3) is very good and the quadratic depen-
dence of the SS on the absorption linewidth is clearly
proved.

without the SS are qualitatively different: the SS is usual-

ly supposed to manifest the exciton localization at a given
defect with a lack of thermalization, while a zero SS is as-
sociated with thermally distributed free excitons. We be-
lieve that the data presented in Secs. IV A and IV B show,
on the contrary, a strong analogy between the two kinds
of situations. In both cases (QW with and without the
SS) the same physics applies, namely, thermalization of
the photogenerated carriers inside the inhomogeneous ex-
citon band. Therefore the presence of a sizeable SS only
depends on a quantitative di8'erence connected both to
the degree of disorder in the QW layers and to the QW
thickness; a similar disord. er induces a larger inhomo-
geneous broadening the thinner the QW. As an example,
for both the 120- and 180-A QW's investigated the SS's
estimated from Eq. (3) for Tc =4 K are smaller than 0.05
meV, that is, smaller than our instrumental resolution.
The SS remains, therefore, a probe of the sample quality;
the general relationship with the other standard quality
test 6 is established by Eq. (3), but a measurable SS does
not necessarily imply exciton trapping, as claimed in the
previous models for the origin of the SS. In particular,
the value of the SS does not simply correspond either to
the exciton binding energy at the defects ' or to simple
geometrical properties of the well '" it also re6ects the
dynamical behavior of the photogenerated carriers.

Obviously inside the inhomogeneous band there are
states which correspond to localized exciton wave func-
tions. As shown in Refs. 10 and 11, assuming a Gaussian
broadening, the distribution of localized states is still a
Gaussian function, shifted by 0.6'6 on the red side of the
absorption line. This means that the localized states are
distributed along the whole absorption profile, even in the
high-energy side, but they essentially dominate the low-

energy tail of the inhomogeneous exciton band. One
could also introduce the concept of mobility edge as the
energy where the densities of localized and deloca1ized
states are equal. Therefore, even in the thermalization
picture, if KTc & 5 (note that Tc, and not TL, is the
relevant parameter), excitons mainly populate states
below the mobility edge and then the PL essentially arises

I 1 I I 1 I I5
- T =30 K

C. General discussion

As previously remarked, it is widely believed that the
recombination dynamics in QW structures with and

TABLE I. Comparison between the parameter P obtained
from fitting the linear dependence of the SS on 1/KTz and the
standard deviation o given by a Gaussian fit of the PLE spectra.
The two values coincide within the errors, in agreement with
the predictions of Eq. (3).

2

Q

QW (A)

40
50
60
70

P (meV)

2.2+0.1

3. 1+0.1
l.2+0.2
1.6+0.2

o (meV)

2.3+0.2
3.2+0.2
1.2+0.2
1.6+0.2

4 6
a' (meV')

FIG. 9. Measured Stokes shifts at Tc =30 K as a function of
the standard deviation o. obtained from a Gaussian fit of the
PLE excitonic lines. The straight line demonstrates the quadra-
tic dependence of the SS on o..
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from localized excitons and shows a large SS. On the
contrary, in the opposite regime (KTc&h), the PL is
mainly due to recombination of delocalized excitons and
the SS turns out to be small.

Therefore, even within our model, it is partially true
that a large (small) SS is a signature of recombination
from localized (free) excitons, as commonly believed,
while it is completely wrong to assume a lack of thermali-
zation as a consequence of the presence of a SS. More-
over, at each temperature, the thermalization assumption
requires the coexistence of both kinds of excitons and this
has strong consequences on the recombination properties.
One of them is the general relationship of the SS on 6
and KTc discussed in this paper, which is very difFerent
from the one derived from the trapping model. A second
important consequence is expected in the recombination
kinetics leading to the increase of the excitonic radiative
lifetime and the smoothing of its temperature dependence
on temperature. This has been calculated in Ref. 4 con-
sidering only one discrete localized level; the predictions
seem to be in agreement with the experimental findings.
Obviously further effort is needed to completely elucidate
this point.

It is probably worth comparing now our results with
the findings of Refs. 10 and 11. There a linear depen-
dence of the SS on the absorption linewidth was derived
assuming a nonthermal exciton distribution (i.e., exciton
trapping at each local minima). The agreement with the
experimental data was rather good, especially for ZnSe
QW's where the SS's and FWHM's were in the range
20-100 meV. ' '" We believe that in structures with
large SS's the local minima are very deep and therefore
the hypothesis of trapping is probably a better approxi-
mation than thermal equilibrium. However, we have
shown that the validity of exciton trapping rather than
thermalization (and vice versa) is experimentally testable
and therefore it should be demonstrated case by case, as
we have done for the QW's investigated. Moreover, the
geometrical model' '" neither considers the well-known
temperature dependence of the SS nor can be applied
when the SS is comparable with the thermal energy KTz',
in fact Tz, and not Tl, is the relevant parameter. Since
for nonresonant excitation and low TI the carrier tem-
perature T& can be much higher than Ti, it is rather
difficult to assess a priori the validity of a nonthermal
rather than a thermal model. Indeed we have shown that
even SS's much larger than the lattice thermal energy
KTI are eventually due to thermalization inside the inho-
mogeneous excitonic band.

Let us go back to the difference between Tc and TI.
We find that in the case of nonresonant excitation Tc
turns out to be larger than Tl for TI ~40—60 K, depend-
ing on the QW, while Tc=TI at higher temperatures.
This observation, which is in good agreement with previ-
ous findings, ' ' implies that the relaxation of the car-
riers from the initial distribution to a high-T& quasi-
thermal distribution is very fast on the recombination
time scale, probably through the emission of longitudinal
optical phonons. The subsequent cooling, governed by
acoustical phonons, turns out to be much less efficient

and unable, except at high Ti, to cool down the carrier
distribution to the lattice temperature. The temperature
Tc of the recombining carriers is somehow determined
by the ratio of the characteristic recombination and cool-
ing times ~„, and ~,&, respectively; only in the limit

w„,&lr„,« 1 can we expect Tc = Ti. Time-resolved ex-
periments of carrier cooling show indeed that, at low
TI, ~„,& is in the range of hundreds of picoseconds,
namely, on the same order of magnitude as ~„,.

The carrier temperature Tz is obviously a measure of
the excess of energy per carrier. Therefore one can ex-
pect Tz to be independent of the excitation power P,„„
as far as the carrier-carrier interaction does not play a
major role, since by increasing P,„, only the number of
carriers increases, but not their excess of energy. The ob-
served dependence of Tc on P,„, agrees with this picture:
in the low excitation limit we find that Tc does not
change when varying P,„,. Our data also seem to indi-
cate the threshold for carrier-carrier nonlinearities in the
range of P,„,= 10 W/cm; for higher excitation powers, a
rather important heating of the recombining carrier has
been found, even in the case of resonant excitation (see
Fig. 5). It is also worth noting that under resonant exci-
tation the photogenerated excitons have no excess energy
to dissipate by phonons and therefore an effective Tc
higher than TI cannot be fully ascribed to a nonefficient
exciton-phonon interaction. In fact we believe that
Auger-like processes are most likely responsible for the
phenomenology reported in Fig. 5.

The excess of energy per photogenerated carrier pair
hE=E,„,—Eo instead plays a very important role in
determining Tc at low Ti. In fact Tz decreases with de-
creasing excitation energy and Tc = TI for resonant exci-
tation at the fundamental transition Eo. On the other
hand, we find that the increase of Tz with E,„, tends to
saturate for large excesses of energy hE, very likely due
to the efficient relaxation through LO phonons. Finally
an increase of Tz when decreasing the well thickness L~
was also reported in Ref. 16, where this behavior was ex-
plained in terms of the well-known increase of the exci-
tonic oscillator strength. We find that, at low Tl, Tz is
in fact smaller in the larger wells (120 and 180 A) than in
the thinner wells (40—70 A): nevertheless the values of
T& among the latter do not seem to follow any regular
behavior with L~. Indeed only the intrinsic radiative
lifetime of excitons changes with L~ while the experi-
mental values for the recombinations time are rather scat-
tered, even in nominally similar QW's.

V. CONCLUDING REMARKS

We have demonstrated that a unified picture, namely,
thermalization of the photogenerated carriers inside the
inhomogeneous exciton band, can be applied to the exci-
tonic recombination in QW s, independently of the pres-
ence, or lack thereof, of a sizable SS. In this framework
we were able to explain the origin of the SS and also es-
tablish its dependence on both the temperature and the
absorption linewidth. The experimental data are found
to be in excellent agreement with our model.
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We also would like to remark that our discussion has

only concerned cw measurements, where a quasiequilibri-

um distribution is necessarily reached. As stressed in

Ref. 13, the carrier kinetics is more complicated in time-

resolved experiments where, as an example, the SS is

found to continuously increase with time. This effect,
which is completely out of the model presented in Refs.
10 and 11, can be explained in the framework of our ap-
proach by using in Eq. (3) a time-dependent carrier tem-

perature T&. This implies the assumption of an adiabatic

cooling following a sequence of thermal quasiequilibrium
exciton distributions during the relaxation process and

should be obviously verified by time-resolved PL mea-

surements.
At the same time it is well known that one of the most

dramatic consequences of thermalization is the huge in-
crease of the effective excitonic lifetime. Instead of the
short free-exciton lifetimes predicted by the theoretical
models2 ~ (=12 ps for a 100-A GaAs/Alo ~Gao 7As QW)
much longer values are commonly measured by time-
resolved luminescence spectroscopy due to thermali-

zation among radiative and nonradiative exciton states
resulting in an effective radiative time which increases
linearly with temperature. We clearly demonstrate that
excitons reach a thermal distribution even at the lowest
lattice temperatures but, for nonresonant excitation and
low lattice temperatures, Tc turns to be higher than TL.
Our results therefore suggest that low-power resonant ex-
citation at the HH band provides the best conditions for
studying not only the initial exciton recombination kinet-
ic related to the intrinsic radiative lifetime, as recently re-
ported, ' but also the subsequent regime, namely, the
recombination of the thermalized distribution of excitons.
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