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We report an experimental study of the photoluminescence (PL) properties, after both picosecond and
continuous-wave excitation, of GaAs/Al„Ga& As quantum-well structures. The comparison between
the PL decay time and the PL integrated intensity allows us to determine the temperature dependence of
both the radiative and the nonradiative time constants. We find that the nonradiative processes play an
important role and become dominant for T 100 K. The radiative time constant turns out to be
definitely higher than the measured PL decay time and increases by several orders of magnitude as the
temperature is raised from T=4 K to room temperature. The experimental results are finally compared
with the theories existing in the literature.

I. INTRODUCTION

The optical properties of quasi-two-dimensional elec-
tronic systems, such as the carriers photogenerated in
quantum-well (QW) structures by optical absorption,
have received increasing attention in recent years. In
fact, the confinement of electrons and holes inside the
QW's produces a strong enhancement of the excitonic
e6'ects' and gives rise to high optical nonlinearities of
crucial importance for device applications.

Despite the large number of studies dealing with car-
rier recombination in QW structures, no general agree-
ment has yet been reached on basic questions such as the
microscopic mechanisms involved in carrier recombina-
tion at a given temperature or the relevance of
nonradiative-recombination channels.

On one hand, in fact, exciton recombination has been
indicated as the main decay channel in QW's up to room
temperature, unlike in most bulk semiconductors.
Furthermore, the increase of the photoluminescence (PL)
decay time with temperature has been interpreted, ' fol-
lowing Feldmann et al. , as an evidence of radiative
recombination of free excitons under the main assump-
tion that the nonradiative processes play a negligible role.

On the other hand, it has been pointed out that the
ionization of excitons is a very efficient process which
has to be taken into account even if the PL peak corre-
sponds to exciton recombination. Very recently, models
have been proposed ' for the radiative recombination
which consider the thermal equilibrium between excitons
and free carriers and predict both a nonlinear increase of
the time constant with temperature and a nonexponential
behavior of the radiative recombination. The conclusion

has been drawn, therefore, that the experimental results,
which indeed show an exponential decay of the PL inten-
sity even at room temperature, are controlled by nonradi-
ative channels and that surface recombination gives, most
likely, the major contribution.

In this paper, we present a detailed investigation of the
temperature dependence of the PL decay time, after ps
excitation, in a large set of GaAs/Al Ga& „As quantum
wells grown by molecular beam epitaxy (MBE). We show
that an increase, with increasing temperature, of the PL
decay time is observed in all samples, followed by a rapid
decrease starting from a value of the temperature depend-
ing on the well width: the narrower the well is, the lower
is the temperature at which the PL decay time reaches
the rnaximurn value.

A combined analysis of the temperature dependence of
the PL decay time and the integrated PL intensity allows
us to separate the radiative and nonradiative recombina-
tion times. In particular, it is found that the radiative
recombination time increases with temperature much fas-
ter than the experimental values of PL decay time and
that the nonradiative processes indeed play an important
role up to dominate the recombination at high tempera-
ture.

Furthermore, the analysis of the spectral features of
the PL, carried out by means of continuous-wave (CW)
photolumine scen ce and photoluminescence excitation
(PLE) spectra, makes it possible to identify the different
contributions to the radiative recombination such as
bound excitons, heavy and light free excitons and free
carriers with a relative weight depending on the value of
the temperature.

Finally, the radiative recombination time, extracted
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from the experimental data, is compared with the predic-
tions of the models proposed in the literature for the radi-
ative recombination in quantum wells. We find that our
results are outside any models dealing with exciton
recombination alone, and only in a poor qualitative
agreement with a model based on the thermal equilibri-
um between excitons and free carriers. A discussion of
the possible open problems in both the experimental and
theoretical analyses is also given.

The paper is organized as follows. Details on the
structure and growth characteristics of the samples inves-
tigated, together with a brief description of the experi-
mental setup, is given in Sec. II. In Sec. III we report the
experimental data of both CW and time-resolved mea-
surements. A discussion of the results and the models
proposed in the literature is given in Sec. IV. A summary
of the main results and the conclusions are reported in
Sec. V.

II. SAMPLES AND EXPERIMENT

All the samples investigated were nominally undoped
GaAs/Al„Ga, ,As QW's grown by MBE on a (001)
oriented semi-insulating GaAs substrate kept at a tem-
perature of about 600'C, with growth interruption (GI)
at both interfaces in most cases. Most of the samples
consisted of three QW's of different widths, ranging from
20 to 150 A, in between barriers thick enough (200—300
A) to completely separate the confined levels inside each
well. This kind of structure was chosen in order to inves-
tigate the optical properties of QW's with different
thicknesses grown under identical conditions so as to
have similar extrinsic characteristics. Two samples had
three identical QW's of 70 A width and a last sample was
a single quantum well 40 A thick. A 0.5-pm GaAs buffer
layer was always grown before the active structure. We
report in Table I the list of the samples investigated to-
gether with the nominal well and barrier thicknesses,
aluminium content, and whether or not interruption has
been used during growth.

PL spectra under CW excitation have been taken using
a He-Ne or an Ar+ laser, while an argon-pumped
Ti:sapphire laser has been used as excitation source in
PLE measurements. The PL signal was dispersed
through a 0.6-m double monochromator and detected, by
a standard photon counting technique, using a cooled

GaAs photomultiplier.
Time-resolved PL measurements have been performed

using a synchronously pumped mode-locked dye laser;
the time duration of the pulses was 3 ps, with a repetition
rate of 76 MHz and the wavelength tuned to A,,„,=6100
0
A. The luminescence was analyzed by a time-correlated
single photon counting apparatus providing a time reso-
lution of the order of 70 ps, by using standard numerical
deconvolution. The samples were held in a variable tem-
perature cryostat (4—300 K) and the excitation intensity
was always kept around 10 %/cm in order to avoid
screening and band-filling effects.

III. EXPERIMENTAL RESULTS

A. Continuous-wave measurements

A comparison between typical PLE and PL spectra at
different temperatures for a 70-A well is shown in Fig. 1.
At low temperature, T =4 K [Fig. 1(a)], we find a Stokes
shift of about 3 meV between the PL and PLE peaks, in-
dicating exciton localization at crystal defects. Increas-
ing the temperature, the resonances in the PL and PLE
spectra shift, as expected, towards lower energies, while,
at the same time, the energy difference between the PL
and PLE peaks decreases, ' finally, for T=50—70 K, de-
pending on the sample, the Stokes shift vanishes [Fig.
1(b)], suggesting' that free-exciton recombination be-
comes dominant. For higher values of the temperature,
the PL intensity decreases by orders of magnitude thus
making very difficult to perform PLE spectra for T ~ 200
K; we still find, at this temperature, as reported in Fig.
1(c), the PL and PLE peaks coincident at the same energy
position.

On the other hand, sharp resonances are present in the
PL spectra up to room temperature; reporting in a graph
the energy position as a function of the temperature, we
find a good agreement with the T dependence of the
GaAs band gap" in the range 60—300 K. This allows us
to assign the peaks in the PL spectra to free-exciton
recombination up to room temperature.

Similar features have been observed in all the samples
investigated; the Stokes shift is in the range 1 —8 meV and
the full widths at half maximum of the PL lines at low
temperature are between 3 and 9 meV, indicating a good

TABLE I. Table of the samples investigated. We report the well width (Lwj,' J=1,2,3), the barrier
width (L& ), the aluminium content (X), and the growth interruption (GI), if applied.

Sample No.
Lwl
(A)

70
70
50
50
20
20
40

L
(A)

70
70
70
70
40
40

LW3
(A)

70
70

150
150
80
80

L~
(A)

200
200
300
300
300
300
420

0.30
0.30
0.30
0.30
0.32
0.32
0.28

no
yes
no
yes
yes
yes
yes



QF THE RADIATIVE AND. . .TEMPERATURE DEPENDENCE 3117

overall uality of all samples.
L and PLE spectrum line shapes pro-The analysis of PL an

'
n on the radia-us with additional useful information on e ra '-

me h
'

these structures. Thetive recombination me h
'

n mechanisms in
h fi t heavyshoulder at higher energies w p

' swithres ecttot e rs e
'd nt thewhich becomes the more evi en e1H~

hig er e
'

h the temperature is, can e unam i uous y
as it is clearly evidente li ht exciton recombination, as i

m
' '

h PLE spectra (see, for in-m arison with t e
'

h theoretical predic-
t ~

stance, Fig. 1) and in agreement wit eo
ard effective mass models.tions based on standard

il extendingthe resence of a thermal tai ex en
'

Furthermore, e p
the hi h-energy side

strate, y md b means of a detailed fitting of the PL ine

10 ]

10

tI]
~r4

10

10

10

Sqnlo
S

C] 20-A. QW

O 40-k QW

0 50-A QW

)K 70-A, QW

+ 80-A QW

150-A QW

o

q o

0

10
0 50

I I i I I aI I

100 150

Temperature (K)

200 250

nce of the PL intensity, in-FIG. 2. Temperature dependence o
PL band, from QW's of thickness vary-tegrated over the whole

ing from 20 to 150 A (sample nos. 6 and 3).

I I I

(~)
il is ori inated by recombination of freeshape, that this tail is origina e

enerated from exciton ionization. ocarriers genera e
th elative populationsthe fits allowe d us to determine e re

a unction of temperatureof excitons and free carriers as a unction o e

I

I I

(&)
I I I

I
I I I

I
I I I

I
I

I I
I ~ J

I
I

I I

(c) (b)

1.51 1.53 1.55 1.57
Energy (meV)

1.59 1.61
0

I I I I I I I I I I II I

6 8 10
Time (ns)

12

een the PL (solid line) and PLEFIG. 1. Comparison between t e
s ectra at (a) T =4 K, (b) T = 80 K, (c) T =p

70-A well (sample no. . e
b E and E&I, respectively.exciton 1ines have been labeled by E&H an &I,

Notetheabsenceo to ess 'f S k s shift at high temperatures.

. 3. T ical PL decay curves (dots) at tw o different tem-FIG. 3. ypica
a T=4 K and (b) T=, orT = 150 K for a 70-A well (sam-peratures, (a)

he fit to the experimentalno. 3). The solid curves give t e opie no.
nential decay, after convolutionpoints assuming a monoexponentia eca,

with the instrumental response function.



M. GURIOLI er, aI.

and to show the validity of the two-dimensional (2D) law
of mass action in this temperature range.

The temperature dependence of the PL-integrated in-
tensity relative to the emission from the different QW's,
from liquid helium up to room temperature, is reported
in Fig. 2. We find, in all the samples investigated, a de-
crease of the PL radiative efficiency by several orders of
magnitude, in agreement with the finding of Chen et al. '

This general feature does not depend, apart from minor
di6'erences, on the excitation wavelength used, even when

it is changed from very high in the continuum
(A,,„,= 5145 A) to below the band gap of the Al Ga& „As
barrier (X,„,=7300 A); this fact clearly suggests that the
strong decrease of PL intensity with temperature is main-
ly connected with the dynamics of the states involved in
the radiative recombination.

B. Time-resolved measurements

The dependence of the photolurninescence emission in-
tensity at the heavy exciton energy position E&~ as a
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FIG. 4. Temperature dependence of the PL decay time TL for different well thicknesses. Different symbols in the same figure refer
to different samples having the same well width: (a), (b), (e) circles: sample no. 5; squares: sample no. 6; (b) rhombi: sample no. 7; (c),
(d), (f) solid (open) circles: sample no. 3 (4); (d) solid (open) squares: sample no. 1 (2). Note in (c), (d), and (f) the comparison between
identical samples with (open symbols) and without (solid symbols) growth interruption at the interfaces.



TEMPERATURE DEPENDENCE OF THE RADIATIVE AND. . . 3119

function of time after the excitation pulse is shown in Fig.
3 for a 70-A well, at two temperatures, together with the
fits obtained by assuming a monoexponentia1 decay and
convolving for the instrumental response function.

We find that the experimental data are consistent with
a pure exponential decay with time constant TI over, at
least, 1 order of magnitude even if, at low temperature,
T~50 K, monoexponential fits are of a poorer overall
quality. This is connected with the fact that, as discussed
below when reporting the time-resolved PL spectra, a
temporal dynamics is observed, at low temperatures, in-
side the exciton band: different spectral components de-
cay with different lifetimes and therefore a multiexponen-
tial fit' would be more adequate for describing the PL
decay. At higher temperatures, instead, a single time
constant is observed in the whole band.

The temperature dependence of the PL decay times
TI, reported in Fig. 4, is similar for all the QW s investi-
gated. At liquid-helium temperature (T =4 K) the value

of TL is, within the experimental accuracy ( —50 ps), al-
most independent on the QW thickness and results in the
order of 250 ps. Raising the temperature TI increases in
a nonlinear way with a change of slope around 50—70 K;
then, after reaching a maximum value of several ns, de-
creases rapidly to hundreds of ps when approaching
room temperature.

Several features have to be stressed. First of all, the
maximum value of TL is strongly sample dependent; in
fact, we find up to a factor of 3 between QW's having
identical design parameters. Secondly, apart from this
inhomogeneity, the value of the temperature at which
such maximum is reached seems to be an intrinsic prop-
erty of the QW thickness; in fact, it turns out to be the
same in different samples having the same nominal struc-
ture. It is also worth noting that, for narrow wells, the
maximum value of TL is reached at lower temperature
than in wider wells. Finally, as far as the effect of growth
interruption at the interfaces is concerned [Figs. 4(c),
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On the contrary, the whole PL band decays with only one time constant at high temperatures, thus indicating the thermal equilibri-
um between different exciton states and free carriers.
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4(d), and 4(f) for the 50-, 70-, and 150-A QW's], we find a
decrease of the PL decay time associated with the inter-
ruption during the growth, in qualitative agreement with
Ref. 14, where, however, the effect of GI is more pro-
nounced.

Typical time-resolved spectra are shown in Fig. 5 for
different temperatures and different delay times At after
excitation. As already noted, we find that the spectra at
low temperatures [T~ 50 K; see, for instance, Fig. 5(a)]
show a temporal dynamics inside the emission band; the
PL peak shifts, with increasing time delay after the exci-
tation pulse, towards lower energies while the FWHM in-
creases. On the contrary, no temporal dynamics is ob-
served at temperatures higher than 60—70 K despite the
fact that several different contributions, namely, recom-
bination of heavy/light excitons and free carrier recom-
bination, can be resolved in the PL spectra. It is worth
noting that we measure the same lifetime over a PL band
spanning over more than 100 meV [Figs. 5(c) and 5(d)]; as
we will discuss later, this is a direct indication that the
carriers are at thermal equilibrium.

IV. DISCUSSION

In this section we discuss the implications of the whole
set of measurements presented in Sec. III on the mecha-
nisms involved in carrier recombination, at a given tem-
perature, in GaAs/Al Ga, „As quantum wells. We re-
call, first of all, that the measured time decay TI at tem-
perature T is related to the radiative and nonradiative
recombination times T~ and TNR, respectively, by

1

TL(T)
1 1

TR(T) TNR(T)

We will suppose, in the following, that the carriers in
the levels which undergo recombination are at thermal
equilibrium; in other words, the thermalization processes
are much faster than the recombination processes. This
assumption implies a strong coupling between these
states so that a single time constant will describe the radi-
ative processes inside the whole PL band; the same holds
for the nonradiative processes.

At the same time, the temperature dependence of the
luminescence intensity IL(T) integrated over the whole
PL band can be expressed as

(2)

where ri(T) is the radiative efficiency at temperature T
and Ip is a normalization factor which depends on the
number of photoexcited carriers. Even if the combined
measurement of PL decay time and intensity is a stan-
dard method for determining the radiative and nonradia-
tive recombination times, ' ' we want to remark that re-
lation (2) is correct under the main assumption that the
efficiency of the relaxation processes, from the level of ex-
citation to the states that undergo radiative recombina-
tion, does not depend on temperature. As stressed be-
fore, this assumption is supported by the observation that

the PL intensity IL(T) shows a similar dependence on T
irrespective of the different relaxation paths followed by
the photogenerated carriers when different excitation en-
ergies are used.

It follows from Eqs. (1) and (2) that

TL ( T) TL ( T)

IL(T) rI(T)

Io 1
TNR(T) = TL(T) = TL(T)

1 T1 —g T (4)

We can therefore extract both the radiative and nonradi-
ative recombination times, as a function of T, from the
combined measurements of TL(T) and IL(T).

Typical results for the temperature dependence of
T~ ( T) and TNR ( T) are reported in Figs. 6 and 7 under
two different assumptions for the radiative efficiency g at
liquid-helium temperature, namely, q( T =4 K) =0.9 and
g(T =4 K) =0.5, respectively. Note that, while the tem-
perature dependence of Tz ( T) does not change, apart
from a scale factor, when assuming different values for
the normalization constant Io, the behavior of TNR(T) as
a function of T is rather sensitive, particularly at low
temperatures, to the chosen values of Ip or, equivalently,
to the absolute radiative efficiency g( T) at the given tem-
perature.
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We see that the decrease of the PL-integrated intensity
is associated with a strong increase of the radiative
recombination time Tz( T); at the same time the behavior
of the PL decay time TL(T) turns out to be closely con-
nected with the main features of the nonradiative recom-
bination time TNR(T). We find that T~(T) increases
with T much faster than linearly in all samples and that
TNR(T) gives a non-negligible contribution to the ob-
served PL decay time TL ( T) at all temperatures; the non-
radiative decay channels dominate the recombination
processes in our samples as soon as the temperature is
higher than 100 K.

We would like to stress that the usual identification '

of Tl (T) with T~(T), in the absence of any comparison
with the radiative efficiency, may therefore turn out in-
correct. Let us now separately discuss the results ob-
tained for Tz(T) and TNR(T).

A. Radiative recombination time

A phenomenological model for the temperature depen-
dence of the radiative recombination time of excitons in
QW's has been proposed by Miller et al. ' several years
ago; a similar approach was then independently assumed
by Feldmann et aI. in a recent well-known paper. In
this picture, excitons can only recombine radiatively if
their kinetic energy is less than a characteristic value 4

determined by the interaction with acoustic phonons.
Therefore, the exciton states can be divided into two
classes: radiative states, for E & 6, with a finite value of
the lifetime Tz(E) and nonradiative (surface polariton-
like states), for E)6, which cannot recombine into a
photon I Tz(E) = ~ ]. The thermal equilibrium inside the
exciton band then determines the existence of only one
radiative time constant for the whole band which comes
out from a thermal average over the radiative and surface
states. The result is a linear increase of Tz with tempera-
ture for T higher than b, /K~, where K~ is the Boltzmann
constant. On the other hand, the microscopic mecha-
nism for the decay is not specified by the authors and the
slope of the linear increase of T~ depends on phenomeno-
logical parameters.

A more refined theory for the radiative lifetime of free
excitons has been recently presented by Andreani et al. '

The theory relies on a microscopic polariton picture for
the recombination of free excitons in QW's based on the
conservation of the in-plane wave vector K~~ and the in-
stantaneous thermalization over the whole band. A de-
tailed model, including the valence-band mixing and the
coupling with the continuum levels, is used for calculat-
ing the exciton states and a radiative lifetime, as short as
25 ps, is predicted at K~~=O for the heavy exciton in
GaAs/Al„Ga, „As QW's of about 100 A. The thermal
equilibrium with surface states strongly increases the
e6'ective radiative time of the exciton band as soon as the
temperature overcomes 1 K, resulting in a linear increase
of Tz(T) with a slope of 34 ps/K for a 100-A wide
GaAs/Alo 3Gao 7As QW. '

We would like to stress once more that the observed in-
crease of the PL decay time with T has been interpreted,
in many papers, ' in the framework of the exciton model
for T~ proposed by Feldmann et al. We have already
discussed the fundamental distinction between TL and
Tz and now we emphasize, again, that a large part of the
experimental data presented in Sec. III are outside any
model considering free-exciton recombination alone.

In fact, the Stokes shift observed between the PL and
PLE peaks up to T=50 K (see Fig. 1) is clear evidence
that the recombination at low temperature occurs from
localized excitons rather than free excitons. This can also
explain the fact that, in our samples, the low-temperature
value of TL results to be almost independent on the well
thickness, contrary to what is found in the case of recom-
bination arising from free excitons, as claimed in Ref. 4.
The peaks in the PL spectra can be ascribed to free-
exciton recombination at the heavy valence subband only
for T ~ 50—70 K in our samples; at the same time, clear
evidence of exciton recombination at the light hole sub-
band and recombination of free carriers is provided by
our data.

Furthermore, the exponential tail at the high-energy
side of the PL spectra, together with the time-resolved
spectra of Fig. 5, support the effectiveness of exciton ion-
ization. A thermal equilibrium between excitons and
free carriers is demonstrated. , at least for T ~70—100 K,
by the presence of only one decay constant inside the
whole PL band.
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Therefore, other mechanisms, besides heavy exciton
recombination, are effective in the radiative process and
the measured radiative time constant has to come out
from a thermal average over the characteristic recom-
bination constants of each component.

We conclude that the different theories on the tempera-
ture dependence of the radiative recombination time of
excitons in QW's can only be tested in samples which do
not show any Stokes shift at low temperature, and, in a
small range of temperatures ( T ~ 70 K), in order to avoid
both the thermal population of higher subbands and the
effects of exciton ionization.

Only very recently, models ' have been proposed for
the kinetics of the radiative recombination in QW struc-
tures which take into account the effects due to exciton
ionization. The main assumptions of these theories are
that exciton ionization is much faster than the radiative
recombination time and that the thermal equilibrium be-
tween excitons and free carriers follows the law of mass
action. It is also stressed in these papers that, given the
fact that the radiative recombination of free carriers is a
bimolecular process, the radiative time decay would turn
out to be nonexponential ' and dependent on the carrier
density.

We report in Fig. 8 a comparison of our data for
Tz(T) and the prediction of the model by Ridley in the
limit of low excitation density such as in the case of our
experiment. We see that the radiative constant predicted
by the model increases with temperature by approximate-
ly the correct orders of magnitude, even if the tempera-
ture dependence provided by the model does not follow
the experimental behavior.

Let us discuss some possible reasons for the poor
agreement between experimental data and theoretical
predictions. First of all, Ridley's model does not include
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experimental evidences such as the exciton localization at
low temperature and the thermal population of the light
exciton states; it also neglects the temperature depen-
dence of the free carrier's recombination constant. ' On
the other hand, we find that the inclusion of the last two
points does not significantly change the overall predic-
tions, given the fact that the temperature dependence of
TR(T) is dominated by the eff'ects of exciton ionization.
At the same time, the effects of the thermal transition
from bound to free excitons has been studied in a recent
paper' where it is shown that this process does not drast-
ically modify the recombination time.

Secondly, the model of Ridley assumes the 2D law of
mass action to also be valid at very low temperature
where we do not know of any experimental confirmation
and where, moreover, our data show the existence of ex-
citon localization.

As far as the experimental data are concerned, the
main assumption underlying the determination of TR is
the commonly adopted hypothesis' ' that the PL-
integrated intensity IL (T) coincides, apart from the con-
stant Io, with the inverse of the radiative efficiency g( T);
in other words, we suppose that the efficiency of the re-
laxation processes does not change with the temperature.
This is confirmed, but not definitely proved, by the fact
that only minor changes are observed, for the tempera-
ture dependence of II (T), when varying the excitation
energy.

A more refined measurement of g(T) could be a priori
obtained by performing a resonant excitation inside the
PL band, so as to eliminate the relaxation processes. Un-
fortunately, due to the reduction of the absorbing
volume, a strong decrease of the intensity is observed un-
der resonant excitation, making it difficult to perform PL
experiments at the higher temperatures. Furthermore,
significant modification of the PL line shape, together
with a reduction in the PL efficiency, ' ' can be observed
in GaAs/As„Ga, „As QW structures, after resonant ex-
citation, possibly connected with the presence of deep
levels in the barriers; ' we refer to another paper for the
discussion of these points.

104

B. Nonradiative recombination time
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FIG. 8. Comparison of the radiative recombination time as
obtained from a 70-A well (sample no. 1) for g(T=4 K)=0.5
with the prediction of the Ridley s model (Ref. 9) (solid line),
adjusting for a scale factor in order to match the low-
temperature values of T&.

As already discussed and reported in Fig. 7, while the
temperature dependence of the radiative recombination
time TR does not depend on the normalization value
chosen for the absolute radiative efficiency g, the temper-
ature dependence of the nonradiative recombination time
TNR turns out to be rather sensitive to the value of g at
least for T ~ 100 K. At higher temperatures, TR ))TNR
and the temperature dependence of the PL decay time
rejects, to a large extent, the nonradiative processes rul-
ing the recombination in our samples. This is consistent
with the observation in Ref. 8 that, if the radiative pro-
cesses were to dominate the recombination, one would
find a nonexponential behavior for the PL time decay,
contrary to the experimental observation.

Very little is known, ' ' to our knowledge, about
the main nonradiative decay processes occurring in
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GaAslA1, Ga, As QW's and from our set of data we
can only extract some crude indications.

The peaking of TI at a value of the temperature depen-
dence on the well width might suggest, in our opinion,
the importance of surface recombination and/or
Shockley-Read recombination via states at the
GaAs/Al„Gai As interfaces, as, indeed, indicated by
Pickin and David to give the main nonradiative decay
channel at room temperature in these structures. Unfor-
tunately, we do not know of any result concerning the
temperature dependence of the surface recombination ve-
locity in QW's that might help in settling the question.

At the same time, the spread in the experimental
values of TL, at a given temperature, in QW's having the
same nominal thickness seems to suggest a dependence of
the nonradiative processes on extrinsic properties con-
nected with the sample growth. We have found, for in-
stance, that the growth interruption at the interfaces
gives rise to slightly smaller values of the PL decay time
if compared with similar samples grown without GI.
This is in qualitative agreement with the results of Ref.
14, where, however, the effect is much more pronounced
and can be interpreted as an increase of trap and impuri-
ty incorporation associated with the growth interrup-
tions. ' A detailed study of the effects of the interruption
during the growth on T&~ is in progress.

In a recent paper, a comparison has been reported be-
tween the effects of interface defects and impurity incor-
poration on the PL properties of QW's showing the ma-
jor role played by impurity contamination in reducing the
PL efficiency and changing the characteristic recombina-
tion time. Carrier trapping at deep levels is therefore
suggested as an efficient nonradiative process in these
samples. Apart from these qualitative indications, fur-
ther experimental work is clearly needed in order to
reach a better understanding of the nonradiative process-
es ruling carrier recombination in QW s, particularly at
high temperature.

V. SUMMARY AND CONCLUSIONS

We have presented a detailed investigation of the PL
spectral features and time decay in GaAs/Al Ga„,As
quantum-well structures. The combined measurements
of the PL decay time and PL-integrated intensity as a
function of the temperature have allowed us to determine
both the radiative and nonradiative time constants, clear-
ly showing the difference between the PL decay time TL
and the radiative recombination time Tz. We have found
that Tz increases with temperature much faster than

linearly in contrast with the well-known and accepted ex-
citon model of Feldmann et al. ; in fact, our experimen-
tal data are outside any simple model involving only the
first exciton band.

We have shown that a comparison between the PL and
PLE spectra suggests that recombination at low tempera-
tures (T ~ 50 K) occurs from an exciton localized at crys-
tal defects while the peaks in the PL spectra correspond
to free-exciton recombination only at higher tempera-
tures. At the same time, as soon as T ~70 K, clear evi-
dence of recombination of the light hole exciton and exci-
ton ionization into free carriers has been given. We have
also found that the 2D carrier system is in thermal equi-
librium when the temperature is greater than 70 K so
that the effective radiative recombination time has to
come out from a statistical average of the intrinsic
recombination times of each of the states involved in the
recombination.

The model of Ridley, based on the thermal equilibri-
um between excitons and free carriers, seems to provide a
more reasonable framework for the discussion of the ex-
perimental data, even if the recombination from localized
excitons observed at low temperature is still outside
Ridley's model and the extrapolation down to very low
temperatures of the 2D law of mass action for the exciton
ionization is not confirmed by the analysis of the PL spec-
tra. The comparison with the experimental data shows
an unsatisfactory agreement; nevertheless, the model pre-
dicts an increase of Tz ( T), from 10 K up to room tem-
perature, by the correct orders of magnitude.

The importance of the nonradiative decay channels has
been stressed together with some crude indications of
possible processes that might play a major role, namely,
interface recombination and carrier trapping at deep lev-
els. The lack of a satisfactory agreement between theory
and experimental data suggests that further work, both
theoretical and experimental, is needed in order to fully
elucidate the main mechanisms underlying carrier recom-
bination in GaAs/Al Ga& As quantum-well structures.
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