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We report a comprehensive study of carrier-recombination dynamics in shall@aAl,As/GaAs quantum
wells. At low crystal temperatur& K), the excitonic radiative recombination time is shown to be strongly
enhanced in shallow quantum wells witt- 0.01, consistently with a model that takes into account the thermal
equilibrium between the three-dimensional exciton gas of the barrier and the two-dimensional exciton gas,
which are closer in energy asdecreases. Furthermore, we demonstrate the existence of a thermally activated
escape mechanism due to the low effective barrier height in these structures. The nonradiative recombination
is shown to dominate the carrier dynamics for temperatures as low as 10 ¥=f0101. Our experimental
observations are analyzed using three different variational exciton calculations. In particular, we study the
crossover from the two-dimensional to the three-dimensional behavior of the exciton, which ocouas fow
as 0.01 and affects mainly the oscillator strength, whereas the transition energies in shallow quantum wells can
be calculated, to a large extent, using the same approximations as for conventional quantum wells. The peculiar
behavior of the oscillator strength at the crossover to the weak confinement regime is obtained by expansion in
a large basig[S0163-182308)05035-9

I. INTRODUCTION theoretically that such a transition, in narrow or shallow
QW’s, is characterized by a minimum of the excitonic oscil-
Al,Ga _,As/GaAs quantum well§QW'’s) with very low  lator strength at the crossover between the two regimes. This
Al concentration, known as shallow quantum wéBQW'’s), property must have some important consequences on the re-
have been shown to be of considerable interest, mostly focombination dynamics in SQW'’s since the excitonic radia-
their promising application potenti&f, but also from a fun-  tive recombination rate is proportional to the excitonic oscil-
damental point of vieW*® Originally, SQW’s were devel- lator strengttt’ Moreover, this problem deserves some
oped in order to increase the switching speed of electro-opticlarification since after excitation of excitons or electron-
devices such as self electro-optic effect devices, photodetetole pairs, dephasing mechanistigr thermalization via
tors, or optical logical gate¥ % This is achieved by reduc- interaction with acoustic phonon$Jead to an intricate dy-
ing the QW barrier height, which tends to reduce the carrienamics in which the effect of the oscillator strength variation
escape time out of biased quantum wells and allow one tés difficult to predict. Additionally, an important amount of
increase the operating light intensity. Indeed, room-work, both theoretical and experimentaf has been de-
temperature excitons have been observed by electroabsorgeted to carrier capture by QW'’s and SQW-This issue is
tion in SQW’s with x of the order of 0.0F, whereas the important, for instance, in terms of efficiency for photonic
carrier escape time, studied by pump-prdbe, devices(e.g., laser diodesNevertheless, as far as applica-
four-wave-mixing? and photoluminescence experimehts, tions are concerned, another mechanism is at least as rel-
has been shown to be very short even for very low appliegvant: carrier nonradiative recombination, which governs the
electric fields. More fundamentally, SQW'’s present the interrecombination dynamics at room temperature. Among the
esting case of intermediate confinement, where both the tworarious existing nonradiative recombination processes, one
dimensional(2D) (conventional QW's and 3D (bulk) pic-  can distinguish between extrinsic and intrinsic ones. On the
tures break down. In the 2D limifstrong confinement one hand, nonradiative recombination can occur on crystal
regime, the exciton binding energy is much smaller than thedefects or impurity centef3in low-quality samples. On the
confinement energy: Electrons and holes can be consideredher hand, nonradiative recombination can be thermally ac-
as confined independently in the direction of the QW growthtivated, even in high-quality samples, when the thermal en-
whereas in the 3D limit the particles are strongly correlatecergy is large enough for carriers to escape the QW’s. Ther-
and the relative motion has to be defined in all directionsmally activated carrier escape has been previously studied by
Fritze et al® have shown how a transition between these twacontinuous-wavécw) photoluminescencéL) and by time-
regimes can be induced in SQW’s by application of a mag+esolved photoluminescend@RPL), in In,Ga,_,As/GaAs
netic field. More recently, lotti and Andredfidemonstrated QW’s (Refs. 24—2B or thin Al,Ga, _,As/GaAs QW's?’
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In this article we report on carrier recombination dynam-
ics in a set of eight high-quality AGa, _ ,As/GaAs quantum
wells, with x varying between 0.006 and 0.18, hence ranging
from shallow quantum wells to conventional, deep, quantum
wells, studied by means of cw PL and TRPL for tempera-
tures betwere 2 K and room temperature. At low temperature
we observe a strong enhancement of the excitonic radiative
recombination time in SQW'’s, with a maximum arourd
=0.015. This behavior cannot be related to the variation of N L
the excitonic oscillator strength and is discussed with the 0 5 10 15 20
help of a simple model taking into account the increasing x (% Al
role played by barrier excitons asdecreases. Additionally, ) o _
we show that thermal escape of carriers out of the well is FIG. 1. 1s, n=1, exciton binding energy for the light-hole ex-
activated for increasing temperature. In order to obtain bettefiton (dashed line and heavy-hole excitofsolid line), calculated
insight of the problem, we analyze our experimental obserYsing the separaple wave-function approximation, as a function of
vations with three different variational calculations. First, Wethe Al concentration.
use an approximation known to hold for deep QW's: The ) ) _ _ o
exciton wave function is separable in the QW plane and th&here xe (xn) is the solution of the one-dimensional finite
growth direction. Such an approximation fails when the con-duantum-well potential for the electrghole) and ¢ depends
finement energy tends to zero, leading to a low estimate o@nly on the electron-hole relative motion in the QW plane.
the excitonic binding energy. Nevertheless, a comparisohzp iS the only variational parameter, giving the effective,
with the results obtained with a nonseparable wave functio®D Bohr radius. We assumed parabolic, uncoupled valence
(Wthh gives more Correct|y the exciton b|nd|ng energy in and conduction bands. For the band discontinuities we used
the 3D limit) and via diagonalization of the Hamiltonian on a the recent experimental results by ‘tial”®
large nonorthogonal basfsallows a more quantitative dis-  For comparison with temperature-dependent photolumi-
cussion. We show that all three methods provide a goo@e-scence measurements, we define the effective barrier
estimate of the optical transition energies foralues as low heightA as
as 0.01(in 100-A-wide QW’9 and that the main inaccuracy
remains the neglect of the coupling between the valence sub- Agh= EE,h— Eeh. (4
bands.

This article is organized as follows. In Sec. Il we presentynhere E2 (ED) is the barrier potential for the electrons
the theoretical framework underlying our analysis. In SeC{noley, as given by Ref. 28, ané&,, are the calculated
Ill, after describing the samples and experiments, we discus§ngle-particle confinement energies. The effective barrier
the validity of the calculations presented in Sec. II. SeCt'OrheightA is calculated(see Fig. 11 for the electrongsolid
IV is devoted to cw PL results, in particular versus excitation"ne)’ heavy holes(short dashed and light holes(long
density, which shows the existence of a nonradiative Cha””‘%iasheai for a 100-A QW, as a function of the Al concentra-
whose microscopic origin is revealed by TRPL. TRPL re-tjon in the barrier. Above about=0.025 the highest effec-
sults are discussed in Sec. V. We discuss first the radiativg,e parrier height is for the electrons. In this region, the

recombination time, measured at low temperature and thegeeper QW potential dominates the opposite influence of the

Binding energy (meV)

the nonradiative recombination dynamics. smaller mass compared to the heavy holes. This behavior is
reversed for lower concentrations.
Il. THEORETICAL FRAMEWORK Figure 1 presents the exciton binding energy for the

=1, 1s light-hole (dashed ling and heavy-holdsolid line)

We first apply the variational calculation previously de- ™ . . . .
scribed in Ref. 22. Considering that the in-plane center-of€XCItons. As already discussed in Ref. 22, the exciton bind-

mass motion R,,) and relative motiont(,,) of the electron- ing energy decreases for shallower quantum wells due to the

hole pairs are decoupled, the eigenwave vectors of théedgceq confinemgnt energy tpggther With an incregsg of the
system Hamiltonian can be’ written excitonic Bohr radius. The limitation of this first variational

approach appears clearly on this figure, since ¥dower
W (re,rn)=N expliK,y Ry P(Ze,2y,Ixy)- (1) than 0.005, the excitonic binding energy is found to be
smaller than the 3D limit. The origin of this problem in
In a first approximation, we consider th@t the Coulomb  SQW's is better understood by displaying the integrated
interaction does not modify the single-particle confinemenfprobability to find a single particle in the Q\WWFig. 2). The
energy along the growth directiqi®2 and (ii) the confine- calculated probability for light holes and electrons is quite
ment is strong enough so that the exciton does not propagatee same, due to the similarity of their mass along the con-
alongz. In the envelope function approximation, the first trial finement axigO2. When the Al concentration is decreased,

1s exciton wave function is then separablezitgrowth di-  electrons are more easily delocalized in the QW barrier than
rection andx-y (QW plang directions: heavy holes that have a larger mass. For very low Al con-
centrations, the carriers are not confined enough in the QW

D(re,rn)=Xe(Ze) Xn(Zn) B(Txy), (20 plane to consider the exciton as a 2D system and the full

5 electron-hole distancez{—z,) has to be taken into account
B(ryy)=2lmN\5p exp(—Tyy/N2p), (3 in the Coulomb exponential term of E(R).
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crease of as much as 33% compared to the 3D limit. Such an
increase of the exciton binding energy in SQW’s can be at-
tributed to the confinement of the particles already effective
for very low Al concentrations. Fox=0.01, the integrated
probability to find the heavy holes in the QW is 71% and
41% for the electronsn=1 states For higher Al concen-
trations, all three methods agree well. We want to stress that
the discrepancies between the three methods remain smaller
S than 0.5 meV(our experimental precision, as discussed in
0 5 10 15 20 25 30 Sec. Il) for concentrations as low as 0.01 and higher. For
x (% Al x=0.006, which corresponds to the shallowest quantum well
- we have studied, the discrepancy is no more than 1 meV.
~ FIG. 2. Integrated probability for the heavy-hdkhort-dashed  pyrther comparison with experiment and discussion about
line), light-hole (long-dashed ling and electrorisolid line) to be in the approximation of uncoupled valence bands are presented
the QW layer, as a function of the Al concentration. in Sec. IIl.
) Finally, the excitonic oscillator strength has also been cal-
In order to solve the problem mentioned above we have,ateq using the first and third methods presented atibee

considered, in a second approximation, the result of a varign erse of the oscillator strength is plotted in Fig. 8 in the

tional calculation using a nonseparable wave function. Thig.ome of the discussion presented in Sec. VIB the sepa-
type of wave function is well adapted to calculate the excitonypje \ave-function approximation, the oscillator strength

binding energy in a bulk materi. In this case, the trial yocreases monotonically with decreasigdue to the in-

Integrated probability

function is given by crease of the exciton Bohr radius and to the larger penetra-
5 tion of the wave functions into the well barriers for shallower
D(re,rn) = Xe(Ze) Xn(Zn)€XH — Vriy+(Ze—2n) /N 2p]- QW's. However, this method is known to fail for low Al

5 concentrations and the comparison with a more sophisticated
method shows that the error on the oscillator strength is even
Finally, the exciton binding energy has been calculated bYarger than the error on the energies, as expected. As dis-
using the real-space expansion method described in Ref. 18ussed extensively in Ref. 13, the crossover from the strong
The excitonic Hamiltonian is written in the framework of the to weak confinement regime is on|y obtained by an expan-
effective-mass approximation and diagonalized on a larggjon in a large basig¢third method. In the strong confine-
nonorthogonal basis of Gaussian functions for all coordinategent regime(conventional QW'’§, the electron and holes
Zo,z, and exponential ones far, . This method is equiva- can be considered as separately confined into the well. In this
lent to keeping all discrete and continuum single-particle levregime, a reduction of the barrier height or an increase of the
els in the exciton; it makes no assumptions about the form ofyell width leads to a decrease of the oscillator strength. On
the exciton wave function and therefore allows one to dethe contrary, in the weak confinement regime, i.e., when the
scribe both the strong and the weak confinement regimes a&w can be considered as only a perturbation to the bulk 3D
the well width or the barrier height is varied. exciton, the exciton center-of-mass motion is quantized as a
In Fig. 3 we compare thesl n=1, heavy-hole exciton whole and the oscillator strength increases versus the well
binding energies, calculated using a separable wave functiogidth or decreases versus the barrier height. As a conse-
(dashed ling using a nonseparable wave functiggolid  quence, a minimum of the oscillator strength is predicted, as
line) and the results of the more elaborate numerical calcuit can be seen in Fig. 8, at the crossover between the two
lations (dotg. The second and third methods indeed allowregimes. The predicted crossover between the two regimes
one to calculate the correct exciton binding energy in the 3Dhccurs atx=0.01 for our structures and leads to a minimum
limit (4 meV). For an Al concentration as low as 0.01, the of the oscillator strength for this concentration.
binding energy is at least 5.3 meV, which represents an in-

10, Ill. EXPERIMENT: DISCUSSION
Separable

I Gauss. Basis

A set of eight samples were grown by molecular-beam
. A epitaxy on ann®-type GaAs substratgSi doped, 2
6 Non-separable % 10* cm~3) and GaAs buffer, along th@01) direction. At
. the center of the intrinsic zone is a nominally 100-A-wide
{ GaAs quantum well clad with two 500-A-wide Aba _,As
2 I barriers withx ranging from 0.006 to 0.178. The 1100-A-
‘ thick structure was embedded between two 20-A-wide AlAs
0 P ‘5 ‘10 ‘15 " layers in order tp monitor the PL of both the SQW and the
X (% Al) Al,Ga, _,As barrier when necessary. On top of each sample
a 100-A-thick undoped GaAs cap layer was grown. The
FIG. 3. 1s, n=1, exciton binding energy for the heavy-hole Samples were immersed in a helium cryostat allowing the
exciton as a functionx, calculated using the separable wave- temperature to vary between 2 and 300 K. Continuous-wave
function approximation(dashed ling the nonseparable wave- PL and PL excitationPLE) spectra were excited with an
function approximatior(solid line), or a Gaussian bas{symbols. Ar*-pumped tunable Ti-sapphire cw laser. The PL signal

Binding energy (meV)
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[E,_ (1s) the 1s, n=1, heavy-hole and light-hole excitofig,(1s)
7 andE;;(1s)]. The small peak at 1545.9 meV has been iden-
E tified with the Eqg,(1s) transition, as confirmed by calcula-
'§ tions assuming an exciton binding energy of 2 mg\vrea-
z E,..(9 sonable value considering that thh &vel lies in the large
§ E_ (s) well of our separate confinement heterostrugtufee verti-
£ T B cal lines below the PLE spectra are transitions calculated
. vi:I:‘. | 1 \ using the separable wave function. For this sample, the best

agreement between theory and experiment is obtained for an
effective well width of 106 A, which represents a discrep-
ancy of two monolayers with the nominal value.

FIG. 4. Photoluminescencédashed ling and PL excitation In order to test the validity of the variational calculation
(solid ling) for 95L19 (x=0.033). The vertical lines below the ysing a separable wave function, we compare the measured
spectrum represc_entthe tran_sitio_n energies calculated using the segggnsition energies with the theory in Table I. For each
rable wave-function approximation. sample, the Al concentratioftolumn 2 has been deduced

following the same procedure as described above. The effec-
was dispersed by a 80-cm double monochromator and deive well width (column 3 is the one allowing the best fit of
tected with a cooled GaAs photomultiplier. Time-resolvedthe data, once is known. In the calculation, the well width
photoluminescence measurements have also been performigtthen the only adjustable parameter. In column 4 we report
using a synchronously pumped mode-locked Ti-sapphire lathe measured energies fallh(1s) and column 5 displays
ser with a 2-ps pulse duration. In this case, the signal wathe calculated energies. The same comparison is presented
detected after filtering by a 32-cm double monochromatofor E111(1s) in columns 6 and 7. The mean discrepancy
and by a streak camera system with a time resolution™  between theory and experiment is only 0.5 meV, which is
ps. In cw excitation the lowest excitation power was 0.1lvery good considering that this value is also the experimental
Wcem % corresponding to a carrier density of aboutaccuracy and that it is comparable to the values reported in
10’ cm 2. In the TRPL experiments, the lowest excitation the literature, in particular by Simmones al,** who studied
intensity corresponds to a carrier density of about A 2. the exciton binding energies in SQW'’s by high-resolution

As an example, we report in Fig. 4 the PL spectrumspectroscopy and analyzed their results using a nonseparable
(dashed curveand the PLE spectrunsolid line) for the  wave function. Furthermore, we emphasize that the absolute
sample 95L19%=0.033), at low excitation density and 2 K. inaccuracy of the calculation is not correlated with the QW
The PL spectrum displays an intense peak at 1529 meV witdepth nor is the difference between the effective well width
a full width at half maximum(FWHM) of 1 meV. Along and the nominal well width. More precisely, one may intro-
with this very small FWHM no Stokes shift was measured,duce a relative inaccuracy by dividing the absolute discrep-
showing the high quality of the sample. In fact, only oneancy between theory and experiment by the confinement en-
sample(K411, x=0.09 revealed a 1-meV Stokes shift and ergy of the excitonic level, i.e., the energy difference
3.8 meV FWHM for the PL, whereas a FWHM of 1 meV or between the SQW excitonic level of interest and the funda-
less and no Stokes shift were measured on the other samplesental excitonic level of bulk GaAs. This relative inaccuracy
A comparison with the nominal characteristics of the samplds reported in column 8 of Table | for the first heavy-hole
allows one to identify the peak at 1556.2 meV with th& 1 excitonic transition and in column 9 for the light-hole one.
exciton of the AJGa _,As barriers, from which we could We obtain values of about 2% for=0.178. The relative
deduce an effective Al concentration=0.033% The nu- inaccuracy increases forbelow 0.025 and reaches a value
merical calculation then allows one to identify all the otherof about 5%. Hence, due to the strong enhancement of the
transitions without ambiguity. At 1529 and 1533 meV arebinding energy in SQW’s compared to the bulk material, a

1530 1540 1550 1560 1570
Energy (meV)

TABLE I. Effective Al concentrationcolumn 2, effective well width(column 3, energy of then=1,
1s, heavy-hole excitorfcolumn 4, experiment; column 5, thedrgnd of the light-hole excitoicolumn, 6,
experiment; column, 7, theoryand relative inaccuracy as estimated in the text for the heavytbolemn §
and light-hole(column 9 excitonic transitions.

Ellh(ls) Ellh(ls) E1l(ls) E11(1s) eh(ls) &l(1s)

Sample  %Al)  Width (&) Expt. Theor. Expt. Theor. (%) (%)
36M52 0.6 100 1520.7 1520.9 1521.9 1522.1 3.5 2.9
95L18 1.5 120 1522.8 1523.2 1524.9 1525.6 51 7.1
JC09 2.5 100 1527.3 1527.5 1530.3 1531.1 1.6 5.2
95L19 3.3 106 1529 1528.9 1533 1533.3 -0.7 1.7
JC013 4.5 100 1532.4 1532.4 1537.3 1538 0 3.1
95L20 6.8 100 1536 1536 1542.7 1543.3 0 2.2
K411 9 85 1544.4 1543.9 1553.3 1553.7 —-1.7 1.0

16M07 17.8 95 1547.3 1546.7 1557.5 1558.8 —1.8 3.1
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1 TABLE Il. Values of «, measured for three SQW'.5%,

yyi;z:llggz’; 4.5%, and 9%as a function of the temperature. The last column
,f;;‘ Ok -y=.5A64->_8jx/¢6 , ® lists values ofa in QW’s with x between 0.15 and (Ref. 30.
2 A
£ o = TemperaturdK) ~ 25%  4.5% 9%  15-100%
R T 2 109 1 1 1
¥ 3P 10 122 1 1.12
« 40K 40 1.86 1.38 114
-4_1 (‘) ‘1 ‘2 3 80 1.83 1.41 1.29-1.16
300 1.53-1.41

Log(P, ) (arb. units)

. . . . %Referen .
FIG. 5. Integrated photoluminescence intensity versus input eference 30

power (logarithmic scales at T=2 K (circles, 10 K (squarey and .
40 K (triangles, for JCO9 =0.025). The equations in the inset Wheren andp are the electron and hole densities ahthe

are the fit to the data. exciton density. Furthermore, the rate equation for electrons
(similar for hole$ can be written

calculation of the energies using the same approximations as

for deep QW'’s can be applieg@lown tox=0.01, within the @: _ _n
. S R Bnp— —< +q, @)
experimental accuragywhich is gratifying given that one dt o
might have expected the valence-band coupling to play a
non-negligible role. whereB is the radiative recombination ratem®s™?), g is

the creation rate, and, is the non-radiative recombination
time for electrons. Since nonradiative recombination of free
IV. CONTINUOUS-WAVE EXPERIMENT carriers dominates, one can write in the steady-state regime
VERSUS EXCITATION DENSITY n=gr;, for electrons anqb=grﬂr for holes. Solving Eq(6)

Varying the excitation intensity provides a way to inves- then givesN=g?5m/K(T). In this model, the excitonic
tigate the nonradiative recombination dynamics in QW's.PL intensity is proportional to the concentration of excitons
The excitonic character of an observed transition can then b and thus found to be proportional ¢, i.e., to the square
studied by the excitation power dependence of the PL inteof the excitation density.
grated intensity. It is generally admitted that the PL- In Table Il we reporta measured for three SQW's, as a
integrated intensitytp, is proportional the excitation inten- function of the temperature, as long as the photolumines-
sity 1;, when the excitonic recombinatiomadiative or not ~ cence can be measured. In the last column is reported the
dominates. On the contrary, the PL-integrated intensity i&/alues ofa measured by Kyet al* in various deep QW'’s
proportional to the square of the excitation intensity whenWwith Al concentration ranging from 0.15 to 1. From these
the free carrier non-radiative recombination domindfe€d. results, two observations can be madg:a increases with
In an intermediate regimep 1<, wherea ranges between increasing temperature ar) for a given temperature, the
1 and 2. In Fig. 5 we report the PL-integrated intensity as Zreater they, the _shallower the quantum well. These obser-
function of the input power for the sample JCOX ( vations and the S|mp_le_model pres_enteq abpve strongly sug-
=0.025) and for three different temperatures. At low tem-gest that the nonradlatlye mechanism is dnve_n by the t_her-
perature,l p, is indeed proportional to the excitation inten- Mal escape of free carriers out of the well. This conclusion,
sity, but in contrast to what is usually reported for QWés, &0ng with a microscopic origin of the mechanism, is con-
tends towards Z1.86 at 40 K for unusually low tempera- firmed by TRPL, as described in the following section.
tures. A similar behavior is observed for all SQW's. Addi-
tionally, the PL ceases to be measurable whésnclose to 2. V. TIME-RESOLVED PHOTOLUMINESCENCE
Nevertheless, the line shape of the PL lines remains exciton-
like in SQW's, even whem is close to 2; we have not found  The temperature dependence of the PL decay time, mea-
any evidence of luminescence arising from dissociategured by time-resolved photoluminescence, is reported in
electron-hole pairs. Fig. 6 for all samples. In order to excite all samples in the

In order to understand this behavior, we use the followingsame condition, we chose to provide the excitation in reso-
model. We assume that for high temperat(meregime de- nhance with the light-hole 4, n=1 exciton, which for the
fined by « close to 3, the radiative recombination is essen- case of the shallowest QW 0.006) corresponds to about
tially excitonic, as observed, but the decay of the populatiorl meV above the heavy-hole exciton. Additionally, the exci-
is dominated by the non-radiative recombination of free-tation density is kept lowabout 18 cm™?) at low tempera-
electron—hole pairs. Additionally, the excitonic populationture and increased, when necessary, at higher temperature, in
and the free carriers remain in thermal equilibrium, as deorder to compensate for the reduction of PL intensity, due to
scribed by the mass action 12%v the activation of nonradiative processes. As previously re-

ported in the literaturé>2%33the decay time increases with

temperature before it decreases at higher temperature. Fur-
@zK(T) ©6) thermore, it appears clearly that a maximum is reached at a
N ' lower temperature in shallower QW's.
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FIG. 7. (a) Photoluminescence intensitfarbitrary unitg for
JC013 &=0.045) as a function of crystal temperatutb) Mea-
sured photoluminescence decay tiffdl circles) as a function of
temperature for JCO13xE0.045). Triangles, deducetsee the
text) radiative recombination time versus temperature, squares, de-
duced nonradiative recombination time.

from the experiment by measuring the PL-integrated inten-
sity variation and the PL decay time. Nevertheless, the abso-
lute value of the radiative decay time requires one to know
the PL efficiency aff =0 K since

p(T)

Trad(T) =12 X(T)p(T) = 7r X(T) 20 "

(0). (10
As previously stated, at low temperature and for high-quality
samples? p(0) can be considered very close to 1, within a
good approximation. Only one of our samplés411, x
=0.09 may not satisfy this hypothesis due to its lower qual-
ity. As an example, the PL intensity measured for JC013

(x=0.045) is reported in Fig.(d@. From the steplike be-

FIG. 6. Photoluminescence decay time as a function of temperddavior at low temperature, it can be assumed that the recom-
ture, for the complete set of samples.

The PL recombination timeg, identified with the decay

A. Luminescence efficiency

time in our experiment, is given by

where 7,4 is the radiative recombination time ang, is the
nonradiative recombination time. The PL efficiency is then

TR (T) = Trag(D + 7 H(T),

=d(T)
p(T) = —p

(T + 7o (T

bination is essentially radiative between 0 and 15 K. The PL
decay time and the radiative and nonradiative recombination
times, for the same sample, are reported in Fig), ollow-

ing Egs.(10) and(8). The result forp(0)=1 is shown as a
solid line and forp(0)=0.9 as a dashed line. The discrep-
ancy between the two hypotheses remains small. Hence we
will hereafter consider the two following case€s) at liquid
helium temperaturegr~ 7,,4 and (i) at high temperatureg
~Tnr-

B. Low temperature

According to the above discussion, we identify, at low
temperaturg2 K), the PL decay time with the radiative re-

As shown in Ref. 34, the relative variation of the radiative combination time. The measured radiative recombination
recombination time with temperature can be entirely deducetime is plotted versus the aluminum concentration in Fig. 8
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FIG. 8. Measured radiative recombination time as a function of FIG. 9. Calculated radiative recombination tirf@ymbols and
Al concentrationopen circles and right scaleSolid line, inverse of  left scalg and final temperaturésolid line and right sca)eof the
the exciton oscillator strengttarbitrary unit$ calculated using the QW exciton gas as a function of Al concentration. The parameters
separable wave-function approximation, full circ{éee dashed line used for the calculations are given in the text.
is a guide for the eygsinverse of the exciton oscillator strength

calculated using the Gaussian basis. U=ng[fho+A+3/2KT(t)]+nfiw+kT(t)], (12)

(open symbols The overall trend is clearly an increase from wherelL is the barrier lengthM the total exciton masgiw
about 200 ps in ax=0.2 QW to about 600 ps for a SQW the energy of the QW excitons at the zero in-plane wave
with x=0.015. vector, andA the energy difference between the barrier and
In Fig. 8 we compare the measured PL decay times wittQW excitons. Callrg and 7, the radiative lifetime of the
the inverse of the heavy-holesln=1 excitonic oscillator barrier and QW excitons, respectively. Then the total exciton
strength, as calculated by the methods described in Sec. II. areal densityN decreases at a ratiN/dt equal to
the following discussion we can discard the point xat
=0.09 since the corresponding sample is known to be of —1, —1rq_ _
lower quality (see aboveand can experience nonradiative d_N:_N Wrg 7 11— exp(— olkTy)] (13
recombination even at low temperature. Considering the pre- dt 1+w ’
dictions of the first theoretical approadkeparable wave
function), the increase of the exciton radiative lifetime with where § is the energy slice where the QW excitons can ra-
decreasing Al content may at a first sight be attributed to aliate (typically §=0.1 me\). In the long-time regime the
quantum-well property. With decreasixgthe 2D aspect is excitons have thermalized to a final temperaffy@ndN, as
lost, the QW excitons are less bound, and their oscillatowell asny, decreases with an effective recombination time
strength decreases. In fact, this explanation must be rejectegl; given by
since our more elaborate calculatiofeee Fig. 8, dashed
line) show that the exciton oscillator strength is essentially . Werg 7 1—exp(— 6/kTy]
constant at low. Teff = 157 : (14)
The observed increase can be attributed to the fact that f
barrierlike excitons are increasingly closer in energy to theyhereW; is the final ratio between 3D and 2D excitons. We
QW excitons wherx decreases. These barrier excitons haveshow in Fig. 9 the calculaterl dependence ofT; and 7
a considerably larger density of states than the QW excitongaking a lattice thermal enerdyT,, equal to 0.8 me\(about
Thus, even at low crystal temperature, the barrier excitory k), gac=1 meV, g,0=36 meV, 7,.=80 ps, 1.0=1ps, 75
states can be significantly populated by the initially hot ex-= 1 ns, 7,=10 ps, 5=0.1 meV, andL =100 nm. The exci-
citon population. They feed the QW exciton density of stategon population is initially hot right after the excitation and
with energetic excitons that maintain the QW exciton gas ator the sake of simplicity, the initial temperature is set to a
elevated temperature and thereby increase its recombinatig@nstant equal to 80 K6.9 meV) in this model. Bothk T;
time 3° The following simple model confirms this qualitative and 7. are almost constant whet=20 meV x=0.016)
Interpretation. . _ where¥<10"° and 7~ /[1—exp(— 8KT;)]. We note the
Assume that, at each time the QW excitons and the persistence of an equilibrium temperatdigthat is slightly
barrier excitons are in therméBoltzmann) equmbru_Jm ata larger than that of the lattic@bout 24 K. This is due to the
temperaturel (t). The real powedU/dt of the exciton gas  agiative recombination that suppresses the low-energy exci-
changes because of the recombination of the QW and barrigsns and thus contributes to an effective heating of the exci-
excitons and also through exciton interactions with acoustiygp, gas. The difference betwedi and T,y increases with
cal and optical phonons. These interactions are CharaCte”Z%reasingrac and decreasing, . When A becomes<20
by a relaxation time f,c and 7o, respectively and a char-  mev andT, and 7. increase due to the thermal proximity of
acteristic energy €,c ande o, respectively. If we callny e large density of states of the barrier excitons. At ex-
and Ng the areal _densities of QW and barrier excitons, retremely smallA (A<5 meV, x<0.004 the thermalization
spectively, there is towards lattice temperature becomes easier again because the
dominant species have now become the barrier excitons

_ng_[MKT(t) (V;=2.47 whemA =2.7 meV,x=0.002. The lower equilib-
\P_n_x_l' 27h? ex —AKT(D], (1D rium temperature in turn shortens the QW recombination
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time, which leads to a decreasenf; in spite of the fact that
the QW excitons are less numerous than the barrier excitons. 1000 E o =

The decrease of the excitonic radiative recombination o ; 4.5 meV o
time observed for the sampléf high quality with x %‘ N N Q
=0.006 is well reproduced by this simple model. However, & 4
other reasons may induce such a behavior. It will be shown E, 4 1.7 meV
in Sec. V C that nonradiative recombination dynamics of in- 8 g9 |
trinsic origin (thermal escape out of the welire activated in : . o 36M52 (0.6 %)
SQW's for a lower temperature in shallower wells. Conse- ™ b o 95L18(1.5%)
quently, in thex=0.006 sample, nonradiative recombination b /74 mev A JCO09 (2.5 %)

1 1 t

starts for a temperature as low as 10 K. Hence it can be
argued that at a crystal temperatufe2d the measured PL
decay time can hardly be unaffected by these dynamics, lead- VKT (meV )
ing to an underestimate af.q. Another possible origin for

this behavior is the crossover from strong to weak confine-

ment regimé-> theoretically predicted for excitons in shallow 1000 ¢
or narrow quantum wellgsee Sec. )l The predicted cross- C
over between the two regimes is calculated to take place at
x=0.01(Fig. 8 for our structures and induce a minimum of
the oscillator strength. Note that the calculated variation of
the oscillator strength is of the order of 20%, much smaller
than the experimental variation of the recombination time, so
that the observation of the crossover is certainly largely hin-
dered in TRPL measurements. Thus an accurate measure-
ment of the oscillator strength should be necessary to provide
evidence of this crossover.

0.0 0.5 1.0 1.5 20

15.8 meV

100

PL decay time (ps)

o 95L19 (3.3 %)
A JCO13(4.5%)

0.0 0.2 0.4 0.6 0.8 1.0
1/KT (meV ')

C. High-temperature carrier escape

We now focus on the nonradiative recombination dynam-
ics. We have shown in Sec. IV that a nonradiative recombi- 10000 -
nation channel is activated for lower temperatures in shal- ; ooy
lower QW’s. In this section we show that the origin of this i 4
dynamics is the thermally activated escape of the carriers 28.5 meV
that are the less confined in the well. Following Gurioli
et al,?>” we choose to investigate this dynamics by studying
the temperature dependence of the decay {imé¢he high-
temperature regimeather than by studying the PL intensity o
dependence. We assume the followi(ig. The excitation is 100 + 35.9 meV o 95L20D(6'8 %)
provided in the QWwhich corresponds to the experimgnt : O K411 (9%)
(i) In this high-temperature regime, all the populations in the I o 16M07(17.8 %)
well are in thermal equilibrium with the crystal. In fact, we ' '
checked that the effective temperature deduced from the
TRPL spectrum reaches the crystal temperature within 10 ps
at all energieghigh-temperature regime(iii) All the popu-
lations in the PL band have the same recombination time FIG. 10. Arrhenius diagram of the PL decay time for the com-
TR~ Tnr, Which is also verified experimentallgiy) When the plete set of samples. The solid lines are the best fits to the high-
temperature is high enough, the free-carrier thermalizatioffmperature s_lopes giving the activation energies for the thermally
leads to a distribution for which the highest confined stategctivated carrier escape.
have an energy larger than the barrier poterijal We then
assume that the main contribution to the nonradiative dy- i i , ) i
namics comes from the scattering of these carriers toward¥nereA is the effective barrier height for the escaping par-
the barrier states, with a scattering rdte(v) The carriers tcle. The Arrhenius diagram is obtained by plotting
that escaped out of the well can recombine radiatively of09(7n)<A/k,T versus IT.
nonradiatively in the AlGa, _,As barrier. In Fig. 10 we show the Arrhenius diagram for all the
It follows?’ that the nonradiative recombination time is samples(the data point are the same as those presented in
given by Fig. 6). An exponential law is indeed observed at high tem-
perature, with an activation energy larger for deeper wells.
We note that due to its large effective barrier height and the
_ 1 (15) high quality of the sample, no activation is found in the
I' exp(—A/k,T)’ deeper,x=0.178, sample. Furthermore, in the=0.006

1000 | oo,

PL decay time (ps)

0.0 0.2 0.4 0.6 0.8 1.0
/KT (meV 1) )

Thr
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activation energy, was demonstrated inGa, _,As/GaAs
QW'’s. Gurioli et al?’ demonstrated, like we do, the thermal
escape of single particles out of thin &a _,As/GaAs
QW's. This difference between the two systems
In,Ga _,As/GaAs and AlGa _,As/GaAs is quite surprising
since the band offsets seem quite similar: 57(R8f. 37
and 62:38° respectively.

Energy (meV)

VI. SUMMARY AND CONCLUSION

x (% Al)

In conclusion, we have reported a study of exciton recom-
) _ _ bination dynamics in a set of eight &g, _,As/GaAs quan-
EIG_. 11. Calculated effective barrl_er helght for the electronstum wells, ranging from shallow quantum wells to deep con-
o ey e st e 27 O IS Ventonal uanium il by means of phatluminescence

. ! : Y ' and time-resolved photoluminescence. First, we have shown
vation energies. e . .

that the transition energies vary monotonically from the 2D

sample, the low effective barrier height induces a thermalimit to the 3D limit and can be calculated, within the experi-
escape even for very low temperatysee Sec. V B mental accuracy0.5 meV}, using a separable exciton wave

In order to gain insight in the microscopic origin of the function for Al concentrations as low as 0.01.
thermal escape, we compared the measured activation energy The radiative recombination time has been shown to be
with the calculated effective barrier heigfftig. 11) for the  strongly enhanced in shallow quantum wells, compared to
electrons, the heavy holes, and the light holes. In the figurezonventional quantum wells, mainly due to the presence of
the error bars correspond to the inaccuracy with which théhe 3D exciton gas of the barrier, which becomes closer in
slope can be measure using Fig. 10. We observe that trenergy to the QW 2D exciton gas asdecreases. While a
activation energy is very well correlated with the effective transition from the strong confinement regime to the weak
barrier height for heavy holes. After reaching thermal equi-confinement regime in shallow quantum wells has been pre-
librium consecutive to the excitation, the radiative recombi-dicted aroundx=0.01 (for 100-A-wide SQW’$ the pre-
nation of the fundamental statéhe heavy-hole excitgnis  dicted variation of the oscillator strength can only partly ex-
dominated by the escape of the least confined carriers: thglain the experimental findings. An accurate measurement of
heavy holes. The effective barrier height for the light holes isthe excitonic oscillator strength with even shallower wells is
even smaller, bu€i) at thermal equilibrium the heavy holes required to firmly establish the existence of the weak con-
are more numerous than the light holes, so the escape of tiimement regime.
light holes could be statistically hidden, afid the intraband Finally, by varying the crystal temperature, we have
relaxation from the light-hole to the heavy-hole subband is sshown the existence of a nonradiative channel, activated at
very efficient process. Thermal escape of electron-hole paitower temperatures in shallower quantum wells. The weak
is unlikely responsible for the activation energies we haveexcitonic binding energy in SQW'’s favors the thermal disso-
measured. The effective barrier height for an uncorrelate@iation of excitons at very low temperatures. The micro-
pair would be the sum of the effective barrier heights for anscopic origin of the nonradiative recombination following
electron and a hole. This leads, as easily deduced from Fighe dissociation has been revealed by studying the tempera-
11, to activation energies much larger than those measuretiire dependence of the photoluminescence decay time. The
For correlated electron-hole pairs the effective barrier heightneasured activation energies have been found to agree with
is expected to be increased with respect to the one of aihe unipolar escape of the carriers out of the QW's, which is
uncorrelated pair by the difference between the binding ena particularly efficient process in SQW's, even at very low
ergies of the SQW and 3D barrier excitons. This latter quantemperatures.
tity is always positive, leading to an activation energy larger
than or at least equal to the one of the uncorrelated pair.

Finally, we compare our results with former studies. We
have shown the existence of a unipolar escape mechanism of The Laboratoire de Physique de la Mati€Condense de
heavy holes in GaAs/Ga,Al,As shallow quantum wells. I'ENS is “Unité Associe au CNRSURA1437) et aux Uni-
Our results contrast with those of Refs. 24—26, where theersites Paris 6 et Paris 7.” O.H. acknowledges financial
thermal escape of electron-hole pairs, which requires a largesupport from the EEGTMR:ERBFMBICT 961405.
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