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We propose an experimental method for the optical detection of transport along the growth axis of
CiaAs/Al Ga& „As superlattices (SL) that combines stationary photoluminescence excitation experi-
ments (PLE) and time-resolved picosecond spectroscopy. We show that both the absorption coe+cient of
the structure and the effective diffusion length of the photogenerated excitations can be deduced from
PLE experiments performed on structures with two enlarged test wells (EW) grown on both sides of the
SL. The diffusion coefficients of the excitations involved in the low-temperature diffusion processes are
then deduced from time-resolved experiments. A one-dimensional diffusion model is proposed taking
into account two kinds of diffusive excitations: free-exciton states and localized-exciton states. We show
that the capture process of the SL excitations by the enlarged wells must be taken into account in order
to fit the dynamical experiments with capture times in the range 1 —S ps. The dependence of the free-
exciton states s diffusion coefficient on the miniband dispersion of the structure is clearly demonstrated.
Finally, temperature effects are discussed such as the influence of the free-exciton cooling on the
diffusion process; the nonthermalization of the EW excitations with the lattice is also revealed.

I. INTRODUCTION

Recently, due to the continuous improvement of
heteroepitaxial growth techniques, there has been a re-
vival of interest in the field of carrier transport along the
growth axis of superlattices. ' For such devices, the
question arises as to whether the transport properties are
governed by transitions in the reciprocal space between
extended Bloch type states, or by transitions in the real
space between localized states. When the periodicity
and the interface quality are determined with an accuracy
of about one monolayer, the superlattice can be viewed as
a three-dimensional anisotropic semiconductor, provided
that only the lower electron and hole minibands are in-
volved in the studied processes, and that the superlattice
(SL) period is short enough. More precisely, this situa-
tion occurs when the energy-transfer integral between
two adjacent wells becomes'higher than the energy Auc-
tuations between them if they were considered as isolat-
ed, ' in accordance with Anderson's localization cri-
terion. ' Several approaches have been attempted to
determine transport properties of these superlattices,
based on measurements performed under electric or mag-
netic fields. "' However, in contrast with the situation
in bulk semiconductor materials, some dif5culties arise in
the determination of the transport parameters, since the
external applied fields can deeply modify the electronic
states of the superlattice. For instance, when an electric
field is applied to the SL, the electronic states, which are
of extended Bloch type in a periodical SL without exter-
nal perturbation, become localized as soon as the electro-
static potential difference between two adjacent wells be-

comes comparable to the miniband dispersion in energy,
giving rise to the well-known Wannier-Stark ladders, as
can be seen, e.g. , in Ref. 13. For holes, this occurs for
relatively weak electric fields; the transport properties are
then modified, since they now originate from a hopping
mechanism from site to site, analogously to the one de-
scribed in Ref. 7.

The optical detection of vertical transport, as proposed
in Ref. 4, offers the possibility of measuring the diffusion
properties of the carrier motion along the growth axis,
without modifying the electronic states of the structure.
Based on an all optical method, it requires the prepara-
tion of a device containing the superlattice to be studied,
with one or more enlarged test wells to probe the carrier
population at different abscissa along the growth axis.
The photoluminescence under continuous or short-pulse
photoexcitation is then detected; the widths of the test
wells (EW) are chosen in order to separate spectrally the
SL and the EW's responses. Provided that the superlat-
tice is thick enough to neglect the coupling between the
quantum wells and the superlattice states, the transport
parameters of the device can be taken as reliable values
for superlattices without test wells. However, as we shall
develop further, the optical method relies first on the pre-
cise knowledge of the relaxation and radiative processes
in superlattice and quantum wells, particularly on the
knowledge of their radiative yield; here, we shall assume
that in our experimental conditions (i.e. , experiments per-
formed below about 60 K) these yields are nearly the
same for both subsystems. This point can be checked ex-
perimentally and will be discussed later in Sec. IIIB.
Second, the method requires a description of the capture
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process of the electronic excitations from the superlattice
to the quantum well. This point is particularly relevant
in order to determine the boundary conditions of the
transport equations. We shall discuss the currently used
capture models, and will determine in Sec. IV a simple
capture model, which is more appropriate to describe the
dynamical experiments performed on such devices.

The paper is organized as follows: in Sec. II, we de-
scribe the experimental methods used in stationary and
dynamical regimes to test the diffusion process in the
growth-axis direction of a superlattice; in Sec. III, we
present the experimental results with a qualitative
analysis of vertical transport in the SL, and the model
used to deduce the absorption coefficient and the
diffusion length in the stationary regime; in Sec. IV, we
describe the dynamical results obtained with time-
resolved experiments, and develop a model in order to
deduce the diffusion coefficients of the excitations in-
volved in the transport; we show that even in the uninten-
tionally disordered SL studied, and in addition to the
diffusion of free extended Bloch-type excitons, the local-
ized exciton states, which appear essentially because of
the interface roughness inherent in the growth process,
play a significant part in the diffusion process at low tem-
perature. Finally, in Sec. V, we discuss the relationship
between the two approaches, and some additional related
phenomena, such as temperature effects and their
inAuence on the diffusion process.
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II. EXPERIMENT hh. mlniband

The samples elaborated on for this study were grown
by molecular-beam epitaxy under continuous growth
conditions. They consist of superlattices of
GaAs/Al, Ga, As with various well (L~) and barrier
(L~ ) thicknesses. The superlat tice thickness L was
chosen to be 1 pm in all the samples. An enlarged test
well of width L

&

=5 nm has been grown on the rear side
of the SL, near the GaAs substrate. A second enlarged
well has been optionally grown on the opposite side of the
SL near the surface. Its width, L2=7 nm, has been
chosen in order to separate it spectrally from the first
well. The use of the configuration with two enlarged test
wells, is especially useful for photoluminescence-
excitation (PLE) experiments in the stationary regime, as
will be seen in Sec. III. Two additional cladding layers of
Al Ga, As were grown on both sides of the whole
structure in order to prevent the capture of the photogen-
erated excitations by the GaAs substrate, as was clearly
seen in Ref. 4. The thickness of these barriers was either
50 or 100 nm. A typical sample structure with the corre-
sponding energy-band diagram is displayed in Fig. 1(a).
The various structure parameters are displayed in Table
I. All the structures grown are unintentionally doped.

The PLE experiments were achieved with a pyridine-2
cw dye laser. The sample luminescence was recorded us-
ing a 0.85-m focal length Spex double monochromator, a
GaAs photocathode photomultiplier, and a conventional
photon counting system.

The time-resolved picosecond spectroscopy (TRS) ex-
periments were performed using the up-conversion tech-
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FICx. 1. (a) Energy-band diagram for a typical device contain-

ing the superlattice and two enlarged wells; the arrows indicate
the optical excitation (hv„, ) of the radiative transitions in the
SL and in the test wells (EW&, EW2). (b) Excitation spectroscopy
of the luminescence of sample D230 at Tb =4.2 K. The detec-
tion energy of the luminescence is put at (i) 1.653 eV in the SL
emission line; (ii} 1.603 eV in the EW& line; (iii) 1.571 eV in the
EW, line.
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nique in a LiIO3 nonlinear crystal. ' ' The excitation
source was a double-jet pyridine-2 laser with a cavity
dumper, synchronously pumped by the second harmonic
of an actively mode-locked YAG:Nd + laser (where
YAG denotes yttrium aluminum garnet). The time reso-
lution of the system, limited here only by the dye-laser
pulse duration, was about 5 ps. The frequency of the ex-
citation pulses was chosen to be 7.6 Mhz, so that the
period of operation is long with respect to the radiative
lifetime in the superlattices studied; the mean excitation
power was kept below 4 mW in order to create an
electron-hole pair concentration below the Mott critical-
density threshold, so that most of the relaxation process
occurred in the excitonic regime. The absorption of the
excitation beam is a one-photon process, providing a high
initial electron-hole pair density gradient in the 1-pm-
thick superlattices. In most experiments, the samples
were put in a liquid He bath at 4.2 K, in order to mini-
mize the nonradiative recombination processes.

III. STATIONARY EXPERIMENTS:
ABSORPTION COEFFICIENT

AND EFFECTIVE DIFFUSION LENGTH
DETERMINATION

A. Experimental results

Figure 1(b) displays typical PLE results obtained on
structures with two EW's. We detected successively the
luminescence intensity in the low-energy part of the
luminescence spectrum of the superlattice, corresponding
to the localized exciton states, and at the emission peak
of the enlarged wells [see curves labeled SL, EW„and
EWz, respectively in Fig. 1(b)]. The SL PLE response,
recorded at 1.653 eV, shows a strong peak for a photoex-
citation nearly resonant with the fundamental 1S heavy-
hole (hh) electron (el) exciton state, at 1.661 eV. The
small shoulder at 1.664 eV can be identified with the el-
hh transition corresponding to the SL gap. The SL
response for higher-excitation photon energy is much
lower. The 1S light-hole (el-lh) exciton transition can be
detected at 1.676 eV, followed by two weak structures at
1.710 and 1.760 eV, which will be interpreted as relaxa-
tion oscillations due to optical-phonon emission. The
EW, test-well response displays the opposite behavior, in
the sense that all the resonances appearing in the SL
response appear now as antiresonances. The behavior of
the EW2 test well displays a more complex behavior: its
shape resembles the absorption curve of the SL, but with
the 1s el-hh excitonic transition strongly attenuated.

We turn now to a qualitative interpretation of these
features. First of all, we describe briefly the relaxation
and recombination processes in the structure. As in
multiple-quantum-well systems, ' ' the resonantly creat-
ed el-hh excitons in the SL localize in potential fluctua-
tions, due to structural defects of the superlattice (inter-
face roughness, small deviations from the ideal periodici-
ty of the SL, etc.). ' Then they recombine radiatively.
Practically, the exciton emission lines are slightly shifted
from the absorption lines, by about 1 —3 meV, toward the
low energies. This can be checked from a close compar-

ison between the PL lines, as displayed in Fig. 2, and the
EW2 PLE response, representative of the absorption of
the SL, as displayed in Fig. 1 (see also Table IV for one-
test-well samples). At low temperature, the free-exciton
luminescence is very weak, since the localization process
is much more efficient than the radiative recombination
for excitons in the fundamental state [this fact can be in-
ferred, e.g. , from TRS experiments performed on high-
interface-quality multiple-quantum-well systems at 4.2 K
(Ref. 17)]. When the excitation is nonresonant, the
electron-hole pairs created quickly form hot excitons; for
our experimental conditions (weak excitation, low tem-
perature), we assume that most electron-hole pairs are
bound at the end of the excitation pulse, since its time
duration is of the same order of magnitude as the exciton
formation time, as can be inferred from Ref. 18. The ex-
citons with nonzero kinetic energy cannot recombine ra-
diatively, due to optical selection rules, ' ' ' and thus
the hot-exciton luminescence is not detected. The
thermalization with the lattice, followed by the localiza-
tion, is then the efficient relaxation scheme for these
states. Finally, the main contribution to the lumines-
cence in superlattices as well as in quantum wells is sup-
plied, at low temperature, by weakly localized excitons.

As regards the transport properties of the structures
studied here, two features explain why the luminescence
is mostly detected in the superlattice in the case of reso-
nant excitation of the SL fundamental exciton state: first,
the diffusion length of these states may be much lower
than the diffusion length of the hot-exciton states; second,
since the absorption coefficient is large, due to the high
excitonic oscillator strength, the mean distance of the
photogenerated excitations from the enlarged well near
the substrate (EW2) increases. As a consequence, the
PLE yield of EW2 decreases in this spectral region, as can
be seen in Fig. 1(b). Let us remark at this point that the
fact that the SL PLE yield is relatively high for resonant
excitation of the SL gap indicates that the formation time
of bound exciton states from unbound pair states is much
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shorter than the mean escape time from the SL. The
strong decrease of the SL response, in nonresonant excita-
tion conditions, is due to the diffusion of the hot excitons,
followed by the efficient capture by the enlarged wells.
Nevertheless, a small proportion of the photocreated
population relaxes its kinetic energy by emitting optical
(when possible), and later acoustical phonons. The bind-
ing of the correlated electron-hole pairs into exciton
states occurs at the very beginning of this thermalization
process, essentially during the excitation pulse, so that
the diffusion length of these unbound electron-hole pairs
should be small compared to that of the hot-exciton one.
The excitons finally localize and recombine radiatively.
The weak el-lh excitonic peak appears because the forma-
tion time of el-hh from el-lh excitonic states its lower
than, or comparable to, the mean diffusion time to escape
from the superlattice [in multiple-quantum-well systems
this formation time was estimated to be about 90 ps (Ref.
25)]. The relaxation oscillations appear due to a similar
process: either hot excitons (or correlated electron-hole
pairs) can relax down to the detected 1S exciton state by
emitting a few optical phonons [which is achieved within
about 1 ps (Ref. 19)]; the result is an enhancement of the
SL response. In the other cases, if the excess kinetic en-
ergy is not an integer multiple of one of the available op-
tical modes of the structure, the pairs must cool down
(after having eventually lost most of their kinetic energy
by optical-phonon emission), by acoustical-phonon emis-
sion, which is a far less efficient cooling process; the final
thermalization time with the lattice is longer than the
mean diffusion time to escape from the SL. Thus the ob-
served oscillatory behavior is seen in the SL PLE spectra.
We turn now to a quantitative description of diffusion in
the superlattice.

B. Modelization of the stationary experiments

The purpose of this section is to give a quantitative
description of diffusion in the stationary regime, based on
a model as simple as possible.

First, the modelization of the diffusion process relies on
the main assumption that the SL can be treated as an
effective medium [when the mean kinetic energy is lower
than the heavy-hole miniband dispersion, and a fortiori
than the electron miniband dispersion, it can be viewed as
an anisotropic three-dimensional (3D) material compara-
ble to an ordered alloy]; in other words, we assume that
the mean free path, l, of the diffusion elementary excita-
tions, is small as compared to the SL thickness L:

I«L .

Second, since the method is based on luminescence
measurements in the EW and in the SL, we make the as-
sumption that the quantum yield g of radiative emission
is the same in both subsystems, i.e.,

IsL 9Ew

Third, the free-exciton formation time, from unbound
electron-hole pair states at low temperature, is assumed
to be of the same order of magnitude as that in quantum
wells, ' so that the diffusing excitations are mainly free

excitons. This point will be checked a posteriori at the
end of Sec. III B.

Then, calling n(z, t) the local exciton concentration at
time t in the SL, and labeling Oz the growth axis, the
diffusion equation in the dynamical regime may be writ-
ten in a general manner as

Bn DB n + Bn + Bn + dn + Bn
z, t =D

where D is the diffusion coefficient of the excitations.
The generation term (neglecting the exciton formation
time here) is given by the linear absorption law,

Bn =a(h v)@(0,t)e
Bt gen

(4)

where a(h v) is the absorption coefficient of the SL at the
excitation frequency, and 4(0, t) is the net internal pho-
ton Aux at the SL surface. The recombination term is as-
sumed to be

Bn

Bt rec R

where ~R is the free-exciton lifetime, at the equilibrium
temperature, of the exciton gas. The localization term is

Bn n

+L

where ~L is the- SL exciton localization time at the
exciton-gas temperature; it is intended here as a mean
value, independent of the exciton kinetic energy. Finally,
the capture law of the SL excitons by the enlarged wells
is assumed to be

Bn

cap
C;Z tl Z (7)

where c;(z) are the capture coefficients of the enlarged
well EW, (i =1,2). We make the assumption that the
capture is only local; in other words, we approximate the
capture law by

Bn

Bt gyp

(z, t) = gc;J; (z)n (z—, ),

where the functions J, , defined by

J&(z)=1, L &z &L+L&, J2(z)=1, L2 &z &0—
J,(z)=0, 0&z &L, i =1,2

take only nonzero values on their related enlarged wells
EW,-. This approximation seems justified provided that
condition (1) is fulfilled, since the probability density as-
sociated with the EW states falls by several decades over
a few SL periods.

We must now model as simply as possible the radiative
recombination processes in the SL and in the wells.
From time-resolved experiments performed on test SL or
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multiple-quantum-well systems comparable to the one
used in the present devices, it can be shown that for an
exciton temperature superior to, or of the order of, 4.2 K,
due to wave-vector selection rules, ' ' the radiative life-
time of free-exciton states is long (of the order of 1 ns)
compared to the localization time (of the order of 100 ps
order). ' ' Thus, we neglect the radiative recombination
process for free excitons. So, we are led to the linear
differential equation in the stationary regime (BIBt=0):

D
2
—,= —a(hv)4(0, 0)e ' ', 0&z &L .Bn n

BZ 7L
(8)

+L
=0,

7

L nt, (z) L n (z)
Isi = f dz= f gsi, dz,

0 0
(10)

where w and ~z are, respectively, the lifetime and the ra-
diative lifetime of the localized excitons, ps' is the radia-
tive yield of the recombination process, and Is„ is the
emitted photon flux integrated over all the emitting direc-
tions (4m steradians); r and icosi can be expressed as a
function of ~z and the nonradiative lifetime ~NR.

The luminescence intensity in the SL is then determined
by the equations

n =— n (z)dz,
L 0

the intensity emitted by the SL is, from (10),

n
Isi. —nsz.

TL
(13)

The luminescence of EW, can be evaluated from (11, 11',
12) as

typically below 100 K, and which is characteristic of an
intrinsic behavior. For higher temperatures, the lifetime
decreases quickly as the temperature increases, the
recombination being dominated by nonradiative process-
es, as in Ref. 32.

In order to determine the boundary conditions of the
differential equation (8), we must now specify the capture
law in a simple manner. Two limiting cases have been
considered up to now: (i) The test unveils do not
significantly modify the diffusion process Thi. s was the
approach used in, e.g., Ref. 3. (ii) The capture process is
extremely efficient at the ER"s abscissa. This hypothesis
was adopted in, e.g. , Refs. 4 and 6.

In the following, we determine which capture model
should be used from the experimentally observed intensi-
ty ratio Isi /I, .

Defining the mean free-exciton concentration in the SL
by

1 1 1+ ISL 1+
+R 7NR +NR

The luminescence emitted by the quantum wells EW; is
determined by the corresponding equations

I, =r)Ewc, n(L)L,

so the ratio of the two luminescent components is

IsL QsL n L 1

I, riEw n (L ) L
~ c, rt

(14)

c;n(z,. )L, —
l

. =0,
+L

In

l7
+L

E

nL
. =0,

nLI-=
+R

l

I
n

IEW i
+L

zi =L, z2=0, (12)

where n' and nL represent the free and localized exciton
areal concentration, respectively, and we define as previ-
ously ~' and gEw by

1 1 1+
I l l

+R +NR

1

QEW
+R1+

+NR

with notations similar to those used for the SL. The exci-
tation concentration in the wells (i =1,2) are taken as
surface densities (i = 1,2).

In the following, we shall assume that, in our low tem-
perature conditions, the inequality ~NR&&~&' holds for
the SL and the EW's, so that all the radiative efticiencies
are close to 1 and condition (2) is automatically fulfilled.
The fact that recombination is dominated by radiative
processes at low temperature can be inferred from the ob-
served strong increase of the lifetime with temperature,
as can be seen for quantum wells, e.g. , in Refs. 31 and 32,

In case (i), characterized by the following condition,

8 nD ))c;n(z;),az'

the diffusing excitations go through the wells if 0 & z; & L
or, in our present case, are reflected by the thick barriers
of Ga Ali „As without significant capture losses by the
wells. Due to the generation profile, the diffusion process
occurs from the surface toward the deeper well EWi, so
that the free-exciton concentration n is a decreasing func-
tion of the abscissa z. (We neglect here, in fact, the con-
tribution of the reflected excitations to n, assuming that
the diffusion length is smaller than the SL thickness, as
can be checked later. ) The following inequality then
holds.

n(z))n(L), 0&z&L .

In case (ii), the capture process is so strong that the ex-
citon population at the well abscissa can hardly build up,
ensuring that the above inequality is a fortiori valid. The
following inequality then holds for both cases:

n)n(L) .

As can be seen in Fig. 2 which represents the lumines-
cence of the a priori less diffusive device with two en-
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larged wells (D230), we observed an experimental ratio
satisfying IsL/I, 3. This ratio is less than 1 for the oth-
er devices. Taking L/L, =200, and gSL/gEw=1 at low
temperature, we obtain from Eq. (15) and inequality (16)
the condition

e

C)
(1.5X10 '~~

From time-resolved experiments, performed on similar
test superlattices without enlarged wells, we have mea-
sured that the localization times ~L are in the range
100—350 ps so we obtain the following inequality for
the capture time:

c1 5 ps.
Let us note that this inequality is consistent with the ob-
served capture times of excitations in an alloy barrier by
a quantum well. ' Here, this result was suggested by
the strong emission intensity, even at 4.2 K, recorded
from the EW's. The capture time c, ' is lower than all
the characteristic times, observed in time-resolved experi-
ments (cf. Figs. 6—9), of the diffusion-relaxation-
recombination processes.

So, we can now conclude, from the above estimations,
that assumption (ii) is valid, i.e., the capture process is ex-
tremely strong at the E8'abscissa.

In stationary experiments, the density gradient can
build up during an arbitrary long time from the laser
switching on; consequently, we can approximate the cap-
ture time in our model by

we obtain the system of two equations

I)
(h v) =f(a, Ld ),

2

ISL
(h v) =g(a, Ld ),

2
(22)

where f and g, as defined in Appendix A, are functions of
the absorption coefficient at the excitation wavelength,
and of the diffusion length Ld. Since the luminescence
amplitude ratios defined here are deduced experimentally
from PL and PLE experiments (the PLE intensity ratios
are adjusted so that they coincide with the PL ratios at
the PL excitation wavelength), we can solve the implicit
equation system (21) and (22) to deduce the two parame-
ters a and Ld. This was done numerically, and the re-
sults are presented in Fig. 3, for the device D230. We see
that the absorption curve of the superlattice is correctly
reconstructed, and displays all the characteristic features,
namely the el-hh 1S exciton transition at 1.661 eV, the
el-hh 2S not fully resolved from the el-hh gap at 1664 eV,
the el-lh 1S exciton at 1.677 eV; the decrease of the ab-
sorption, at 1.73 eV, corresponds to the el-hh zone-edge
transition, while the small hollow structure, at 1.78 eV,
could correspond to the zone-edge el-lh transition: the
excitonic enhancement factor decreases quickly as soon
as the exciton energy becomes higher than the mini-
zone-edge gap. From this spectrum we can deduce the
exciton binding energy to be: E =4.6 meV, in agree-
ment with our estimation from exciton theory in an an-
isotropic semiconductor (cf. Sec. V), and with the varia-

c '=0. (17)

It follows immediately in this case that the exciton con-
centration at the well abscissa must be

n(z, )=0, i =1,2, ,

as the condition

limn (z,. ) =0

c, '~0

(18) 0 230
~2K

- 0.68

- 0.48

must be satisfied to avoid divergences in Eqs. (11) and,
more generally, in Eq. (7). The generation term in these
equations can then be evaluated using the particle conser-
vation law applied at the interface between the SL and
the EW; (i = 1,2), and Eqs. (11)can be rewritten as

(
—1 )'D Bn

az z;

n,'(z; ) =0, i =1,2,
+L

(19)

I.d =QD~I (20)

where we have supposed that no particles are rejected by
the cladding Ga Al& As barriers.

We can now solve analytically the diffusion equation in
the SL (8), with the conditions (18). The luminescence es-
caping from each region of the device can then be de-
duced. The results are given in Appendix A. It can easi-
ly be shown, then, that defining the diffusion length Ld as
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FIG. 3. Absorption coefficient (in pm ') and diffusion length

(in pm) of sample D230 deduced from the stationary model (see

text). The vertical arrows indicate the el-hh and the el-lh opti-
cal transitions at the SL minizone edge, according to the Kronig
and Penney model.
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tional calculations of Ref. 23. The hh-lh splitting of
about 16 meV confirms the anisotropic character of the
superlattice. The sum of the el and hh miniband widths
deduced from the absorption curve amounts to about
6, &

—-51 meV; similarly, for the sum of the el and hh
miniband widths, we find 5, &h-—110 meV. These results
are in reasonable agreement with a simple Kronig and
Penney calculation (see vertical arrows in Fig. 3). The
diffusion-length dependence on the excitation photon en-
ergy, deduced from the model, can be roughly analyzed
in two domains: In the excitonic region, the diffusion
length displays antiresonances corresponding to the reso-
nances observed in the absorption curve. The diffusion
length of the lowest exciton state is relatively low-
Ld —-0.2 pm. At higher energy (h v ~ l. 68 eV), the
diffusion length is larger, oscillating around a plateau
value of 0.35 pm. The light-hole antiresonance is weak.
Then, two relaxation oscillations clearly appear, with a
spectral periodicity of P, =51 meV, modulating slightly
the high-energy diffusion length. The samples with lower
spatial periods, (L~+L~ ), have a similar general behav-
ior, as can be seen in Figs. 4 and 5. However, the absorp-
tion is modulated by internal interferences within the de-
vices, as is clear in Fig. 5. Moreover, the el-lh 1S exciton
is nearly resonant with the el-hh gap, so the relative am-

plitudes of the heavy and light oscillator strength do not
appear simply on the absorption curve; as a consequence,
the different excitonic structures are hardly resolved on
the diffusion-length curve. Finally, relaxation oscillations
have a more complex structure: two systems of periodic
oscillations are now superposed, the first one with the
previous period P& ——51+1 meV, the second one with a
smaller period of Pz-—43+1 meV, but starting now from
the el-hh gap of the SL. Two relaxation schemes are in-
voked to explain these oscillations. In the first one, the
photogenerated electron-hole pairs quickly bind together

D 222 1.4

E4 1.2

C:

~~

O~ 2
C

O
~~
CL

1

Sl
LO2

1.0 ~
0)0.8

~~
Cll

0.8 ~
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0.4

0
1.83

I I I I

1.87 1.71
Energy {eV}

t

1.75
0.2

FICx. 5. Same as Fig. 4, sample D222.

Acu =E&+mficoL&, m =1,2, . . . ,
1

(23)

where Ez corresponds to the detected exciton energy
(here in the localized exciton density-of-state tail). In the
second one, the electron of the photogenerated pairs lose
their kinetic energy directly by emitting LO phonons
down to the el conduction band; then they quickly form
excitons that localize down to the detected exciton states;
a minimum will appear in the diffusion length whenever
this relaxation process is competitive with the diffusion
process, i.e., for the excitation frequencies given by

to form a bound 1S state, emitting a LO-phonon mode of
the structure; the formed excitons lose their kinetic ener-

gy by emitting LO phonons down to their dispersion
curve; the oscillations appear due to the competition be-
tween the diffusion process and the cooling process, as ex-
plained in Sec. III A with a period given by

me
%con EG +n 1 Lo2'

mhh
(24)

lamas

C: 2

/

0
1.68

I I I

1.72 1.76
Energy (eV)

FICx. 4. Same as Fig. 3, sample D228.

1.06

086
Ir c=

~~
0.86 ~

Cl
- 0.46

0.26
1.80

where EG corresponds to the el-hh gap of the SL, and m,
and mhh to the effective masses of the electrons and
holes, respectively, in a direction parallel to the SL lay-
ers. Taking for the LO& mode frequency the G-aAs LO-
phonon mode: ficoLo(GaAs) =36 meV, and m, =0.0665,
mhh-—0.34, we find that Pz-—43.0 meV, in quite satisfy-
ing agreement with the experimental value reported
above. For the first oscillation subset, the oscillations
must coincide with a LO optical mode of the structure.
We find that only the AlAs LO-phonon mode, reported
at 50.2 meV, could correspond to the period P &. This is
somewhat surprising, as we would have expected an
A1As-type LO mode of the barrier, which has been re-
ported at 46.4 me V for an alloy concentration of
x =0.3. This fact is not yet completely understood and
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Sample

period (nm)

mel
m hhl

m 1hlL,ff (pm)
L,~ (pm)

D230

6.0
0.101
1.088
0.113
0.18
0.35

D228

4.0
0.085
0.538
0.105
0.25
0.85

D222

3.0
0.077
0.413
0.100
0.3
0.80
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diffusion properties of a given structure. For very short-
period SL s, the initial diffusion of free excitons dom-
inates the final diffusion of the localized states, so that the
EW's signal fall time becomes shorter than the SL one,
partly refiecting their own decay time. As in stationary
experiments, the luminescence instantaneous intensity ra-
tios I, /I2(hv, t) and IsL/I2(hv, t) are determinant pa-
rameters, but here again, they depend both on the ab-
sorption coefficient a(h v) and on the diffusion coefficient.
In fact, a detailed calculation, taking into account all the
previously mentioned effects, is required to determine the
SL transport properties, as we shall see now.

0 I I I

0 500
0

1000 1500 2000 2500 3000 3500
time (ps)

B. The low-temperature dynamical model
FIG. 9. Same as Fig. 8, sample D338. Here, the capture pro-

cess dominates the diffusion process in the EW response at early
time delays. Experimental data: SL, (~); EWl(+ ).

in Ref. 16. We checked, by independent experiments per-
formed on test SL or quantum wells, that the simplest
model to account for the luminescence kinetics in the ex-
citonic regime requires the use of a three-excited-level
system representing, respectively, the hot-exciton states,
the fundamental-exciton state, and the localized-exciton
states. The transition rates between the different levels
are described by first-order kinetics. This yields a simple
and efficient description of the kinetic-energy-dependent
localization coefficient, ' and leads to reasonably accurate
fitting.

In the two EW structures, the surface-well EW2 tem-
poral response is mainly determined by the capture pro-
cess of SL excitations by EW2. This can be understood
from Fig. 6, where the surface test-well luminescence in-
tensity reaches its maximum earlier than the SL. On the
contrary, the capture process is not the dominating con-
tribution of the generation process on the backward EW&,
as can be seen in Figs. 6—8: the well response rises later
than that of the SL, due to the time necessary for the
diffusing excitations to reach the backward EW. Howev-
er, if the diffusion length is too short (cf. Fig. 9), the EWi
signal rises again very quickly (as fast as the SL one, in
normalized representation), being dominated by the cap-
ture process at short time delays, the diffusing excitations
reaching the EW later (compare Figs. 8 and 9). In most
cases, the luminescence of the EW's decays with a fall
time much longer than their own decay time (measured
independently on test wells of the same width), and is
comparable to the SL fall time. This suggests that the
diffusion process goes on during the last step of the SL
transient regime, i.e., when excitons have relaxed their ki-
netic energy and are localized. The time delay between
the SL and the EW& luminescence trailing edges depends
both on the absorption coefficient and on the diffusion
coefficients of the SL excitations: it increases while the
absorption coefficient increases, since then the mean dis-
tance of the generated excitation from EW, increases.
So, this time delay reQects the conjugated action of these
two parameters and is not directly representative of the

We give here a description of the diffusion process at
low temperature in the superlattice (the temperatures of
the excitations here are typically in the range T ~ 40 K).
As was stated in Sec. IV A, three kinds of elementary ex-
citations take part in the diffusion process, namely the
hot-excitonic states, the fundamental-, and the localized-
excitonic states of respective densities nx H, nx, n~. We
face now a system of three coupled differential equations:

Bn B2n nX,H D X, H + @( )
X,H

(25)

Bnx B'nx
+ nxH

th

nx
(26)

BnL, B nL nx2

=D +
Bt

nI
(27)

where ~,I„~I, and ~z represent, respectively, the
thermalization time of the hot excitons to the lattice tem-
perature, the localization time of excitons in their funda-
mental state, and the radiative lifetime of localized exci-
tons.

In such a model, we made the following approxima-
tions.

(i) The unbound correlated pairs are neglected, the
binding process being mostly achieved during the excita-
tion pulse (the associated diffusion length should be
shorter than that of the other excitations, which will be
checked a posteriori)

(ii) The only efficient radiative process comes from the
recombination of localized exciton states, in our low-
excitation-density conditions.

(iii) The capture by the wells is described as in the sta-
tionary experiments: we consider it as local and strong.
But, in the dynamical regime, we must now take the cap-
ture time into account, to model the luminescence rise in
the EW's.

(iv) There is no surface recombination at the interface
between the SL and the Ga„A1& „As front cladding lay-
er, nor at the interface between one EW and its adjacent
cladding layer, so the particle current density is zero
through these planes.

The boundary conditions of the differential system are
then determined by the following differential system:
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anx,H, Dx,a Onx, H
(z;, t)=( —1)' ' '

(z, , t) —c;n&H(z, , t),
Bt " L; Bz

nL(t)
I, (t)= . , i =1,(2) .

+R
(34)

(z, , t)=( —1)' (z, , t) —c,nz(z, , t),
Bt " L; Bz

nL, . DL, BALLL

(z, , t)=( —1)' (z, , t) c, n—L(z, , t),
Bt " L; Bz

(28)

i =1,(2),
where we have supposed, for the sake of simplicity, that
the capture coefficients are independent of the exciton en-
ergy. Finally, the initial particle distributions before the
excitation optical pulse are given by

nxH(z, to)=0, O~z ~L,
nx(z, to)=0, O~z ~L,
nt (z, to)=0, 0 ~z ~L .

(29)

Bflx

at
nXH

1

+th

nx
1

+L

+nL(z, , t)]—

In

I
nL

i
+R

1

nX, H
i

+th

(31)

(32)

where the capture occurs via the hot-exciton states of the
quantum wells.

The luminescence intensity is given in each region as
before by

L, nL(z, t)
Isi (t) = f dz,

0 R
(33)

The time origin t0 has been chosen before the excitation
pulse, so that no hypothesis is made on the initial profile.

The differential-evolution equations of the exciton pop-
ulation in the quantum wells are given by

~"X,H =c;L, [nx H(z, , t )+n~(z;, t )
Bt

The differential system (25)—(27) has been solved nu-
merically together with the boundary conditions (28), us-

ing an implicit algorithm with unconditional stability.
Practically, the optical pulse envelope has been taken as a
Gaussian pulse, with a full width at half maximum At =5
ps estimated by an autocorrelation measurement per-
formed on the excitation beam, and the origin t0 ai 5ht
before the optical pulse maximum. The instantaneous
luminescence intensity is deduced at each temporal step
of the simulation. The results are displayed in Figs. 6—9,
together with the experimental results. Despite the
numerous parameters involved in the model, the critical
parameters are the absorption coefficient at the excitation
photon energy a(h v,„) and the diffusion coefficients Dx H
for the intensity ratios, and DL for the trailing edge of the
EW luminescence; the fit is much less sensitive to the Dx
coefficient, since the corresponding diffusion length Lx is
much shorter than the diffusion length of hot excitons,
Lx H. The order of magnitude of the thermalization, lo-
calization, and radiative recombination times (r,„,rL, ~ii,
respectively) can be estimated from separate time-
resolved measurements of the luminescence kinetics on a
test superlattice (without EW, but with cladding layers),
and of the luminescence of the EW's excited selectively
with a photon energy just below the gap of the SL (or of
the test multiple-quantum-well structures with the corre-
sponding structural parameters). So, one can consider
that only five (six) adjustable parameters are to be deter-
mined for structures with one (two) enlarged wells: Dz H,
Dz, DL, a, ci (cz). We now have to describe the capture
process more accurately than we did in Sec. III B, in or-
der to be able to use the measured relaxation parameters
of the test structures without significant modification to
the diffusion model. The obtained results are displayed in
Figs. 6—9. Let us stress again the fact that we fit not only
the temporal shapes of the SL and the EW, but also their
relative intensities. Thus, five (eight) independent charac-
teristic parts of the kinetics must be described: the rising
and falling parts of the transient luminescence of the SL

TABLE III. Calculated effective masses in the transport direction, absorption coem.cients, diffusion
length of hot excitons, fundamental-state excitons, and localized-state excitons deduced from the
dynamical model developed in Sec. IV.

Sample

p (nm)

mel
maI j.

~ lhl

Pal j+mM j
a (10 cm ')

L&~ (pm)
L~ (pm)
LL (pm)
DxH (cm s ')

D& (cm s ')

DL (cm s ')

6.0
0.101
1.088
0.113
1.189
2.0
0.19
0.09
0.09
0.8
0.5
0.2

D228

4.0
0.085
0.538
0.105
0.623
1.2
0.35
0.14
0.20
2.4
1.4
0.2

D222

3.0
0.077
0.413
0.100
0.490
2.0
0.49
0.19
0.13
40
2.5
0.2

D338

7.0
0.104
1.305
0.114
1.409
4.2
0.15
0.08
0.4
0.53
0.53
0.53

D314

6.0
0.091
0.791
0.108
0.882
3.2
0.20
0.12
0.19
1.5
1.2
0.5

D410

6.1

0.088
0.732
0.106
0.820
3.0
0.23
0.11
0.11
1.3
1.0
0.2
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and of EWi (EWz), and the peak intensity ratios

Is L /I, (IsL /I2 ). We fit the experimental data with
reasonably good accuracy. The diffusion parameters de-
duced from the fit are summarized in Table III while the
corresponding characteristic relaxation and recombina-
tion times used are reported in Table V (Appendix B).

We observe the following general trends.
(i) The difFusion coefficients depend critically on the

barrier thicknesses: they decrease quickly when I.~ in-
creases, especially for the hot excitons.

(ii) The absorption coefficient increases with the barrier
thickness. This corresponds to the increase of the 2D
character of the electronic states of the SL, leading to a
higher transition oscillator strength. However, we notice
that the two-well samples yield slightly lower absorption
coefficients than the one-well samples for comparable ex-
citon masses; we attribute this fact to the approximate
character of the diffusion model.

(iii) The excitonic diffusion lengths deduced from
dynamical experiments are in reasonable agreement with
the ones deduced from stationary experiments, although
the latter take higher values. We will come back to this
point in the following discussion.

V. DISCUSSION AND CONCLUSION

From both stationary and dynamical experiments, it
clearly appears that the diffusion lengths increase when
the exciton effective mass decreases; the main contribu-
tion to this is the hh effective-mass variation with the SL
period, the other effective masses (el and lh) being far less
sensitive to the SL period in the observed structural pa-
rameter range. The same correlation appears for the
diffusion coefficients. So the diffusion process seems con-
trolled by the heavy-hole effective mass. We discuss now
some corollary transport properties.

~ ~
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~ g pdies~ ~ ~ ~ ~ ~ ~ ~ ~~ + ~ q ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ y~

V~ ~,~ y~ ~ ya~ ~ ~ ~ ~ ~ ~ g
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I

60
1000/T (i/K)

80 100 120

from spectroscopic data, the first process can be attribut-
ed to the detrapping of the localized exciton states. This
process is similar to the one observed in multiple-
quantum-well systems by resonant Rayleigh scattering.
The second activation energy may be attributed to the
population of the light-hole 1S exciton subband, whose
states can contribute efficiently to the diffusion due to
their lower effective mass.

Figure 11 shows the temperature evolution at the be-
ginning of the kinetics in the dynamical regime, measured
from the high-energy tail of the localized-exciton

70

FIG. 10. Temperature dependence of the intensity ratio of
the luminescence in the enlarged well and in the superlattice,
for the three one-well samples (see Table I), in the stationary re-
gime. Experimental data: D338, (~); D410, (+). For a given
sample, the two activation energies (see text) are deduced from
the represented straight lines.

A. Temperature effects

We neglected in the preceding sections the effect of
temperature on the diffusion processes, and on the locali-
zation process of bound pairs. Figure 10 shows the in-
crease of the diffusion process when the temperature of
the system is raised in the stationary regime. Two re-
gimes can be distinguished: first, the ratio of I, /IsL in-
creases slowly, as the temperature of the device is in-
creased; then, above about 14 K, it increases more quick-
ly. The two regimes can be described by two activation
energies, which are cited in Table IV. As can be seen

eo- +
+

60-
hC

~ 40

tX.
'

Lil 30

LLII-
20

D314
TL= 4.2 K

D338
D410

P
(nm)

7.0
6.1

~hh

1.3
0.732

hE)
(meV)

3.2
1.4

(me'V)

2.4
1.5

AE2
(meV)

17.6
11.6

~lh
(meV)

17.2
11.7

TABLE IV. The activation energies deduced from the sta-

tionary temperature-dependent experiments compared to the
exciton "Stokes shift" and heavy-hole —light-hole splitting
recorded on spectroscopic experiments.
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&600 2000

FIG. 11. Dynamical behavior of the temperature in the D314

sample, obtained from time and spectral resolved spectroscopy
measurements. SL: ( ), EW& .. (+). Note that the quantum

well is not thermalized with the SL.
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FIG. 12. Exciton cooling rate for difFerent superlattice verti-
cal heavy-hole exciton masses as a function of the exciton tern-

perature. The lattice temperature is TL =4.2 K. Three process-
es are taken into account: acoustical deformation potential,
piezoelectric, and polar optic. The onset of the polar optic pro-
cess is clearly seen about 35—40 K. (1) Bulk CxaAs; (2) D222; (3)
D228; (4) D314.

luminescence spectra, both in the superlattice and in the
enlarged well, in sample D314. The initial exciton tem-
perature in the SL is about 40 K, in agreement with the
position of the onset of optical processes in the theoreti-
cal exciton cooling curve displayed in Fig. 12, and de-
creases down to the lattice temperature in about 500 ps.
The exciton cooling model relies on a generalization of
3D exciton cooling, the SL being treated as a 3D aniso-
tropic material; we have adopted the spherical approxi-
mation for the 1S exciton wave function, which is valid
up to the second order of perturbation theory, as
developed in Ref. 28, using the effective masses quoted in
Table II. This approach yields results, for the exciton
binding energy, comparable to the ones determined by
the variational computation approach used in Ref. 23, in
the limit of short-period superlattices. The SL exciton
cooling model is computed with the material parameters
used in Ref. 16; it fits the experimental data with no ad-
justable parameters (the temperature of the exciton sys-
tem just after the excitation pulse being measured direct-
ly).

The temperature in the EW has a similar behavior, but
takes higher values than in the SL, even at long time de-
lays: this is due to the fact that the diffusion-generated
excitations in the EW have a high initial kinetic energy;
most of this is dissipated by LO-phonon emission, but the
remaining kinetic energy cannot be fully dissipated by
acoustical-phonon emission during the excitation life-
time; as was seen in Ref. 16, the onset of the LO-phonon
emission in the cooling curve occurs at somewhat higher
temperatures in quantum wells than in three-dimensional

systems, which explains qualitatively the higher initial
temperature in the EW. The exciton system in the EW
does not thermalize with the lattice during its lifetime,
which supports the fact that diffusion of localized-exciton
states occurs in the SL at long time delays. The basic
mechanism that can be invoked here is the hopping
(eventually assisted by acoustical-phonon emission) be-
tween these localized states, yielding a particle current
along the growth axis toward the EW's, through process-
es similar to the one reported in Ref. 29 to describe the
spectral diffusion of localized-exciton states in quantum
wells.

To conclude, one can say that a full diffusion calcula-
tion should include the temperature dependence of the
diffusion parameters used, and two supplementary cool-
ing equations for the SL and the EW. Thus, the diffusion
parameters determined from the fit of dynamical experi-
ments at low temperature must be interpreted as mean
values in the temperature range described by the exciton
system in these experiments. For temperatures higher
than 15—20 K, the light-hole contribution to the diffusion
process should be also included.

B. Relation between the stationary
and dynamical approaches

In Sec. III, the experimental results were explained
with a single diffusion equation. The dynamical experi-
ments require, on the other hand, the use of three cou-
pled differential equations, as three kinds of particles are
involved in the diffusion process. We check now the
compatibility between the two models, on the basis of the
following two assumptions.

(l) The electron-hole system internal thermalization is
achieved during the excitation pulse, so that bound and
unbound pairs have the same temperature T, eventually
higher than the lattice temperature Tl, during all the ki-
netics.

(ii) The localized excitons are also thermalized with the
free-exciton gas; this means that the localization time
used previously corresponds, in fact, to the balance be-
tween a capture rate from free to localized states, and an
emission rate for the reverse process, each rate being
much faster than the internal thermalization time of the
free-exciton gas. This approach was used successfully in
Ref. 16.

Under these conditions, the ratios between the 1S hot-
exciton states and the localized-exciton states, r&, as well
as between the fundamental-exciton states and the local-
ized states, r2, are only functions of the temperature T of
the exciton gas. In the stationary regime, T and thus ~,

are constant. Letting

nxH
r)(T) =

nI

n
r2(T) =

nL
(35)

n —ng II+ng+nl
and adding together Eqs. (25)—(27), we obtain, for the
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stationary regime (8!Bt—=0), the diffusion equation in the
SL:

O=D,~ +a/(z, O)—Bn n
"az' jef

n "I.0=
jef +R

where we have defined the effective parameters as

(36)

r i ( T)DX H( T)+ r2( T)D„(T)+DL ( T)

r, ( T)+ r2( T)+ 1

T,ir
=rz (r i ( T)+ r2( T)+ 1) .

(37)

We can also define the effective difFusion length as

L,ir( T)= [D,s( T)r,s( T) ]'
1/2

r, (T) Lz H+r2(T) Lx+L
+th +L

(38)

The luminescence is always defined by Eq. (10) in the SL.
Similarly, as the quantum-well total density is defined by

nxHri(T)=
nl

lnx
r2(T)=

nL

n nx H+nx+nr

(39)

we obtain, neglecting the excitation concentrations at
both extremities of the SL (n(z; ) =0, i =1,2) as in Sec.
III B, the effective equations

n'0=
jef

nl
i

+R

(40)

with the notation

g',s=r~ (r', ( T)+ r2( T)+1) . (41)

limr;(T)=0, T~O

The luminescence intensity is given by Eq. (10) in the SL
and by Eq. (12) in the EW, as before. So, by identifying D
and D,ff, ~L and ~,ff, and Ld and L,ff, we obtain a
differential system exactly equivalent to the system
(8)—(12). Clearly,

length curves, deduced in the latter model, must be inter-
preted as effective diffusion-length spectra. The spectral
variations of L,ff are mainly attributed to the relaxation
processes in the exciton system: for resonant excitation
with the 1S transition, the created exciton gas is cold, at
the lattice temperature, so the measured L,ff coincides
with L~ at low temperature [see Eq. (38), TL =4.2 K].
As the photon energy increases, the temperature of the
system increases, so that the hot-exciton population rises,
and the efFective diffusion length increases according to
(38). Then the temperature saturates when the LO-
optical-phonon emission process becomes efficient, i.e.,
comparable to or higher than the acoustical-phonon
emission process; the thermal threshold for LO-phonon
emission has been determined to be about 40 K as dis-
cussed in Sec. V A and as can be seen in Fig. 12. So, the
general behavior of the diffusion length reAects the elec-
tronic temperature of the system. The relaxation oscilla-
tions can be interpreted within this framework since, for
excitations at phonon energies defined by (23) or (24),
efficient cooling channels by LO-phonon emission lead to
a cooler electron-hole system.

Finally, it can be noted that the diffusion length and
the absorption coefficient determined in stationary exper-
iments are somewhat overestimated with respect to those
determined in dynamical experiments. We have verified
that introducing a finite capture process in the stationary
model leads to lower determinations of a and L,ff, yield-
ing a better agreement; but this is done at the cost of the
introduction of two adjustable parameters in Eqs. (21)
and (22): c, and cz. So, the simple stationary diffusion
model gives the correct variations of the absorption
coefficient and the diffusion length, while their absolute
values are known to within a multiplicative factor of
about two.

To conclude, we have performed the first systematic
study of the diffusion properties of superlattices by opti-
cal detection of vertical transport, using a combined ap-
proach including stationary PLE experiments and time-
resolved spectroscopy. In low excitation and tempera-
ture conditions, the transport is dominated by the exciton
diffusion process; we have demonstrated that two kinds
of elementary excitations participate in this process,
namely free (essentially hot) excitons, which are of ex-
tended Bloch type, and localized-exciton states of limited
spatial extent. The diffusion coefficient of the former de-
pends critically on the heavy-hole effective mass, while
the opposite is true for the latter.
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APPENDIX A
So, we can reinterpret the stationary experiments: first,
the absorption coefficient computation is unmodified so
that the absorption curves, deduced from the stationary
model in Sec. III, are correct. Second, the diffusion-

Equation (8) is first solved using the boundary condi-
tions (18). We obtain
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a@WL

1 —L„a
with the coeKcients A and B determined by (18):

and (19):

o.eLd gEw
(&)I)=-

L 2~2
d

L /Ld B —L /Ld
e "— e "—ae

L/ d —aL
A= e —e

L /Ld —L /Ld
e —e

L/L —eeB = —I a.„L.a.„. (A2)
e e

(A4)

The intensity emitted by the superlattice is then, from
(10),

a@gsL

LdqEw A
2 (2)

2 2 2
1 —Lda L

B
Ld

(A5)

——(e —1)
1 —aL
a (A3)

The intensity emitted by the EW's is obtained from (12)

For a = 1 /Ld, expressions (A3 —A5) take a different
analytical form, but we have checked that n„, IsL, and I,.
are continuous functions of a, so that no divergence
occurs for this particular value. Assuming identical radi-
ative yield in the EW s and in the SL, we obtain the sys-
tem

I) (hv)=-
I2

IsL (hv)=
I2

L /Ld —L /Ld
Ae —Be —aLde

A —B—aLd

L /Ld —L /Ld
A (e —1) B(e ——1)— (e —1)

aLd
A —B—aLd

(A6)

(A7)

which corresponds to the system (21) and (22).
The first ratio, corresponding to the f function (21), is

mainly sensitive to the absorption coe%cient, while the
second one, the g function (22), to the diffusion length.
As an example, we evaluate here a few limiting cases:

For Ld/L «jL, with L remaining finite, we obtain,
after performing some algebra and making the appropri-
ate Taylor expansions, the equivalent expressions

f(a, Ld )-e
].—e

g(a, Ld )-
Ld aL

Ld~0 .

(A8)

(A9)

f(a, Ld )-1 aL, —

If, moreover, the SL is weakly absorptive, i.e., aL «1,
we obtain

In our experimental cases, a ', Ld, and L are all of the
same order of magnitude, so that the full expressions
must be used. However, the determination of a and Ld is
accurate, since the exponential functions take values in a
limited range.

APPENDIX B

We display in Table V the relaxation, localization, and
radiative times used for the SL and the EW, in the fitting
of dynamical time-resolved experiments. An independent
measurement performed with a pulsed laser excitation

TABLE V. The sample characteristic times used to fit the

dynamical model developed in Sec. V to the experimental data.
Times are given in ps.

Sample D230 D228 D222 D338 D314 D410

L
g(a, Ld)- (A9')

Ld, a —+0,
while in a strongly absorptive material, i.e., uL ))1, we
obtain

m, +mhh
&th

+L

R
1

+C

1.189
450
150
450

1

1

0.623
500
150
600

1

2

0.490
600
150
900

1

1

1.409 0.882 0.820
425 275 400
125 125 125
450 750 600

1 1 1

f(a, Ld )-e
1g(a L )-—

aLd

e '~0.

(A8")

(A9")

l
&th

1
TL

1
+R

~th

~L

~R

100
50

350
100
50

375

100
100
250
120
100
375

100
50

350
100
100
375

50
50

350

100
100
350

100
75

350
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with a photon energy below the SL gap yielded ~,'h=100
ps, rl =80 ps, and ~~ =350 ps for the sample D338. The
same experiment performed on the D336 sample yielded
~,'„=100 ps, ~L =100 ps, and ~~ =280 ps. We deduced

from more accurate experiments performed on multiple-
quantum-well systems with relevant structural parame-
ters: ~L =100 ps and ~„' =375 ps, HL ——100 ps and
2 =350 ps.
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