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We report a detailed examination of the electronic structure and of the thermal transport in a graded-index
separate-confinement heterostructure based on~Zn,Cd!Se wide-band-gap II-VI semiconductors, and designed
in the view of a blue-green light emission device. The band offsets and strain state of the heterostructure are
obtained from 2-K photoreflectance measurements. The temperature dependence of the photoluminescence
spectra taken both in a resonant in-well excitation condition and in an above-barrier excitation condition has
enabled us to quantify the mechanisms responsible for the photoluminescence thermal quenching. This has
been done in the context of a sophisticated model that includes several nonradiative processes. In the 10–70 K
temperature range, the photoluminescence intensity is found to be ruled by a nonradiative detrapping towards
interfacial defects, whilst the thermal escape effect is responsible for the photoluminescence quenching at
higher temperatures. In the case of an above barrier excitation condition, the contribution of the carriers
diffusion from the barriers to the well leads to an increase of the quantum-well photoluminescence, the
intensity of which exhibits a maximum around 50 K.

I. INTRODUCTION

This paper reports on the study of some physical proper-
ties of graded-index separate-confinement heterostructures
~GRIN-SCH! grown by metal-organic vapor-phase epitaxy
~MOVPE! using selenium-based wide-band-gap II-VI com-
pounds. This work is strongly motivated by the potential
applications for solid-state light emitters operating in the up-
per energy part of the visible spectrum.1 This quite sophisti-
cated design results from a series of prescriptions of quantum
mechanics and electromagnetism theories which, when ap-
plied, should contribute to the optimization of the device in
operation.2 Coherent light emitters of the previous generation
based on double heterostructure architectures were only con-
stituted of a layer of a semiconductor compound having quite
a large refractive indice embedded between two thick layers
of semiconductor compounds with lower refractive indexes
so that a waveguide is produced for the photons. In two-
dimensional ~2D! systems with type-I band lineups, the
valence- and conduction-band discontinuities between the in-
ner layer and the two cladding layers may, when suitably
combined with the geometry, restrict the on-axis extension of
the carriers in the vicinity of the inner layer. This leads to a
significant enhancement of the carrier concentration com-
pared to the laser diodes of the first generation based on
electrical injection through ap-n junction. Some additional
advantages of 2D systems have also to be mentioned here
that contribute to reduce the current or photopump threshold
at which the stimulated emission is produced. Among them
are, for instance, the increase of the oscillator strength for the
radiative recombination and the decrease of the number of
states to be inverted. The amplification of the optical flux is
proportional to the optical confinement factor~the fraction of
photons in the waveguide interacting with the active layer
material!. Several options have been proposed to increase
this quantity:~i! increasing subtly the well width below its
critical value at which we recover a three-dimensional~3D!

behavior, while keeping the advantages of a quasi-2D sys-
tem, ~ii ! using separate-confinement heterostructures~SCH!
where the optical confinement of the photons is obtained by
depositing a couple of high-index layers at an optimized dis-
tance of the quantum well. Since such an architecture in-
volves in general alloy compounds, local potential fluctua-
tions may trap the carriers, thus limiting the efficiency of
their injection. For this reason, an alternative design seems to
be more adequate for both the carrier injection and the pho-
ton confinement: the graded-index separate-confinement het-
erostructure where the cladding layers have simultaneously
graded index and band gaps. The carriers are more easily
collected in the quantum well since they flow down along the
graded index slopes surrounding the quantum-well layer.
GRIN-SCH lasers operating in the red-infrared region of the
spectrum based on III-V compounds have been already
realized.3 The field of blue-green radiation has also been cov-
ered in the past few years after thatp-type doping of ZnSe
by molecular-beam epitaxy~MBE! was achieved, raising the
possibility to ensure electrical injection of the carriers in the
heterostructures grown on GaAs substrates.4 The GRIN-SCH
architecture has advanced with the use of ZnxMg12xSSe
quaternary alloys to impose the photon confinement but
some difficulties are still encountered which concern both
the p-type doping of this quaternary and its homogeneous
synthesis.5 Alternate solutions are proposed which are em-
bryonic so far, among which are the homoepitaxy on ZnSe
~Ref. 6! or InP substrate7 ~with a series of alloys lattice
matched to the latter one!, or the substitution of magnesium
by manganese.8 Both n- and p-type doping of ZnSe using
MOVPE ~Ref. 9! and gas-source molecular-beam epitaxy
~GSMBE! epitaxy methods10,11 have been recently claimed
as well as the realization of blue light emitting diodes by
MOVPE.12 These methods could thus produce lasers in the
near future. This paper addresses the growth of GRIN-SCH
by MOVPE, and the study of their optical properties to
progress towards the realization of MOVPE-grown lasers.
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These structures exhibit a stimulated light emission under an
excitation density of 17 kW/cm22 ~Ref. 13! for an excitation
stripe length of 600mm giving a gain of 220 cm21.

II. EXPERIMENTAL RESULTS

A. Sample growth

One of the major problems in the epitaxial growth of
wide-gap II-VI materials is the lack of commercially avail-
able high-quality lattice-matched substrates. Therefore, we
are driven, as most of the scientists working in the same
field, to use gallium arsenide substrates. This situation leads
to two important drawbacks. On one hand, the lattice mis-
match between the substrate and the epitaxial layers induces
a partial relaxation of the deposited material when its thick-
ness is greater than the critical thicknesshc . For example,
the lattice mismatch between ZnSe and GaAs is 0.27% and
hc is around 1500 Å.

14 On the other hand, most of the struc-
tural defects of the epitaxial layers originate from the
II-VI/III-V interface. The key point is the first stage of the
growth, and is strongly linked to the stoichiometry of the
substrate surface which results from the substrate preparation
prior to the growth. In particular, the thermal deoxidization
of the substrate could result in a Ga-rich surface, and facili-
tate the formation of an interfacial material compound such
as Ga2Se3 . This interfacial material compound is respon-
sible for the degradation of the deposited ZnSe layer since it
has a lattice parameter about 5% smaller than those of GaAs
and ZnSe. Due to these problems, we have paid particular
attention, in a previous study, on the substrate processing in
order to improve the structural quality of the ZnSe layers
grown onto~100! GaAs.15 The structures studied in this pa-
per were grown using an ASM OMR 12 low-pressure
MOVPE equipment, with a classical horizontal reactor. The
overall growth pressure was set to 40 Torr for all the experi-
ments. We have used H2Se, triethylamine:dimethylzinc ad-
duct ~TEA:DMZn! and dimethylcadmium~DMCd! as sele-
nium, zinc, and cadmium precursors, respectively. The VI/II
molar ratio was 5:1. The substrates were semi-insulating,
epiready 2-in.~100! GaAs wafers, were loaded into the
growth chamber without any chemical treatment and were
flushed under H2 for 20 min. The substrates were then deoxi-
dized under H2 flow for 10 min at 450 °C. After cooling to
the growth temperature (Tg5300 °C!, the substrate was ex-
posed for 20 s to the zinc precursor alone. This treatment has
already proven to improve the structural quality of pseudo-
morphic ZnSe layers.15 This optimized interface configura-
tion gives a 1.3-eV valence-band offset at the GaAs-ZnSe
interface16 while a selenium predeposit would give a 0.6-eV
value. The latter value is more suitable to the electrical in-
jection but unfortunately leads to rough interfaces. As usual,
the optimization of a device design requires to make a subtle
compromise between electronic properties, structural proper-
ties, and technological issues. From the substrate to the
air, the structure consists of a 7000-Å buffer layer followed
by a 3500-Å-thick ZnxCd12xSe graded layer with a
cadmium composition varying from 0 to 5 %. A 80-Å-thick
Zn0.79Cd0.21Se layer was then deposited, followed by a sec-
ond 3500-Å-thick ZnxCd12xSe graded layer with a cad-
mium content varying from 5 to 0 %. The variation of the

cadmium composition in the graded layers is found linear
from SIMS spectroscopy measurements.

B. Optical properties

The 2-K-photoluminescence spectrum of the structure is
given at the bottom of Fig. 1. The experiments reported in
this section were made using the 325-nm radiation of He-Cd
laser. The 2.53-eV transition corresponds to the radiative ex-
citonic recombination between ground electron and heavy-
hole confined states. At 2.71 and 2.75 eV, the photolumines-
cence structures are associated with the recombination of
excitons, localized at the Zn0.79Cd0.21Se-Zn0.95Cd0.05Se in-
terfaces. We do not know whether both interfaces are equiva-
lent or not regarding the exciton localization. The sharp tran-
sition at 2.75 eV is weakly Stokes-shifted with respect to the
signature of the alloy in the reflectivity spectrum~upper part
of Fig. 1! and in the photoreflectance spectrum~medium part
of Fig. 1!. This transition is nothing else than a band-edge
photoluminescence recombination while the most probable
origin of the 2.71-eV band is a bound exciton recombination.
These recombination lines rapidly disappear when the lattice
temperature increases. A detailed examination of the tem-
perature dependence of the photoluminescence lines is ad-
dressed in Sec. IV in the context of a classical description.
No photoluminescence corresponding to the ZnSe band edge

FIG. 1. 2-K photoluminescence spectrum~bottom of the figure!
taken in the case of an above-barrier excitation condition using the
325-nm radiation of a He-Cd laser. In the middle of the figure is
reported the 2-K photoreflectance data together with the label of the
different structures according to the text. On the top of the figure is
given the high-energy reflectivity spectrum.
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is detected since all the laser intensity is absorbed in the top
graded layer. The reflectivity spectrum reveals a series of
interferences up to 2.7 eV, where some structures are de-
tected. Transitions in the 2.5–2.7-eV energy range are hardly
observed when the spectrum is taken under grazing inci-
dence. Modulated spectroscopy appears to be more suitable
to detect more transitions. At 2.75 eV, we detect a double
structure (;8 meV splitting! that we attribute to heavy- and
light-hole excitons freely propagating in the biaxially com-
pressed Zn0.95Cd0.05Se. The photoreflectance experiment re-
ported in the middle of Fig. 1 reveals a series of derivative
structures corresponding to:~i! transitions in the well,~ii !
transitions in the triangular well~graded zone: from the ZnSe
to the Zn0.95Cd0.05Se alloy!, which detailed study will be
addressed elsewhere,17 and ~iii ! the ZnSe buffer layer. The
assignment of the quantum confined transitions was made
using the envelope-function calculation detailed below. We
note that the potential gradient is extremely small in the
graded regions (;2.103 V cm21 for the conduction band! in
the sample. In the photoreflectance and the reflectance spec-
tra, one can detect a small splitting~13 meV! at the energy of
the ZnSe band gap. This corresponds to a weak biaxial ten-
sion in the ZnSe compound.

III. ELECTRONIC PROPERTIES

A. Envelope function in the context
of a pseudomorphic growth on bulk ZnSe

The envelope functions of the heavy-hole, light-hole, and
electron states have been calculated, taking into account the
interaction between light holes and spin-orbit split-off holes
in the Bir-Pikus part of the valence-band Hamiltonian only.18

kW•pW coupling between conduction and light-hole states was
also neglected due to the large value of the band gap of
ZnSe. Using the ingredients of a former paper devoted to
band offsets and exciton binding energies in quantum
wells,19 we obtain the band lineups displayed in Fig. 2. For
the sake of completeness, the envelope functions are also
given. They were obtained using exponentials in the flat-
band regions and Airy functions in the GRIN regions. The
results of the calculations of the transition energies and over-
lap integrals between envelope functions are given in Table I,
second and third columns. Since the potential gradient is
small in the GRIN region, we have also treated the problem
within the context of a second-order perturbation theory
where the GRIN regions are considered as a perturbation for
a standard square well problem~see columns 4–6 of Table
I!. We note that the discrepancies between the two calcula-
tions are more important as the index of the confined bands
increases, i.e., when the envelope functions of the carriers
spread in the GRIN regions. Table II gives the potential
depths used in the two calculations derived from the param-
eters previously used in Ref. 19. The exciton binding energy
calculated in this previous paper19 remains correct for the
e1hh1 transition due to the strong confinement of bothe1 and
hh1 states. Computing the exciton binding energy when en-
velope functions are developed along Airy functions instead
of simple exponentials presents no difficulty20 but is out of
the scope of this experimental paper. In the ninth column of
Table I are given the experimental transition energies de-
duced from the photoreflectance spectrum. We find good

agreement between theory and experiment to within;5
meV when the exciton binding energy is subtracted from the
theoretical value. These exciton binding energies have been
computed in Ref. 19 using a two-parameter trial function and
a variational approach which include the deformation pro-
duced by the electron density of charge on the light-hole
valence-band lineup. We have found the light-hole binding
energy to be weaker than the heavy-hole one. Subtracting the
experimental transition energy from the calculated band to
band one in the case of the strained GRIN-SCH approxima-
tion ~pseudomorphic growth of all II-VI layers! gives values
of the Rydberg light-hole energy higher than the heavy-hole
one. We attribute this discrepancy to the deviation of the
strain state of the heterostructure from such an idealized situ-
ation. The model for the strain relaxation that we develop in
the next section brings the experiment in better agreement
with the computation. We note that the heavy-hole exciton
binding energy we deduce is, however, smaller than the 1s-
3s splitting. Decreasing slightly the cadmium composition in
the well would give higher heavy-hole-related band-to-band
transition energy. Instead of doing that, we preferred to keep
the nominal value obtained from growth calibration since
such modification lies in the degree of control of the alloy
fluctuation we have in the growth chamber.

B. Calculation model for the influence
of strain relaxation effects

We now try to make an analysis of the optical transitions
taking into account the residual strain in the structure. In-

FIG. 2. Envelope functions and band lineups obtained in the
case of a pseudomorphic growth on the ZnSe buffer.
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deed, due to its large thickness~GRIN-SCH1ZnSe buffer5
14 000 Å!, a partial relaxation necessarily occurs in the sys-
tem. The problem of relaxation has been developed by sev-
eral authors. Among them are Matthews and Blakeslee,21

Matthews,22,23Van der Merve,24 Tatsuokaet al.,25 and Dun-
stanet al.,26 who have proposed different models to calculate
the strain release in lattice-matched epitaxial films. Tersoff’s
model27 describes the strain-relaxation mechanisms in lin-
early graded composition layers. For superlattices and quan-
tum wells, the mechanisms of lattice relaxation are more
complicated due to the presence of several heterointerfaces.
In order to simplify the description of such heterostructures,
Dunstanet al.28 and Wuet al.29 have considered the average
residual strain applied to the total structure. The phenomeno-
logical description used in our calculations is sketched in
Fig. 3. It can be divided into three steps. We assume the
GRIN-SCH to be pseudomorphic to the ZnSe buffer layer,
which is thick enough~7000 Å! to be considered as
relaxed,14 and we calculate the elastic energy stored in the
structure. The first step is to define an equivalent pseudomor-
phic structure with the same elastic energy, the same thick-
ness, but which barriers have a constant lattice mismatch
with the ZnSe buffer~see Fig. 3, step 1!. The second step is
the evaluation of the residual strain after the relaxation

mechanism has occurred. This evaluation is made using Mat-
thews’s description,22,23which imposes the mechanical equi-
librium between the different forces that are applied on a
dislocation. The equilibrium theory gives a good approxima-

TABLE I. Results for the calculation of the electronic transitions using several models. For both the
pseudomorphic~columns 2 and 3! and the partially relaxed~columns 7 and 8! situations, the transition
energies and overlap integrals are calculated using Airy functions in the GRIN regions. For the perturbed
single quantum well, simple exponentials and trigonometric functions are used. The ninth column gives the
experimental values deduced from the photoreflectance spectrum and the tenth column gives the exciton
binding energies used.

Strained SQW SQW1 Relaxed
GRIN-SCH ZnSe/ 2nd-order GRIN-SCH Experiment Exciton
Airy functions ZnCdSe/ perturbations binding

ZnSe energy
Transition Energy Overlap Energy Energy Overlap Energy Overlap Energy~meV!

~meV! ~meV! ~meV! ~meV! ~meV!

e1hh1 2558 0.999 154 2560 2558 0.998 984 2556 0.998 984 253573 29
e2hh2 2632 0.995 989 2639 2633 0.996 828 2630 0.995 115 261573 28
e3hh3 2734 0.904 501 2760 2739 0.976 969 2731 0.885 206 272573 27
e1lh1 2625 0.881 952 2628 2626 0.905 691 2612 0.866 568 260073 30

TABLE II. Potential depths and valence-band splitting in the
Zn0.79Cd0.21Se layer according to the differential models.

Strained GRIN-SCH
~Airy functions!

SQW1
2nd-order

perturbations
Relaxed

GRIN-SCH

Ve ~meV! 146.52 194.14 144.79
Vhh ~meV! 69.73 93.27 70.47
Vlh ~meV! 22.55 27.57 20.34
Splitting
barriers 18.51 4.75
~hh-lh! ~meV!

Splitting
well 65.69 65.69 54.88
~hh-lh! ~meV!

FIG. 3. Sketch of the different steps towards the determination
of the residual strain in the GRIN-SCH. The stress-free lattice pa-
rameter of the different structures are displayed together with the
in-plane strained lattice parameters.~a! and ~b! represent, respec-
tively, the GRIN-SCH and its equivalent structure in a pseudomor-
phic state on the ZnSe buffer.~c! shows the relaxed equivalent
structure which in-plane lattice parameter isaeq

rel and ~d! shows the
relaxed GRIN-SCH with a variable in-plane lattice parameter. Note
that during steps 1 and 2, the structures store the same areal elastic
energy.
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tion of the residual strain for large thicknesses (t.5000
Å!,14 even if it underestimates the critical thickness for a
coherent growth. We will further notice that a large percent-
age of the elastic energy, previously stored in the layers, is
dissipated through the formation of dislocations. The well is
supposed to remain lattice-matched to the barriers during the
relaxation. The third step is the return to linearly graded
layers, considering no losses of the elastic energy~see Fig. 3,
step 3!. We obtain a variable lattice misfit, maximum near
the well where the cadmium composition is 5%, which van-
ishes when the cadmium composition is 0%. We now detail
the different calculations.

1. First step: calculation of the elastic strain energy in the
pseudomorphic GRIN-SCH and calculation of the constant misfit

in the equivalent pseudomorphic structure

In the case of a pseudomorphic growth, the elastic strain
energy per unit areaEel stored in an ungraded layer lattice-
matched to a substrate is21

Eel52m
11n

12n
f 2t5Kf 2t, ~1!

where f , n, m, and t are, respectively, the lattice mismatch
between the layer and the substrate, the Poisson ratio, the
shear modulus, and the thickness of the epitaxial layer. For
the studied structure, which cadmium compositions vary be-
tween 0 and 21 %, we consider that the elastic constants of
the epitaxial layers are the same than the ones of ZnSe:
C11585 GPa andC12550.2 GPa.30 This allows us to calcu-
late n5C12/(C111C12) and m5(C112C12)/2 and gives
simpler mathematical formulas. Then, the expression ofEel
will be

Eel52m
11n

12nE0
t

f 2~h!dh5KE
0

t

f 2~h!dh, ~2!

where f (h) is the misfit between the graded ZnxCd12xSe
layer and the ZnSe buffer layer andh the distance to the
ZnSe buffer layer. The variation of the lattice parameter
aZnxCd12xSe
0 with the distanceh is displayed in Fig. 3. Three

zones have to be distinguished in the structure. In the graded
zones which we call the first and the third zones, the cad-
mium composition, respectively, increases linearly from 0 up
to 5 % and decreases linearly from 5 down to 0 % withh. In
these zones, the stress-free lattice parameteraZnxCd12xSe

0 also

increases and decreases linearly withh. In the second zone,
which corresponds to the square quantum well, the cadmium
composition remains constant and equals 21%. The stress-
free lattice parameter is also constant in this zone. We now
write

aZnxCd12xSe
0 ~h!5a1h1b1 ~zone 1!, ~3a!

aZnxCd12xSe
0 ~h!5a ZnxCd12xSe~21%! ~zone 2!, ~3b!

aZnxCd12xSe
0 ~h!5a3h1b3 ~zone 3!. ~3c!

The constantsa1 , b1 , a3 , andb3 can be obtained by el-
ementary mathematical calculations. The lattice mismatch is
defined as follows:21

f5
asubstrate2alayer

0

a layer
0 , ~4!

whereasubtrate5aZnSe
0 andalayer

0 5aZnxCd12xSe
0 (h). The lattice

mismatch in the three zones becomes

f 1~h!5
aZnSe
0 2a1h2b1

a1h1b1
, ~5a!

f 25
aZnSe
0 2aZnxCd12xSe~21%!

0

aZnxCd12xSe~21%!
0 , ~5b!

f 3~h!5
aZnSe
0 2a3h2b3

a3h1b3
, ~5c!

where the indices 1, 2, and 3 are, respectively, related to the
zones 1, 2, and 3. Using Eq.~2!, the calculation of the elastic
energy per unit areaEel

G stored in the GRIN-SCH, in the case
of a pseudomorphic growth, leads to

Eel
G5(

i51

3

Eel
G,i5E el

G,11Eel
G,21Eel

G,3 , ~6!

wherei represents the index of the zone, with

Eel
G,15KE

0

h1
f 1
2~h!dh5KF ~aZnSe

0 !2

a1
S 1b1

2
1

a1h11b1
D

22
a ZnSe
0

a1
lnS a1h11b1

b1
D 1h1G , ~7a!

Eel
G,25KE

h1

h2
f 2
2dh5Kf 2

2~h22h1!, ~7b!

Eel
G,25KE

h2

h3
f 3
2~h!dh5KF ~aZnSe

0 !2

a3
S 1

a3h21b3

2
1

a3h31b3
D 22

aZnSe
0

a3
lnS a3h31b3

a3h21b3
D 1h32h2G ,

~7c!

whereh1 , h2 , andh3 are defined in Fig. 3. Some conditions
on the constantsa1 , b1 , a3 , andb3 can simplify the ex-
pression of the total elastic energy. Indeed, since the cad-
mium composition 0% at the beginning of zone 1 and at the
end of zone 3, one can easily find that

b15aZnSe
0 ~8a!

as well as

a3h31b35aZnSe
0 ~8b!

Regardless of their orientation, the two graded layers present
an identical distribution of the cadmium composition, which
leads to

a352a1 . ~8c!
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Introducing relations~8a!–~8c! into expressions~7a! and~7c!
shows that the two graded layers store the same elastic en-
ergy:Eel

G,15Eel
G,3 . Equation~6! becomes

Eel
G52KF ~aZnSe

0 !2

a1
S 1

aZnSe
0 2

1

a1h11aZnSe
0 D

22
aZnSe
0

a1
lnS a1h11a ZnSe

0

aZnSe
0 D 1h1G1Kf 2

2~h22h1!.

~9!

A plot of the elastic energyEel
G(h) stored in the GRIN-SCH

with distanceh is displayed in Fig. 4. We now define the
equivalent pseudomorphic structure with the same thickness
but a constant lattice mismatch with the ZnSe buffer in the
barriers~zones 1 and 3!. The conservation of the areal elastic
energy imposes:

Eel
G5Eel

eq ~10!

with

Eel
eq5(

i51

3

Eel
eq,i5Eel

eq,11Eel
eq,21Eel

eq,3, ~11!

where

Eel
eq,15Kf eq

2 ~h120!, ~12a!

Eel
eq,25Kf 2

2~h22h1!, ~12b!

Eel
eq,35Kf eq

2 ~h32h2!, ~12c!

and

f eq5
aZnSe
0 2aeq

0

a eq
0 , ~13!

whereaeq
0 is the stress-free lattice parameter of the equivalent

structure in zones 1 and 3. Using Eq.~9! together with rela-
tions~12a!–~12c!, we findu f equ50.208% andaeq

0 55.6794 Å.
We have defined an equivalent pseudomorphic structure to
our GRIN-SCH which stores the same elastic energy per unit
area:E el

eq5Eel
G50.364 J/m2. The plot of the variation of the

elastic energyEel
eq stored in the equivalent structure versush

is displayed in Fig. 4. This equivalence allows us to evaluate
the residual strain in the structure.

2. Second step: mechanism of relaxation and average residual
strain

We now take into account the partial relaxation of the
structure. After the relaxation occurred, the equivalent struc-
ture no longer remains lattice-matched to the ZnSe buffer
and has now a constant in-plane lattice parametera eq

rel

ÞaZnSe
0 . The following calculation allows us to determine

aeq
rel . Let «b and «w be the strain in the barriers and in the
well, respectively. The elastic strain energy in the different
zones when the relaxation occurs is

Eel,rel
eq,15K«b

2~h120!, ~14a!

Eel,rel
eq,25K«w

2 ~h22h1!, ~14b!

Eel, rel
eq,3 5K«b

2~h32h2!. ~14c!

Under the assumption that the well is thin enough~80 Å! to
remain lattice-matched to the barriers, we write
«w
25«b

21«2 and Eq.~14b! becomes

Eel, rel
eq,2 5K«b

2~h22h1!1K«2~h22h1!, ~15!

where the termK«2(h22h1) represents the excess of elastic
energy stored in the well which is not transformed into plas-
tic energy when the mechanism of relaxation occurs. The
total elastic energy stored in the structure, which leads to
relaxation, is then

Eel, rel
eq 5K«b

2~h320!1K«2~h22h1!. ~16!

The plastic energy stored in a pure edge dislocation is31

Ed5
mb

2p~12n!
~ u f equ2u«bu!lnS aR

b D . ~17!

Due to the small lattice mismatch, 60° mixed type disloca-
tions ~the dislocation line makes au560° angle with its
Burger vector! are assumed to be in dominating density31–33

and the plastic energyEd stored in the dislocation line will
be a factor 2(12ncos2u) larger:31

FIG. 4. Plots of the amount of areal elastic energy stored in the
pseudomorphic GRIN-SCH~bold line! and in the pseudomorphic
equivalent structure~full line!. Note that at the interfacesh1 , h2 ,
and at the surface of the structure (h3), the elastic energy stored is
the same.
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Ed5
mb

p~12n!
~ u f equ2u«bu!~12ncos2u! lnS aR

b D , ~18!

whereb, a, R, u f equ, and u«bu are, respectively, the magni-
tude of the Burger vector, the core parameter, the screening
distance of the dislocations, the lattice mismatch between the
ZnSe buffer layer and the equivalent structure@defined by
Eq. ~13!#, and the elastic strain in the barriers. The equilib-
rium of the forces that are applied to a dislocation is given by
the general condition

S d~Ed1Eel , rel
eq !

d«b
D

«b5«*
50, ~19!

where«* is the absolute value of the residual strain in the
barriers.

The derivation of Eqs.~16! and ~18! together with the
equilibrium condition~19! leads to

«*5
b~12ncos2u!

4p~11n!h3
lnS aR

b D . ~20!

The core parametera is taken equal to 4 for most
semiconductors.31,34Since 60° dislocations are assumed, the
magnitude of the Burger vector isb5^a0&/2@110#>4 Å,
where^a0& is an average value of the lattice parameter in the
layer. Considering that the dislocations are interacting, we
takeR5b/2(u f equ2u«* u) ~Ref. 31! and Eq.~20! becomes

«*5
b~12n cos2u!

4p~11n!h3
lnS a

2~ u f equ2«* ! D . ~21!

The calculation gives«*50.02%. This value is the absolute
value of the residual strain in the equivalent structure. The
residual strain in the barriers is given by«b52«* ~the ma-
terials being under a compressive stress! and we deduce the
lattice parameteraeq

rel from the following relation:

«b5
aeq
rel2aeq

0

aeq
0 . ~22!

We findaeq
rel55.6782 Å, which is very close to the stress-free

lattice parameter of the equivalent structure (aeq
0 55.6794 Å!.

We have obtained an approximation of the lattice parameter
of the relaxed structure. The next step in the description will
be to return to graded layers considering that the strain elas-
tic energy is conserved~see Fig. 3, step 3!.

3. Calculation of the lattice parameter of the relaxed
GRIN-SCH

Since the stress-free lattice parameter in the graded layers
is linearly increasing withh in zone 1 and linearly decreas-
ing with h in zone 3, we now evaluate the real lattice param-
eter assuming it is also linearly increasing withh in zone 1
and linearly decreasing withh in zone 3. The elastic energy
Eel,rel
eq stored in the equivalent structure after relaxation can

be expressed as

Eel,rel
eq 5K«b

2~h120!1K«w
2 ~h22h1!1K«b

2~h32h2!,
~23!

where«b is given by Eq.~22! and«w is defined as

«w5
aeq
rel2aZnx Cd12xSe~21%!

0

aZnx Cd12xSe~21%!
0 . ~24!

In the graded structure, the energyEel, rel
eq should be expressed

as

Eel, rel
G 5KE

0

h1
«1,rel
2 ~h!dh1KE

h1

h2
«2,rel
2 dh

1KE
h2

h3
«3,rel
2 ~h!dh, ~25!

where«1,rel, «2, rel, and«3,rel are, respectively, the residual
strains in zones 1, 2, and 3. The lattice parameter is defined
as

aZnxCd12xSe
rel ~h!5a18h1b18 ~zone 1!, ~26a!

aZnxCd12xSe
rel ~h!5aZnxCd12xSe

rel ~h5h1!

5aZnxCd12xSe~21%!
rel ~zone 2!, ~26b!

aZnxCd12xSe
rel ~h!5a38h1b38 ~zone 3!, ~26c!

and the residual strains become

«1,rel~h!5
a18h1b182a1h2b1

a1h1b1
~zone 1!, ~27a!

«2,rel5
aZnxCd12xSe~21%!
rel 2aZnxCd12xSe~21%!

0

aZnxCd12xSe~21%!
0 ~zone 2!,

~27b!

«3,rel~h!5
a38h1b382a3h2b3

a3h1b3
~zone 3!. ~27c!

These expressions can be simplified considering that no
stress remains at the edges of the barriers, i.e., when the
cadmium composition is 0%. Thus, we have

aZnxCd12xSe
rel ~0!5aZnxCd12xSe

0 ~0!5aZnSe
0 5b15b18 . ~28!

In Sec. III B 1, we have assumed that the gradient of the
stress-free lattice parameter with the distanceh in the graded
regions were equal in absolute value. We now make the same
assumption for the in-plane lattice parameter, leading to the
relation

a3852a18 . ~29!

The relations~28! and ~29! impose that the two graded bar-
riers store the same residual elastic energy:

KE
0

h1
«1,rel
2 ~h!dh5KE

h2

h3
«3,rel
2 ~h!dh. ~30!

The total elastic energy becomes

Eel, rel
G 52KE

0

h1
«1, rel
2 ~h!dh1KE

h1

h2
«2, rel
2 dh. ~31!

Integrating Eq.~31! leads to the expression
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Eel, rel
G 52K~a182a1!

2hF2
1

a1

h1
2

a1h11b1
1

2

a1
2h1ln~a1h1

1b1!2
2

a1
3 ~a1h11b1!ln~a1h11b1!12

h1
a1
2

1
2

a1
3b1ln~b1!G1K«2,rel

2 ~h22h1!. ~32!

The parameters a18 and «2,rel both depend on
aZnxCd12xSe(21%)
rel , which is the only unknown parameter. The

conservation of the elastic energy is obtained by equalizing
Eqs. ~23! and ~32!. We easily findaZnx Cd12xSe(21%)

rel 55.6829

Å and deduce the slopesa18 anda38 . We have then obtained
an evaluation of the residual strain in the structure. Table II,
columns 7 and 8, gives the potential depths and valence-band
splittings calculated with this model. The experimental
valence-band splitting in the region of the barriers close to
the well, deduced from the reflectivity spectrum, is 8 meV.
Using our model, we obtain a splitting equal to 4.75 meV,
which is in fairly good agreement with the experimental
value. The difference can be explained by several effects
neglected in the previous calculations:~i! the elastic con-
stantsCi j of the structure were taken equal to the ones of
ZnSe in order to simplify the mathematical formulas,~ii ! the
coefficients of thermal expansion have no influence in our
model, and~iii ! the approximation of a linear misfit in the
graded zones, made in step 3, is hypothetical. All these ef-
fects show the difficulty in modeling the strain state of het-
erostructures, in particular if they have such a complicated
architecture.

IV. TEMPERATURE DEPENDENCE OF THE
PHOTOLUMINESCENCE SPECTRA

A. Introduction

We now aim to study the temperature dependence of the
photoluminescence lines. Experiments were made between 2
and 220 K under a thermoregulated flux of helium. In order
to elucidate in detail the mechanisms which rule the photo-
luminescence, we performed these experiments with two dif-
ferent sources of excitation. We first used the 465.8-nm line
~2.661 eV! of an argon laser which directly photogenerates
the carriers into the Zn0.79Cd0.21Se well, the barriers being
transparent for this photon energy. The same experiments
were performed with the 325-nm line~3.814 eV! of a He-Cd
laser which photogenerates the electron-hole pairs in the up-
per ZnxCd12xSe graded layer. The temperature dependence
of the photoluminescence~PL! lines is shown in Fig. 5 for
both direct and indirect excitation. The PL integrated inten-
sities of the emission lines are plotted in Figs. 6 and 7 for
direct and indirect excitation, respectively. In the case of a
direct excitation, the PL integrated intensity of the well line
rapidly decreases to become undetectable beyond 140 K. In
the case of an indirect excitation, the two high-energy PL
lines rapidly decrease from 2 to 50 K. On the other hand, the
PL integrated intensity of the well exhibits an increase in the
same temperature range, followed by a decrease similar to
the one observed in the case of the direct excitation. Whether
the excitation is direct or indirect, both experiments show a

strong thermal quenching of the PL lines due to an increase
of the influence of the nonradiative channels. Two origins of
the nonradiative recombinations have been proposed so far.
Hillmer et al.35 and Krahlet al.36 suggested that it occurs
through defects localized at the heterointerfaces. Other
authors37–41 considered that thermal escape from the quan-
tum well to the barriers is the main nonradiative process and
is therefore responsible for the thermal quenching of the PL
integrated intensities. We believe that these two mechanisms
occur simultaneously. Indeed, during the mechanism of ther-
mal escape, the free carriers require sufficient energy to cross
the barriers, which is only provided at high temperatures
(.70 K!. The thermal escape process cannot explain alone
the thermal quenching of the PL lines at intermediate tem-
peratures~10–70 K!. On the other hand, the nonradiative
recombinations through defects localized at the heterointer-
faces require less energy and can therefore explain the ther-
mal quenching in the intermediate temperature range. These
assumptions suggest the model shown in Fig. 8, which de-
scribes the mechanisms of recombination under direct and
indirect excitations, taking into account the two processes.

B. Theoretical description of the thermal quenching

The model described in Fig. 8 differs from the model of
Botha and Leitch,37 Veninget al.,38 and Lambkinet al.39 be-
cause it includes the contribution of the nonradiative recom-
binations through defects localized in the well. These authors
assume this kind of nonradiative recombinations have a

FIG. 5. Evolution of the different photoluminescence lines as a
function of the temperature under direct and indirect excitations.
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weak influence on the experimental data which are domi-
nated by radiative recombination processes. In other words,
these authors consider that they only have a slight influence
on the thermal quenching. In the case of a direct excitation of
the well @our description is exposed in Fig. 8~a!#, the system
can be described, under steady-state conditions, by the fol-
lowing rate equation:

dm

dt
5Pd2m~Rw1Rw8 1Ue2Et /kT!50, ~33!

wherem, Pd , Rw , Rw8 , andUe
2Et /kT are, respectively, the

population of electron-hole pairs, the direct excitation rate,
the radiative recombination rate in the well, the nonradiative
recombination rate in the well, and the detrapping rate. The
activation energyEt rules the mechanism of detrapping.
Equation ~33! can be easily solved and gives for the PL
integrated intensity from the well:

I w5mRw5
Pd

11Rw8 /Rw1U/Rw exp~2Et /kT!
. ~34!

U andRw8 are expected to increase with temperature. Follow-
ing the arguments developed in Refs. 37–39, we next assume
a linear dependence for them:U}Rw8 }T. The radiative re-
combination rate is expected to decrease with temperature. In
particular, some theoretical calculations42–44and experimen-

tal measurements of the radiative lifetime45 established a re-
lation similar toRw}T21 in a large part of the range of these
experiments. Assuming U5U0T, Rw8 5Rwo8 T, and
Rw5Rwo /T, Eq. ~34! becomes

I w5
Pd

11Rwo8 /RwoT
21U0 /RwoT

2exp~2Et /kT!
. ~35!

Rwo8 /RwoT
2 is the dominant thermal quenching term at inter-

mediate temperatures~10–70 K! whereas the term
U0 /RwoT

2e2Et /kT is influential only above 70 K. The varia-
tion of these two terms with temperature is displayed on the
bottom of Fig. 9, where the full line and the dotted line
represent, respectively, the ratiosRwo8 /RwoT

2 and
U0 /RwoT

2e2Et /kT. A fit to the experimental data, made us-
ing Eq. ~35!, is shown in Fig. 6. The inset presents the
Arrhenius plot of the PL integrated intensity. The activation
energy for the mechanism of thermal escape is found closed
to 50 meV with some uncertainty, which will be discussed in
Sec. IV C.

Under an indirect excitation, we assume that the majority
of the carriers are photogenerated in the barriers. Indeed,
using a uniform absorption coefficient in the barriers which
is approximately 105 cm21 in ZnSe,46 97% of the intensity is
absorbed within the 3500-Å-thick first barrier. Although al-
most no carriers are photogenerated inside the well, a strong

FIG. 6. Evolution of the experimental PL integrated intensity of
the well (j) as a function of the temperature, under a direct exci-
tation with the 465.8-nm radiation of an argon laser. The inset
shows the Arrhenius plot of the integrated intensity which gives a
thermal escape activation energy of about 50 meV. The experimen-
tal values are fitted with Eq.~36! ~full line!.

FIG. 7. Evolution of the PL integrated intensity of the well
(j) and the barriers (d) as a function of the temperature, under an
indirect excitation with the 325-nm radiation of a He-Cd laser. The
experimental values are fitted with Eqs.~40! and ~41! ~full lines!.

4716 53L. AIGOUY et al.



photoluminescence line emerges from it. This important in-
tensity is explained by a ballistic transport of the carriers
from the barriers to the well which lasts only a few
picoseconds.47–50Before the carriers recombine in the barri-
ers, they are immediately transferred efficiently towards the
well. The integrated intensity of the well’s photolumines-
cence line exhibits an increase between 10–50 K. This in-
crease can be explained by several phenomena. Reihlen
et al.,47 Christenet al.,49 and Göbel et al.50 attribute part of
this increase to an enhancement of the radiative recombina-
tion rate due to carrier localization in the well. Jianget al.51

observed a low-temperature increase of the PL integrated
intensity in GaAs/GaxAl 12xAs quantum wells. They inter-
pret this phenomenon by the diffusion of the carriers. Fol-
lowing them, the diffusion rate from the barriers to the well
increases with temperature and induces an enhancement of
the carrier collection in the well where they recombine ra-
diatively. Since we do not know how big the influence of the
temperature is on the radiative recombination rate, we next
consider in this paper that the diffusion is responsible for this
increase. The model of Botha and Leitch,37 Vening et al.,38

and Lambkinet al.39 can be modified by adding the diffusion
mechanism which they have neglected@see Fig. 8~b!#. To
simplify the calculations, we consider that the carriers are

trapped by a unique level in the barriers, although we have
two radiative recombination centers. We justify this assump-
tion considering that the two high-energy photoluminescence
lines have the same temperature dependence. The rate equa-
tions, under steady-state conditions, can now be expressed as

dm

dt
5B1Jd1nU2m~Rw1Rw8 1Ue2Et /kT!50, ~36!

dn

dt
5Pb1mUe2Et /kT2n~Rb1Rb81U !50, ~37!

wherem and n are, respectively, the electron-hole popula-
tions trapped on the levels in the well and the barriers.Rb

(Rw) and Rb8 (Rw8 ) are, respectively, the radiative and the
nonradiative recombination rates for the barrier’s level
~well’s level!. We assume the temperature dependences of

FIG. 8. Sketch of the models employed to describe the thermal
quenching of the photoluminescence lines. The boxes represent the
different levels in the barrier and in the well with a respective
carrier populationn andm. The radiative recombination channels
areRw andRb . The nonradiative recombination channels areRw8
andRb8 . The trapping and detrapping rates are, respectively,U and
Ue(2Et /kT). The diffusion, the photogeneration, and the ballistic
transfer rates are, respectively,Jd , Pb , andB in the case of an
indirect excitation.

FIG. 9. ~Top! Ratio between the transfer rate and the radiative
recombination rate in the barriers which shows that the transfer is
important only above 20 K.~Bottom! Ratio between the nonradia-
tive recombination rate on interfacial defects and the radiative re-
combination rate in the well~full line! and ratio between the ther-
mal escape rate and the radiative recombination rate in the well
~dotted line!. The mechanism of thermal escape overruns the
mechanism of nonradiative recombination on interfacial defects
only above 70 K.
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Rb , Rw , Rb8 , andRw8 to be identical to the temperature de-
pendence we took forRw andRw8 under a direct excitation:

Rw8 5Rwo8 T, ~38a!

Rw5Rwo /T, ~38b!

Rb85Rbo8 T, ~38c!

Rb5Rbo /T. ~38d!

The transfer rateU is also temperature dependent and is
given byU5U0T, like under the direct excitation condition.
Pb is the generation rate of the carriers that are trapped on
the barrier’s level,B is the ballistic transfer rate from the
barriers to the well, which is supposed to be temperature
independent, andJd represents the rate of the carriers which
are not ballistically transferred but which diffuse into the
well without being trapped by in the barriers. From the rate
equations~36! and ~37!, we extract the PL integrated inten-
sities from the well and the barriers:

I w5
B1Jd1PbC1

11Rwo8 /RwoT
21U0 /RwoT

2e~2Et /kT!C2
, ~39!

I b5
Pb1~Jd1B!C3

11Rbo8 /RboT
21U0 /RboT

2C4
, ~40!

where the termsCi can be expressed with the expressions of
the relations~38!:

C15
1

11Rbo /~UoT
2!1Rbo8 /Uo

, ~41a!

C25
Rbo /~UoT

2!1Rbo8 /Uo

11Rbo /~UoT
2!1Rbo8 /Uo

, ~41b!

C35
Uo /RwoT

2e~2Et /kT!

11Rwo8 /RwoT
21Uo /RwoT

2e~2Et /kT! , ~41c!

C45
11Rwo8 /RwoT

2

11Rwo8 /RwoT
21Uo /RwoT

2e~2Et /kT! . ~41d!

The diffusion rateJd is temperature dependent and can be
calculated by a classical model for basic transport equations.
Taking into account the electric fieldE due to the graded
barriers, the carrier’s distribution is given, under steady-state
conditions, by the continuity equation:52

]Dp

]t
5D

]2Dp

]x2
2mE

]Dp

]x
2

Dp

t
1Fe2ax50, ~42!

whereDp, D, m, E, t, andx are, respectively, the excess
minority carrier concentration, the diffusion coefficient, the
mobility of the minority carriers, the electric field in the bar-
riers ~equal to 50 000 V m21 for the holes!, the lifetime of
the carriers in the barriers, and the distance to the surface.
The termFe2ax is the generation rate which depends on the
distancex from the surface, on the absorption coefficient
a, and on a constantF, which characterizes the excitation
power. Considering that no electron-hole pairs are created at

a large distance from the surface and assuming that the sur-
face recombination is negligible, we have the following ini-
tial conditions:

Dp~}!50, ~43a!

grad@Dp~x!#x5050. ~43b!

The solution for Eq.~42! with the conditions~43a! and~43b!
is

Dp~x!5KF a

r 2
er2x1e2axG , ~44!

whereK and r 2 are given by

K5
2F

a21amE/D21/tD
, ~45a!

r 25
mE

2D
2F S mE

2D D 21 1

tDG1/2. ~45b!

Assuming that the carrier concentration in the absence of
photoexcitation is weak compared to the density of the car-
riers photogenerated, we haveDp(x)5p(x) and the diffu-
sion rate is given by

Jd5mp~d!E2Dgrad@p~x!#x5d . ~46!

The diffusion coefficientD is given by Einstein’s equation:
D5mkT/q, wherem, k, T, andq are, respectively, the mi-
nority carrier mobility, the Boltzmann constant, the tempera-
ture, and the elementary charge. In our approximation, we
will extrapolatem to 7 cm2/V s at 2 K.53 The variation of the
mobility at high temperatures is not considered here since the
mobility only appears in the diffusion rate which affects the
photoluminescence mechanism in the low-temperature range
only. The lifetime of the carriers in the barrierst can be
expressed with the nonradiative and radiative recombination
ratesRb8 andRb in the barriers:

t5
1

Rb1Rb8
5

1

Rbo~1/T1Rbo8 /RboT!
. ~47!

We now have for the expression of the diffusion coefficient:

Jd5mEKS a

r 2
er2d1e2adD2DKa~er2d2e2ad!. ~48!

Using the expressions~39! and ~40! together with the rela-
tions ~41!, ~47!, and ~48!, we are able to fit the photolumi-
nescence integrated intensities from the well and the barriers.
The ratiosRwo8 /Rwo andUo /Rwo as well as the activation
energy of the detrapping mechanismEt have already been
determined by the fit in the case of a direct excitation. In this
case of an indirect excitation, we impose them to remain the
same. Equations~39! and ~40! allow us to determine the
ratiosUo /Rbo andUo /Rbo8 and the parameterPb by fitting
the PL intensity of the barriers. The diffusion termJd as well
as the ballistic transport termB are negligible in Eq.~40! and
can only be determined by the fit of the PL integrated inten-
sity of the well with Eq.~39!. The results are discussed in the
next section.
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C. Discussion

The study of the temperature dependence of the PL inte-
grated intensity in the case of a direct excitation of the well
allows the determination of the activation energy for the
mechanism of thermal escape. This activation energy is
found around 50 meV. Nevertheless, a change of 20% in this
energy can be largely compensated by a change in the ratio
Uo /Rwo . Activation energies for thermal escape are gener-
ally found equal to the difference between the barrier band-
gap energy and the photoluminescence energy line38 which is
in our case approximately equal to 200 meV and disagrees
with our experimental value. However, our value~50 meV!
corresponds approximately to the barrier height for the heavy
holes~70 meV! reduced of their first confinement energy~8
meV!. This observation seems to show that the thermal
quenching of the photoluminescence integrated intensity is
preferentially directed by the escape of the heavy holes
@which are the minority carriers since~Zn,Cd!Se compounds
always display a nonintentional residualn-type doping#.
Very few temperature-dependence studies have been
done on ZnxCd12xSe/ZnSe quantum wells. Lozykowski
and Shastri46 performed a photoluminescence study of a
Zn0.86Cd0.14Se/ZnSe quantum well. They considered the ther-
mal quenching with two activation energies, attributing the
lower one~17.8 meV! to the dissociation of the excitons, and
the higher one~37.7 meV! to nonradiative recombinations
via an unknown channel. Extrapolating their value of 14%
cadmium concentration to our 21%, their value of 37.7 meV
would increase up to our value of 50 meV and could corre-
spond to the activation energy of the mechanism of thermal
escape for heavy holes. The temperature dependence of the
two nonradiative recombination channels~recombination on
the interfacial defects and thermal escape! are displayed in
the lower part of Fig. 9. As it was previously assumed in
Secs. IV A and IV B, the nonradiative recombination rate on
interfacial defects~full line in Fig. 9! is much more impor-
tant at low temperature than the mechanism of thermal es-
cape~dotted line in Fig. 9!. This is the direct evidence that
the mechanism of thermal escape significantly affects the
photoluminescence thermal quenching only above 70 K. Un-
der an indirect excitation, the study is becoming complicated
by the mechanism of diffusion. The fits of the PL integrated
intensities of the well and the barriers have to be performed
simultaneously, taking into account the fitting values of the
PL integrated intensity of the well under a direct excitation.
The thermal quenching of the barrier’s photoluminescence
line is ruled by the ratios U/Rb5UoT

2/Rbo and
U/Rb85Uo /Rbo8 , which are, respectively, found equal to
0.0025 and 5.1 at 1 K by the fit. The plot of the ratio
UoT

2/Rbo is displayed in the upper part of Fig. 9. At very
low temperature, the transfer rateU is negligible compared
to the radiative recombination rate of the barriersRb . As it
can be seen in the upper part of Fig. 9, this ratio is equal to
1 around 20 K, showing that the transfer becomes relatively
efficient compared to the radiative recombination rate of the
barriers only beyond 20 K. The value of the radiative recom-
bination rateRb is found equal to 9 Ghz at 2 K, which is
equivalent to a radiative lifetime of 110 ps at 2 K and is in
fairly good agreement with the data taken in MBE-grown
samples.54 The changes of the parameters which define the

diffusion rate do not influence the shape of the line fit of the
barrier’s PL integrated intensity. On the other hand, in the
case of the well’s PL integrated intensity, the low-
temperature behavior~0–5 K! depends on the ballistic trans-
fer termB, on Jd , which characterizes the diffusion, and on
the ratiosUo /Rbo andUo /Rbo8 . The relative importance of
the diffusion and the ballistic transfer rates as a function of
the temperature is displayed on the bottom of Fig. 10. The
PL integrated intensity from the well is displayed in the up-
per part of Fig. 10 considering~i! both the diffusion and the
ballistic transfer rates and~ii ! the ballistic transfer rate only.
The increase of the PL integrated intensity from the well
cannot be described by the ballistic transfer rate only. There-
fore, we have evidence that the mechanism of diffusion is
responsible for the low-temperature behavior. We have to
note that the electric field in the graded barriers has a great
influence on the diffusion rate at low temperatures. Authors
such as Pollandet al.55 showed that the electric field could
improve the carrier collection in the well by about 60%.

V. CONCLUSION

We have reported a spectroscopical study of MOVPE-
grown graded-index separate-confinement heterostructures

FIG. 10. ~Bottom! Relative importance of the ballistic transfer
and the diffusion rates as a function of the temperature.~Top! In-
fluence of the mechanism of diffusion on the photoluminescence
integrated intensity of the well. The temperature-induced increase
of the diffusion rate provokes an enhancement of the intensity in the
well in the low-temperature range.
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based on a ZnxCd12xSe-ZnSe combination. 2 K photoreflec-
tance experiments have been combined with envelope-
function calculations of the three confined conduction- and
valence-band states. We have studied the partial relaxation of
the structure. Regarding the residual strain in the barriers, a
fairly good agreement is obtained between theory and ex-
periment. The mechanisms which rule the temperature de-
pendence of the photoluminescence are studied as a function
of the conditions of excitation~above-barrier and in-well
resonant excitations!. This gives an experimental evidence of
the interfacial nonradiative recombinations which dominate
the quenching in the 10–70-K range while thermal escape of
the minority carriers~holes here! is the dominating nonradi-

ative process above 70 K. The study of the carriers distribu-
tion in the barriers using the continuity equation allowed us
to evaluate the diffusion rate which seems to be responsible
for the low-temperature increase of the photoluminescence
integrated intensity from the well.
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