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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 baseZorCdSe 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 behavior, while keeping the advantages of a quasi-2D sys-
tem, (ii) using separate-confinement heterostructig8sH)

This paper reports on the study of some physical properwhere the optical confinement of the photons is obtained by
ties of graded-index separate-confinement heterostructureepositing a couple of high-index layers at an optimized dis-
(GRIN-SCH grown by metal-organic vapor-phase epitaxytance of the quantum well. Since such an architecture in-
(MOVPE) using selenium-based wide-band-gap II-VI com-volves in general alloy compounds, local potential fluctua-
pounds. This work is strongly motivated by the potentialtions may trap the carriers, thus limiting the efficiency of
applications for solid-state light emitters operating in the up-their injection. For this reason, an alternative design seems to
per energy part of the visible spectrdrithis quite sophisti- be more adequate for both the carrier injection and the pho-
cated design results from a series of prescriptions of quantuton confinement: the graded-index separate-confinement het-
mechanics and electromagnetism theories which, when agrostructure where the cladding layers have simultaneously
plied, should contribute to the optimization of the device ingraded index and band gaps. The carriers are more easily
operatior? Coherent light emitters of the previous generationcollected in the quantum well since they flow down along the
based on double heterostructure architectures were only cograded index slopes surrounding the quantum-well layer.
stituted of a layer of a semiconductor compound having quitéSRIN-SCH lasers operating in the red-infrared region of the
a large refractive indice embedded between two thick layerspectrum based on 1lI-V compounds have been already
of semiconductor compounds with lower refractive indexesealized® The field of blue-green radiation has also been cov-
so that a waveguide is produced for the photons. In twoered in the past few years after thatype doping of ZnSe
dimensional (2D) systems with type-lI band lineups, the by molecular-beam epitaxfMBE) was achieved, raising the
valence- and conduction-band discontinuities between the irpossibility to ensure electrical injection of the carriers in the
ner layer and the two cladding layers may, when suitablyheterostructures grown on GaAs substr4f€kse GRIN-SCH
combined with the geometry, restrict the on-axis extension oérchitecture has advanced with the use of,Mg,_,SSe
the carriers in the vicinity of the inner layer. This leads to aquaternary alloys to impose the photon confinement but
significant enhancement of the carrier concentration comsome difficulties are still encountered which concern both
pared to the laser diodes of the first generation based otie p-type doping of this quaternary and its homogeneous
electrical injection through @-n junction. Some additional synthesis. Alternate solutions are proposed which are em-
advantages of 2D systems have also to be mentioned hebgyonic so far, among which are the homoepitaxy on ZnSe
that contribute to reduce the current or photopump thresholéRef. 6 or InP substrate (with a series of alloys lattice
at which the stimulated emission is produced. Among themmatched to the latter oleor the substitution of magnesium
are, for instance, the increase of the oscillator strength for they manganes® Both n- and p-type doping of ZnSe using
radiative recombination and the decrease of the number dIOVPE (Ref. 9 and gas-source molecular-beam epitaxy
states to be inverted. The amplification of the optical flux is(GSMBE) epitaxy method$''! have been recently claimed
proportional to the optical confinement facttine fraction of as well as the realization of blue light emitting diodes by
photons in the waveguide interacting with the active layeMOVPE!? These methods could thus produce lasers in the
materia). Several options have been proposed to increaseear future. This paper addresses the growth of GRIN-SCH
this gquantity: (i) increasing subtly the well width below its by MOVPE, and the study of their optical properties to
critical value at which we recover a three-dimensiofsi) 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/cm? (Ref. 13 for an excitation
stripe length of 60Qum giving a gain of 220 cm?.

Il. 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
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a partial relaxation of the deposited material when its thick-
ness is greater than the critical thickndss For example,

the lattice mismatch between ZnSe and GaAs is 0.27% and
h. is around 1500 &% On the other hand, most of the struc-
tural defects of the epitaxial layers originate from the
[I-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 GagSe;. This interfacial material compound is respon-
sible for the degradation of the deposited ZnSe layer since it FIG. 1. 2-K photoluminescence spectrbottom of the figure

has a lattice parameter about 5% smaller than those of GaAsken in the case of an above-barrier excitation condition using the
and ZnSe. Due to these problems, we have paid particulad25-nm radiation of a He-Cd laser. In the middle of the figure is
attention, in a previous study, on the substrate processing irported the 2-K photoreflectance data together with the label of the
order to improve the structural quality of the ZnSe layersdifferent structures according to the text. On the top of the figure is
grown onto(100) GaAs®® The structures studied in this pa- given the high-energy reflectivity spectrum.

per were grown using an ASM OMR 12 low-pressure

MOVPE equipment, with a classical horizontal reactor. Th_ecadmium composition in the graded layers is found linear
overall growth pressure was set to 40_Torr _for all th_e eXPeritrom SIMS spectroscopy measurements.

ments. We have used 43e, triethylamine:dimethylzinc ad-
duct (TEA:DMZn) and dimethylcadmiunfDMCd) 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 The 2-K-photoluminescence spectrum of the structure is
growth chamber without any chemical treatment and werdiven at the bottom of Fig. 1. The experiments reported in
flushed under H for 20 min. The substrates were then deoxi- this section were made using the 325-nm radiation of He-Cd
dized under H flow for 10 min at 450 °C. After cooling to laser. The 2.53-eV transition corresponds to the radiative ex-
the growth temperatureT=300 °O, the substrate was ex- citonic recombination between ground electron and heavy-
posed for 20 s to the zinc precursor alone. This treatment hd®le confined states. At 2.71 and 2.75 eV, the photolumines-
already proven to improve the structural quality of pseudo-cence structures are associated with the recombination of
morphic ZnSe layers This optimized interface configura- excitons, localized at the ZydCdg 2:S€-Zny 9<Cdg osS€ in-

tion gives a 1.3-eV valence-band offset at the GaAs-ZnSeerfaces. We do not know whether both interfaces are equiva-
interfacé® while a selenium predeposit would give a 0.6-eV lent or not regarding the exciton localization. The sharp tran-
value. The latter value is more suitable to the electrical insition at 2.75 eV is weakly Stokes-shifted with respect to the
jection but unfortunately leads to rough interfaces. As usualsignature of the alloy in the reflectivity spectruompper part

the optimization of a device design requires to make a subtlef Fig. 1) and in the photoreflectance spectramedium part
compromise between electronic properties, structural propeof Fig. 1). This transition is nothing else than a band-edge
ties, and technological issues. From the substrate to thghotoluminescence recombination while the most probable
air, the structure consists of a 7000-A buffer layer followedorigin of the 2.71-eV band is a bound exciton recombination.
by a 3500-A-thick ZpCd,_,Se graded layer with a These recombination lines rapidly disappear when the lattice
cadmium composition varying from 0 to 5 %. A 80-A-thick temperature increases. A detailed examination of the tem-
Zngy74dg o1Se layer was then deposited, followed by a secperature dependence of the photoluminescence lines is ad-
ond 3500-A-thick ZnCd,_,Se graded layer with a cad- dressed in Sec. IV in the context of a classical description.
mium content varying from 5 to 0 %. The variation of the No photoluminescence corresponding to the ZnSe band edge
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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 Ve = 146.5 meV J
light-hole excitons freely propagating in the biaxially com- \
pressed ZpqoCdg gsSe. The photoreflectance experiment re- /\
ported in the middle of Fig. 1 reveals a series of derivative A A
structures corresponding tdi) transitions in the well(ii)
transitions in the triangular welgraded zone: from the ZnSe

ez

€1

to the Zny osCdgosSe alloy, which detailed study will be GRINSCH
addressed elsewheteand (iii) the ZnSe buffer layer. The ZnCdSe/ZnSe

; : . Eq=2532.6 meV Ly =8 nm
assignment of the quantum confined transitions was made Ly = Lo = 350 nm
using the envelope-function calculation detailed below. We T=2K

note that the potential gradient is extremely small in the
graded regions<{2.1¢° V cm ! for the conduction bandn

the sample. In the photoreflectance and the reflectance spec-
tra, one can detect a small splittit3 me\) at the energy of

the ZnSe band gap. This corresponds to a weak biaxial ten-
sion in the ZnSe compound.

Ill. 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 tt&eé
interaction between light holes and spin-orbit split-off holes

in the Bir-Pikus part of the valence-band Hamiltonian dfly. agreement between theory and experiment to withi6

k-p coupling between conduction and light-hole states wagnev when the exciton binding energy is subtracted from the
also neglected due to the large value of the band gap Gheoretical value. These exciton binding energies have been
ZnSe. Using the ingredients of a former paper devoted t@omputed in Ref. 19 using a two-parameter trial function and
band offsets and exciton binding energies in quantumy yariational approach which include the deformation pro-
wells;~ we obtain the band lineups displayed in Fig. 2. Forq,ced by the electron density of charge on the light-hole
the sake of completeness, the envelope functions are alsgjence-band lineup. We have found the light-hole binding
given. They were obtained using exponentials in the flatenergy to be weaker than the heavy-hole one. Subtracting the
band regions and Airy functions in the GRIN regions. Theeyperimental transition energy from the calculated band to
results of the calculations of the transition energies and ovelyand one in the case of the strained GRIN-SCH approxima-
lap integrals between envelope functions are given in Table kion (pseudomorphic growth of all 1I-VI layeygjives values
secon_d and third coIL_Jmns. Since the potential gradient igf the Rydberg light-hole energy higher than the heavy-hole
small in the GRIN region, we have also treated the problenyne. e attribute this discrepancy to the deviation of the
within the context of a second-order perturbation theorystrain state of the heterostructure from such an idealized situ-
where the GRIN regions are considered as a perturbation fQfijon. The model for the strain relaxation that we develop in
a standard square well problefsee columns 4—6 of Table the next section brings the experiment in better agreement
). We note that the discrepancies between the two calculagjth the computation. We note that the heavy-hole exciton
tions are more important as the index of the confined ba”dﬁinding energy we deduce is, however, smaller than the 1
increases, i.e., when the envelope functions of the carriergs spjitting. Decreasing slightly the cadmium composition in
spread in the GRIN regions. Table Il gives the potentialthe well would give higher heavy-hole-related band-to-band
depths used in the two calculations derived from the paramgansition energy. Instead of doing that, we preferred to keep
eters previously used in Ref. 19. The exciton binding energyne nominal value obtained from growth calibration since

calculated in this previous pap@remains correct for the ~guch modification lies in the degree of control of the alloy
e;hh, transition due to the strong confinement of betrand  f|,ctuation we have in the growth chamber.

hh; states. Computing the exciton binding energy when en-
velope functions are developed along Airy functions instead
of simple exponentials presents no difficéfhput is out of

the scope of this experimental paper. In the ninth column of
Table | are given the experimental transition energies de- We now try to make an analysis of the optical transitions
duced from the photoreflectance spectrum. We find goodiaking into account the residual strain in the structure. In-

FIG. 2. Envelope functions and band lineups obtained in the
se of a pseudomorphic growth on the ZnSe buffer.

B. Calculation model for the influence
of strain relaxation effects
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TABLE |. Results for the calculation of the electronic transitions using several models. For both the
pseudomorphiqcolumns 2 and Band the partially relaxedcolumns 7 and Bsituations, 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 SQW 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 EnergymeV)
(meV) (meV)  (meV) (meV) (meV)
e;hhy 2558 0.999154 2560 2558 0.998984 2556 0.998984 25 29
e,hh, 2632 0.995989 2639 2633 0.996828 2630 0.995115 2®5 28
eshhg 2734 0.904501 2760 2739 0.976969 2731 0.885206 2Z®R5 27
e, lh; 2625 0.881952 2628 2626 0.905691 2612 0.866568 2Z&0 30
deed, due to its large thickne@SRIN-SCH+ZnSe buffer= mechanism has occurred. This evaluation is made using Mat-

14 000 A), a partial relaxation necessarily occurs in the systhews's descriptioR>?which imposes the mechanical equi-
tem. The problem of relaxation has been developed by sevibrium between the different forces that are applied on a
eral authors. Among them are Matthews and Blake%lee, dislocation. The equilibrium theory gives a good approxima-
Matthews?223Van der Merveé®* Tatsuokaet al,?® and Dun-

stanet al,?® who have proposed different models to calculate

the strain release in lattice-matched epitaxial films. Tersoff's In-plane lattice parameter zone1:0 <h<h,

modef’” describes the strain-relaxation mechanisms in lin- — Stress-free lattice parameter
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.

zone2:h,<h<h,

zone3:h,<h<h,

In order to simplify the description of such heterostructures, hy Z"hc;f,‘se o ZnSe he Z"(hid,f © o ZnSe

Dunstaret al2® and Wuet al2® have considered the average 2 ‘ . - b)

residual strain applied to the total structure. The phenomeno- 8 zncases) & e

logical description used in our calculations is sketched in Step

Fig. 3. It can be divided into three steps. We assume the & case ey 8 moaseztny

GRIN-SCH to be pseudomorphic to the ZnSe buffer layer, paameter Stepa  Parameter

which is thick enough(7000 A to be considered as tep

relaxed}’ and we calculate the elastic energy stored in the =~ 008 = ZnCdSe Ve

structure. The first step is to define an equivalent pseudomor- @ == ' —_— —— ©

phic structure with the same elastic energy, the same thick- 8 ncasesw Step 3 1, 'y “

ness, but which barriers have a constant lattice mismatch — t

with the ZnSe buffefsee Fig. 3, step)1The second step is l e 2

the evaluation of the residual strain after the relaxation Lattice Frcdsean ST | atice
parameter parameter

TABLE Il. Potential depths and valence-band splitting in the

" 8 . a) Pseudomorphic GRIN-SCH
Zny 7{C0y 21:Se layer according to the differential models. ) P

b) Equivalent pseudomorphic structure

) SQW+ ¢) Equivalent relaxed structure
Strained GRIN-SCH 2nd-order Relaxed
(Airy function  perturbations GRIN-SCH d) Relaxed GRIN-SCH

Ve (MeV) 146.52 194.14 144.79 ) L

Vi (MeV) 69.73 93.27 20.47 FIG. 3._ Sketch c_nf t_he different steps towards the determ_lnatlon
of the residual strain in the GRIN-SCH. The stress-free lattice pa-

Vin .(rT]e\/) 22.55 2r.57 2034 rameter of the different structures are displayed together with the

Splitting in-plane strained lattice parametets) and (b) represent, respec-

barriers 18.51 4.75 tively, the GRIN-SCH and its equivalent structure in a pseudomor-

(hh-Ih) (meV) phic state on the ZnSe buffefc) shows the relaxed equivalent

Splitting structure which in-plane lattice parametera@%: and (d) shows the

well 65.69 65.69 54.88 relaxed GRIN-SCH with a variable in-plane lattice parameter. Note

(hh-Ih) (meV) 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 thicknesseas>6000
A),** even if it underestimates the critical thickness for a f= 5
coherent growth. We will further notice that a large percent- Alayer
age of the elastic energy, previously stored in the layers, i _ 40 0 _,0 ;
dissipated through the formation of dislocations. The well is%hereasubt.,ate Aznse ANd Aiaye—Azn,cq,_,s{N)- The lattice
supposed to remain lattice-matched to the barriers during thlgnsmatch in the three zones becomes

relaxation. The third step is the return to linearly graded

0
Qsypstrate™ alayer

, 4

0
_ 8zse ath— By

layers, considering no losses of the elastic enésge Fig. 3, f.(h)= (53
. . . . g A 1 h ’
step 3. We obtain a variable lattice misfit, maximum near aith+ By
the well where the cadmium composition is 5%, which van-
ishes_ when the cadmium composition is 0%. We now detail a%se aanCdl_Xqul%)
the different calculations. fo= 0 . (5b)
Azn,Cd, _Se21%)
1. First step: calculation of the elastic strain energy in the
pseudomorphic GRIN-SCH and calculation of the constant misfit agnSe— ash— B3
in the equivalent pseudomorphic structure fa(h)= W' (50

In the case of a pseudomorphic growth, the elastic strain o !
energy per unit are&,, stored in an ungraded layer lattice- where the indices 1, 2, and 3 are, respecpvely, related to the
matched to a substrate?ls zones 1, 2, and 3. Using E), the calculation of the elastic

energy per unit areES} stored in the GRIN-SCH, in the case

1+v , ) of a pseudomorphic growth, leads to
Eo=2u —— f2=Kf2t, (1)
1-v 3
wheref, v, u, andt are, respectively, the lattice mismatch EeG,=21 ES'=ES+ES?+ES?®, (6)
=

between the layer and the substrate, the Poisson ratio, the
shear modulus, and the thickness of the epitaxial layer. FOfherei represents the index of the zone, with
the studied structure, which cadmium compoasitions vary be- '

tween 0 and 21 %, we consider that the elastic constants of hy (a% )% 1 1
the epitaxial layers are the same than the ones of ZnSe: E‘eﬁ'l:Kj f2(hydh=K|—= (——
C1,=85 GPa andC;,=50.2 GP&° This allows us to calcu- 0 ar \Br et 5y
late v=C4,/(C11;+C1p) and u=(Cy;—C19)/2 and gives a° ahy+ B
simpler mathematical formulas. Then, the expressiof 9f —9 Z”S‘in( r1 P +h1}, (79)
will be ay B1
I+v(t, ‘e G.2 "2, 2
Ee|=2,umf0f (h)dh=Kf0f (h)dh, 2 Eq' =th f5dh=Kf5(h,—hy), (7b)
1

where f(h) is the misfit between the graded &d; _,Se

layer and the ZnSe buffer layer ardthe distance to the EG'zszhsfz(h)dth
ZnSe buffer layer. The variation of the lattice parameter —© hy °

a9 ca, se With the distancéh is displayed in Fig. 3. Three

(agnSe)2< 1
azh,+ B3

ag

0
zones have to be distinguished in the structure. In the graded 1 _pznsg <a3h3+'83 +hs— hz},
zones which we call the first and the third zones, the cad- azhz+ B3 as azhy+ B3
mium composition, respectively, increases linearly from 0 up (70

to 5 % and decreases linearly from 5 down to 0 % vhitHn _ o N
these zones, the stress-free lattice pararrﬁ,q;ggdlixs,s also  whereh,, h,, andh; are defined in Fig. 3. Some conditions

increases and decreases linearly within the second zone, on th? con:t?]ntszl, iBll @3 and B3 clar:j sngpllf_y the ﬁx' d
which corresponds to the square quantum well, the cadmijurjréssion of the totao elastic energy. Indeed, since the cad-
composition remains constant and equals 21%. The stres§liUM composition 0% at the beginning of zone 1 and at the

free lattice parameter is also constant in this zone. We nognd ©f Zone 3, one can easily find that

write
B1= agnSe (8a)
0 _
azncd,_ sdh)=ah+p, (zone D, B33 s well as
agnxcdHSe( h)=aznca, ,sa21% (zone 2, (3b) ashs+ B3=aZ,se (8b)
aanCdl,XSe(h): ash+B; (zone 3. (30 Regardless of their orientation, the two graded layers present

an identical distribution of the cadmium composition, which
The constantsy;, 81, a3, and B3 can be obtained by el- leads to
ementary mathematical calculations. The lattice mismatch is
defined as follows?! az=—ay. (80)
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~ Egh=Kfe{h1—0), (129

E 04

2 —— Pseudomorphic GRIN-SCH ES2=Kf2(hy,—hy), (12b

[}

(]

5 0.35 Pseudomorphic equivalent eq,3 2

3 P q q,o— _

"g' ~ structure Eel""=Kfedhs—ho), (129

= and

o 03}

& E%u (h) agnSe_ agq

E L B, (h) fee——0— (13

S 0.25¢ Zone 3: Barrier eq

1 3 ° °

% 3580/ < h < 70804 whereagq is the stress-free lattice parameter of the equivalent
> 0.2 structure in zones 1 and 3. Using E§) together with rela-

o

] Zone 2: Well tions (128—(120), we find|f o =0.208% andi,=5.6794 A.

& 0.151 3500A < h < 3580A We have defined an equivalent pseudomorphic structure to
-% "'7| Zone 1: Barrier E%2, (h)= E*“Z4 () our GRIN-SCH which stores the same elastic energy per unit
s 0<h<3500A ) area:E®J=ES=0.364 J/n?. The plot of the variation of the

% 0.1} E*'a(h) - elastic energyEg] stored in the equivalent structure versgus

2 E* . (h e is displayed in Fig. 4. This equivalence allows us to evaluate
5 (h) —— play g q

@ // the residual strain in the structure.

£ 0.05 s

S // 2. Second step: mechanism of relaxation and average residual
S ol , , ‘ ‘ , , strain

il

2 0 1000 2000 3000 4000 5000 6000 7000 We now take into account the partial relaxation of the
2 structure. After the relaxation occurred, the equivalent struc-
T}

Distance h (A) ture no longer remains lattice-matched to the ZnSe buffer

and has now a constant in-plane lattice paramefég
FIG. 4. Plots of the amount of areal elastic energy stored in the* 3|12n5e- The following Ca|CU|aF|0r_1 allows us to dete'_'mme
pseudomorphic GRIN-SCHbold line) and in the pseudomorphic aey. L€t &, ands,, be the strain in the barriers and in the
equivalent structuréfull line). Note that at the interfacds,, h,, well, respectively. The elastic strain energy in the different

and at the surface of the structufe;), the elastic energy stored is zones when the relaxation occurs is
the same.

Edlhe=Kep(hi—0), (143
Introducing relation$8a)—(8c¢) into expression§7a and(7c)
shows that the two graded layers store the same elastic en- Egﬂ;jz KeZ(h,—h,y), (14b
ergy: ES'=ES?3. Equation(6) becomes

Ecle= Kep(hg—hy). (149
0 2
ES=2K (8znsd 01 _ L 5 j Under the assumption that the well is thin enouga A) to
e a;  \azse aihitazns remain lattice-matched to the barriers, we write

eZ=g2+¢? and Eq.(14b becomes

0 +hy

0 0
aZnSqn< ajhitaznse
1
8znse

+Kf5(h,—hy).

a E&2=Ked(h,—hy)+Ke?(hy—hy), (15)

(9)  where the ternKe?(h,—h;) represents the excess of elastic
) G . energy stored in the well which is not transformed into plas-
A plot of the elastic energ¥g(h) stored in the GRIN-SCH

tic energy when the mechanism of relaxation occurs. The

with distanceh is displayed in Fig. 4. We now define the t4tg| elastic energy stored in the structure, which leads to
equivalent pseudomorphic structure with the same th'Ck”eﬁ%laxation, is then

but a constant lattice mismatch with the ZnSe buffer in the
barriers(zones 1 and )3 The conservation of the areal elastic glq el = Ksﬁ(hg,— 0)+Ke?(h,—hy). (16
energy imposes:

The plastic energy stored in a pure edge dislocatidh is

Eq=Edl (10 o faR 1
with a—mﬁ ed —len))IN| -] 17)
3 Due to the small lattice mismatch, 60° mixed type disloca-
eq_ eqi _ eq,1, -eq,2, eq,3 tions (the dislocation line makes &=60° angle with its
el Zl Eel" =Eal" + B Ear™ (D Burger vectoy are assumed to be in dominating denity”

and the plastic energl s stored in the dislocation line will
where be a factor 2(+ vcos ) larger3?
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ub aR areplql_ agn Cd, _ . Se21%)
Eé\:m(|feq|_|8b|)(1_VCO§6) In<T), (18) Ew= X ZPL=Xx . (24)
whereb, a, R, |f¢{, and|ey| are, respectively, the magni-
tude of the Burger vector, the core parameter, the screenin'é‘
distance of the dislocations, the lattice mismatch between th&%
ZnSe buffer layer and the equivalent struct{idefined by

a0
Zn, Cd, _,Se(21%)

the graded structure, the enetg§ ., should be expressed

Eg. (13)], and the elastic strain in the barriers. The equilib- =4 rel:thlgire,(h)dmthzggyreph
rium of the forces that are applied to a dislocation is given by 0 hs
the general condition hg
+th €5 o(h)dh, (25)
2

-0, (19

sbzs*

(d(E5+ Eol rel))

dep wheree; ), €2, e, aNdeg o are, respectively, the residual

) ) o strains in zones 1, 2, and 3. The lattice parameter is defined
wheree* is the absolute value of the residual strain in thegg

barriers.
The derivation of Eqs(16) and (18) together with the arze,:XCdeSe(h)zathrBi (zone 1), (263
equilibrium condition(19) leads to
b(1—vcogd) [aR arzer!xCdl—xse( h)= arzer!xCdl—xSE( h=hy)
S*Z—h n(T (20) rel
4m(1+v)hs =azncd, sq21w (ZOne 2, (26b)

The core parameterr is taken equal to 4 for most el , ,

semiconductor&3* Since 60° dislocations are assumed, the azncd, sdh)=azh+p; (zone 3, (269
i =(a° = . .

magmtuc(j)e-of the Burger vector is=(a }/2[110] 4 A and the residual strains become

where(a”) is an average value of the lattice parameter in the

layer. Considering that the dislocations are interacting, we alh+ B, —ah—p;
takeR=b/2(|fed —|e*|) (Ref. 31 and Eq.(20) becomes g1 re(h)= «h i B (zone 1), (279
1 1
. b(l1-v C0520)| ( @ ) (21) rel 0
£ = in — % |- Azn cd, . Sg21%) ~ zn Cd, . Se21%)
47 (1+wv)hs 2(|feJ e*) 63 o= KCdy xao KCdy_x (zone 2,
The calculation gives* =0.02%. This value is the absolute Zn,Cdy _,Se21%)
value of the residual strain in the equivalent structure. The (27b
residual strain in the barriers is given by=—&* (the ma- ‘et Bl — aah—
terials being under a compressive stjemsd we deduce the £3 a(h)= agh+ B3~ ash— B3 (zone 3. (270
lattice parameteareﬁ’]' from the following relation: e ash+ B3
2 20 These expressions can be simplified considering that no
£p= eq 5 eq (22) stress remains at the edges of the barriers, i.e., when the
Aeq cadmium composition is 0%. Thus, we have
; rel _ ; P _ ,

We findag,=5.6782 A, which is very close to the stress-free arzenlxcdeSe(o) = a%nXCdl,XSe(o) =ad.s=B1=B. (29

lattice parameter of the equivalent structuaéqé 5.6794 A.
We have obtained an approximation of the lattice parametein Sec. 1l B 1, we have assumed that the gradient of the

of the relaxed structure. The next step in the description willstress-free lattice parameter with the distahde the graded

be to return to graded layers considering that the strain elagegions were equal in absolute value. We now make the same
tic energy is conservetsee Fig. 3, step)3 assumption for the in-plane lattice parameter, leading to the

relation
3. Calculation of the lattice parameter of the relaxed
GRIN-SCH az=—aj. (29

Since the stress-free lattice parameter in the graded layelhe relations(28) and (29) impose that the two graded bar-
is linearly increasing witth in zone 1 and linearly decreas- riers store the same residual elastic energy:
ing with h in zone 3, we now evaluate the real lattice param-

eter assuming it is also linearly increasing wittin zone 1 h I
and linearly decreasing with in zone 3. The elastic energy K|, #Lra(h)dh=K . e3,e(N)dh. (30
Eclhe Stored in the equivalent structure after relaxation can .
be'expressed as The total elastic energy becomes
— 2 2 2 h h
Egﬁre|—Ksb(h1_0)+K8W(h2_h1)+Ksb(hs_hz),(zg) E<e3|’ reIZZKJO 18§,re(h)dh+ th 28§,reﬂh- (31)
1

whereeg,, is given by Eq.(22) ande,, is defined as Integrating Eq.(31) leads to the expression
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_h hyn(ayh 2
- + —hin(ahy .
a; athi+ B o

ESI, rel— ZK(ai— al)zh

Direct

2 hy
+ - h,+ In h,+ +2
B1) ?l(a'l 1+ B1)In(ahy+B1) ;f excitation

+Ke3 e ho—hy). (32)

2
+ —3B1In(B1)
a;

The parameters a; and &;, both depend on
rel

azn cq, ,se(21%) Which is the only unknown parameter. The 140K L

conservation of the elastic energy is obtained by equalizing 2~45E 250 2(“\'/ ) 260 265 270 275
; : rel _ nergy (e

Eqgs.(23) and(32). We easily findaz, ¢y se(210~ 5-6829 A3 g

A and deduce the slopes, anda}. We have then obtained 50K ’20K/ K

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

. . 150K
value. The difference can be explained by several effects AN
neglected in the previous calculation® the elastic con- 190K ;5%

stantsC;; of the structure were taken equal to the ones of 2°% Indirect
ZnSe in order to simplify the mathematical formulés) the 210K e excitation
coefficients of thermal expansion have no influence in our 245 250 255 260 265 270 275 230

model, and(iii) the approximation of a linear misfit in the Energy (V)

graded zones, made in step 3, is hypothetical. All these ef-

fects show the difficulty in modeling the strain state of het- FIG. 5. Evolution of the different photoluminescence lines as a
erostructures, in particular if they have such a complicatedunction of the temperature under direct and indirect excitations.
architecture.

strong thermal quenching of the PL lines due to an increase
IV. TEMPERATURE DEPENDENCE OF THE of the influence of the nonradiative channels. Two origins of
PHOTOLUMINESCENCE SPECTRA the nonradiative recombinations have been proposed so far.
Hillmer et al®® and Krahlet al® suggested that it occurs
through defects localized at the heterointerfaces. Other
We now aim to study the temperature dependence of thauthors’~*! considered that thermal escape from the quan-
photoluminescence lines. Experiments were made betweent@m well to the barriers is the main nonradiative process and
and 220 K under a thermoregulated flux of helium. In orders therefore responsible for the thermal quenching of the PL
to elucidate in detail the mechanisms which rule the photointegrated intensities. We believe that these two mechanisms
luminescence, we performed these experiments with two difeccur simultaneously. Indeed, during the mechanism of ther-
ferent sources of excitation. We first used the 465.8-nm linamal escape, the free carriers require sufficient energy to cross
(2.661 eV of an argon laser which directly photogeneratesthe barriers, which is only provided at high temperatures
the carriers into the Zy,dCdg »:Se well, the barriers being (>70 K). The thermal escape process cannot explain alone
transparent for this photon energy. The same experimentbe thermal quenching of the PL lines at intermediate tem-
were performed with the 325-nm 1in8.814 e\J of a He-Cd  peratures(10—70 K. On the other hand, the nonradiative
laser which photogenerates the electron-hole pairs in the upecombinations through defects localized at the heterointer-
per ZnCd, _,Se graded layer. The temperature dependencaces require less energy and can therefore explain the ther-
of the photoluminescenc@l) lines is shown in Fig. 5 for mal quenching in the intermediate temperature range. These
both direct and indirect excitation. The PL integrated inten-assumptions suggest the model shown in Fig. 8, which de-
sities of the emission lines are plotted in Figs. 6 and 7 forscribes the mechanisms of recombination under direct and
direct and indirect excitation, respectively. In the case of andirect excitations, taking into account the two processes.
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 The model described in Fig. 8 differs from the model of
PL integrated intensity of the well exhibits an increase in theBotha and LeitcH Veninget al,*® and Lambkinet al*° be-
same temperature range, followed by a decrease similar twause it includes the contribution of the nonradiative recom-
the one observed in the case of the direct excitation. Whethdainations through defects localized in the well. These authors
the excitation is direct or indirect, both experiments show aassume this kind of nonradiative recombinations have a

A. Introduction

B. Theoretical description of the thermal quenching



4716 L. AIGOUY et al. 53

T T+ 1 T T 1T T T ° LI S B S S R Rt N B NN NEALENN ENNLENN LA NN N

10° : ' ; .
Indirect excitation:
% 102k s He-Cd laser
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FIG. 6. Evolution of the experimental PL integrated intensity of
the well (M) as a function of the temperature, under a direct exci-
tation with the 465.8-nm radiation of an argon laser. The inset FIG. 7. Evolution of the PL integrated intensity of the well
shows the Arrhenius plot of the integrated intensity which gives a(l) and the barriers®) as a function of the temperature, under an
thermal escape activation energy of about 50 meV. The experimenndirect excitation with the 325-nm radiation of a He-Cd laser. The
tal values are fitted with Eq36) (full line). experimental values are fitted with Eq40) and (41) (full lines).

weak influence on the experimental data which are domita] measurements of the radiative lifetifhestablished a re-
nated by radiative recombination processes. In other wordsation similar toR,,»c T~ in a large part of the range of these
these authors consider that they only have a slight influencgyperiments.  Assuming U=U,T, R,=R.,T, and
on the thermal quenching. In the case of a direct excitation oﬁwz Ruo/T, EQ.(34) becomes

the well[our description is exposed in Fig(e8], the system

can be described, under steady-state conditions, by the fol- Py

lowing rate equation: W= . (35
g q Y14 R) /Ry T2+ Ug /Ry T2exp —E( /KT) 39
dm
gt P m(Ry+ R}, +Ue E/kT)=0, (33  R!/RuwoT?is the dominant thermal quenching term at inter-

mediate temperatures(10-70 K whereas the term
wherem, Py, R,, R, andUe E/XT are, respectively, the Uy/R,,T%e /KT is influential only above 70 K. The varia-
population of electron-hole pairs, the direct excitation ratefion of these two terms with temperature is displayed on the
the radiative recombination rate in the well, the nonradiativdottom of Fig. 9, where the full line and the dotted line
recombination rate in the well, and the detrapping rate. Theepresent, respectively, the ratioR},/R,,T> and
activation energyE, rules the mechanism of detrapping. Uy/R,,,T?e Et/KT. A fit to the experimental data, made us-
Equation (33) can be easily solved and gives for the PLing Eg. (35), is shown in Fig. 6. The inset presents the

integrated intensity from the well: Arrhenius plot of the PL integrated intensity. The activation
energy for the mechanism of thermal escape is found closed
Py to 50 meV with some uncertainty, which will be discussed in
lw=mR,= B9 sec.IvC.

1+R|/R,+U/R, exp(—E/KT)"
Under an indirect excitation, we assume that the majority
U andR|, are expected to increase with temperature. Followof the carriers are photogenerated in the barriers. Indeed,
ing the arguments developed in Refs. 37-39, we next assumging a uniform absorption coefficient in the barriers which
a linear dependence for therd:xR),=T. The radiative re- is approximately 19cm ™! in ZnSe?® 97% of the intensity is
combination rate is expected to decrease with temperature. lbsorbed within the 3500-A-thick first barrier. Although al-
particular, some theoretical calculati6fig* and experimen- most no carriers are photogenerated inside the well, a strong
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different levels in the barrier and in the well with a respective 0 20 a0 60 80 100 120 140 160 180 200
carrier populatiom andm. The radiative recombination channels
are R, andR,. The nonradiative recombination channels B(g
andR;,. The trapping and detrapping rates are, respectitelgnd
Uel=B/kKT The diffusion, the photogeneration, and the ballistic ~ FIG. 9. (Top) Ratio between the transfer rate and the radiative
transfer rates are, respectivelly, P,, andB in the case of an recombination rate in the barriers which shows that the transfer is
indirect excitation. important only above 20 K(Bottom) Ratio between the nonradia-
tive recombination rate on interfacial defects and the radiative re-

photoluminescence line emerges from it. This important in_combination rate in the wellfull line) and ratio between the ther-
tensity is explained by a ballistic transport of the carriersmal escape rate and the radiative recombination rate in the well
from the barriers to the well which lasts only a few (dotted ling. The mechanism of thermal escape overruns the

picosecondé’~%° Before the carriers recombine in the barri- mechanism of nonradiative recombination on interfacial defects

ers, they are immediately transferred efficiently towards thé nly above 70 K.

well. The integrated intensity of the well's photolumines- , ) )
cence line exhibits an increase between 10—50 K. This inf@PPed by a unique level in the barriers, although we have

crease can be explained by several phenomena. RethéWO radia_tive.recombination cgnters. We justify thi; assump-
et al,%” Christenet al,*° and Gel et al* attribute part of tion considering that the two high-energy photoluminescence

this increase to an enhancement of the radiative recombind€S have the same temperature dependence. The rate equa-
tion rate due to carrier localization in the well. Jiaeigal > tions, under steady-state conditions, can now be expressed as

observed a low-temperature increase of the PL integrated g

intensity in GaAs/GgAl ;_,As quantum wells. They inter- m , _

pret this phenomenon by the diffusion of the carr)i/ers. Fol- H:B+Jd+nu_m(Rw+ Ry+Ue %N =0, (36
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- — =P +mUe BT—n(R,+R,+U)=0, (37)
diatively. Since we do not know how big the influence of the dt

temperature is on the radiative recombination rate, we next

consider in this paper that the diffusion is responsible for thigvherem and n are, respectively, the electron-hole popula-
increase. The model of Botha and Leitthyeninget al,®  tions trapped on the levels in the well and the barrigs.
and Lambkinet al3° can be modified by adding the diffusion (R,) and R, (R},) are, respectively, the radiative and the
mechanism which they have neglecteste Fig. &)]. To  nonradiative recombination rates for the barrier's level
simplify the calculations, we consider that the carriers argwell’s level). We assume the temperature dependences of

Temperature (K)
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Ry, Ry, R}, andR}, to be identical to the temperature de- a large distance from the surface and assuming that the sur-

pendence we took fdR,, and R}, under a direct excitation: face recombination is negligible, we have the following ini-
tial conditions:

R, =R/,T, (389
o Ap(=)=0, (433
Ry=Ruo/T, (38b
grad Ap(x) Jx—0=0. (43b
Rp=Rpol, (380 The solution for Eq(42) with the conditiong433 and(43b)
is
Rp=Rpo/T. (380
The transfer ratdJ is also temperature dependent and is Ap(x)=K gerzx_'_efax (44)
given byU=U,T, like under the direct excitation condition. ros '
Py, is the generation rate of the carriers that are trapped Ol hereK andr. are given b
the barrier’s level B is the ballistic transfer rate from the 2 9 y
barriers to the well, which is supposed to be temperature —d
independent, andy represents the rate of the carriers which K=— / D’ (453
are not ballistically transferred but which diffuse into the a’+apk/D-1/7D
well without being trapped by in the barriers. From the rate e E\2 q w2
equations(36) and (37), we extract the PL integrated inten- rzz/’“__ ("‘_) il (45D
sities from the well and the barriers: 2D 2D D
B+J4+P,Cy Assuming that the carrier concentration in the absence of

(39 photoexcitation is weak compared to the density of the car-
riers photogenerated, we hawgp(x)=p(x) and the diffu-
sion rate is given by

I =
"1+ R}/ RyoT?+Ug /Ry T2 ST,

- Pp+(Jg+B)Cjy 40
P IERJRuaT2H Ug/Rog Ty 0 Ja= up(d)E~Dagrad p(x) - (46
where the term€; can be expressed with the expressions ofThe diffusion coefficienD is given by Einstein’s equation:
the relationg38): D= ukT/q, whereu, k, T, andq are, respectively, the mi-
nority carrier mobility, the Boltzmann constant, the tempera-
C.— 1 a1 ture, and the elementary charge. In our approximation, we
Y14 Ry /(U T+ R /U, @18 iy extrapolatew to 7 cm?/V s at 2 K33 The variation of the
mobility at high temperatures is not considered here since the
Rpo/(UoTA) + R}, /U, mobility only appears in the diffusion rate which affects the

(41b photoluminescence mechanism in the low-temperature range
only. The lifetime of the carriers in the barriesscan be
expressed with the nonradiative and radiative recombination

27 14 Roo /(U TA + R, /U,

Uo/RyoT2e! ~F/KD

Ca= . (41¢ ratesR;, andR,, in the barriers:
s 1+ R\:vo/RonZ‘f' U, /Ronze(_ E¢/KT) (419 1 1
’ = = . 4
1+Ryo/RuoT? ""Ro+R,  Rpo(L/T+R}/RooT) “7

C, (419

= 7 2 2a(—E(/KT) *
1+ Ruo/Ruo T Uo /Ry o€ We now have for the expression of the diffusion coefficient:

The diffusion ratel, is temperature dependent and can be
H H i o
calc_ulat_ed by a classical model_ for_ basic transport equations. sz,uEK(—eerJre ad) —DKa(e'8—e %), (48
Taking into account the electric field due to the graded ro
barriers, the carrier’s distribution is given, under steady-stat

conditions, by the continuity equatiGR: ?Jsing the expression@9) and (40) together with the rela-

tions (41), (47), and (48), we are able to fit the photolumi-
JAp PAp JAp Ap nescence integrated intensities from the well and the barriers.
= - ——+de ¥=0, (42) The ratiosR},/Ry, andU,/R,, as well as the activation

T energy of the detrapping mechaniden have already been
whereAp, D, u, E, 7, andx are, respectively, the excess determined by the fit in the case of a direct excitation. In this
minority carrier concentration, the diffusion coefficient, the case of an indirect excitation, we impose them to remain the
mobility of the minority carriers, the electric field in the bar- same. Equationg39) and (40) allow us to determine the
riers (equal to 50 000 V m? for the hole, the lifetime of  ratiosU,/Ry,, andU, /R, and the paramete?,, by fitting
the carriers in the barriers, and the distance to the surfac¢he PL intensity of the barriers. The diffusion tedgas well
The termde™ ** is the generation rate which depends on theas the ballistic transport terB are negligible in Eq(40) and
distancex from the surface, on the absorption coefficientcan only be determined by the fit of the PL integrated inten-
a, and on a constanb, which characterizes the excitation sity of the well with Eq.(39). The results are discussed in the
power. Considering that no electron-hole pairs are created aext section.

at ax2  HMETox
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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 rati
U,/Ry,- Activation energies for thermal escape are gener-
ally found equal to the difference between the barrier band- -
gap energy and the photoluminescence energy®imbich is PL considering the
in our case approximately equal to 200 meV and disagrees: ballistic transfer rate only
with our experimental value. However, our val(# me\) L
corresponds approximately to the barrier height for the heavy 0 20 40 60 80 100 120 140 160 180 200
holes(70 meV) reduced of their first confinement ener(f/ Temperature (K)
meV). This observation seems to show that the thermal N e I LI B B B B
quenching of the photoluminescence integrated intensity is &
preferentially directed by the escape of the heavy holes =
[which are the minority carriers sin€gn,CdSe compounds
always display a nonintentional residuattype doping.
Very few temperature-dependence studies have been
done on ZyCd, ,Se/ZnSe quantum wells. Lozykowski
and Shastff performed a photoluminescence study of a
Zny.8Cdy 1.5€/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 ong37.7 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 L -
egcape for heavy holes. Thg):emperature dependence of theFIG. 1Q. (B_ottom) Relative |mp9rtance of the ballistic transfer
two nonradiative recombination channétsecombination on and the diffusion rates asa fun.cnor.] of the temperatafep) In-

. - : . fluence of the mechanism of diffusion on the photoluminescence
the interfacial defeqts and thgrmal esc)a_pEE displayed in ._integrated intensity of the well. The temperature-induced increase
the lower part of Fig. 9. As it was preV|ousI_y a_ssumed Nof the diffusion rate provokes an enhancement of the intensity in the
_Secs. I\_/ Aand IV B, the n_onra_ldlatlv_e recomblnatlo_n rate onya|l in the low-temperature range.
interfacial defectgfull 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 diffusion rate do not influence the shape of the line fit of the
the mechanism of thermal escape significantly affects th&arrier’s PL integrated intensity. On the other hand, in the
photoluminescence thermal quenching only above 70 K. Uncase of the wells PL integrated intensity, the low-
der an indirect excitation, the study is becoming complicatedemperature behavigb—5 K) depends on the ballistic trans-
by the mechanism of diffusion. The fits of the PL integratedf®r termB, onJq, which ch?racterlzes the diffusion, and on
intensities of the well and the barriers have to be performedh€ ratiosU,/Rp, andU, /Ry, . The relative importance of
simultaneously, taking into account the fitting values of thethe diffusion and the ballistic transfer rates as a function of
PL integrated intensity of the well under a direct excitation.the temperature is displayed on the bottom of Fig. 10. The
The thermal quenching of the barrier's photoluminescencé’L integrated intensity from the well is displayed in the up-
line is ruled by the ratios U/R,=U,T%R,, and Per partof Fig. 10 considering) both the diffusion and the
U/R,=U,/R},, which are, respectively, found equal to ba||IS.tIC transfer rates an(qi) the ba||I§tIC transfer rate only.
0.0025 and 5.1tal K by the fit. Theplot of the ratio The increase of_ the PL mtegrgtgd intensity from the well
U,T2/R,, is displayed in the upper part of Fig. 9. At very cannot be descrlb_ed by the ballistic transfe_:r rate or_1|y. 'I_'her_e-
low temperature, the transfer rateis negligible compared fore, we have evidence that the mechanlsm of diffusion is
to the radiative recombination rate of the barrigs. As it responsible for the_ onv-temperature behavpr. We have to
can be seen in the upper part of Fig. 9, this ratio is equal tgote that the eIectrlc fl'eld in the graded barriers has a great
1 around 20 K, showing that the transfer becomes relativelj/'fluUénce on the diffusion rate at low temperatures. Authors
efficient compared to the radiative recombination rate of theSUCh as Pollandz_t al. shoyved_ that the electric field could
barriers only beyond 20 K. The value of the radiative recom MProve the carrier collection in the well by about 60%.
bination rateR,, is found equal to 9 Ghz at 2 K, which is
equivalent to a radiative lifetime of 110 ps 2K and is in
fairly good agreement with the data taken in MBE-grown We have reported a spectroscopical study of MOVPE-
samples? The changes of the parameters which define thggrown graded-index separate-confinement heterostructures

o
s PL integrated intensity

PL considering both
the diffusion and the
ballistic transfer rates

(arb. units)

Well

Diffusion rate

(arb. units)

Ballistic transfer rate

0 20 40 60 80 100 120 140 160 180 200
Temperature (K)

Relative importance of the ra

V. CONCLUSION
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based on a ZgCd; _,Se-ZnSe combinatior? K photoreflec- ative process above 70 K. The study of the carriers distribu-
tance experiments have been combined with envelopdion in the barriers using the continuity equation allowed us

function calculations of the three confined conduction- ando evaluate the diffusion rate which seems to be responsible
valence-band states. We have studied the partial relaxation &r the low-temperature increase of the photoluminescence
the structure. Regarding the residual strain in the barriers, mtegrated intensity from the well.

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 excitatior(above-barrier and in-well This work was partially supported by the Commission of
resonant excitationsThis gives an experimental evidence of the European Communities under contract “ESPRIT-BASIC
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