PHYSICAL REVIEW B VOLUME 58, NUMBER 23 15 DECEMBER 1998-I

Optical properties versus growth conditions of CdTe submonolayers
inserted in ZnTe quantum wells

Vincent Calvo
Groupe d’Etude des Semiconducteurs, CNRS, Univeitetpellier 11, Case Courrier 074, 34095 Montpellier Cedex 5, France

Nod Magnea
CEA Grenoble, Dpartement de Recherche Fondamentale sur la Mat@ondense/SP2M, 17 avenue des Martyrs,
38054 Grenoble, France

Thierry Taliercio, Pierre Lefebvre, Jacques Ajite, and Henry Mathieu
Groupe d’Etude des Semiconducteurs, CNRS, Univeiitetpellier I, Case Courrier 074, 34095 Montpellier Cedex 5, France
(Received 15 April 1998

Standard and piezomodulated optical spectroscopy is performed on ZnTe quantum wells embedding integer
and fractional monolayers of CdTe. The samples, grown in a molecular-beam-epitaxy setup (601ihe
surface of ZnTe substrates, all basically consist of 120-ML-wide Z@hellg)Te quantum wells, and some of
them contain five equally spaced full or half-monolayers of CdTe, producing monomolecular islands of CdTe
“buried” in the wide host ZnTe well. The latter behave as efficient recombination centers for excitons. In
order to change the size and the configuration of the islands, various growth parameters have been changed
between the different samples, e.g., the growth pro¢esdecular-beam epitaxy of binaries or ternaries, or
atomic-layer epitaxyor the temperature. From spectroscopic measurements, the influence of these parameters
is analyzed in detail, in terms of the size of the islands and of their in-plane spacing, or of the vertical
correlation between these islands. The internal strain state of the CdTe insertions and the overall photolumi-
nescence efficiency are also studied versus growth condi{i§0463-182@08)01047-9

. INTRODUCTION ZnMgSSet® which currently suffer from the competition
with lll-nitride-based devices.

A variety of techniques have been tried in the past decade In recent works, we have obtained indications of self-
for improving the properties of semiconductor light-emitting organized growth mechanisms when embedding either ZnTe
and light-detecting devices. In most cases, an important anfialf-monolayers in CdTe QW'gRefs. 11-13 or half-
plification of optical phenomena has been produced by th@onolayers of CdTe in ZnTe matric&sStructural charac-
reduction of dimensionality, leading to the growth of quan_tenzauons by re_flecuqn high-energy electron .d|ffract|on
tum wells (QW's) and superlatticegquasi-2D, quantum _(RHEE_D), x-ray diffraction, and, above all, scanning tunnel-
wires (quasi-1D, and quantum dot&uasi-0D. The fabrica- Ng microscopy (STM) (Ref. 16 have shown that such
tion of high-quality QW's and superlattices has beengrowth of less than one monolayer always produces a cov-

achieved on almost all kinds of semiconductors by the defrage of the s_urface by |s_Iands havmg one monolaye_r In

velopment of advanced epitaxial growth techniques Con_hhe|ght anﬁ various lateral sizes, depending on the details of
) . . . " . ..the growth.

cerning structures with lower dimensionalities, there is still : : . S

an acgve research aiming at the development of methodg The purpose of this paper is to give detailed insight into

hich Id id : q : e correlation between the thermodynamical conditions of
which would avoid numerous processing stages and wou eposition of such fractional monolayers and their optical

provide reliable, reproducible, low-dimensional objects. Ingronerties. The techniques used for this investigation are all
the past few years, a considerable amount of interest hag,seq on low-temperature optical spectroscopy: photolumi-
been focused, in particular, on deposition procedures whichescencéPL) and both standard and piezomodulated reflec-

allow for the self-organized growth of nanoislarid$.For  tjyity. From our measurements, we obtain valuable informa-

example, the so-called Stranski-Krastanov growth mode ofion on several important issues such as island sizes, strain
highly lattice-mismatched crystals has been exploited to prostates, and the efficiency of radiative emission from these
duce flat pyramids of a narrow-gap semiconductor, embedsbjects. We also demonstrate the difficulty of an accurate

ded in a matrix made of a wider gap material. Another aptheoretical treatment by the usual envelope-function calcula-
proach has also been tried, both for lll{Refs. 5—-8 and tions in this context.

[I-VI (Refs. 9—14 semiconductors, i.e., the insertion of frac-

tional monolayers of the narrow-gap material, acting as effi-
cient radiative recombination centers, within the wider-gap
host. Recently, such growth has allowed to improve the op- Figure 1 shows the typical structure of our samples, which
erating conditions of some lasers based on CdSe anidave all been grown by molecular-beam epitdlM4BE) on

Il. SAMPLES AND EXPERIMENTAL RESULTS
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Eg ZnTe well isa priori unstrained, since the barrier thickness
(Zn,Mg)Te “_ lies below the critical thickness in this system. Bold dashed
— lines in Fig. 1 show the positions of the five monomolecular

ZnTe | : inserts, if any, constituting full or half-monolayers of CdTe
and deposited, every 20 ML of ZnTe, under various thermo-

CdTe L dynamical conditions. The top of Fig. 1 displays the varia-

tion of band gap versus position along the grov#haxis.
Figure 2 displays the reflectivitya) and PL (b) spectra
obtained from samples 0-5 at pumped liquid helium tem-
perature. No particular care has been taken concerning exci-
- tation densities and wavelengths in PL experiments. The av-
erage power density used here is of the order~df00
/ W cm 2, whereas all visible lines of an ionized Ar laser
20 mMLs ML (principally the 514 and 488 nm lingkave been used. Table
FIG. 1. Sketch of the real-space geomefioptton) and band- | summarizes the growth parameters and experimental results
gap profile(top) along the(001) growth axis of our samples. Gray obtained from samples 0-5. We will comment on these re-
and white areas represent tf#n,Mg)Te pseudoalloy barriers and sults below, together with the description of the growth con-
the 120-ML-wide ZnTe quantum well, respectively. Dashed boldditions and the specificity of each sample, for clarity.
lines show the position of the various narrow-gap insertions. Sample 0 is simply the “empty” ZnTe quantum well. The
corresponding reflectance spectrum shows a strong feature
the (001 surface of ZnTe substrates: twidn,Mg)Te barriers  near 2.38 eV. This feature is common to all our samples and
(gray areapsurround a ZnTe QWwhite areg, which has a  corresponds to the excitonic gap of the ZnTe substrate. Also
nominal thickness of 120 monolayeftblL) i.e., approxi- characteristic of all the substrates are the PL lines at 2.378,
mately 38 nm. More precisely, the barriers are made oR.375, and 2.374 eV and their LO-phonon replica in the
ZnTe/MgTe (samples 0 and 295or ZnTe/ZnsMgosTe  2.348-2.352 eV range, which correspond, respectively, to
(sample ] superlattices with ultrashort perio@s.g., 1 MgTe the recombination of donor-bound excitoffgst line) and
ML/4 ZnTe ML). The Mg-rich layers of these superlattices acceptor-bound excitongecond and third line Sample 0
are biaxially compressed by lattice-matching to the substrateexhibits additional reflectivity and PL features which are at-
inducing a splitting of light<lh) and heavy-holéhh) states tributed to the so-called center-of-mass quantiza(©MQ)
which adds to that provoked by confinement effects. Theof Ih and hh excitor’$'1"18in the ZnTe QW. This observa-

TABLE I. Growth characteristics of the samples and experimental transition enefgiesdL g represent the hh and |h excitons in the
ZnMgTe barriers as measured by reflectivityTat 2 K. Transitionselhl andelll denote the energies of the hh and Ih excitons trapped
on the various CdTe inserts.

Excitons trapped Excitons of the
Insert growth conditions on the inserts barriers
Temperature Nominal barrier el-hl el-11 Hg Lg
Sample Nature Technique (°C) composition (eV) (eV) (eV) (eV)
0 None MBE 330 4 ML ZnTe/ 2.428 2.444
1 ML ZngsMggsTe

1 5 full CdTe MBE 330 4 ML ZnTe/ 2.344 2.358 2.442 2.463
monolayers 1 ML MgTe

2 5 CdygZngsTe MBE 330 4 ML ZnTe/ 2.371 2.376 2.430 2.445
monolayers 1 ML MgTe

3 5 half CdTe MBE 330 4 ML ZnTe/ 2.359 2.367 2.462 2.489
monolayers 1 ML MgTe

4 5 half CdTe ALE 330 4 ML ZnTe/ 2.366 2.371 2.466 2.495
monolayers 1 ML MgTe

5 5 half CdTe MBE 230 4 ML ZnTe/ 2.344 2.355 2.428 2.445
monolayers 1 ML MgTe 2.350 2.358

6 None MBE 330 4 ML ZnTe/ 2.456 2.482

1 ML MgTe

7 5 half CdTe MBE 330 4 ML ZnTe/ 2.359 2.366 2.459 2.485
monolayers 1 ML MgTe

8 5 inserts of MBE 330 4 ML ZnTe/ 2.340 2.355 2.457 2.484
2x(1/2CdTe 1 ML MgTe

+1/2ZnTe
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tion is favored by the ZnTe well width which equals approxi- positions of the inserts are the same as in sample 2, but the
mately four times the exciton Bohr diameter. deposition techniques are completely different, with impor-
Sample 1 contains full CdTe ML deposited by classicaltant consequences on the in-plane repartition of Cd and Zn
MBE, i.e., by opening the shutters of both Cd and Te effu-atoms, and on optical properties.
sion cells simultaneously, the amount of exactly 1 ML being For growing the inserts in sample 3, we have set the con-
controlled by the deposition time and by RHEED patternditions necessary for the bidimensional growth of CdTe on
oscillations. For all the samples described in this paper, th&nTe but we have done this only for the time required for
amount of CdTe has been controlledsitu by this method filling half a plane, the other half being filled with ZnTe.
and crossed-checked by subsequent x-ray diffraction. Th&his has been repeated five times, separated by the growth of
thicknesses measured by the latter technique always differ B30 ML ZnTe spacers. The expected morphology, in this case,
less than 10% from those determined by RHEED measurds made of relatively wide, flafl ML in height islands of
ments. CdTe embedded in the host ZnTe QW. STM has confirmed
The reflectivity spectrum reveals two additional structuresrecently® that the islands grown by such “classical” MBE
at 2.344 and 2.358 eV, which correspond to the hh and lihave in-plane sizes in the range of 20—30 nm, i.e., four to six
ground exciton states, “confined” in the CdTe ultrathin times the exciton Bohr radius in ZnTe. The optical spectra of
QW’s. We prefer to say that these excitons are trapped on theample 3 exhibit two independent sets of featurg$} those
CdTe inserts which act as shallow isoelectronic traps, sincdue to hh and Ih excitons trapped on CdTe inserts, at 2.358
their energies are less than 40 meV below the excitonic gapnd 2.367 eV(ii) the multiple structures, above 2.38 eV, due
of ZnTe, to be compared to the excitonic gap ofto the CMQ of excitons in the wide ZnTe Q¥!’ This
CdTe: 1.594 eV. The trapped excitons of this kind whichspecific behavior, together with time-resolved PL results, has
are studied throughout this paper have thus probably a qudveen interpreted in a previous wétkas a strong indication
sitridimensional relative motion of electrons and holes andhat the CdTe islands are quite a bit larger than the Bohr
thus assume almost the same binding energy as in buliameter of exciton$~10 nm), with in-plane spacing of the
ZnTe. Anyway, their centers of mass are pinned onto thesame order of magnitude, and that there exists some vertical
inserts. The fundamental hh exciton gives rise to a weaklyorrelation of the islands of successive inserts. In other
Stokes-shifted PL liné~0.5 meV between the PL maximum words, the wide flat islands of the five different inserts are
and the reflectance minimymwith a half-width at half- vertically stacked “on top of each other,” leaving between
maximum (HWHM) of 3 meV. The Ih exciton can also be them wide “tubes” of pure ZnTe, in which the excitons can
observed by amplification of the PL spectrum in this region.coherently establish their CMQ pattern. The mechanism
The features of the CMQ observed in sample 0 are no longdeading to such a vertical stacking is probably related in a
observed here, which corresponds to the fact that excitonsomplex way to the strain and size of the buried islands and
cannot freely cross the entire ZnTe QW without meetingto the thickness of the spacers between the inserted pfanes.
CdTe layers. Consequently, the confinement of exciton pondeed, it has been shown recently that both vertical corre-
laritons in the wide ZnTe well can only manifest itself by lation or anticorrelation could occur, depending on the geo-
extremely weak oscillations of the reflectivity, correspondingmetric parameters of the structure.
to “resonant” states, above 2.38 eV. But no PL signal is From recent investigations by STMwe can also expect
measured from these states because the carriers are stime regularity of island sizes and of their distribution in the
trapped by CdTe inserts. plane, if not a quasiperiodicity. Moreover, the shape of these
For sample 2 all three cells of Cd, Zn, and Te have beelislands is square or rectangular, with edges parallel to the
opened during the growth of the inserts, yielding five full (100) and(010 directions of the plane. The same shapes are
ML of CdysZnysTe. In other words, the conditions have observed for islands grown by atomic-layer epitadddLE),
been made such that each insertion contains equal propasuch as sample 4, but lateral sizes appeared smaller, in the
tions of Cd and Zn atoms, randomly distributed in the layerange of 5 nm.
plane. The reflectance features of the hh and Ih trapped ex- The ALE method basically consists in opening the shut-
citons appear as doublets near 2.372 and 2.377 eV, respders of the Cd and Te sourceme at a time This has
tively, i.e., much closer to the ZnTe gap than for sample 1proved®?®to induce particular surface reconstructions dur-
The presence of double structures has been assignétg the deposition of single species and to allow for the
recently® to the appearance of negatively charged excitonspbservation of a subperiodicity of RHEED oscillations. The
denotedX™, similar to those already observed in many latter reveals two steps within the deposition of a single ML,
instance¥’~2%in wider CdTe and GaAs QW's under artificial each one corresponding to the adsorption of half the total
or nonintentional excess of electrons. These excitonic comguantity of cadmium atoms of the full ML. This property has
plexes correspond to the low-energy components of the rdseen exploited here in order to control the deposition of par-
flectivity and PL featuregsee the PL shoulder at 2.37 gV ticular half-monolayers of CdTe. Due to the use of fluxes
Arguments in favor of this assignment as well as a detailedontaining single species, the mechanism of adsorption by
study of X~ complexes in our samples will be published ALE is very different from that obtained by classical MBE.
elsewhere. Note the small HWHM of the PL line=~0.9 Indeed, the latter produces the bidimensional progression of
meV. randomly distributed steps which exist on the deposition sur-
The situations of these first three samples are, to somkce, by adjunction of Cd-Te dimers. On the other hand, the
extent, rather classical since only integer numbers of monoabsence of Te during one step of the deposition by ALE of
layers have been deposited, inducing no intentional in-planbalf ML rather leads to a quasiperfect wetting of the entire
morphology. For samples 3-5, the overall Cd and Zn comsurface by Cd aton’s:?°Then, when Te atoms are sent onto
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the sample, small CdTe islands tend to constitute at some WAVELENGTH (nm)
nucleation sites, by “stealing” Cd atoms from their vicinity, 530 525 520 515
leaving Te-rich surfaces, less high by 1 ML, between them. T=2K ' sa'mp,e y
This technique is known to allow for an excellent control of 1

the quantity of Cd adatoms deposited but provides smaller
CdTe islands than the MBE technigtfeThe possibility to

control the in-plane size being one of our interests, we have
also investigated the effect of changing the growth tempera-

ture. h ) )
Sample 5 gives an illustration of our attempt to grow in-

sertions similar to those in sample 3, i.e., by classical MBE, cMa

but using much lower temperatur€30 °C instead of MBE h o o ®3)

330 °Q. This was expected to reduce the surface mobility of
adatoms, inducing smaller islands than in sample 2. In fact,
the result, shown in Fig. 2, is quite unexpected: we observe
an intricate series of transitions, some of which are attributed
to X~ complexes, involving both hh and Ih excitons, as dem-
onstrated and discussed below.

REFLECTIVITY (arb.units)
>
-
m

Ill. THEORETICAL CONSIDERATIONS

Calculations based on the envelope-function approxima- Lo NS R — S

tion and the formalism of deformation potentials have been 233 235 237 2.39 24
X . . (a) PHOTON ENERGY (eV)

used and refined successfully in the past decade to describe
electronic and excitonic states in a large variety of strained- WAVELENGTH (nm)
layer QW’s and superlattices. More recently, this approach 530 525 520 515
has been applied to objects of lower dimensionality, such as sample ' ' ' '
quantum wire€/ quasispherical nanocryst&fs?° flat pyra- BE T=2K
mids on wetting layer&’ or ZnTe monomolecular inserts in
CdTe QW's™® However, there exists a controversy in the
current literature concerning the accuracy of this method (5) x5
compared, for instance, to pseudopotefiti¥l or
tight-binding®® calculations, in particular for systems operat-
ing a strong real-space localization of carriers. It is not our
purpose to enter into this debate, but we remark that the
theoretical treatment of the present experimental cases is a
very difficult task. Indeed, our fractional insertions of CdTe
may be regarded as a special kind of isoelectréhitoping
within the ZnTe QW rather than as CdTe QW's. In fact, the
description of our samples with a reasonable accuracy by

envelope-function calculations is difficult. After several at-
tempts, we have found out that this is not only due to the
lack of knowledge of some parameters such as band offsets, (2) alloy X

PL INTENSITY (arb.units)

(4) ALE / \ A x1
1

strain states, lateral sizes, or real compositions and thick-

nesses of the layers. In fact, the concepts of potential well

depths and widths for electrons, hh’s, and Ih’s are impossible ©) CMQ 5

to apply as such here. Moreover, the usual notion of biaxial L. .00 s N (WSS
lattice-mismatch strain does not stand, except in the cases of 2.33 2.35 2.37 2.39 2.41

We believe that a microscopic treatment of these objects _ _
is still desired. This modeling should consider the problem of, F|G'. 2 ,Opt'cal Spec“.ra taken =2 K for s“amplef 975(@
substitutional Cd atoms in the Zn sublattice, assuming variBeﬂeCt'V'ty’ (b) photoluminescence. Symbolsh™ and *1" indi-
. . . ’ cate the positions of hh and Ih excitonic transitions, respectively, as

ous geometries and lattice relaxations.

deduced from piezoreflectivity experiments. The spectra have been

Anyway, we can describe and discuss a few trends thaf ered from top to bottom by increasing energies of the ground hh
we have extracted from our attempts. We have used a clagsiion.

sical transfer-matrix algorithm to describe our multilayered

systems. We found that the largest source of inaccuracy dbnic transitions~13 meV below the experimental values,
our calculations is the value of the “exact” well width to be with a correct description of their energy difference of 12
used in this procedure. For example, in the case of sample peV. This is really an important point since the band lineup
which is a priori the simplest sampléfull ML, biaxial for theelhl transition is type I, whereas it is type Il for the
strain, we calculate the fundamentallhl andelll exci- elll transition, under the assumed conditions of “chemi-
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Full monolayer : biaxial compression the edges of the islands. This assumption is consistent with
the blueshift of the ground hh and Ih excitons from sample 1
to sample 3, and with the fact that they become closer to
each other, due to the partial compensation of the splitting
induced by the shear component of the biaxial stress by that
induced by the additional vertical uniaxial stress.

We have modeled an ideal situation where an equilibrium

— | IEEEEEEEERDOEEE A EEAGEEE I aaEDaE e E o .

Half monolayer : uniaxial stress at edges is reached by the system with the vertical lattice parameter
* ‘ a, constant over the whole surface of the islanded layer, i.e.,
f f the same value for both CdTe islands and ZnTe *“lakes,”

pwmE P RS

which occupy equal total surfaces. This can be made by
minimizing the total elastic energy stocked in the system
versusa,, just like what is usually done for free-standing
v& superlattices, versus, . Then, the strain and stress under-
gone by each of the two materials present can be evaluated.
Since the symmetry of the deformation is both biaxial in the
(001 plane and uniaxial along th@®01) axis, the Ih and hh
valence-band states are not mixed by the strain. We can use
FIG. 3. Sketch of the strains undergone by CdTe inserts in thé@ model similar to that used for biaxially strained layers, but
case of full monolayergbiaxial strain—top of the figupeand of ~ We just have to change the potential well depths accordingly
half monolayers, producing flat islanéadditional uniaxial strain at ~ with the results of the deformation potential formalighwe
edges—bottom of the figure shall not go into the details of the calculation. The main
result in the present case is that the ZnTe, which is a stiffer
cal” valence-band offset \E,=0.1AE,) and of energy material, only undergoes a small vertical tension. On the
shift induced by lattice matching of CdTe on the ZnTe sub-other hand, the CdTe layer is almost hydrostatically com-
strate. In the case of sample 2 (GAn,<Te ML), we have Pressed. The stress tensor is found to be of the form
considered inserts made of a virtual crystal, in total biaxial
compression by lattice-matching on ZnTe. By using Veg-
ard’s law for all the pertinent parameters of they,Gthy sTe
alloy, we have also calculated both transitiord3 meV
below their experimental values, again with the correct spac-
ing of 6 meV. Thus, we may consider that our calculations
suffer from a slight overestimation of the well widtlief

course, a slight uncertainty on the alloy composition cannofvith X~ 15 kbar andZ~ 12 kbar. The consequence of this
be discarded for samplg.2n the following, we discuss our huge deformation of CdTe is that the energies of conduction-
results a bit further, in terms of island sizes, ordering, andhnd valence-band states of CdTe are increased. Conse-
strains. quently, compared to the case of sample 1, the potential well
depth for electrons is reduced fror600 to~300 meV, and
both elhl andelll transitions now have a type-ll band
lineup. The theoretical result is that both transitions are pre-
First, let us compare samples 1 and 3. From our observadicted to lie at~2.365 eV. Considering that our calculation
tions, we understand that the islands in sample 3 are verynderestimates transition energiesb$3 meV (see abovg
wide, compared to the exciton Bohr diameter, separated bwye find that the hypothesis of the uniform lattice parameter
ZnTe zones of the same dimensions so that the CMQ caacross the plane cannot correspond to the cases of samples 3
take place. In fact, the CdTe islands in sample 3 are almosind 4.
wide enough to be “seen” as entire monolayers by the ex- In fact, there are probably significant variations af
citons trapped on them. In other words, there should be nacross the layer plane. We propose the picture sketched in
particular lateral confinement effect here, at least in the usudfig. 3: The situation at the edges of the islands is probably
sense. The essential difference between sample 1 and sampjgite close to that described in the preceding paragraph,
3 must be the strain state. We will try to give a picture ofwhile the center of the islands would face a more classical
what occurs in the two cases, corresponding to the sketch isituation of biaxial compression. Then a gradient of potential
Fig. 3. energy would exist between the edges and the middle of the
For sample 1, we face the classical situation of pseudoislands (of the order of 300 meV for electrons, from the
morphic, biaxially strained monolayers. The electronic andabove remark This should operate a particular kind of con-
excitonic energies of the system account for both confinefinement of the carriers in the plane of the islands, leading to
ment effects and for the biaxial strain. Now, in the case ofthe blueshift of the optical transitions, compared to the
the inserts in sample 3, specific effects are expected at thmodel case of sample 1.
boundaries between the islands and the surrounding ZnTe. This picture is particularly well suited for explaining
There has to be a displacement of Cd atoms, correspondirgpme particular points that had already been raised in previ-
to an additional compression of Cd-Te bonds along theus papers*'’ (i) the fact that the CMQ features are much
growth axis, due to the lattice matching with ZnTe, at least atlearer in sample 3 than in sample (@;) the fact that the

@

Xoo1=

O o X
o X O
N © O

IV. DISCUSSION
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decay time of the PL from the CMQ states is 9250 ps
whereas thdower-lying PL from the inserts is much faster
(7~70 ps); (i) the fact that the fundamental transition of
the CMQ in the wide ZnTe well involves Ih excitons, instead
of hh excitons, as for sample 0. Indeed, the presence of an
almost hydrostatic deformation at the edges of the CdTe is-
lands induces potential barriers for both types of holes, as
already noticed. Then, the excitons lying in the ZnTe vertical
“tubes” in between the stacked CdTe islands are prevented
from falling into the islands by these barriers. This explains
why their higher-energy recombination can decay more
slowly than theelhl and may also explain the intensity of
CMQ features since the excitons are really maintained within
the tubes by potential barriers. Moreover, the slight uniaxial
deformation of ZnTe between the islands may explain the
redshift of the ground lh exciton.

Now considering sample 4, we remark that the hh and |h
excitons are even more blueshifted than for sample 3, which
we attribute to smaller islands, leading to a less inhomoge-
neous deformation o0&, across the islands. The boundary
effects described above for wider islands do not disappear
totally at the center of the inserts. We must then consider, in gy
this case, more substant_lal lateral com_‘lnement effects, ac- 2.34 2.35 2.36 237
companied by a strong in-plane coupling between all the
islands, by tunneling across narrower ZnTe “barriers.” PHOTON ENERGY (eV)

Thus, the inserts in sample 4 may be seen as very small
CdTe ISlf”mdS’ 1€, a speplal kind of order'edO.QZho_g,T.e . =2 K. All transitions labeledX,, are assigned to excitonic trions.
aII_oy. This ordering expl_alns the lower exciton ENergies Ng,itom: Numerical derivativelopen doty and piezomodulation
this Samp!e than those in Samp]e 2, where the inserts al&olid line) of the reflectivity, taken al ~20 K (which explains the
made of disordered GdZnosTe. Figure 2b) clearly shows,  gjight redshift. These spectra have been scaled so as to be matched
also, that under comparable excitation conditions, the stronp ampiitude for the ground heavy-hole exciton transition. All reso-
gest PL intensity from the CdTe inserts is obtained forpances where the piezomodulation yields stronger features are as-
sample 4. We interpret this result as a consequence of thiggned to light-hole exciton transitions.
ordering (periodicity) and of the tunnel effect which occurs
between CdTe islands both in the plane of the inserts and
along the growth axis, between the inserts. This resonantodulation gives stronger features correspond to Ih excitons.
coupling between the “island states” induces the delocaliza-This is shown by the labels in Fig. 4, where we have repro-
tion of the envelope functions of the carriers across the entirduced, for comparison, the direct reflectivity spectrum taken
ZnTe layer containing the inserts, which may be viewed as at T=2 K. Piezospectroscopy experiments are conducted at
kind of three-dimensional superlattice, or superalloy. ThisT~20 K, which explains the small redshift of the whole
explains why the loss of carriers towards nonradiative chanspectrum, in this latter case, and the disappearance of exci-
nels is reduced, increasing the efficiency of the PL. tonic complexes.

To support this picture, let us consider what occurs when The results in Fig. 4 demonstrate that we have a complex
we purposely destroy the in-plane island ordering and theet of discrete, well-resolved, hh and Ih contributions. These
vertical correlation between them. This is the case of sampleansitions cover the range between an energy close to that of
5, which was obtained by using a low growth temperaturethe ground hh exciton of sample 1 and higher energies,
The piezomodulated reflectivity'*17-35-37 spectrum of closer to those of excitons in samples 2, 3, or 4. We interpret
sample 5 is compared in Fig. 4 to the numerical derivative othis observation as arising from five different configurations
the reflectivity spectrum. Indeed, the piezoreflectivity, whichof CdTe islands in each of the five inserts, both in terms of
is obtained by application of a small, alternating, biaxialisland size and ordering and in terms of strain state. In other
strain in the plane of the samples, yields spectra proportionakords, each pair of hh and lh exciton states corresponds to
to the first derivative of the standard spectrum, but with am-one of the five fractional CdTe inserts. There is no more
plitude coefficients which depend on the valence-band statpossibility of resonant coupling between electronic states
involved (hh or Ih). Due to the particular values of elastic centered on each insert, as in sample 4, which would lead to
constants and deformation potentials in ZnTe, Ih excitorthe above-mentioned 3D superlattice state. Instead, we have
contributions are piezomodulated approximately three timeslifferent energy states, which remain coupled, however, as
more than those involving hh excitons. In Fig. 4, we haveproved by the fact that the PL spectrum of sample 5 only
matched the amplitudes of both kinds of derivatives in thereveals the fundamental hh exciton from one of the five in-
region of the groundhh) excitonic transition. Then, all tran- serts.
sitions for which both spectra are matched correspond to hh In fact, we wish to insist on the fact that the ground ex-
transitions. On the other hand, all instances where the pieza&iton in sample 5 almost lieat the same energgs that in

SAMPLE 5

1 1V ALIAILD343H

-AR/R AT T ~ 20K

(syun ‘q4€) Mz

: Piezomodulation
o : Numerical derivative

FIG. 4. Top: Reflectivity spectrum of sample 5, takenTat
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sample 1, while the inserts are half-ML instead of full ML. V. CONCLUSION

This comes in support of the idea that the only difference \ye have investigated in detail the effects of different
“felt” by excitons between sample 1 and sample 3 would bedeposition conditions on the optical propertiegsifhmono-

the strain state. In fact, we propose that the islands involvethyer inserts of CdTe embedded in wide ZnFey,Mg)Te

in the fundamental transition of sample 5 may be of compaguantum wells, grown on nomin&001) surfaces of ZnTe
rable dimensions to those in sample 3, although they wergubstrates. We have shown, in particular, that the ordering,

expected to be smaller. But the additional uniaxial stress at2&» @nd strain state of the monomolecular inserts are criti-
the edges is relaxed in the casetbfs insertin sample 5. cally determined by the quality of the substrate and by the
: e i rowth temperature. The energies and efficiencies of exci-
Consequently, the islands of.th|s insert recover a s?raln ;ta nic recombinations then depend also critically on growth
comparable to that of full ML in sample 1 and, thus, identicalconditions. Our results indicate that, at low temperature,
excitonic energies. ALE-grown islands(small oneg produce the most efficient
We believe that sample 5 exhibits a strong asymmetryuminescence, although they operate a rather shallow trap-
along the growth axis, with the lowest exciton states correping of carriers15 meV below the ground exciton of Znile
sponding to the insert on one side of the ZnTe well and thd he latter characteristic may, however, have a decisive influ-

. . : ..ence on the luminescence yield at higher temperatures, as
highest states to the insert on the other side. The progressive i - ted by preliminary results.

steplike change of exciton energies between the different in-" o resuits may delineate a few pathways for researchers
serts could be due to a progressive change in the growtiyho are currently trying to improve the emission character-

quality, due to the very low temperature. This would pro-istics of other Cd-based semiconductor objects of low di-

gressively change, in turn, the size and strain of the islandsiensionalities, e.g., CdSe fractional layers in ZnSe or

within each insert. ZnMgSSe environments.
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