
PHYSICAL REVIEW B 15 AUGUST 1997-IVOLUME 56, NUMBER 7
Optical investigation of CdTe monomolecular islands in wide ZnTe/„Zn,Mg…Te quantum wells:
Evidence of a vertical self-ordering
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Continuous, piezomodulated, and time-resolved optical spectroscopies have been carried out on several
samples basically consisting of a 38-nm-wide ZnTe quantum well incorporating monomolecular CdTe islands
grown by molecular-beam epitaxy on nominal~001! ZnTe surfaces. During the growth of some samples, five
regularly spaced monomolecular layers~single or half-monolayers! of CdTe were inserted in the wide ZnTe
quantum wells. Our results indicate that, under certain conditions of deposition,~i! the fractional layers
constitute CdTe islands separated by ZnTe ‘‘voids,’’ with in-plane size and spacing quite larger than the
exciton Bohr diameter; and~ii ! when several fractional monolayers are grown, these islands tend to stack on
top of each other. The effects of this vertical self-ordering disappear when the conditions of deposition are
changed. Moreover, it is shown that the CdTe inserts act as giant isoelectronic recombination centers, yielding
intense and sharp photoluminescence lines with very short decay times~a few tens of picoseconds! in the range
of l'517 nm.@S0163-1829~97!01831-6#
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I. INTRODUCTION

Much attention has been paid recently to the possibility
self-organized crystal epitaxy of nanometric objects such
semiconductor quantum dots. Basically, such ordered gro
is induced by the strong difference of lattice parameters
tween the epitaxial layer and the substrate. In some
stances, the resulting strain is capable of producing a na
scaled surface morphology, which is the origin of the grow
of small islands. Most breakthroughs in this field have be
obtained with III-V semiconductors.1–5 A significant en-
hancement of quantum yield has been observed in s
samples, although systematically disturbed by inhomo
neous broadening due to size-distributed dots. Moreove
has been shown2 that a vertical ordering of the islands occu
when several layers of such islands are grown, separate
a few planes of the host material.

Recent investigations6–9 have provided a strong indicatio
of the presence of comparable vertically ordered growth
ZnTe monomolecular islands in CdTe-~Cd,Zn!Te quantum
well systems. In this particular case, ZnTe half-monolaye
deposited during the growth of a CdTe quantum well, tend
constitute pavements of rather wide ZnTe islands. It has b
found that the islands of two fractional layers, separated b
few CdTe layers, adopt a staggered vertical lineup, as a re
of strong in-plane and on-axis deformations. This particu
lineup was tentatively related9 to the relative stiffnesses o
the host material~CdTe! and of the inserts~ZnTe!, by
reference to existing theories developed for meta
precipitates.10,11 If the material of the islands is softer tha
that of the matrix, an interplane attraction causes the isla
560163-1829/97/56~7!/3907~6!/$10.00
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to grow ‘‘on top of each other:’’ this is the case of InA
quantum dots embedded in GaAs. Conversely, ZnTe
harder than CdTe; then, ZnTe islands tend to repel each o
and to adopt a vertical staggered lineup.

Consequently, it is expected that comparable inserts
CdTe in a ZnTe environment should now grow in the opp
site way, i.e., with CdTe islands vertically stacked on top
each other, just like InAs in GaAs. In addition, contrary
ZnTe islands, which act as potential barriers for electro
and heavy holes, CdTe inserts should play the role of i
electronic recombination centers for excitons, since th
constitute potential wells for electrons, light holes, and hea
holes.

In this paper, we demonstrate from optical spectrosco
that, under certain conditions, vertically ordered CdTe
lands, separated by ZnTe spacers, can be grown on nom
~001! ZnTe substrates. In the present case, the in-plane
erage size and spacing of the islands are likely to be la
compared to the exciton Bohr diameter (dB;10 nm!. More-
over, we show that such an in-plane superstructure can
modified or suppressed by changing growth conditions,
that the presence of CdTe inserts yields intense and s
photoluminescence lines with very short decay times~under
100 ps! aroundl5520 nm.

II. EXPERIMENTAL DETAILS

A. Sample growth

All samples grown by molecular-beam epitaxy~MBE! ba-
sically consist of a wide ZnTe quantum well with potenti
3907 © 1997 The American Physical Society
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barriers made of short-period ZnTe-~Zn,Mg!Te superlattices,
grown on nominal~001! surface of ZnTe substrates. Samp
0, of which a band profile in thez direction is sketched in
Fig. 1~a!, is constituted just by this reference structure, i.
the ‘‘bare’’ 120 ML wide ~36 nm! ZnTe quantum well. In
fact, the barrier superlattice in sample 0 has a slightly sma
effective gap than those in samples 1–3, due to a diffe
composition of the barrier superlattice, essentially.

Concerning the other samples, during the growth of
ZnTe well, every 20 ML, an integer or half-monolayer
CdTe has been deposited, yielding the typical band pro
shown in Fig. 1~b!, which is the case of sample 1, with fiv
full ML’s. Samples 2 and 3 both contain half-monolayers
CdTe: the five corresponding planes nominally contain
equal quantity of Cd and Zn atoms. CdTe and ZnTe grow
rates are deduced from reflection high-energy electr
diffraction oscillations with an accuracy of65%.

Now, the fractional layers in sample 2 have been obtai
by the usual MBE, i.e., by growing CdTe in a classical wa
but just for the time required for filling half a plane, the
completed with ZnTe. This permits the formation of CdT
islands, separated by ZnTe areas. On the other h
for sample 3, the CdTe half-plane was grown by t
so-called atomic layer epitaxy~ALE! method.12 Cd and Te
cells were opened one at a time. This induces a s
regulation process, which allows the control of the grow
with a half-atomic plane accuracy. In the present case, the
atoms deposited are almost homogeneously distribute

FIG. 1. Sketch of the typical band profiles for electrons a
heavy holes, along thez axis in our samples, as deduced from ba
offsets and strain effects usually encountered in CdTe-~Cd/Zn!Te
systems. All growths were made on the~001! surface of a ZnTe
substrate.~a! The case of sample 0, where barriers made of Zn
MgTe short-period superlattices surround a 120-ML ZnTe quan
well. ~b! The case of sample 1, in which single monolayers of Cd
have been grown, separated by 20 ML of ZnTe.
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their respective planes, occupying one anion site over t
The present half-monolayers are then likely to behave
monolayers of a quasiperiodic Cd0.5Zn0.5Te alloy.

B. Optical spectroscopy

Continuous reflectivity and photoluminescence~PL! ex-
periments were conducted with the same conventional se
the samples were immersed in a pumped liquid-helium b
cryostat (T;2 K! and illuminated either by an Ar11 laser
~PL experiments! or by a 100-W tungsten wire lamp~reflec-
tivity !. The emitted or reflected signals were dispers
through a HRS Jobin-Yvon spectrometer, and detected b
photomultiplier in the standard synchronous mode.

For piezomodulation experiments, a cold-finger cryos
with liquid-He circulation, giving a sample temperature
;10 K, was used; the samples were glued onto a piezoe
tric transducer, driven by an alternating voltage, so as
undergo a small, alternating in-plane biaxial strain. The d
ferential spectra were then obtained by detecting the sig
variations synchronously with the driving voltage. This
known to provide a signal proportional to the first-order d
rivative of the direct signal, but with coefficients dependi
on the symmetry of the valence-band states~light or heavy
holes! involved in the optical transition.9,13–15This selective
modulation thus gives a straightforward identification of t
observed spectral features in terms of light- or heavy-h
excitons.

Time-resolved PL experiments have been conducted
using the following setup: The samples were kept at a m
mum temperature of;8 K on the cold finger of a helium
closed-cycle cryostat. They were excited by;2-ps laser
pulses, centered atl;400 nm, with a repetition frequency o
82 MHz. These pulses were obtained from thel;800 nm
pulses of a Ti-sapphire cavity, by using a lithium tribora
frequency doubler. The emitted light was dispersed throug
500SM Chromex spectrometer, with a 500-mm focal len
and a 1200-g/mm grating, and detected by a Hamam
C4334 streakscope. The temporal response of this setu
ultrashort laser excitation is broadened to a typical full wid
at half maximum of;15 ps. Thus the temporal resolution o
the setup, after deconvolution of the PL decay from this
sponse, is of the order of 5 ps.

III. EXPERIMENTAL RESULTS

Figures 2–5 display the PL and reflectance spectra
samples 0–3, respectively, obtained atT52 K. PL spectra
have been plotted on a logarithmic scale, so as to empha
weaker contributions, but the full widths at half maximum
the fundamental transitions are mentioned in the figur
Common to all spectra are the reflectance features aro
2.383 eV, assigned to the free exciton~FE! in the substrates
of bulk ZnTe. To this transition correspond, in all sample
the weak high-energy feature of the PL of the substrate.
slightly lower energy~;2.375 and 2.378 eV!, lie PL lines
assigned to bound excitons~BE’s! in the substrates. Now
common to samples 1–3, but at varying energies, are
features denotede1h1 ande1l1, characteristic of excitons
confined in the CdTe inserts. These notations are insp
with those commonly used for wider CdTe quantum we
Thee1h1 ande1l1 transitions are also observed in PL spe
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tra, with no redshift relatively to reflectance features~except
a very small one for sample 1, probably due to excito
trapped on layer thickness fluctuations!. Going from sample
1 to sample 3, both transitions shift towards high ener
while their full widths at half maximum decrease.

The light- or heavy-hole characters have been clearly
signed by using selective piezoreflectance measurem
Due to the values of deformation potentials in the pres
ZnTe-rich structures, reflectivity features related to light-h
excitons are ‘‘piezoderivated’’;2.3 times more than thos
related to heavy-hole excitons. This technique allows us
confirm the characters of transitionse1h1 ande1l1, and of
the split heavy- and light-hole excitons in the barrier sup
lattices ~not shown here!. Careful inspection of the spectr
also allows us to identify light- and heavy-hole charact
among all the reflectance features above the band ga
ZnTe, observed in samples 0 and 2, as marked by ‘‘l ’ ’ and
‘‘ h’ ’ in Figs. 2 and 4. For the other samples, this was qu
uneasy due to the weakness of similar reflectance struct
and to their intricate overlapping.

FIG. 2. Photoluminescence~PL! and reflectance spectra o
sample 0, taken atT52 K. FE denotes the degenerate heavy- a
light-hole free exciton of the substrate. BE stands for bound e
tons in the substrate. CMQ represents the series of reflectance
PL features assigned to the quantization of motion of the cente
mass of excitons in the 120-ML-wide ZnTe quantum well.

FIG. 3. The same as Fig. 2, for sample 1.e1h1 ande1l1 rep-
resent the heavy- and light-hole excitons trapped on CdTe inse
s
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Although these high-energy transitions are observed
reflectivity in all samples, they are strong only for sample
and 2. Moreover, these transitions appearin both reflectance
and PL spectraonly in these two samples: in PL spectr
several excited transitions corresponding to reflectance st
tures are observed, with a prominent contribution of hea
hole excitons. We assign these transitions to the state
excitons confined in the wide ZnTe well, in the so-call
‘‘center-of-mass motion quantization’’~CMQ! regime. This
observation has already been made in wide CdTe/~Cd,Zn!Te
quantum wells, but for the only heavy-hole excitons16 be-
cause lattice-mismatch strains put the light-hole excitons
a type-II band lineup in these materials. Quite similarly, su
CMQ states for both heavy-and light-hole excitons are ob-
served in the present samples. A detailed study of this ob
vation in terms of confined excitonic-polariton modes will b
published elsewhere.17 The appearance of these states is
vored by the large well width~;38 nm!, compared to the
exciton Bohr diameter in ZnTe~;10 nm!. The existence of
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FIG. 4. Reflectance and PL spectra of sample 2. The sharp
tures associated with the CMQ regime have been identified in te
of light- or heavy-hole excitons, as shown by ‘‘l ’ ’ or ‘ ‘ h. ’ ’ The
free exciton of the substrate~FE! has a mixed (l 1h) character.

FIG. 5. Reflectance and PL spectra of sample 3. Note that
flectance features related to ‘‘CMQ-like’’ states are observed be
and above the FE transition, but no PL line corresponds to th
features. The small PL peak at 2.373 eV is characteristic of
substrate.
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light- and heavy-hole exciton-polariton states is well kno
in zinc-blende semiconductors, like GaAs~Ref. 18! or
ZnSe,19 and models exist for the description of the corr
sponding threefold dispersion relation.20 In brief, the disper-
sion curve of the ‘‘excitonlike’’ branch, at largek, is split
into two contributions. Fork sufficiently larger than the ef
fective wave vector of light near the resonance, these co
butions correspond respectively to the dispersion curve
particles having the following total massesMh5me1(g1

22g2)21 and Ml5me1(g112g2)21.Although rigorous
approaches21 have been developed to account for optic
spectra in case of CMQ, a simple model provides a satis
tory description of the present experimental data. For sam
2, the experimental light- and heavy-hole exciton energ
have been fitted by theoretical quantization energies of
ticles of massesMh and Ml in an infinitely deep quantum
well, versus the quantum numberN. Of course, the ‘‘effec-
tive well width’’ has been taken as a fitting parameter, sin
the potential wells for light- and heavy-hole excitons are
nite ~and different!. Moreover, this width may be smalle
than the physical width of the well~38 nm!, due to the so-
called ‘‘dead layer’’ near the well boundaries where t
center-of-mass of the exciton cannot exist as such. Howe
in case of small confinement potential, as for samples 0
2, the exciton center of mass may be able to penetrate
the barrier superlattices.

For sample 2, the energy difference for excitons betw
ZnTe and the barrier superlattice has been measured as;80
meV for heavy holes and;110 meV for light holes. A prob-
lem arises from the fact that the lowest CMQ mode
sample 2 is ‘‘light-hole-like,’’ which we attribute to a sma
residual biaxial tension of the ZnTe layer, which may orig
from the presence of MgTe and CdTe. Accounting for t
strain, the effective widths obtained by the present fitting,
sample 2, are 24 and 26 nm for the light- and heavy-h
excitons, i.e., dead layers of 7 and 6 nm, respectively. T
result is consistent with the fact that the potential barrie
higher for light-hole excitons than for heavy-hole excitons
is also consistent with the fact that the reduced mass
electron-hole pairs is anisotropic, due to the lifting of dege
eracy of valence bands. This causes, in particular, the on-
effective Bohr radius to be larger for light-hole excitons th
for heavy-hole ones, while the opposite is true in the plane
the layers. Then the center-of-mass of the heavy-hole exc
can come closer to the well-barrier interface than that of
light-hole exciton.

The differences in the spectra of samples 2 and 0
mainly due to the difference in their barrier superlattices. F
sample 0, we measured excitonic gap differences of 50 m
for heavy holes and 60 meV for light holes, between w
and barriers. The fitting procedure then yields effective w
widths of 39 and 40 nm, respectively, for light- and heav
hole excitons. Such large values are consistent with the s
confinement potentials.

Anyway, the above values are only indicative, consid
ing the simplicity of the model. Moreover, a correct fittin
procedure should include the strong nonparabolicity of d
persion curves which arises from exciton-photon coupl
~the polariton effect!, which is responsible, to our opinion
for the observation of the first CMQ resonancesbelow the
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excitonic gap of bulk ZnTe. This point will be developed
a forthcoming paper.17

Now it is crucial to note that PL features related to t
CMQ are only seen in samples 2 and 0, and that the co
sponding reflectance features are stronger in these sam
Indeed, samples 1 and 3 also show relatively weak refl
tance structures above 2.383 eV, assigned to excited st
above the edge of the CdTe quantum wells. These state
basically comparable to those produced by the CMQ,
efficient thermalization processes from them to the state
the CdTe traps prevent their observation by low-tempera
PL. Obviously, this thermalization is impossible in sample
because the traps do not exist: then, a sequence of C
related exciton states are observed in PL, similar to what
been observed in wide CdTe quantum wells. Now, the f
that such PL lines are also seen in sample 2 indicates
either this thermalization and/or trapping is inefficient,
that the CdTe traps are saturated. Now, decreasing excita
intensity produces no particular change in the overall
spectrum. Moreover, the results of time-resolved PL exp
ments on sample 2 are shown in Fig. 6. They reveal that
e1h1 line has an exponential decay time of;80 ps, while
the ground CMQ exciton line rather vanishes on a;350-ps
scale. If both recombination channels were connected, e
by an efficient trapping mechanism, the excited transit
should show the same short-time decay as the fundame
one.

The above results thus prove that, in sample 2, excit
typical of an ‘‘empty’’ 38-nm-wide ZnTe quantum well ca
exist and recombine radiatively with their own decay ra
~;350 ps! without being trapped into CdTe islands. Simu
taneously, excitons trapped on these inserts recom
independently—and more rapidly. These remarks imply t
important points: First, the in-plane dimension of CdTe
lands and of interisland spacing in sample 2 are la
enough, compared to the exciton Bohr diameter, to prev
the systematic trapping of excitons. Second, there mus
‘‘clearings’’ in the sample where the motion of exciton
along the growth axis can take place from one side of
wide ZnTe well to the other, without meeting any cadmiu
atom. Consistently, in samples 1 and 3, where cadmium

FIG. 6. Time decays of the normalized PL intensities, in sam
2, of transitione1h1 ~solid circles! and of the recombination of the
first exciton state of the 38-nm-wide ZnTe/~Zn,Mg!Te quantum
well, confined in the so-called center-of-mass motion quantiza
~CMQ! regime~open circles!. The excitation wavelength is 400 nm
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oms are likely to be homogeneously distributed in their la
planes, the excitons cannot avoid falling into CdTe tra
This explains that CMQ-like exciton states are not obser
in PL, even when increasing the excitation intensity. In p
ticular, in sample 3, it is most probable that the ALE grow
yields extremely efficient traps, as shown by the narrow a
intense PL line of thee1h1 exciton. This shows one of th
major interests of the ALE growth of submonolayers, whi
is to prevent ‘‘faults’’ or layer thickness fluctuations lik
those which probably occur in sample 1, as shown by
broader PL and reflectance features of thee1h1 exciton.

Concerning the observed blueshift of thee1h1 ande1l1
features when going from sample 1 to sample 3, it is diffic
to invoke crudely lateral confinement effect, at least in
usual sense of the constitution of ‘‘flat’’ quantum dot
Envelope-function calculations are irrelevant in the pres
case. A model yielding the electronic structure of planes~or
fractions of planes! of strongly relaxed cadmium atoms i
substitutional position in the ZnTe lattice would be useful
explain the present blueshift. Moreover, if such a lateral c
finement was present, it should be accompanied by u
size-distribution effects, i.e., the broadening of spectral f
tures, which is not the case.

IV. CONCLUSION

Our interpretation of the present experimental findings
summarized by the sketch in Fig. 7. Sample 1 constitute
kind of superlattice, where excitons are weakly bound
CdTe layers. States of the wide ZnTe well are defined her
‘‘resonant’’ states above the edge of the CdTe wells. T
explains the weak reflectance structures above 2.383
However, these excited states do not contribute to PL rec
binations. On the other hand, the observation of sharp re
tance structuresand of PL features characteristic of th
CMQ, in sample 2, can only be explained by~i! the presence
of rather wide islands separated by wide spacings, and~ii !
the vertical stacking of CdTe inserts. Consistently, if the c
mium atoms are homogeneously distributed in their pla
~sample 3! we have a kind of shallow Cd0.5Zn0.5Te/ZnTe
superlattice, yielding a somewhat delocalized ground s
for excitons. The excitons cannot avoid falling onto this st
before recombination, although the CMQ states of the w
ZnTe well are defined.

We have thus obtained a clear indication that CdTe
lands embedded in a ZnTe matrix can be grown with a v
tical correlation. This ordering is comparable to that of In
islands in GaAs. Moreover, recent theoretical inves
gations22,23suggest that this vertical correlation may result
a horizontal ordering of the islands, if a sufficient number
layers are grown. Thus here we have a promising route
ward the preparation of three-dimensional arrays of islan
which act as isoelectronic traps for excitons. It is now e
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pected that, by varying the growth conditions, one could p
duce CdTe quantum dots with variable lateral and verti
sizes and with variable lateral and vertical spacing. Dee
isoelectronic traps could then be obtained for excitons, wh
would operate strong confinement effects, such as the
hancement of the exciton binding energy and oscilla
strength. In addition, the present results already show
large efficiency of the green PL in our ZnTe-based samp
comparable to the enhancement observed in III-V submo
layer systems.3,4 Preliminary attempts show, in particula
that this green PL remains strong atT;100 K; systematic
studies of the temperature behavior are under way.

FIG. 7. A sketch of the real-space configurations of monom
lecular CdTe insets in samples 1–3, as inferred from our opt
data. Gray areas represent ZnTe-MgTe barrier superlattices,
bold lines show the positions of the insets. The oval and circu
figures just indicate the typical shapes and dimensions of exci
in the structure.
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