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Selective excitation through multiphonon emission of ZnCdTe quantum dots embedded in Zn-rich
ZnCdTe quantum wells
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We study the energy relaxation of electron-hole pairs in ZnCdTe quantum wells, which is followed by a
trapping in self-organized CdTe/ZnTe islands. An optical-phonon emission cascade is observed, giving rise to
a selective population of the Cd-rich islands. Using photoluminescence excitation spectroscopy, we determine
the energy of the phonons involved in the process. We study also the evolution of the quantum efficiency of the
phonon emission process as a function of the photon energy, the number of emitted phonons, and temperature.
Moreover, we evidence coupled exciton-phonon states in the quantum dots which explain the trapping of the
electron-hole pairs and their recombination.
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I. INTRODUCTION

Semiconductor technology makes it possible to gr
quantum dots~QD! structures in which carrier confineme
is achieved in all three spatial dimensions. With regard
bulk, in such QD’s, the relaxation processes of electron-h
pairs undergo intrinsic modifications as a consequence o
discrete density of states of these quasi-zero-dimensi
structures, as well as extrinsic modifications due the inte
tions with the supporting matrix or the substrate. Althou
the relaxation of electron-hole pairs in QD’s has been int
sively studied,1–7 only few experiments have been perform
on CdTe/ZnTe structures.8 In this system, high-order optical
phonon mediated relaxation, similar to phenomena obse
in GaAs QD’s,9 has been reported recently.10

In this paper, we present a study of the optical-phon
emission cascades in Zn-rich ZnCdTe quantum wells~QW’s!
followed by a trapping of electron-hole pairs in Cd-ric
ZnCdTe QD’s. In the QD’s, the electron-hole pairs reco
bine radiatively, giving rise to the observed photolumine
cence~PL!. From the analysis of photoluminescence exci
tion ~PLE! intensities and in the framework of a simp
model, we determine the quantum efficiency of longitudin
optical-phonon emission in the QW’s as well as its ene
and temperature dependence.

II. EXPERIMENTAL DETAILS

A. Sample description

Our sample is grown by atomic-layer epitaxy on a~0 0
1!-ZnTe substrate, as described with more details in Ref.
It contains ten CdTe QD layers separated by 10-nm-th
ZnTe layers. Each QD layer has been obtained by depo
6.5 monolayers of CdTe on the ZnTe barrier layer. T
analysis of transmission electron microscopy~TEM!
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images12 reveals that the QD’s actually consist of Cd-ric
ZnCdTe islands confined along the growth direction by p
ZnTe barriers and confined laterally by Zn-rich ZnCdTe. T
actual structure can be viewed as Cd-rich ZnCdTe QD’s e
bedded in Zn-rich ZnCdTe quantum wells. The QD diame
is about 20 nm and its height 4 nm. Their density is
31010 cm22.

B. Experimental setup

In the PLE spectroscopy measurements described h
the emission of a xenon lamp is spectrally filtered by
monochromator to obtain an excitation bandwidth of 4 m
@full width at half maximum~FWHM!# and a photon energy
that can be tuned between 1.9 and 2.5 eV. The filtered l
excites the sample whose temperature is kept fixed betw
4 and 100 K in a cold-finger cryostat. The PL is dispersed
a spectrometer and detected by a cooled charge-coupled
vice camera. The overall spectral resolution of the PL m
surement is about 1 meV.

III. EXPERIMENTAL RESULTS

A. Absorption and emission spectra for barrier excitation

Figure 1 shows the luminescence and absorption spe
of our sample. The unavoidable dispersion of the QD para
eters~size, shape, composition, etc.! leads to a broad distri-
bution of excitonic levels of the QD’s, resulting in an inho
mogeneously broadened optical line~band of sharp excitonic
lines!. The PL spectrum in Fig. 1 is obtained when exciti
with photon energies higher than that of the barriers. T
electron-hole pairs, which are photocreated in the barri
are trapped in the QD’s after energy relaxation and th
recombination in the QD’s gives rise to the luminescen
band ~centered at\vPL

M 51.971 eV at 4 K!. The lumines-
cence spectrum is unstructured and has a Gaussian s
©2004 The American Physical Society24-1
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with an inhomogeneous linewidth of 50 meV~FWHM!. The
absorption spectrum shows a local structure superimpo
onto a continuous increase of absorption ranging from
spectral position of the QD luminescence to the ZnTe bar
absorption edge. This maximum is attributed to the discr
QD states because absorption due to delocalized states i
QW layer is expected to be at larger photon energies. W
subtracting the monotonously increasing background fr
the absorption, we obtain an unstructured absorption b
centered at 2.105 eV with a half width~FWHM! of 50 meV.
We suppose that absorption and luminescence bands ar
volving the same states of the QD’s. The observed Sto
shift D5\vA

M2\vPL
M 544 meV of the luminescence with re

spect to the absorption gives an estimate for the strengt
the electron-phonon interaction. From the analysis of H
TEM images, the cadmium concentration of the CdxZn12xTe
QD’s can be estimated to bex50.8. They are embedded in
QW layer which has a thickness less than 6.5 monolay
and a lower cadmium concentration~below 0.4!.

B. Photoluminescence excitation spectra

For an excitation close to or below the ZnTe barrier g
the emission spectra of the sample at 5.7 K are shown in
2 where the photoluminescence intensityI (\vexc,\vPL) is
plotted as a function of both the excitation energy\vexc and
the emission photon energy\vPL . The gray scale of the
shaded areas is proportional to the logarithm of PL intens
PL and PLE spectra can be extracted from Fig. 2 as c
sections along theY axis andX axis, respectively.

Figure 3 shows the PL spectra at 5.7 K when exciting
sample at 2.363 and 2.390 eV, i.e., within the ZnTe barr
and close to the exciton resonance of bulk ZnTe situate
2.375 eV. A strong bound exciton luminescence line sho
up at 2.328 eV, followed by two well defined LO phono

FIG. 1. Photoluminescence and absorption spectra of the sa
at 4 K. The PL is excited at 2.480 eV, i.e., above the band gap of
ZnTe barrier. The spectrum shows the inhomogeneously broad
exciton band of the quantum dots. The linear absorption spect
shows a weak maximum associated to the maximum of excito
density of states inside the dots.
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replicas at 2.302 and 2.277 eV. The energy separation o
meV is in good agreement with the energy of longitudin
optical phonons in bulk ZnTe of 25.8 meV.13 These strong
emission lines have fixed spectral positions when the pho
energy of the excitation is changed, indicating that the
cited electron-hole pairs have efficiently thermalized in t
barriers by emission of phonons and mutual scattering. T
result is in agreement with the fact that only a weak Q
emission is observed around 1.965 eV~Fig. 2!: only few of
the electron-hole pairs photocreated in the ZnTe barriers
being trapped into CdTe dots because the vast majority
pairs recombines directly within the ZnTe barriers witho

ple
e
ed
m
ic FIG. 2. Sample emission at 5.7 K plotted as a function of
exciting photon energy\vexc ~X axis! and of the emission photon
energy\vPL ~Y axis!. The intensity is plotted using a logarithmi
scale with six contour lines and gray values for a decade. Along
diagonal is aligned the Rayleigh scattering of the exciting light.

FIG. 3. Photoluminescence spectra at 5.7 K when exciting
ZnTe barriers at 2.363 and 2.390 eV, close to the ZnTe exc
resonance. This corresponds to cross sections of Fig. 2 parall
the Y axis.
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further relaxation. It is important to notice that no emission
observed in between the phonon replica of the ZnTe bo
exciton and the QD luminescence.

The situation becomes different when exciting at low
photon energies. Figure 4 shows the PL spectrum when
citing the sample farther below the ZnTe barrier gap. Bes
the Rayleigh scattered light of the excitation, the photolum
nescence intensity of the QD’s is now stronger. The electr
hole pairs are now photocreated within the CdZnTe lay
and they are more efficiently trapped in the QD’s. The Q
PL intensity distribution, however, has no longer a Gauss
shape as in Fig. 1 but shows three secondary maxima. T
are separated by about 24 meV from each other, and, as
be discussed in the following, are due to emission of sev
longitudinal optical phonons before the electron-hole pa
recombine radiatively within the QD’s.

The spectral positions of the PL intensity maxima no
change when the photon energy of the excitation is chan
The energy separation between excitation and emis
maxima corresponds to an integer number of optical-pho
energies\vLO . Only QD’s which have exciton levels sepa
rated from the excitation energy by an integer number
optical-phonon energies are selectively populated. A Di
comb with a step given by the phonon energy\vLO and a
spectral shift determined by the excitation photon energ
thus imprinted in the broad inhomogeneous emission line
the dot. This shows that the main mechanism for the exc
relaxation from the barriers into the dots is the emission
LO phonons.

Figure 5 shows PLE spectra extracted from the data
Fig. 2. The emission intensity is plotted as function ofDE
5\vexc2\vPL where\vexc denotes the excitation photo
energy and\vPL the PL photon energy. In this represent
tion, we clearly see that the PLE intensity exhibits up to
oscillations whenDE is varied. Their maxima occur at fixe
spectral positionsDE. However, one remarks that the env
lope of the PLE onto which these modulations due
phonons are superimposed shows an absolute maxim
Comparing the different PLE spectra in Fig. 5, one rema
that this absolute maximum shifts to higherDE for decreas-
ing \vPL values. This supports the assumption that the lo

FIG. 4. Photoluminescence spectra at 5.7 K when exciting
QW states far below the photon energy of the ZnTe barriers. T
corresponds to cross sections of Fig. 2 parallel to theY axis.
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maximum in the absorption spectrum corresponds to QD
sorption, a point that will be expanded upon later. The P
intensity modulation with varyingDE indicates that the pho
togenerated electron-hole pairs relax by emission of a c
cade of phonons of well-defined energies. When the temp
ture is increased, as we probed up to 100 K, this situa
changes and the intensity modulation vanishes for temp
tures above 60 K. We therefore conclude that additional s
tering with acoustical phonons becomes efficient at this te
perature before recombination of thee-h pairs occurs.

IV. PHONON ENERGIES

A. Phonon cascade in the QW

We first analyze the modulations observed in the P
spectra at 5.7 K. Let us denote\vPL as the PL photon energ
~detection energy! andE( i ) ( i 51, 2, 3, ..., etc.! as the ener-
getic position of thei th maxima~from the PL position\vPL)
observed in a PLE spectrum. The energy separation betw
a PLE maximumE( i ) and the PL spectral position\vPL
corresponds to an integer number of the LO phonon ene
For a given PL emission energy, two neighboring PL
maxima are thus related to cascades whose phonon nu
differ by 1. Figure 6 shows the cascade process schem
cally. We labelD1 the energy separation between the spec
position of the QD PL emission and the first PLE intens
maximum@D15E(1)2\vPL#, D2 that between the first and
the second PLE maxima@D25E(2)2E(1)#, and so on.
Then,D i5E( i )2E( i 21) is the energy of the first phonon i
the cascade process involvingi phonons. Figure 7 shows th
phonon energyD i as a function of the number of phononsi
involved in the relaxation process. One clearly sees that
energy of the phonons is not constant but depends oni. At
this point it is important to notice that the QW’s and QD
consist of ternary CdZnTe with different Cd and Zn conce
trations, while only the barriers are made of pure ZnTe. T
LO phonon energy for pure ZnTe and pure CdTe is known
be 25.8 and 21.1 meV, respectively. These values have b
determined in bulk material by Raman scattering at low te

e
is FIG. 5. Photoluminescence excitation spectra determined f
Fig. 2 as function of the difference of the photon energy of t
exciting light\vexc and that of the photoluminescence\vPL . This
corresponds to cross sections of Fig. 2 parallel to theX axis.
4-3
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YANNICK VIALE et al. PHYSICAL REVIEW B 69, 115324 ~2004!
peratures in Ref. 13. In a CdxZn12xTe alloy, the LO phonon
energy depends on the Cd concentrationx and lies between
these two values. Let us suppose that we can neglect q
tum confinement of phonons and that the bulk values rem
valid in the QW’s. From Fig. 7, we conclude that bulk ZnT
phonons are emitted only fori 512 ~and perhaps higher!. As
determined from the cascadesi 53 – 11, the energies of th
first emitted phonons in the relaxation processes corresp
to Cd concentrations fromx50.4– 0.2. These are typical va
ues for the matrix in which the QD’s are embedded.12 We
therefore conclude that the relaxation processes take p
under emission of phonons of the Zn-rich QW’s.

B. Trapping in the QD’s

Thus only the first and perhaps second phonons (i 51 and
2! correspond to a relaxation involving a phonon of the Q
material. The QD’s are Cd rich, and from the phonon ene
D1 we determinex50.8. This value is in good agreeme
with results obtained by the analysis of HRTEM~Ref. 12!

FIG. 6. Scheme of the phonon emission cascade. The i
shows our model involving configuration coordinates for the c
cadei 54.

FIG. 7. Phonon energiesD i involved in the cascade process
function of the order of emitted phononsi. The phonon energiesD i

are determined from the PLE modulation of Fig. 2.
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measurements of the QD’s. At low temperatures, after re
ation with emission of QW phonons, the electron-hole pai
trapped in localized QD states and recombines radiativ
without further thermalization. Such QD states are alwa
available because of the large inhomogeneous broadenin
the luminescence band due to radius, shape, and conce
tion fluctuations in the dots.

As discussed above, we suppose that the maximum
served in the absorption spectrum~Fig. 1! is due to the QD’s.
This assumption is supported by the observation of a sim
maximum in the envelope of the PLE spectra of Fig. 5. F
PL photon energies smaller than that of the luminesce
maximum, the PLE envelope shows a maximum located
two phonon energies from the PL emission, while there is
maximum ~apart from the modulation due to the phonon!
for emissions at higher photon energies. Let\vLO denote the
energy of the optical phonon. From the Stokes shiftDAL

5\vA
M2\vPL

M 544 meV between the luminescence and a
sorption maxima, we obtain the Huang-Rhys factorS
5DAL/2\vLO which gives the mean number of phonons i
volved in the electronic transition of a QD. Using in our ca
the phonon energy of the QD\vLO5D1 we find a Huang-
Rhys factorS5DAL/2D150.96.

We therefore believe that the observed trapping proces
analogous to the mechanism of self-trapped polarons
crystals.14 As has been discussed in Ref. 15, such electr
phonon bound states may also exist in polar QD’s. Surf
states inducing a polarization of QD’s, for example, ha
been used to explain the intense PL of Si QD’s.16,17Using the
configuration coordinatesQ, an electron-phonon bound sta
is described by a state of an harmonic oscillator. As indica
in the inset of Fig. 6, the minimum of the potential energy
the QD excited state~i.e., QD with an electron-hole pair! is
shifted with respect to that of the ground state~QD with no
electron-hole pair!. According to the Franck-Condon prin
ciple, electronic transitions are vertical, indicating that t
lattice deformation cannot instantaneously follow the chan
of the electronic charge distribution. As a consequence,
sorption and emission of a QD transition are spectrally se
rated. In the case of photoexcitation of the carrier into a Q
state, we propose the following trapping and recombinat
model~as indicated in the inset of Fig. 6 for the casei 54):
after excitation, the carriers are delocalized in the QW a
the QD lattice is not deformed (Q50). After emission of
QW phonons, the carriers are trapped in the QD’s and th
energy is close to the parabola of the excited state atQ50.
By emission of another optical phonon, which should
close to the one of the QD, the carrier is trapped in
minimum of the harmonic oscillator potential of the excite
state~corresponding toQÞ0). From this position, without
further relaxation, the electron hole pair recombines rad
tively. Then the QD comes back toQ50 in the ground state
by emitting a QD phonon which is used to restore the latt
deformation. Interpreting the Huang-Rhys factor within th
model, a factor of 1 indicates that the crystal deformat
energy of the excited state with respect to the ground sta
equal to the energy of one optical phonon of the dot. O
experimental results are consistent with this model since
energyD1 corresponds to that of an optical phonon of a Q

et
-
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This value is determined with a precision of60.5 meV. At
5.7 K, the energyD2 is neither that of a phonon of the QD
nor of the QW, but in between. However,D2 is determined
with an error bar of61.0 meV only while all the otherD i
have errors bar of60.3 meV. At higher temperatures the fir
two energies (D1 and D2) are that of optical phonons of
QD.

V. QUANTUM EFFICIENCY OF THE PHONON EMISSION

In a simple cascade process indicated in Fig. 6, fori>3,
the ratio of successive emission maxima gives directly
quantum efficiency of the emission of a phonon of the Q
Let us try to explain our results using the following mod
We first consideri>3 and assume that, independently of t
photon energy\vexc, the exciting light source creates th
same numberN of electron-hole pairs in the QW layer. Afte
emission of optical phonons, the electron-hole pairs hav
random distribution in momentum space whose influenc
neglected. We denote byhQW(E) the quantum efficiency tha
the pair emits a phonon of the quantum well and byhL(E)
the probability that the pair is lost for the cascade proce
This may be due to radiative recombination, nonradiat
recombination processes, trapping on interface states, et
we will see, outside the region of QD luminescence,hQW
andhL are almost constant and independent of energy. T
fulfill the relation

hQW1hL51.

Inside the QD luminescence region,hQW is replaced by the
function hQD and the situation is more complex sinc
hQD(En) andhL(En) may vary with energy.

Let us assume that the cascade with indexi, first, involves
( i -2) emission processes of QW phonons and then one
non of the QD with the quantum efficiencyhQD(E2). The
radiative recombination of the electron-hole pairs occ
with a quantum efficiencyhR(\vPL), followed by another
phonon emission in the dothQD(E1). Both hQD(En) and
hR(\vPL5E0) may depend on energy. As stated above, t
is certainly the case forhQD(En). The PLE intensity of the
order i cascade is then given by

I i~\vPL!5NH )
n52

~ i !

@nQW~En!#J hQD~E2!hR~E1!,

whereI i(\vPL)5I (\vexc5Ei ,\vPL) is the emission inten-
sity at the photon energy\vPL for an excitation at\vexc
5Ei .

The same QD’s, emitting at\vPL , can be reached by
another phonon cascade, namely one involving one less
non and starting at a lower excitation photon energy. T
PLE intensity of the orderi 21 cascade for the same value
\vPL is given by

I i 21~\vPL!5NH )
n52

~ i 21!

@hQW~En!#J hQD~E2!hR~E1!,

whereI i 21(\vPL)5I (\vexc5Ei 21 ,\vPL). This means that
if two cascades end in the same quantum dot emitting at
11532
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energy\vPL , the ratio between the emitted luminescen
intensities gives the quantum efficiency of the supplemen
phonon emission. This efficiency can thus be calculated fr
the ratio of successive PLE maxima:

I ~ i !~\vPL!/I
~ i 21!~\vPL!5hQW~Ei !5hQW

~ i ! .

Formally, the considerations given above hold also foi
52, but the model breaks down when the QD’s are direc
excited fori 51 andi 52.

Figure 8 shows the intensitiesI i(\vPL) as a function of
the emission photon energy\vPL . Each curveI i(\vPL),
which represents the PL spectrum when dots are selecti
populated with ani-phonons cascade, is obtained from t
data of Fig. 2 by taking the value of the PL intensity max
mum ~corresponding to a given phonon numberi! along a
line parallel to the diagonal. As the phonon energy can v
as a function ofEn depending on the cadmium concentratio
we obtain

\vexc5Ei5 (
n51

i

\vLO~En!1\vPL' i\vLO1\vPL .

The quantum efficiency can change along such a line
maxima, i.e., vary as a function ofEi . Figure 9 shows

hQW
~ i ! 5hQW~Ei !5I ~ i !~\vPL!/I

~ i 21!~\vPL!

5I ~\vexc5Ei ,\vPL!/I ~\vexc5Ei 21 ,\vPL!

for the cascadesi 53 – 12 as functions of the excitation pho
ton energyEi . The regions plotted in Fig. 9 by dots corre
spond to the observed PL band between 1.950 and 2.00
which can be analyzed for all cascades: for each pho
index i in Fig. 9, data points for low-excitation photon ene
giesEi correspond, for example, to low PL emission phot
energies\vPL . For i<7 a larger spectral region can be an
lyzed and the results are indicated by full lines.

A. Phonon cascade in the QW

As discussed above, the emission photon energy\.vPL is
strictly determined by the cascade indexi and excitation pho-

FIG. 8. Intensity of emission phonon energy following th
i-phonon line. This corresponds to cross sections of Fig. 2 al
lines which are parallel to the diagonal.
4-5
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YANNICK VIALE et al. PHYSICAL REVIEW B 69, 115324 ~2004!
ton energyEi . Thus thehQW
( i ) data can be analyzed as

function of bothEi or \vPL . For i .9, hQW
( i ) is constant with

respect to the exciting photon energyEi , the cascade indexi,
and, consequently, to the PL photon energy. When the P
detected at low photon energies, around 1.950 eV, the q
tum efficiency of the phonon emission is very high, arou
0.8, and is independent of the cascade indexi. It corresponds
to the emission of QD’s with a large radius. For a giv
index i<9, hQW

( i ) decreases linearly with increasing PL
excitation energies~corresponding to dots of smaller radius!.
In addition, the slope ofhQW

( i ) also depends slightly on th
cascade indexi for 4< i<9.

Since for a given photon energy\vPL of luminescence
the same QD states are involved in the emission proc
independent of the indexi of the cascades, a variation o
hQW

( i ) with i has to be attributed to the properties of t
electron-hole pairs which become trapped. We tentatively
tribute the PL energy and cascade indexi dependence o
hQW

( i ) to the fact that initially, all electron-hole pairs are cr
ated in the QW with a center-of-mass wave vectorK50. By
emission of optical phonons the distribution of wave vec
becomes more and more random when the order of the
cade increases. In the smaller QD’s, the electronic w
functions are more localized than in the larger ones. Th
wave functions spread more inK space for the smaller QD’s
Consequently, the transition of delocalized QW excito
from a distribution well peaked aroundK50 towards local-
ized states in the QD’s will be privileged for the larger QD
If this interpretation is correct, it means that, ifi>9, the
distribution is fully randomized and does not change withi,
i.e., with the size of the QD. For smaller cascade index,
electron-hole pair distribution remains peaked atK50 and
large QD’s are populated more easily. Another reason for
result could be that the number of photoexcited electron-h
pairs is not really the same when comparing different c

FIG. 9. Quantum efficiencyhQW
( i ) 5I ( i )/I ( i 21) determined from

Fig. 2 as function of photon energy of excitation\vexc for different
orders of emitted phononsi>3. Quantum efficiencieshQW

( i ) giving
rise to PL between 1.950 and 2.000 eV can be determined fo
cascade indicesi. In this region the results are given by dots. F
i ,8 and small PL photon energies, a larger spectral region ca
analyzed. Full lines indicate the results. In addition, the inten
ratio I (2)/I (1) is given.
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cades since the absorption of the sample depends on the
ton energy of excitation. We can, however, exclude this p
sibility because the quantum efficiencyhQW

( i ) for emitting
photons at 1.950 eV is almost constant when varying
photon energy of excitation between 2.020 and 2.300 eV

B. Trapping in the QD’s

For i 52 – 4, we do no longer observe the slight line
dependence ofh ( i ) on the PL energy at low photon energie
For these cascades, the intensity ratios show a well defi
maximum at 1.971 eV, i.e., at the position of the lumine
cence maximum.

One possibility is that, while under nonresonant excitat
conditions, the recorded intensity is due to pure PL, wh
exciting close to or inside the PL band, the recorded sig
should additionally be enhanced due to resonant Raman
tering, a process not considered in our model.

This hypothesis is not essential, however, as our mo
can describe these results obtained under resonant excit
conditions. As explained above, we believe that the trapp
mechanism itself involves the interaction with optic
phonons of the QD’s~inset of Fig. 6!. The crystal deforma-
tion leads to the creation of a self-trapped state of low
energy. From this state, the electron-hole pair recombi
with emission of an optical phonon. Its energy is used
restore the lattice deformation. Transitions between the
cited and ground QD states can involve any number
phonons but their respective probabilities depend strongly
the equilibrium position displacement between the exci
and ground state. The Huang-Rhys factor determines th
and gives the mean number of phonons involved in b
excited- and ground-states relaxation. This model is t
supported by our experimental results obtained under re
nant excitation conditions: A value of the Huang-Rhys fac
close to 1 leads to a two-phonon line which is more inten
than the one-phonon line. This explains that the ratioI (2)/I (1)

~Fig. 9! is greater than unity and shows that the mean nu
ber of phonons involved in both the excited and ground s
relaxation is 1. This is a further indication of the importa
coupling between electronic and vibrational modes in
CdTe QD’s.

C. Temperature dependence

When increasing the temperature from 5.7 to 100 K
results given in Fig. 9 remain quantitatively the same, at le
within the error bars. This indicates that the quantum e
ciency of optical-phonon emission is independent of te
perature in this range. As stated above, the modulation of
PLE intensity diminishes and vanishes aboveT560 K since
thermalization with acoustical phonons becomes possi
The state of self-trapped polarons is no longer stable. C
cerning the phonon energies involved in the cascades,
only difference observed with respect to Fig. 7 is that forT
>30 K the energy of thei 52 phonon is the same as that
i 51. This implies that phonons of the quantum dots a
emitted in both relaxation processes.
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VI. CONCLUSIONS

We have determined the relaxation scenario of
electron-hole population after excitation of the Zn-ri
CdZnTe quantum wells in which Cd-rich quantum dots a
embedded. We have shown that the energy relaxation is c
acterized by emission of cascades of longitudinal opt
phonons in the quantum well. The quantum efficiency of t
process is very high~about 0.8! and almost independent o
energy and temperature. The small energy dependence o
quantum efficiency, which is mainly observed when only
small number of phonons are implied in the relaxation c
cade, is tentatively attributed to the fact that the center
mass wave vector of the electron-hole distribution in the Q
becomes more and more random as the phonon cascade
ceeds.

During these relaxation processes, the electron-hole p
do not recombine radiatively. When the electron-hole pa
have an energy just in excess of the lowest quantum
level, they emit a phonon and become trapped without

*Corresponding author. Email address: Pierre.Gilliot@ipcms
strasbg.fr

1H.-P. Tranitz, H. P. Wagner, R. Engelhardt, U. W. Pohl, and
Bimberg, Phys. Rev. B65, 035325~2002!.

2F. Gindele, U. Woggon, W. Langbein, J. M. Hvam, K. Leonar
D. Hommel, and H. Selke, Phys. Rev. B60, 8773~1999!.

3H. P. Wagner, H.-P. Tranitz, H. Preis, W. Langbein, K. Leoss
and J. M. Hvam, Phys. Rev. B60, 10 640~1999!.

4H. P. Wagner, H.-P. Tranitz, H. Preis, W. Langbein, and J.
Hvam, J. Cryst. Growth214Õ215, 747 ~2000!.

5H. P. Wagner, H.-P. Tranitz, R. Schuster, R. Engelhardt, U.
Pohl, and D. Bimberg, Phys. Status Solidi B224, 195 ~2001!.

6U. Woggon, F. Gindele, W. Langbein, and J. M. Hvam, Phys. R
B 61, 1935~2000!.

7N. H. Bonadeo, Gang Chen, D. Gammon, and D. G. Steel, P
Status Solidi B221, 5 ~2000!.

8Y. Viale, P. Gilliot, O. Crégut, J.-P. Likforman, B. Ho¨nerlage, R.
Levy, L. Besombes, L. Marshal, K. Kheng, and H. Mariet
Mater. Sci. Eng., B101, 55 ~2003!.
11532
n

e
ar-
l

s

the

-
f-

ro-

irs
s
ot
r-

ther energy relaxation. This trapping is then followed by
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acoustical phonons is not observed at low temperatures s
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the electron-hole pair recombines with emission of an opt
phonon to restore the lattice deformation. Under reson
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