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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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[. INTRODUCTION imaged? reveals that the QD’s actually consist of Cd-rich
ZnCdTe islands confined along the growth direction by pure

Semiconductor technology makes it possible to growZnTe barriers and confined laterally by Zn-rich ZnCdTe. The
guantum dot§QD) structures in which carrier confinement actual structure can be viewed as Cd-rich ZnCdTe QD’s em-
is achieved in all three spatial dimensions. With regard tdedded in Zn-rich ZnCdTe quantum wells. The QD diameter
bulk, in such QD’s, the relaxation processes of electron-holés about 20 nm and its height 4 nm. Their density is 2
pairs undergo intrinsic modifications as a consequence of th& 10'° cm™ 2.
discrete density of states of these quasi-zero-dimensional
structures, as well as extrinsic modifications due the interac- B. Experimental setup
tions with the supporting matrix or the substrate. Although .
the relaxation of electron-hole pairs in QD's has been inten- N the PLE spectroscopy measurements described here,
sively studied:~ only few experiments have been performed 1€ €mission of a xenon lamp is spectrally filtered by a
on CdTe/ZnTe structurdsin this system, high-order optical- monochromator to obtain an excitation bandwidth of 4 meV

phonon mediated relaxation, similar to phenomena observeﬂé}u” width at half maximum(FWHM)] and a photon energy
in GaAs QD's? has been reported recent. that can be tuned between 1.9 and 2.5 eV. The filtered light

In this paper, we present a study of the optical-phonor‘?XCiteS the sample whose temperature is kept fixed between

emission cascades in Zn-rich ZnCdTe quantum weNa/'s) 4 and 100 K in a cold-finger cryostat. The PL is dispersed in
followed by a trapping of electron-hole pairs in Cd-rich & spectrometer and detected by a cooled. charge-coupled de-
ZnCdTe QD’s. In the QD’s, the electron-hole pairs recom-ViC& camera. The overall spectral resolution of the PL mea-
bine radiatively, giving rise to the observed photolumines-Surement is about 1 mev.
cence(PL). From the analysis of photoluminescence excita-
tion (PLE) intensities and in the framework of a simple Ill. EXPERIMENTAL RESULTS
model, we determine the quantum efficiency of longitudinal
optical-phonon emission in the QW’s as well as its energy
and temperature dependence. Figure 1 shows the luminescence and absorption spectra
of our sample. The unavoidable dispersion of the QD param-
eters(size, shape, composition, etéeads to a broad distri-

A. Absorption and emission spectra for barrier excitation

[l. EXPERIMENTAL DETAILS bution of excitonic levels of the QD’s, resulting in an inho-
o mogeneously broadened optical lifand of sharp excitonic
A. Sample description lines). The PL spectrum in Fig. 1 is obtained when exciting

Our sample is grown by atomic-layer epitaxy o{Ca0  with photon energies higher than that of the barriers. The
1)-ZnTe substrate, as described with more details in Ref. 11€lectron-hole pairs, which are photocreated in the barriers,
It contains ten CdTe QD layers separated by 10-nm-thiclare trapped in the QD’s after energy relaxation and their
ZnTe layers. Each QD layer has been obtained by deposingcombination in the QD’s gives rise to the luminescence
6.5 monolayers of CdTe on the ZnTe barrier layer. Theband (centered atiwy =1.971eV at 4 K. The lumines-
analysis of transmission electron microscopfEM)  cence spectrum is unstructured and has a Gaussian shape
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FIG. 1. Photoluminescence and absorption spectra of the sampl S D O DD D O D AD O D D D DO O
. . - SR PO AC B P3P P S
at 4 K. The PL is excited at 2.480 eV, i.e., above the band gap of the PEFPETTECPECCFTCIEEG
ZnTe barrier. The spectrum shows the inhomogeneously broadene Moo (nm)
exciton band of the quantum dots. The linear absorption spectrum

shows a weak maximum associated to the maximum of excitonic FIG. 2. Sample emission at 5.7 K plotted as a function of the
density of states inside the dots. exciting photon energyi we,. (X axis) and of the emission photon

energyfwp, (Y axis). The intensity is plotted using a logarithmic

with an inhomogeneous linewidth of 50 méPWHM). The sn_:ale With six_contour lines and gray vall_Jes for a deca_d_e. A_Iong the
absorption spectrum shows a local structure Superimposéaagonal is aligned the Rayleigh scattering of the exciting light.
onto a continuous increase of absorption ranging from the
spectral position of the QD luminescence to the ZnTe barriereplicas at 2.302 and 2.277 eV. The energy separation of 26
absorption edge. This maximum is attributed to the discreteneV is in good agreement with the energy of longitudinal-
QD states because absorption due to delocalized states in thptical phonons in bulk ZnTe of 25.8 méV.These strong
QW layer is expected to be at larger photon energies. Wheamission lines have fixed spectral positions when the photon
subtracting the monotonously increasing background fronenergy of the excitation is changed, indicating that the ex-
the absorption, we obtain an unstructured absorption bancited electron-hole pairs have efficiently thermalized in the
centered at 2.105 eV with a half widtRWHM) of 50 meV.  barriers by emission of phonons and mutual scattering. This
We suppose that absorption and luminescence bands are iresult is in agreement with the fact that only a weak QD
volving the same states of the QD’s. The observed Stokesmission is observed around 1.965 €Ng. 2): only few of
shift A=%wy — iwp =44 meV of the luminescence with re- the electron-hole pairs photocreated in the ZnTe barriers are
spect to the absorption gives an estimate for the strength dfeing trapped into CdTe dots because the vast majority of
the electron-phonon interaction. From the analysis of HR{pairs recombines directly within the ZnTe barriers without
TEM images, the cadmium concentration of the g _, Te
QD'’s can be estimated to be=0.8. They are embedded in a ] 2.250 2.300 2.350 2.400
QW layer which has a thickness less than 6.5 monolayers 10 " ' 2303 v 2300w ]
and a lower cadmium concentratidimelow 0.4. ' b
s T=57K

B. Photoluminescence excitation spectra

For an excitation close to or below the ZnTe barrier gap,
the emission spectra of the sample at 5.7 K are shown in Fig.
2 where the photoluminescence intenditf weyc, i wp) IS
plotted as a function of both the excitation enefgy,,. and
the emission photon energywp, . The gray scale of the
shaded areas is proportional to the logarithm of PL intensity. 10
PL and PLE spectra can be extracted from Fig. 2 as cross 5250 300 2350 5400
sections along th& axis andX axis, respectively. ho, (eV)

Figure 3 shows the PL spectra at 5.7 K when exciting the P
sample at 2.363 and 2.390 eV, i.e., within the ZnTe barriers FIG. 3. Photoluminescence spectra at 5.7 K when exciting the
and close to the exciton resonance of bulk ZnTe situated @nTe barriers at 2.363 and 2.390 eV, close to the ZnTe exciton
2.375 eV. A strong bound exciton luminescence line showsesonance. This corresponds to cross sections of Fig. 2 parallel to
up at 2.328 eV, followed by two well defined LO phonon theY axis.

PL intensity (arb. units)
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FIG. 4. Photoluminescence spectra at 5.7 K when exciting the ) o )
QW states far below the photon energy of the ZnTe barriers. This FIG. 5. Photoluminescence excitation spectra determined from

corresponds to cross sections of Fig. 2 parallel to¥ffexis. Fig. 2 as function of the difference of the photon energy of the
exciting light% we,. and that of the photoluminescentep, . This

further relaxation. It is important to notice that no emission isCorreSponOIS to cross sections of Fig. 2 parallel tofeis.

observed in between the phonon replica of the ZnTe bound . . .
exciton and the QD luminescence. maximum in the absorption spectrum corresponds to QD ab-

The situation becomes different when exciting at |Owersorption, a point that will be expanded upon later. The PLE

photon energies. Figure 4 shows the PL spectrum when e*r_]tensity modulation with varying E indicates that the pho-

citing the sample farther below the ZnTe barrier gap. Besidéogenerated electron-hole pairs relax by emission of a cas-

the Rayleigh scattered light of the excitation, the photolumi—Ca‘de of phonons of well-defined energies. When the tempera-

nescence intensity of the QD’s is now stronger. The electrony’® 1S increased, as we probed up to 100 K, this situation

hole pairs are now photocreated within the CdznTe Iayer§hanges and the intensity modulation vanishes fp_r tempera-
and they are more efficiently trapped in the QD's. The QDtur_es ab_ove 60 K._We therefore conclude thgt_addmongl scat-
PL intensity distribution, however, has no longer a Gaussiaft"ng with acoustical ph_onqns becomes 9ff|C|ent at this tem-
shape as in Fig. 1 but shows three secondary maxima. TheBgrature before recombination of teeh pairs occurs.
are separated by about 24 meV from each other, and, as will
be discussed in the following, are due to emission of several V. PHONON ENERGIES
longitudinal optical phonons before the electron-hole pairs .
recombine radiatively within the QD’s. A. Phonon cascade in the QW

The spectral positions of the PL intensity maxima now We first analyze the modulations observed in the PLE
change when the photon energy of the excitation is changedpectra at 5.7 K. Let us dendiep, as the PL photon energy
The energy separation between excitation and emissiofdetection energyandE(i) (i=1, 2, 3, ..., etg.as the ener-
maxima corresponds to an integer number of optical-phonogetic position of theth maxima(from the PL positiorf wp,)
energiesiw o. Only QD’s which have exciton levels sepa- observed in a PLE spectrum. The energy separation between
rated from the excitation energy by an integer number ofa PLE maximumE(i) and the PL spectral positiofiwp,
optical-phonon energies are selectively populated. A Diracorresponds to an integer number of the LO phonon energy.
comb with a step given by the phonon enefgy, o and a For a given PL emission energy, two neighboring PLE
spectral shift determined by the excitation photon energy isnaxima are thus related to cascades whose phonon number
thus imprinted in the broad inhomogeneous emission line ofliffer by 1. Figure 6 shows the cascade process schemati-
the dot. This shows that the main mechanism for the excitorally. We labelA ; the energy separation between the spectral
relaxation from the barriers into the dots is the emission oposition of the QD PL emission and the first PLE intensity
LO phonons. maximum[A;=E(1)—-7%wp ], A, that between the first and

Figure 5 shows PLE spectra extracted from the data ofhe second PLE maxim@A,=E(2)—E(1)], and so on.
Fig. 2. The emission intensity is plotted as functionAdE ~ Then,A;=E(i) —E(i — 1) is the energy of the first phonon in
=hwe—hwp. Wherefiwe,, denotes the excitation photon the cascade process involvinghonons. Figure 7 shows the
energy anth wp the PL photon energy. In this representa-phonon energy; as a function of the number of phonons
tion, we clearly see that the PLE intensity exhibits up to 15involved in the relaxation process. One clearly sees that the
oscillations whem\E is varied. Their maxima occur at fixed energy of the phonons is not constant but depends &
spectral position& E. However, one remarks that the enve- this point it is important to notice that the QW’s and QD’s
lope of the PLE onto which these modulations due toconsist of ternary CdZnTe with different Cd and Zn concen-
phonons are superimposed shows an absolute maximurtrations, while only the barriers are made of pure ZnTe. The
Comparing the different PLE spectra in Fig. 5, one remark4.O phonon energy for pure ZnTe and pure CdTe is known to
that this absolute maximum shifts to high®E for decreas- be 25.8 and 21.1 meV, respectively. These values have been
ing fiwp, values. This supports the assumption that the locatletermined in bulk material by Raman scattering at low tem-
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measurements of the QD’s. At low temperatures, after relax-
\ / ation with emission of QW phonons, the electron-hole pair is
<o (QD) trapped in localized QD states and recombines radiatively

]
=

Excitation /=

70t ME) A 708 without further thermalization. Such QD states are always

E,T ';L(Ei-l)%gw(&.l) available because of the large inhomogeneous broadening of

E,,- — the luminescence band due to radius, shape, and concentra-
s o, @9 q tion fluctuations in the dots.

E & Ey) As discussed above, we suppose that the maximum ob-

" /\”QW(E“) served in the absorption spectryRig. 1) is due to the QD’s.

w1 This assumption is supported by the observation of a similar

maximum in the envelope of the PLE spectra of Fig. 5. For

E; T MEs) Tow(Es) PL photon energies smaller than that of the luminescence

E + MED maximum, the PLE envelope shows a maximum located at

2 QW L2 Top(E2) . . . .

B I two phonon energies from the PL emission, while there is no

Pyt 20y QD / \ﬂQD(El) maxm_um(apart f_rom the modulatlo_n due to the phonpns
B * for emissions at higher photon energies. Lef, o denote the

energy of the optical phonon. From the Stokes shiff,

FIG. 6. Scheme of the phonon emission cascade. The inset%wx —fwp =44 meV between the luminescence and ab-
shows our model involving configuration coordinates for the cas-sorption maxima, we obtain the Huang-Rhys fact®r
cadei =4. =AaL/2h w o Which gives the mean number of phonons in-
volved in the electronic transition of a QD. Using in our case

peratures in Ref. 13. In a Gan, _, Te alloy, the LO phonon the phonon energy of the Qbw o=A; we find a Huang-
energy depends on the Cd concentratioand lies between Rhys factorS=A,/2A,=0.96.

these two values. Let us suppose that we can neglect quan- We therefore believe that the observed trapping process is
tum confinement of phonons and that the bulk values remaifhalogous to the mechanism of self-trapped polarons in
valid in the QW’s. From Fig. 7, we conclude that bulk ZnTe crystals* As has been discussed in Ref. 15, such electron-
phonons are emitted only for= 12 (and perhaps higherAs ~ Phonon bound states may also exist in polar QD's. Surface
determined from the cascadis 3—11, the energies of the States inducing a polarization of QD's, for example, have
first emitted phonons in the relaxation processes corresporféfen used to explain the intense PL of Si QEy$’Using the

to Cd concentrations from=0.4—0.2. These are typical val- configuration coordinate®, an electron-phonon bound state
ues for the matrix in which the QD’s are embedd@dve  is described by a state of an harmonic oscillator. As indicated
therefore conclude that the relaxation processes take plad@ the inset of Fig. 6, the minimum of the potential energy of

under emission of phonons of the Zn-rich QW’s. the QD excited statéi.e., QD with an electron-hole paifs
shifted with respect to that of the ground st&@D with no

o electron-hole pajr According to the Franck-Condon prin-
B. Trapping in the QD's ciple, electronic transitions are vertical, indicating that the
Thus only the first and perhaps second phonorsi(and  lattice deformation cannot instantaneously follow the change
2) correspond to a relaxation involving a phonon of the QDOf the electronic charge distribution. As a consequence, ab-
material. The QD’s are Cd rich, and from the phonon energysorption and emission of a QD transition are spectrally sepa-
A; we determinex=0.8. This value is in good agreement rated. In the case of photoexcitation of the carrier into a QW

with results obtained by the analysis of HRTEMRef. 12  state, we propose the following trapping and recombination
model(as indicated in the inset of Fig. 6 for the case4):

————— T after excitation, the carriers are delocalized in the QW and

26.0 the QD lattice is not deformedQ=0). After emission of
ho_(ZnTe)— QW phqnons, the carriers are trapped in t_he QD’s and their
Lo ~ ' energy is close to the parabola of the excited sta®-a0.
25.0 s T TS By emission of another optical phonon, which should be
<_ . aw close to the one of the QD, the carrier is trapped in the
24.0

minimum of the harmonic oscillator potential of the excited
state(corresponding tdQ#0). From this position, without
further relaxation, the electron hole pair recombines radia-

23.0

phonon energy %o, , (MeV)

*QD tively. Then the QD comes back ©=0 in the ground state
] by emitting a QD phonon which is used to restore the lattice
20— 5 6 7 8 9 10 11 12 deformation. Interpreting the Huang-Rhys factor within this

model, a factor of 1 indicates that the crystal deformation
energy of the excited state with respect to the ground state is
FIG. 7. Phonon energies; involved in the cascade process as €qual to the energy of one optical phonon of the dot. Our
function of the order of emitted phonoinsThe phonon energies; experimental results are consistent with this model since the
are determined from the PLE modulation of Fig. 2. energyA, corresponds to that of an optical phonon of a QD.

phonon number
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This value is determined with a precision 0.5 meV. At
5.7 K, the energy\, is neither that of a phonon of the QD
nor of the QW, but in between. Howevek, is determined
with an error bar of=1.0 meV only while all the otheA;
have errors bar of£0.3 meV. At higher temperatures the first
two energies 4, and A,) are that of optical phonons of a

QD.

6x10* . . .
5x10*
4x10*
3x10°
2x10*

V. QUANTUM EFFICIENCY OF THE PHONON EMISSION .
1x10

In a simple cascade process indicated in Fig. 6, fe8,
the ratio of successive emission maxima gives directly the 1950 2000
guantum efficiency of the emission of a phonon of the QW. ho_ (eV)
Let us try to explain our results using the following model: PL
We first consider=3 and assume that’ independently of the FIG. 8. Intensity of emission phonon energy following the
photon energyi we,., the exciting light source creates the j hhonon line. This corresponds to cross sections of Fig. 2 along
same numbeN of electron-hole pairs in the QW layer. After jines which are parallel to the diagonal.
emission of optical phonons, the electron-hole pairs have a
random distribution in momentum space whose influence i%nergyﬁwp,_,

neglected. We denote byoy(E) the quantum efficiency that  jyensities gives the quantum efficiency of the supplementary

the pair emits a phonon of the quantum well and/RYE)  phonon emission. This efficiency can thus be calculated from
the probability that the pair is lost for the cascade processne ratio of successive PLE maxima:

This may be due to radiative recombination, nonradiative _
recombination processes, trapping on interface states, etc. As 1D wp)1" Y (hwp) = now(E) = nbl-
we will see, outside the region of QD luminescenegyy

and 5, are almost constant and independent of energy. Theﬁormally, the considerations given above hold aIso_ifor
fulfill the relation =2, but the model breaks down when the QD’s are directly

excited fori=1 andi=2. _

nowt 7.=1. Figur-e 8 shows the intensitid§% wp ) as a function of
the emission photon energywp, . Each curvel'(Ziwp),
which represents the PL spectrum when dots are selectively
) populated with ari-phonons cascade, is obtained from the
7oo(En) and 5 (E,) may vary with energy. data of Fig. 2 by taking the value of the PL intensity maxi-

Let us assume that the cascade with ingdist, involves mum (corresponding to a given phonon numbgmlong a
(i-2) emission processes of QW phonons and then one phgre parallel to the diagonal. As the phonon energy can vary

non O.f the QD W,ith 'Fhe quantum eﬁicienonD(Ez). The 55 a function oE,, depending on the cadmium concentration,
radiative recombination of the electron-hole pairs occurs,a optain

with a quantum efficiencyyr(f wp,), followed by another

phonon emission in the dohop(E;). Both 7op(E,) and i

nr(fhwp =Eg) may depend on energy. As stated above, this 7we—=Ej= E how oE)thop ~ifio othop,.
is certainly the case fofop(E,). The PLE intensity of the n=1

Emission intensity (arb. units)

the ratio between the emitted luminescence

Inside the QD luminescence regiong,y is replaced by the
function 7op and the situation is more complex since

orderi cascade is then given by The quantum efficiency can change along such a line of
(i) maxima, i.e., vary as a function &; . Figure 9 shows
I'(fhwp) = N| nll [nQW(En)]] nqo(E2) 7r(Ey1), 7= now(E) =11 (B p)/1 0D (i wpy)
wherel (A wp) = (fwe=E; ,hwp) is the emission inten- = (fiwex=Ei \hwp) /| (fiwey=Ei-1,iwp)
sity at the photon energywp, for an excitation atiwex  for the cascadels=3—12 as functions of the excitation pho-

=Ei. ton energyE; i in Fi -
, . gyE; . The regions plotted in Fig. 9 by dots corre
The same QD's, emitting atwp,, can be reached by ,,hq (g the observed PL band between 1.950 and 2.000 eV

another phonon cascade, namely one involving one less phigich can be analyzed for all cascades: for each phonon
non and starting at a lower excitation photon energy. Th§ ey in Fig. 9, data points for low-excitation photon ener-

PLE ir_lten_sity of the orderr— 1 cascade for the same value of giesE; correspond, for example, to low PL emission photon
hwp is given by energiesiwp . FOri<7 a larger spectral region can be ana-

(i-1) lyzed and the results are indicated by full lines.

Ii_l(thL):N[ I1 [ﬂQw(En)]} nop(E2) 7r(E1), _
n=2 A. Phonon cascade in the QW

wherel' YA wp ) = (A weye=E;_1,7iwp,). This means that As discussed above, the emission photon enérgy, is
if two cascades end in the same quantum dot emitting at thstrictly determined by the cascade indeand excitation pho-
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T ' ' T cades since the absorption of the sample depends on the pho-
1.0% % E ton energy of excitation. We can, however, exclude this pos-
> g:z ﬂMW %ﬁ 3 sibility because the quantum efficiencylyy for emitting
S o7b %1% \e F g e 10 T 12 3 photons at 1.950 eV is almost constant when varying the
E 06E |2/|1'§°3?_ ; 3 photon energy of excitation between 2.020 and 2.300 eV.
e gi - T=57K 3
% 03k 3 B. Trapping in the QD’s
S 02¢ 3 For i=2-4, we do no longer observe the slight linear
O o1l 3 dependence of") on the PL energy at low photon energies.
0.01 9’50' 2'60'0' ‘2‘650 > 1'00 5150 22'0'0' ~2-2'5'0': For Fhese cascades, the_ intensity ratio_s_show a well d_efined
’ ’ ) hm' (e\/) ' ’ maximum at 1.971 eV, i.e., at the position of the lumines-
exc cence maximum.

One possibility is that, while under nonresonant excitation
Fig. 2 as function of photon energy of excitatibmw,,. for different Con'dlltlons, the reco'rdeid intensity is due to pure PL, Vyhen
orders of emitted phonoris=3. Quantum efﬁciencies;g{,\, giving exciting clo_s_e to or inside the PL band, the recorded signal
rise to PL between 1.950 and 2.000 eV can be determined for aﬁh(_)u'd additionally be enhz_;mced d_ue to resonant Raman scat-
cascade indices In this region the results are given by dots. For (€7iNg, & process not considered in our model.
i<8 and small PL photon energies, a larger spectral region can be This hypothesis is not essential, however, as our model
analyzed. Full lines indicate the results. In addition, the intensityc@n describe these results obtained under resonant excitation
ratio 19/1 s given. conditions. As explained above, we believe that the trapping
mechanism itself involves the interaction with optical
() phonons of the QD’sinset of Fig. §. The crystal deforma-
ton energyE;. Thus thezqy, data can be analyzed as a qn |eads to the creation of a self-trapped state of lower
function of bothE; or i wp . Fori>9, 7}, is constant with  energy. From this state, the electron-hole pair recombines
respect to the exciting photon enerigy, the cascade indéx  with emission of an optical phonon. Its energy is used to
and, consequently, to the PL photon energy. When the PL igestore the lattice deformation. Transitions between the ex-
detected at low photon energies, around 1.950 eV, the quagited and ground QD states can involve any number of
tum efficiency of the phonon emission is very high, aroundphonons but their respective probabilities depend strongly on
0.8, and is independent of the cascade inddixcorresponds  the equilibrium position displacement between the excited
to the emission of QD’s with a large radius. For a givenand ground state. The Huang-Rhys factor determines them
index <9, ng{,\, decreases linearly with increasing PL or and gives the mean number of phonons involved in both
excitation energiegcorresponding to dots of smaller radius  excited- and ground-states relaxation. This model is thus
In addition, the slope ofng%,\, also depends slightly on the supported by our experimental results obtained under reso-
cascade indekfor 4<i<9. nant excitation conditions: A value of the Huang-Rhys factor
Since for a given photon enerdgywp, of luminescence close to 1 leads to a two-phonon line which is more intense
the same QD states are involved in the emission procesthan the one-phonon line. This explains that the retfig| )
independent of the indek of the cascades, a variation of (Fig. 9) is greater than unity and shows that the mean num-
n&y with i has to be attributed to the properties of the ber of phonons involved in both the excited and ground state
electron-hole pairs which become trapped. We tentatively atcelaxation is 1. This is a further indication of the important
tribute the PL energy and cascade indeBependence of coupling between electronic and vibrational modes in the
n(Q'{N to the fact that initially, all electron-hole pairs are cre- CdTe QD's.
ated in the QW with a center-of-mass wave ved{er 0. By
emission of optical phonons the distribution of wave vector
becomes more and more random when the order of the cas-
cade increases. In the smaller QD’s, the electronic wave When increasing the temperature from 5.7 to 100 K the
functions are more localized than in the larger ones. Theseesults given in Fig. 9 remain quantitatively the same, at least
wave functions spread more khspace for the smaller QD’s. within the error bars. This indicates that the quantum effi-
Consequently, the transition of delocalized QW excitonsciency of optical-phonon emission is independent of tem-
from a distribution well peaked arouriti=0 towards local- perature in this range. As stated above, the modulation of the
ized states in the QD’s will be privileged for the larger QD’s. PLE intensity diminishes and vanishes abdve60 K since
If this interpretation is correct, it means that,i#=9, the thermalization with acoustical phonons becomes possible.
distribution is fully randomized and does not change wijth The state of self-trapped polarons is no longer stable. Con-
i.e., with the size of the QD. For smaller cascade index, theerning the phonon energies involved in the cascades, the
electron-hole pair distribution remains peakedKat 0 and only difference observed with respect to Fig. 7 is thatTor
large QD’s are populated more easily. Another reason for this=30 K the energy of thé=2 phonon is the same as that of
result could be that the number of photoexcited electron-holé=1. This implies that phonons of the quantum dots are
pairs is not really the same when comparing different casemitted in both relaxation processes.

FIG. 9. Quantum efficiencyyl,=1"/10-1 determined from

C. Temperature dependence

115324-6



SELECTIVE EXCITATION THROUGH MULTIPHONON . .. PHYSICAL REVIEW B59, 115324 (2004

VI. CONCLUSIONS ther energy relaxation. This trapping is then followed by a

We have determined the relaxation scenario of anradlatlve recombination. Since the maxima of absorption and

. . .~ emission of the QD’s are separated by about two times the
electron-hole population after excitation of the Zn-rich Q P y

. i . energy of the optical phonon of the QD’s, we believe that the
CdznTe quantum wells in which Cd-rich quantum dots ar rapping mechanism itself involves the interaction with opti-

embedded. We have shown that the energy relaxation is chatz| nhonons of the QD's. The lattice deformation leads to the
acterized by emission of cascades of longitudinal optical eation of a self-trapped state of lower energy. This also
phonons in the quantum well. The quantum efficiency of thisexplains why further energy relaxation with emission of
process is very higliabout 0.8 and almost independent of zcoustical phonons is not observed at low temperatures since
energy and temperature. The small energy dependence of tiige self-trapped state is the lowest excited state of the quan-
quantum efficiency, which is mainly observed when only atum dot having trapped an electron or a hole. From this state,
small number of phonons are implied in the relaxation casthe electron-hole pair recombines with emission of an optical
cade, is tentatively attributed to the fact that the center-ofphonon to restore the lattice deformation. Under resonant
mass wave vector of the electron-hole distribution in the QWexcitation conditions, the observed PL reflects the original
becomes more and more random as the phonon cascade pesnission line shape @&-hpairs when coupled to vibrationnal
ceeds. modes of the QD’s.

During these relaxation processes, the electron-hole pairs With increasing temperature the lattice polarization disap-
do not recombine radiatively. When the electron-hole pairgpears, and the state of self-trapped polarons is no longer
have an energy just in excess of the lowest quantum dattable. Then, the PLE modulation washes out since thermal-
level, they emit a phonon and become trapped without furization with acoustical phonons becomes possible.
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