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Resonant spectroscopy of 1l-VI self-assembled quantum dots: Excited states
and exciton—longitudinal optical phonon coupling
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Using resonantly excited photoluminesceri&) along with photoluminescence excitatioRLE) spec-
troscopies, we study the carrier excitation processes in CdTe/ZnTe and CdSe/ZnSe self-assembled quantum
dots(QD’s). PLE spectra of single CdTe QD’s reflect two major mechanisms for carrier excitation: The first,
associated with the presence of sharp and intense lines in the spectrum, is a direct excited-state—ground-state
transition. The second, associated with the appearance of up to four much broader excitation lines, is a
longitudinal optical(LO) phonon-assisted absorption directly into the QD ground states. LO phonons with
energies of both QD’s and ZnTe barrier material are identified in the PLE spectra. Resonantly excited PL
measurements for the QD ensemble as a function of excitation energy makes it possible to separate the
contributions of these two mechanisms. We find that for CdTe QD’s the distribution of excited states coupled
to the ground states reflects the energy distribution of the QD emission, but shifted up in energy by 100 meV.
This large splitting between excited and ground states in CdTe QD’s suggests strong spatial confinement. In
contrast, the LO phonon-assisted absorption shows significant size selectivity. In the case of CdTe dots the
exciton-LO phonon coupling is strongly enhanced for smaller-sized dots which have higher emission energies.
In contrast, for CdSe QD's the strength of exciton-LO phonon coupling is nearly uniform over the whole
ensemble—that is, the dot energy distribution determines the intensities of LO phonon replicas. We show that
for CdTe QD’s after annealing, that is, after an increase in the average dot size, the exciton-LO phonon
interaction reflects the dot energy distribution, as observed for CdSe QD’s.
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I. INTRODUCTION nescence excitatiofPLE) experiments on shallow QD%.
These polarons can be stable even at room temperature, and
Extensive spectroscopic studies of excitons in semiconare characterized by very long lifetimés.
ductor quantum doteQD’s) show that either strong or weak On the other hand, when the ground-state—excited-state
longitudinal optical(LO) phonon coupling can be observed (GS-ES energy difference becomes much larger than the LO
depending on the energy scales involved. This variability ofphonon energy, the exciton-LO phonon coupling enters the
exciton-LO phonon coupling is caused by the discreteness affeak coupling regime. Characteristic of this regime, an
the quasi-zero-dimensional energy levels in QD’s and thexciton-LO phonon complex is formed which appears as a
ability to tune the energy levels through size or chemicalbroad emission line spaced by multiple LO phonon energies
composition engineering. The strong coupling regime is obfrom the lasef. These spectral signatures of excitons coupled
tained when the energy distance between electronic levels weakly to LO phonons have been observed for different QD
a QD approximately matches the LO phonon energy. In thisnaterial systems by means of resonantly excited PL or
nonadiabatic case a quasiparticle, the polaron, is formed dueLE.”~*? In all cases, however, the intensity dependence of
to the strong interaction between carri¢edectron, hole, or LO phonon replica on the excitation energy has reflected the
exciton) and the phonon bath?® Experimentally, the forma- shape of the nonresonantly excited PL spectrum. Since in
tion of the polaron is observed as a Stokes-shifted line in thenost cases the nonresonant PL is associated with the ground-
resonantly excited spectrum of QI¥S.he energy difference state energy distribution within the QD ensemble, such a
between the positions of such a polaron line and the excitaresult indicates, that all probed QD’s interact with LO
tion laser corresponds to the polaron binding energy. As phonons with the same strength. Somewhat indirectly, the
quasiparticle, the polaron is characterized by excited statesize-dependent exciton-LO phonon coupling has been re-
within the quantum dot which are spaced by the LO phonorported through comparing the Huang-Rhys factors obtained
energy from each other, as has been observed in photolunfier several InAs QD samples with different ground-state
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energies? Nevertheless, no clear evidence of size influenceerably different lateral sizes. Namely, CdTe QD’s are very
on exciton-LO phonon coupling in a single QD ensemble hasmall, and, as estimated by transmission electron microscopy
been reported so far. This paucity of experimental evidencand magnetophotoluminescence measurements, their lateral
is explained by the theoretical studi®syhich indicate that size is of the order of 2—4 nm in diamet€rOn the other
in order to observe size-dependent exciton-LO phonon couhand, the average lateral size of CdSe QD’s studied here is
pling, extremely small QD sizes are required. Indeed, in thdarger and it approaches 8—10 nm in diameter. In order to
case of QD’s with sizes comparable or smaller than the exextend the available sizes of CdTe QD’s we annealed the
citon Bohr radius, the change of the exciton wave functionsample containing CdTe QD'.The annealing that results in
due to confinement should result in a change of a dipol&n interdiffusion into the QD’s was performed in argon at-
moment of the exciton. This, in turn, would change the in-mosphere aT=470°C for 15 s. From the diamagnetic shift
teraction between the QD-confined exciton and the LO phovalues obtained by single dot spectroscopy in a magnetic
non. field we estimate the average Bohr radius of the excitons in
In the majority of experiments reported so far, dots withannealed CdTe QD’s enlarges almost a factor of 2 to ap-
sizes larger than the exciton Bohr radius have been studiegroximately 8—10 nn3® We note that for both II-VI QD
For instance, the typical size of II-VI CdSe QD'’s, where thestructures studied here, no spectral evidefileor PLE) of
exciton Bohr radius is equal to 3 nm, ranges from slightlya uniform wetting layer is observed, in contrast to the Ill-V
larger than this valué to even 15 nm in a diametét.In  semiconductor QD122
these cases then, the leakage of the exciton wave function Optical spectroscopy measurements were performed in a
into the barriers is not expected to change significantly forcontinuous-flow helium cryostat with sample temperatures of
QD size distributions within an ensemble. Consequently, foil6 K. Photoluminescence excitatigRPLE) measurements of
large QD’s no size dependence of the exciton-LO phonorsingle CdTe QD’s were carried out through an aperture in an
coupling is observed. opaque metal mask. The emission was excited by an Ar ion
In this work we analyze resonant PL and PLE measurepumped dye lasgiRhodamine 590focused to a spot diam-
ments for two II-VI semiconductor self-assembled QD sys-eter of 1.7um using a microscope objective. The QD emis-
tems. Self-assembled CdTe/ZnTe QD’s are characterized bgion was dispersed by a DILOKY triple spectrometer
sizes between 2 and 4 nm in diameter, which are signifiworking in a subtractive mode and was detected by an
cantly smaller than the exciton Bohr radius in bulk CdTeLN,-cooled CCD detector. Multichannel detection used in
(10 nm. On the other hand, self-assembled CdSe/ZnS¢his experiment allows the study of a number of QD’s simul-
QD’s with sizes between 8 and 10 nm are significantly largetaneously. The excitation spectrum for a single QD can be
than the Bohr radius. The results reported here show that theasily obtained by analyzing the intensity of the particular
excitons confined to both CdTe and CdSe QD's, whileemission line as a function of laser enef§yPLE spectra
strongly confining electrons and holes, are in the weakvere normalized to the laser power. In the case of single dot
exciton-LO phonon coupling regime, because the GS-ES erPLE experiments, the spectral resolution is that of the dye
ergy splittings are substantially larger 100 meVj than fre-  laser, which was about 10@eV. In order to obtain informa-
quencies of LO phonons in these materigis28 meV, on  tion about exciton-LO phonon coupling in our QD’s, we per-
averagg From resonantly excited PL of CdSe QD’s we find formed resonantly excited PL measurements on CdSe QD'’s
only weak dependence of the exciton-LO phonon couplingand on both as-grown and annealed CdTe QD's. In this case
on the QD emission energy. In contrast, in the case othe emission was excited resonantly by a tunable dye laser
smaller CdTe QD’s the exciton-LO phonon coupling is using Rhodamine 590 and Coumarine 6 days. The spectral
strongly enhanced for QD’s emitting at higher energies, i.e.fesolution for PL measurements was Z6V.
those with smaller sizes. However, by increasing the effec-
tive average CdTe QD sizi the same sampléy rapid 1. EXPERIMENTAL RESULTS
thermal annealing, we find that the exciton-LO phonon cou-
pling becomes much less sensitive to the emission energy,A- Photoluminescence excitation of a single CdTe quantum
similar to what is observed in the CdSe QD case. The in- dot

crease of the coupling for smaller QD's has been ascribed to |n Fig. 1 we present typical PLE spectra obtained for two
changes in the wave function of the exciton confined in asingle CdTe QD’s collected through an aperture with a di-
QD. ameter of 0.8um. The linewidths of these single dot PL
emissions are around 1Q2V, typical for II-VI semicon-
1. SAMPLES AND EXPERIMENTAL DETAILS ductor QD’S.Z4 We have chosen two QD’s to emphasize two
distinct spectral features observed in the PLE spectrum. A
The CdTe/ZnTe and CdSe/ZnSe QD samples wergypical PLE spectrum of a single CdTe QD taken over the
grown by molecular beam epitaxy on GaAs substrates. Selfwhole range of the excitation energy is presented in Ref. 25.
assembled CdS€CdTe QD's were formed by depositing The broad excitation peak observed for Q@Flg. 1(a)] at a
2.6(4) monolayers on a ZnS&nTe) surface. A 50-nm-thick relative energy of 22 meV above the detection energy is at-
ZnSe(ZnTe) capping layer covered the dot layer. Furthertributed to LO-phonon-assisted absorption into the QD
details of the sample growth and their optical characterizaground state, as schematically shown in the inset of Fa). 1
tion can be found elsewhet&l’ It is important to note that Similar LO phonon-related absorption lines have been re-
the sample set chosen enables us to study QD’s with considently found for single InAs QD’qRef. 26 and single CdSe
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CdTe QD1 IES) detection energy varies from_ dot to dot rgvealing the influ-
E_ =20352 eV (GS+LO) ence of both size and chemical composition/strain inhomo-
PL O%E;m aperture {WE geneities in the QD ensemble. We tentatively assign them to
T=6K Ies) Lo the direct excited-statéES) ground-state(GS) excitations
[see inset to Fig. (b)]. It seems that on average the ES
energy for CdTe QD’s is significantly larger than, for in-
stance, that observed for InARef. 26 or CdSe QD'
Since the ES-GS splitting is associated with the strength of
spatial confinement, we may conclude that excitons in these
CdTe QD’s are very strongly confined. This finding agrees
with a small lateral QD sizé~2—4 nm in a diametgresti-
. mated from previous magneto-PL spectroscopy restilts.
000 o002 oo04 0.08 A detailed analysis of single CdTe QD’s PLE results will
E_-E__[eV] be presented elsewhere. For the purpose of this paper we
EXC TDET point out the presence of two dominant excitation mecha-
I nisms in CdTe QD’s: direct ES-GS excitatiqat around
CdTe QD2 r ES) (b) 100 meVj and LO phonon-assisted absorption.

E,,=2.01445 eV

-?-fg;‘ aperture B. Resonantly excited photoluminescence of quantum dots

10> 3

Intensity [arb.units]

10 The PLE data presented above shows that there are two
dominant excitation processes in these structures: direct ex-
citation into the QD ground states through LO phonon-
ES-GS excitation PLE assisted absorption or excitation into excited states followed
by relaxation to ground states. This suggests that both exci-
tation processes should be observed when resonantly excit-
Jb ing the QD ensemble. Indeed, as we shall show next, com-

Intensity [arb.units]

] /£ fm

7/ L . L — parison of resonant PL's of large QD ensembles with single-
0.00 0.08 0.10 0.12 dot PLEs makes it possible to draw more general conclusions
EEXC-EDET [eV] about the importance of both QD excitation processes.
. In Fig. 2(@ we show resonantly excited PL spectra mea-
FIG. 1. PLE spectra of two single CdTe QDs takeffab Kon  gred through a 1.mm diameter aperture for CdTe QD’s at
0.8 um aperture. Botf{a) LO phonon-assisted absorption a@  T-g K. The spectra are shifted vertically for clarity and
excited-stat¢ES) ground-statdGS) excitation are shown. The ac- compared with nonresonantly excited QD Rhaded area in
tual emission energies of these two QD’s are also given. The insetﬁig. 2a)]. The broadening of the nonresonantly excited PL
illustrate the respective energy diagrams of these excnaﬁo%pectrum reveals variation of both size and chemical compo-
processes. sition within the QD ensemble. Solid triangles mark the laser

QD’s .27 Typically we observe up to three such resonancesenergy for each spectrum. Depending on the excitation en-
The shape of these resonances can be deconvoluted into &gy, the resonantly excited PL emission is composed of up
least three Gaussian lines, yielding direct evidence that L@o four clearly separated lines superimposed on a broad back-
phonons with different energies participate in this proéé8s. ground. The energy spacing between these lines is roughly
In particular, the characteristic energies for bulk CdTe ancgdual to 22 meV, which matches the energy spacing between
ZnTe LO phonons are 21 and 24 meV, which agree withdetection energy and LO phonon absorption line observed in
energy spacing observed for the resonance in Rig). The  the PLE spectrum. Moreover, the shape of the first LO pho-
presence of ZnTe LO-phonon assisted absorption line sugton replica is very similar to the absorption line observed in
gests that the wave function of the exciton confined in a QD"ig. (@) in the PLE experiments. We attribute these lines to
is leaking out into the ZnTe barriers. We also observe a tail athe recombination of QD’s excited directly into their ground
energies less than 10 meV from the QD1 detection energyptates through LO phonon-assisted absorption. As one can
This tail may originate from absorption mediated by acoustics€€, the intensity of the LO phonons replicas depends
phonons” but the possibility that at least part of this inten- strongly on the excitation energy. For instance, in the case of
sity is related to the stray laser light cannot be excluded. spectrum(2) in Fig. 2a), the highest emission intensity is

Apart from excitations related to LO phonon-assisted pro-associated with the third LO phonon replica, while spectrum
cesses we also observe a number of very intense and relaumber(4) in Fig. 2a) is dominated by the first LO phonon
tively sharp(with a linewidth of less than 2 me\excitation  emission. Moreover, the spectral features related to LO pho-
lines on a nearly background-free PLE spectrum, as shownon enhanced PL become broader for the second and follow-
for QD2 in Fig. Xb). From the measurements of tens of ing replicas compared to the first replica. This broadening
single CdTe QD’s we find these lines predominantly in themay be attributed to acoustic phonon scattering, which could
range of 80—140 meV above the QD detection energy. Thbe as efficient as higher order LO phonon relaxation
energy difference between these strong resonances and theocesses.
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FIG. 3. Typical fits(black solid ling of the experimentally ob-
tained PL spectrasolid pointy. The contribution of both excited
state-ground state excitatigdashed lingand LO phonon-assisted
absorption(grey lineg is shown for(a) CdTe QD’s andb) CdSe

FIG. 2. Resonantly excited PL spectra obtained (®@rCdTe
QD’s and(b) CdSe QD’s at different laser energigearked by the
solid pointg. The spectra are shifted vertically. Also the nonreso-
nantly excited PL emissions are shown.

We also performed resonant PL measurements for tthS'
larger-sized CdSe QD’s in order to study the impact of QDthe low excitation power used in these experiments allows us
size on the excitation processes. From the PLE results reo rule out the possibility of Auger-type excitations. We also
ported for single CdSe QD’s with similar sizes as CdSe QD’sassume that for each particular excitation energy the ES-GS
discussed her®,in these structures both LO phonon-assistedexcitation process leads to a random QD occupation deter-
absorption and direct ES-GS excitations are present. In Fignined by the energy distribution of the ground states within
2(b) we show an example of PL spectra of CdSe QD’s takerthe entire QD ensemble. As a consequence, we keep the en-
for different excitation energieg@s marked with solid tri- ergy and the linewidth of the background luminescence iden-
angles. The shaded area represents the nonresonantly ekical to the nonresonantly excited PL emission for all fits.
cited PL emission. As can be seen, resonantly excited PIypical results of the fitting for CdTe QD’s and CdSe QD’s
spectra of CdSe QD’s look qualitatively similar to the resultsare presented in Figs(& and 3b), respectively. As can be
found for CdTe QD'’s. All of the spectra consist of LO pho- seen, the fittedsolid lineg and the measurggoints spectra
non assisted absorption lines and the broad background lagree reasonably well. By performing this fitting for all spec-
minescence. tra, we are able to obtain the intensity of both the ES-GS

In order to determine the excitation energy dependence dfansition and LO phonon-assisted absorption as a function
the intensity of each component of the spectra we fit the dataf the excitation energy.
similar to that displayed in Figs.(& and 2b) with a series In Fig. 4 we plot the intensity of the first LO phonon
of Gaussian line shapes. Extrapolating the results of singleeplica as a function of the QD emission energy for CdSe
QD PLE over the whole ensemble, we assume that only th@D’s and both as-grown and annealed CdTe QD’s. The QD
two aforementioned excitation processes determine the shapenission energy corresponds to the energy position where
and the intensity of the resonant PL spectrum. We neglecthe first LO phonon replica is observed. For the QD systems
for instance, the effect of acoustic phonon-assisted hoppingtudied in this work, this energy shift is equal to 22 and
between QD’s with different energies. Since all measure27 meV for the CdTe QD’s and CdSe QD’s, respectively.
ments were carried out at low temperature, this proces$he energy dependence of the intensity of the first LO-
should not substantially influence our analysis. In additionphonon enhanced Rsolid pointg is plotted along with the
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m  1LO intensity
shifted PL spectrum

nonresonant PL emission. The small skif0 me\) of the
maximum of the first LO phonon replica enhancement with
respect to the nonresonantly excited emission could be as-
cribed to the possible energy dependence of the exciton-LO
phonon coupling. However, since the determination of the
LO phonon intensity is not very accurate, it can also origi-

B\ CaTe QDs nate from the experimental error. In contrast, for the as-
| "\ annealed grown CdTe QD'’s the highest intensity of the first LO pho-

' ] non replica is observed at the energy shifteg ~50 me\)
towards higher energies with respect to the maximum of the

- e nonresonant QD emission. Moreover, the linewidth of the
185 200 205 210 215 220 225 230 235 LO phonon intensity dependence is narrower30 me\)

40 ———— than the inhomogeneous broadening of the CdTe QD( PL
—— PL spectrum (b) ~70 meV). Interestingly, the same sample after annealing
—8—as-grown QDs shows a behavior that is very similar to the one obtained for
S0 —#—annealed QDs i CdSe QD’s. Since annealing effectively increases the aver-
age size of CdTe QD's(presumably through Zn
interdiffusion,'® this result strongly suggests that
exciton—LO phonon coupling in 1I-VI QD’s depends sensi-
tively on the emission energy of QD’s, and therefore presum-
10k i ably on the QD size.

It is important to note that the data in Fig(at which
shows the energy dependence of the enhancement of the first
LO phonon intensity, is a combination of two effects: the
change in the exciton-LO phonon coupling, as well as the
ground-state energy distribution of the QD’s. However, we

FIG. 4. (a) The intensity of the first LO phonon replica obtained C&N @Pproximate the energy distribution of the QD ensembles
for as-grown CdTe QD’s, annealed CdTe QD’s and CdSe QD's afhrough the non resonantly excited PL emission spectra
function of the emission energy. The shaded areas represent tif10Wn as shaded regions in Figay Therefore, the relative
nonresonantly excited PL spectra. Solid lines are the nonresonagfiange in the exciton-LO phonon coupling can be separated
PL spectra shifted by 10 meV towards higher energies, while thdhrough direct division of the emission intensity of the first
dashed line is the least square fit to the déiaRelative change of LO phonon replica by the intensity of the nonresonant PL
the exciton-LO phonon coupling obtained for as-grown and an-emission taken at the same energy. The result of this proce-
nealed CdTe QD’s by dividing the intensity of the first LO phonon dure is displayed in Fig.#®), where we present the relative
replica by the intensity of the nonresonantly excited PL spectrunenhancement of the exciton-LO phonon interaction obtained
taken at the same energy. for the as-grown CdTe QD’s and the annealed CdTe QD’s.

We would like to emphasize that this is only a very qualita-
nonresonantly excited P{shaded areasneasured for each tive way of showing the strong dependence of the
sample. The solid lines are the nonresonant spectra shifted lexciton-LO phonon interaction on the QD emission energy.
10 meV towards higher energies in order to obtain agreeNonetheless, as one can see, the relative enhancement of the
ment with the results, while the dashed line is the leasexciton-LO phonon interaction is by more than order of mag-
square fit to the data. The behavior of the second and thirditude larger in the case of the as-grovamall size, broad
LO phonon replicas, as far as the emission energy depessize distribution QD’s than of the annealedarge size,
dence is concerned, is similar to the one obtained for the firssmaller size distributionQD’s.

LO replica. However, the higher order replicas have some- The approach used in Fig(a} to measure emission en-
what broader linewidths probably due to scattering fromergy dependence of the LO phonon-assisted absorption pro-
acoustic phonons. We shall therefore concentrate here onless in QD’s, can also be used to obtain the excitation energy
on the emission originating from absorption with one LO dependence of the intensity of the emission which we asso-
phonon involved. In addition, we find that the integrated in-ciate with a direct ES-GS excitation in QD’s. In Fig. 5 we
tensity of the LO phonon replica increases with the numbeplot the intensity of the background emission obtained for
of phonons involved in the excitation procé8Qualitatively ~ CdTe QD’s and CeSe QD’s dt=6 K. The results are com-
similar behavior has been recently reported by Segeal!!  pared with the nonresonant PL line shagsisaded areas in
We interpret this increase as a result of higher density ofrig. 5). In the case of CdTe QD’s we find that the maximum
states due to the presence of excited states in the studiehhancement of the ES-GS-related emission occurs for the
sample. laser energy approximately 100 meV above the maximum

The results shown in Fig.(d) demonstrate quite different energy of the nonresonant PL. This energy agrees with the
dependence of LO phonon intensity on the emission energgypical ES-GS splittings found in PLE spectra of single CdTe
depending on the QD sample. In the case of the larger CdS@D’s. In addition, the shape of the excitation energy depen-
QD’s the maximum of the intensity of the first LO phonon dence reflects the shape of the shifted nonresonant PL spec-
replica as well as its linewidth are very similar to those of thetrum (solid line in Fig. 5. Importantly, we do not see, in

as-grown

Normalized Intensity

201 p

Relative Strength
of Exciton-Phonon Coupling

195 200 205 210 215 220 225 230 235
Emission Energy [eV]
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shifted PL spectrum

o distribution of QD’s within the ensemble. We conclude that
K the excited states in CdTe QD’s have a similar energy distri-

CdTe QDs surements.

Another explanation of the spectral features identified
here as direct ES-GS transitions could be associated with the
excitation of CdTe QD'’s through a two-dimensional wetting
layer. However, both power-dependent PL and PLE measure-
ments show no evidence for such a continuum of states. Fur-

Emission Energy [eV] thermore, if the background emission observed in resonant
PL were originating from the WL, then the linewidth of its

FIG. 5. The intensity of the ES-GS excitation obtained for as-excitation energy dependence would be much narrower. As
grown CdTe QD’s and CdSe QD’s as a function of the excitationhas been shown in previous stud?ésthe PL linewidth of
energy. The shaded areas represent the nonresonantly excited B}gTe/ZnTe quantum wells does not exceed 40 meV. Fur-
spectra. The solid line is the nonresonant PL spectrum shifted bthermore, if these excitations were related to the two-
100 meV towards higher energies, while the dashed line is the leagfimensional wetting layer, it would feature the two-
square fit to the data. The ZnTe barrier energy is also shown.  d4imensional continuum density of stafe¢n contrast, the

excitation energy dependence of the intensity of the ES-GS
agreement with PLE data, any indication of two-dimensionalkemission shows a well-resolved peak, so that the presence of
wetting layer for this sample. In fact, the intensity of ES-GSa wetting layer can be ruled out.
transition decreases rapidly after 100 meV. On the other In the case of CdSe QD’s the intensity associated with
hand, for CdSe QD’s we observe a monotonous increase &S-GS excitation shows a continuous increase with increas-
the intensity ascribed to ES-GS excitation, even for the ening excitation energy up to more than 100 meV above the
ergies above 100 meV from the nonresonant PL spectrurmaximum of nonresonantly excited PL. At this point we can-
(see Fig. 3. Possible explanations of this behavior are dis-not exclude the presence of the wetting layer in this sample,

% ® ES-GSexcitation bution to the energy distribution of the QD ground states, as
S ) has also been measured for other QD systens?®More-

= ' CdSe QDs over, the energy difference between the maximum of the
= ES-GS transition and the nonresonant PL emission of
Q ~100 meV corresponds well to the average energy spacing
T ﬁgli‘:r between excited and ground states obtained from PLE mea-
£

<]

Z

cussed later in the paper. but power-dependent PL measurements certainly do not sup-
port the existence of such a wetting layer. Moreover, the fact
IV DISCUSSION that we do not observe any other spectral lines below

100 meV would indicate that the enhancement of the back-

The results of resonant PL spectroscopy together witlground emission intensity originate, as in CdTe QD’s, from
single-dot PLE measurements allow us to construct a consishe ES-GS transition.
tent picture of excitation mechanisms in lI-VI self-assembled All of these observations indicate then that both sharp
QD's. In particular, we find two major processes that deterdines in micro-PLE spectra and the background emission in
mine the optical properties of these structures. The first isesonantly excited PL experiments are related to direct relax-
associated with QD-confined exciton coupling to LO ation from an excited state down to the QD ground state. In
phonons while the other is related to direct transitions fromboth CdTe QD’s and CdSe QD's the energy difference be-
excited to the ground state of the QD. tween ES’s and GS's is significantly larger than the LO pho-

The ES-GS excitation process manifests itself by the presaon energies characteristic for these materials. This justifies
ence of very sharp lines in the single dot PLE spectrum. Théhe assumption of a weak regime of the exciton-LO phonon
energy distance between these lines and the ground-state @Dupling in these QD’s.
energy varies from dot to dot, simply due to fluctuations of  Although the excitation energy dependence of the ES-GS
QD parameters(such as size or chemical composition excitation is qualitatively similar for both CdTe and CdSe
within an ensemble. The most important factor which deterQD’s, the LO phonon-assisted processes show some impor-
mines the value of GS-ES splitting, however, is the spatiatant differences. In the case of the larger CdSe QD's, the
confinement of excitons. For the very small CdTe Q@fse  maximum of the first LO phonon intensity dependence on
lateral size~2—-4 nm) the majority of ES-GS excitations are the PL energy corresponds approximately to the maximum
observed~100 meV above the QD ground stafenterest-  energy of non resonantly excited PL emissjeae Fig. 4a)].
ingly, the linewidth of these resonances yields the lifetime ofThe linewidths of both these curves are also very similar. We
this transition in the picosecond range, which means that thiargue that the LO phonon scattering strength in CdSe QD’s is
excitation process is very effective. nearly independent of the QD size, and thus the intensity of

The analysis of the resonant PL data is consistent with outhe LO-phonon replica reflects only the ground-state energy
interpretation of the PLE results. For CdTe QD’s a back-distribution within the QD ensemble. The behavior found for
ground emission is observed, whose intensity dependsxciton-LO phonon coupling in CdSe QD’s is similar to the
strongly on the excitation energy. The energy dependence dfirect ES-GS relaxation processes discussed earlier. We con-
this emission reflects to a good approximation the energglude that for CdSe QD's the size range and the size distri-
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bution in the CdSe QD’s ensemble is too narrow to induceesmission energies, probably reflecting their smaller size.
any significant changes in the overlap between electron angtrong evidence that the effect observed for the as-grown
hole wave function. CdTe QD’s is related to size sensitivity of the exciton LO
The observed behavior of the exciton-LO phonon couphonon coupling comes from the results obtained for the
pling in CdSe QD's agrees, at least qualitatively, with theannealed CdTe QD sample. As shown previot$Ry, an-
results of calculations by Melnikov and Beall Fowtéiper-  nealing of CdTe QD's leads to an increase of the effective
formed for CdSe/ZnSe QD's as a function of the QD size.average QD size through Zn interdiffusion, and simulta-
We recall that the average size of the CdSe QD’s studieéeously improves the homogeneity of the ensemble. In such
here is around 8-10 nm in diameter. The findings presented case, one would expect that the exciton-LO phonon cou-
in Ref. 13 predict, in this case, a monotonic increase of theling would approach the situation observed for CdSe QD’s.
coupling strength for QD’s with decreasing QD size, exactlySpecifically, since the dots are larger and the size distribution
the same behavior as we observe experimen{alye Fig. s smaller, the experimentally measured intensity of the LO
4(b)]. However, we estimate the relative increase of the couphonon replica would be determined mainly by the ground
pling to be approximately four times larger than found instate energy distribution. The result presented in Fig. 4 for
Ref. 13. This discrepancy could be related to some limitathe CdTe QD’s annealed &t=470°C confirms this expecta-
tions of the model, which assumes a spherical shape angbn.
uniform chemical composition of the QD’s. Clearly, the
QD’s studied in this work are more lens shapfednd the V. CONCLUSIONS
chemical composition is one of the parameters that vary ran- . . .
domly over ths ensemble. We note,phowever, that the t);leo;}n/ By using single-dot PLE together with resonant PL spec-

resented in Ref. 13 could possibly be verified by studying'©SCOPY: W€ identify two major carrier excitation mecha-
\I?ery small CdSe QD'gwith 2izes b)(/elow 5 nm in é diar%/- isms in CdTe QD’s and CdSe QD’s. The first one is direct

eten. Indeed for such small QD's it is expected that a well- €xcitation into the QD excited states followed by relaxation
defined maximum in the exciton-LO phonon strength should® the ground state and is predominantly govemed by the

be observed, which is due to strong leakage of exciton wav round-state energy distr.ibution .with.in the Q.D .ens'emble.
function frorﬁ the QD into the barriers he second one is associated with direct excitation into the

A situation where changing the overlap between electro D groun_d states through LQ phonon-assisted absqrpt_lon.
and hole confined to QD's changes the strength of th y analyzing PL spectra obtained under resonant excitation,

exciton-LO phonon coupling, is in fact observed for the V€ show that the strength of exciton-LO phonon coupling
CdTe QD's, which are considérably smaller than CdSe QD.Sincreases significantly for QD’s with lateral sizes smaller
As shown in Fig. 4a), the CdTe QD's data feature a com- than the exciton Bohr radius, e.g., as-grown CdTe QD’s. In
pletely different dependence of the intensity of the first Locontrast, for larger QD'4CdSe QD' the strength of the

phonon replica on the excitation energy. Namely, the experi?XDC'tonTLQ phonon Cou%“?r? |strllargetly m_tt:i_eper}dLegt Orf the
mental results show that excitons in a narrow energy distri-Q emission energy, and thus the ntensities o phonon

bution of QD’s couple much more strongly to LO phormns_replicas are determined by the ground-state energy distribu-

First of all, the linewidth of the excitation energy dependencetlon of the ensemble. For CdTe QD's with an increased av-

of the first LO phonon replica is much narrower than the QDerage size obtained by rapiql thermal annealing, we again find
energy distribution as a wholgevealed by nonresonant PL no dependence of the exciton-LO phonon coupling on the

emission. Secondly, we observe a large energy se aratioﬁxcitation_energy. These resultg show that in the r‘?g‘.me of
betweer? the nonreysonant PL maximur% and tr?z;/t of Ft)he firs\fve‘.”lk exciton-LO phqnon coupling the strength of this inter-
LO phonon enhancement. Since the intensity of the LO pho‘f-"(.:tlon may strongly ncrease for.small QD's, in agreement
non replica depends on both exciton-LO phonon coupling}"”th recent theoretical considerations.
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