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Phonon interaction of single excitons and biexcitons
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The exciton-phonon coupling of a single zero-dimensional exciton is studied in epitaxially grown
CdSe/zn_,Cd,Se quantum dot structures by analyzing its linewidth and phonon-assisted recombination. The
single excitons do not couple to only a single phonon mode, but to a distribution of phonons, here consisting
of the zone-center ZnSe longitudinal opticd) phonon and of mixed modes with an energy statistics centered
between the ZnSe and CdSe LO phonon. Both exciton and corresponding biexciton reveal LO-phonon replica
intensities of~3% of the respective zero-phonon emission. These similar LO-phonon coupling strengths are
evidence of a reduced polarity of the exciton states within the biexciton as the result of exciton-exciton
correlation.[S0163-182809)50128-§

Optical spectroscopy on single, zero-dimensional excitonsonsequently for changes in the polar coupling strength. The
is presently a fascinating new field because of the possiblexperimentally observed large coupling to LO phonons can
observation of discrete quantum states without the effect ope modeled in theory by mechanisms giving rise to differ-
inhomogeneous broadening. These measurements are fepces in the radial parts of the wave functions, such as
sible by the use of new experimental techniques with higrcoupled valence bands and modifications in the hole mass,
spatial resolution and high sensitivity, and allow the study ofdifferences in the dielectric constants between dot and barrier
the electronic properties of individual quantum dots. Theor an extra charge within the d8t®° In the surface-
linewidth!~3 the internal fine structure due to exchangestabilized or matrix-embedded spherical II-VI nanocrystals
interaction®* the formation of biexcitong® and excited studied until now, the various extrinsic reasons for changes
state$>” are discussed. The phonon interaction of singlejn the charge distribution of electron and hole give rise to a
zero-dimensional excitons and biexcitons has not been an&ather complicated picture of the coupling strength, strongly
lyzed yet, probably because most of the experimental studiedependent on sample properties. In contrast, epitaxially
investigated IlI-V materials for which the polar phonon cou- grown quantum dots are embedded in semiconducting barrier
pling is considerably smaller than in II-VI materials. Since materials, thus providing an electronically well-defined inter-
the phonon replica are rather weak, they are easily coverei@ce without additional surface states.
by a high density of single exciton lines or the formation of In this paper we study epitaxially grown
charged excitorfsand biexcitons:’ CdSe/Zp_,Cd,Se quantum structures. To isolate single ex-

In bulk 11-VI semiconductors, the free exciton is strongly citons, we employ high spatial resolution using mesa struc-
coupled to longitudinal opti€LO) phonons, due to the polar tures prepared by electron-beam lithograpfy* Here, a
Frohlich coupling, in which the optically excited electronic mesa can be selected for which all phonon-assisted processes
charge distribution couples via the Coulomb interaction todetected in photoluminescen@®el) start from a single, zero-
the charge density induced by the vibrational motion of thedimensional exciton.
lattice atoms. Assuming that the bulk phonon properties are The investigated sample consists of a nominally 3 mono-
maintained in a quantum dot, the actual strength of the poldayer (ML) thick CdSe layer grown by migration enhanced
coupling depends on the radial distribution of the wave func-epitaxy, embedded between a 50-nm ZnSe buffer layer and a
tions considered for the confined electrons and holes. For a?0-nm cap layer. Details of the growth procedure can be
ideal quantum dot with spherical and infinitely high barriers,found in Refs. 22 and 23. Analysis of the lattice image ob-
a reduction of the coupling to LO phonons is predicted sincdained by high-resolution transmission electron microscopy
the single-particle wave functions of electrons and holes areeveals the formation of CdSe islands of about 10-nm lateral
identical, and no difference in their charge distributionssize due to strain-induced accumulation of Cd within a
exists® Furthermore, as the result of quantum confinement, &-ML-thick mixed Zn_,Cd,Se/ZnSe quantum well. The
significant increase of the coupling to low-energy acoustidhree-dimensional confinement of the excitons in these is-
phonons together with a change in the phonon energies itsdiinds is demonstrated in photoluminescetiee) and PL-
is discussed both experimentally and theoretickliy®Ana-  excitation spectroscog.
lyzing experimental data, a qualitative discussion can be From this structure, optically active mesa structures are
made in terms of the Huang-Rhys paraméfewhich de- prepared, and single zero-dimensional excitons and biexci-
scribes the intensity ratio between the zero-phonon line antbns can be observédThe average dot densities in the epi-
the corresponding higher phonon satellites in absorption, lutaxially grown structurés®~?®are 16° to 10 cm™2, and
minescence, or Raman experiments. For CdSe quantum ddtsus mesa sizes below (100 nhgontain only a few dots.
embedded in glasses or organic matrices, Raman spectide distance between individual mesas on the sample was
show intensity ratios between the first and the second sate200 pm, enough to ensure the suppression of PL from other
lite in the range of 3:1 up to 5:1, resulting in a Huang-Rhysmesas. The sample is mounted in a cold-finger Helium flow
parameter around 0271 In these nanocrystals, modifica- cryostat, and excited by the 488-nm line of an*Alaser
tions in the surface structure give various reasons fofocused to a spotsize 880 um. The PL is collected by an
changes in the charge distribution of electron and hole, an@.4 numerical aperturéNA) objective with 1um resolution,
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FIG. 1. PL spectrum of a single excitdf, measured from a
50X 50-nn? mesa at an intensity of,=12 W/cn?. The inset
shows the intensity ratio between the LO-phonon replica and the bk
zero-phonon line Ix_ o/lx Vs excitation intensity; I, 222 225 228 231
—4.2 kWicn?, T=5 K. Energy (eV)

FIG. 2. Intensity dependence of the single exciton spdegraf

dispersed by a 0.46-m spectrometer with a 1200 I/mm gratin!® same mesa as for Fig. 1. With increasing intensity the first
O-phonon replicaEY® is covered by the biexcitoiEyy and its

in first order, and detected by a liquid-nitrogen cooled charg X o XX
LO-phonon repliceExy . Additionally, the second replicey - and

couple device camera. 2L0 _ . T=
We investigate here a (50-nfsquare mesa structure, Eioc emergelo=4.2 kwienf, T=5K.

showing only one single excitonic transition. Figure 1 shows . )
the emission spectrum of the mesa at an excitation intensi[?xc'ton wave function, and contribute to the LO-phonon rep-
of 12 Wicn? using an integration time of 1200 s. Even at this 1€ according to their coupling strength. _ _
low excitation, the line shape of the exciton emission is nota . | N€ intensity ratio between the zero-phonon exciton emis-
pure Lorentzian, but shows a substructure. We exclude ex3on and the LO-phonon replica, considered here as a mea-
change splitiing as a possible explanation since the corréUre for the coupling strength, amounts to 0.035. All the
sponding polarization dependence could not be found in th&atios observed for similar single exciton transitions are in
spectrum of that selected single exciton. Presumably the el€ range of 0.015-0.05, values much smaller than the aver-
change splitting energy is very small and covered by a spe9€ (_)f 0.5 fou_nd for_CdSe nan_ocrystérﬁms shows that the

cial type of time-dependent inhomogeneous broadenin{Pc@lizeéd excitons in the epitaxially grown dots have a
caused by local electrical fields due to carrier trapping. Indi-Smaller polarity of the excitonic wave function, probably due

cations for such a process are small drifts of the energy pd® the smaller dielectric confinement and the well-defined
sition (~0.9 meV} of the single exciton line and the intensity surface structure. The measured ratio is not sensitive to ef-
dependence of its energy maximum, which will be discussedeCts Of higher excitation densitisee inset of Fig. 1L i.e.,
below. Similar effects have been observed, e.g., for CdsgXxciton-exciton interaction or electric field effects do not in-
nanocrystalg. fluence the charge distribution significantly.

The satellite peak below the exciton emission is attributed Figure 2 shows the evolution of the PL for increasing
to LO-phonon-assisted recombination of the single exciton€Xcitation intensity. The spectra are normalized to the zero-
This structure can be decomposed into a narrow pea;ghgnon exciton line. At 0.014) the better signal-to-noise
31 meV below the zero-phonon line and of similar widthg ~ atio allows the observation of the second LO-phonon replica

meV), and a broad background band of 9-meV width peakE>2<LO of the localized excitorEy . A peak labeledEyy ap-

ing around 28 meV below the zero-phonon emission. Thé€ars below the exciton, showing an intensity proportional to
first peak corresponds to the ZnSe zone center LO phonof}e square of the excitation intensity. We assign this peak to
while the broad background lies mainly between the Znsdhe emission of the ble_xcnon-excnon transition. Its energy
and the CdSe LO-phonon energy. This shows that the locageparation from the exciton of 20 meV is in agreement with
ized exciton wave function couples to both ZnSe and CdSethe biexciton binding energy obtained by two-photon absorp-
like LO phonons. While the ZnSe bulk LO phonon istion and four-wave mixing —experiment$, and
strongly pronounced due to the surrounding binary ZnSe bafmagnetophotoluminescenteTogether with the biexciton
riers, the phonons involving Cd atoms are of varying energyExx. @ satellite peak one ZnSe-LO-phonon energy below
due to the microscopic disorder of the Cd distribution on theExx labeled E5S emerges, which we attribute to the first
cation sublattice. The energy distribution also involvesLO-phonon replica of the biexciton emission. The line shape
phonons with energies below the CdSe zone-center LO phf the Exy peak is slightly asymmetric indicating a similar
non. Keeping in mind the negative LO-phonon dispersionjnteraction with LO phonons of varying energy as observed
this indicates the localization of the related phonons. Thédor the exciton. To our knowledge, phonon coupling to single
line shape of the LO-phonon replica demonstrates that @ero-dimensional biexcitons has not been reported until now.
single exciton state does not couple to onlgiagle phonon  The intensity ratio between the biexciton replica dhg is

The phonon energies excited via the polar coupling are dis=-0.032, close to the value obtained for the exciton emission.
tributed according to the local Cd distribution probed by theFrom that result it can be concluded that the polarity of the
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exciton and biexciton linesE) and E{Y,

solely on the Bose statistic# { o= 28 me\), the solid line shows

the fit after involving acoustic phonorisee text

wave function of the localized biexciton is not twice the
exciton polarity. Obviously, the four-particle correlation
gives rise to a distinct deformation of the uncorrelated exci
ton wave functions, reducing their polarity that results in a
repulsive interaction between the excitons. This strong re-
duction is a consequence of the largely enhanced biexcito
binding energy 20 meV compared to 4meV in bulk

CdSe by the 3D-quantum confinement, which allows for a
strong influence of the biexciton binding on the single exci-

ton wave functions.

in lattice temperature of the sample @r) the formation of
stronger electric fields inside the sample by charge trappi
on the surface or interfaces. Such fields lead to a quantu
confined Stark effect, shifting the exciton to lower energie
gﬁg(rjgrstlgﬁlgfI?hg]ir:?slzif)tr:??ng;thé aT(-jhz)S% 2'13?;25:?; tt)?s;g;vnwithin the biexciton. The phonon replica consist of a band of
ing. For high excitation intensities, sometimes sudde
changes of the line shape are observed, shifting the emissiﬂﬁ
by about the biexciton binding energy to lower energies, an
broadening the line strongly. We interprete this as due
trapping of an electron or hole inside the dot, leading to th
formation of charged excitongrions),® which are observed,
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and a second localized excitcﬁ‘if) separated in energy by
about 42 meV. In the case of several differently localized
excitons, not only the line shape changes with temperature,
but also the intensity ratios, as can be seen in the inset of Fig.
3. This fact indicates the thermal depopulation of the lowest
exciton state in favor of the population of the next higher
state. In Fig. 3 the full width at half of maximufFWHM)
of the PL lines is plotted for both the exciton and the biex-
citon as a function of temperature. BeloWw=50 K only
small changes in the linewidth are observed. A change in
slope is detected between 30K and 70 K. When fitting the
curves by an activation energy based on the Bose statistics
for LO phonons with an average energy of 28 mg@htted
) ~line), as observed in the phonon repli@ég. 1), the broad-
FIG. 3. Temperature dependence of the exciton and blexcnoréning is underestimated at temperatures around 100 K. This
linewidth. In the inset the PL spectra are plotted showing a pair ofndicated the importance of acoustic-phonon-induced broad-
2 , =~ , ening. This broadening is in quantum dots with missing final
EX” separated in energy by 42 meV. The dotted line is a fit based a5 of suitable energy not due to a real phonon absorption,
but due to a phonon scattering. It is enhanced by the strong
three-dimensional confinement, enlarging the range of quasi-

Jn InGay -,As quantum wells?

momentum conservatiofi.Taking into account this acoustic
phonon pure dephasing of 20eV/K, as predicted for a
CdSe quantum dot of 4-nm radilfsthe experimental tem-
perature dependence is well reproduced.

Surprisingly, the temperature-dependent line broadening
f the biexciton transition is not significantly different from
at of the exciton. This result is a clear hint to the correla-
tion of exciton and biexciton scattering. In case of an uncor-
related scattering, a sum of exciton and biexciton scattering
rate is expected, which should be distinctly higher than the

Next, we discuss the intensity dependence of the "neobserved linewidth. Such a correlated scattering is also found

shape of the localized exciton itself. As can be seen in Fig.
the peak position slightly shifts to lower energies with in-
creasing excitation accompanied by a small increase in lin
broadening. This behavior can be ascribedit@n increase

Summarizing, we have found that three-dimensional con-
gnement can result in a small polar coupling strength, in
agreement with earlier theoretical predictidrisvestigating

a single zero-dimensional exciton, the problem of inhomoge-
ngeous broadening is avoided and the phonon coupling of
ng_ingle excitons and biexcitons has been observed. A coupling

Jarameter of 0.035 for the exciton and 0.032 for the biexci-
ton is found, showing a strong correlation of the two excitons

A__O—phonon energies demonstrating that the single exciton
uples to a variety of phonon modes, not to a single one.
e contributing phonon energies have parts from the zone-
senter LO phonon of ZnSe, and from a distribution centered
getween the ZnSe and the CdSe LO-phonon energy resulting
rom the microscopic disorder of Cd on the cation sublattice.

e.g., in GaAs, CdTe, and ZnSe quantum wells with binding The authors are grateful to K.H. Leonardi and D. Hommel
(University of Bremen for providing the CdSe/ZnCdSe

Finally, the phonon coupling is studied analyzing thesamples. We thank T. Komell, G. Bacher, and A. Forchel
temperature-dependent line broadening of localized excitongUniversity of Wirzburg for etching the mesa structures.
Figure 3 shows an example for a mesa structure which corFinancial support of F.G. by the Deutsche Forschungsge-
meinschaft is gratefully acknowledged.

energies comparable to the biexciton binding energy.
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