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Excitons, biexcitons, and phonons in ultrathin CdSe/ZnSe quantum structures
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W. Langbein and J. M. Hvam
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Institut fir Werkstoffphysik und Strukturforschung, Universiaemen, D-28359 Bremen, Germany
(Received 28 October 1998

The optical properties of CdSe nanostructures grown by migration-enhanced epitaxy of CdSe on ZnSe are
studied by time-, energy-, and temperature-dependent photoluminescence and excitation spectroscopy, as well
as by polarization-dependent four-wave mixing and two-photon absorption experiments. The nanostructures
consist of a coherently strained ZnCd,Se/ZnSe quantum well with embedded islands of higher Cd content
with sizes of a few nanometer due to strain-induced CdSe accumulation. The local increase in CdSe concen-
tration results in a strong localization of the excitonic wave function, in an increase in radiative lifetime, and
a decrease of the dephasing rate. Local LO-phonon modes caused by the strong modulation of the Cd concen-
tration profile are found in phonon-assisted relaxation processes. Confined biexcitons with large binding
energies between 20 and 24 meV are observed, indicating the important role of biexcitons even at room
temperature[S0163-182609)16935-7

I. INTRODUCTION situ atomic force microscopy is still controversially

- . . discusset/!t1314
The current activities to realize quantum dots in epitaxi- . .
In this paper, we propose a combined quantum-well—

ally grown [I-VI semiconductors are base_d both_ on the 'mer;%uantum—dot model for the MEE-grown CdSe/ZnSe quantum
est in fundamental aspects of three-dimensional-quantu

. : . structures under study. We start with a description of the
confinement and the search for new optoelectronic materials

Further lowering of the dimensionality from quantum wells growth process, and present results of structural analysis by

. . . high-resolution transmission electron microscgpfRTEM).
toward quantum dots is very promising to achieve laser

o - ..~ Based on these data we put forward the structural model, and
emission in the visible to deep blue spectral range. Epitaxia

) ) : . in Sec. lll calculate the exciton transition energies as they
growth of three-dimensionally confined II-VI materials has -, .
. ) _ . depend on composition and well thickness. The results are
recently attracted intensive reseafch,and a variety of

growth methods are investigated. For example, Stranski(-:ompared with experimental data obtained by photolumines-

Krastanow growti,thermally activated self-assembling after cencg(PL) and excitation spectroscop(?LE) - In Sec. I\./'
o  we discuss the phonon-assisted relaxation processes in these
growth of a few monolayer3,or submonolayer growftt

have been reported to initiate the formation of quantum dotsgtructures. Different types of phonons are detected in

As has been demonstrated in Ref.11, islands of enhancd'¢o-PL and energy-selective PLE, showing energies
CdSe concentrations can be obtained within a Z&d,Se smaller than the CdSe zone center LO-phonon and in the
quantum well of varying composition, when using the 'ange between the CdSe and ZnSe LO phonons. The energy
method of migration-enhanced epitayiEE). dl_str|but|on of the LQ phonons involved in the exciton relax-

For the confined excitonic states forming in these struc&tion process monitors the local density of phonon states
tures, different quantum dot models are proposed in the litaccording to the Cd distribution within the spatially inhomo-
erature, e.g. quantum confinement in pure CdSe islands @€neous quantum structure. The dynamics of the exciton lo-
the formation of three-dimensional excitons in local poten-calization and the decay of the coherence are studied in Secs.
tials due to well width fluctuations. Quantum dots are intro-V and VI. Changing the detection energy, the transition from
duced as the result of strain-induced local potentials irextended to localized excitonic wave functions can be fol-
Zn;_,Cd,Se quantum wells in Ref. 12. lowed in the change of radiative lifetimes and dephasing

Presently, a quantitative investigation of the CdSe/zZnS¢imes. In the final sectiofSec. VII), we study the formation
structure formed after the overgrowth with a ZnSe cap layeend decay of biexcitons using time-resolved PL after two-
is rather difficult. Segregation and diffusion processes duringghoton absorption and femtosecond four-wave mixing
the ZnSe capping procedure give rise to distinct difference¢$FWM). A strong enhancement of the biexciton binding en-
between the uncapped and final structures. Also, the natuergy compared to bulk CdSe as a result of the three-
and origin of islands observed at uncapped structures by edimensional quantum confinement is found.

0163-1829/99/6(12)/877310)/$15.00 PRB 60 8773 ©1999 The American Physical Society
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Fig. 1(b). The gradient in the gray scale shows the increase
in lattice constants starting from the pure ZnSe lattldack)
and ending at about 50% Qgvhite). Because of the finite
sample thickness of a few tens of nanometers used in the
HRTEM, the data represent an average over many lattice
constants in depth, and the local Cd concentration is ex-
pected to fluctuate even stronger. Figure 1 shows that the
investigated structure consists of aZpCd,Se quantum
film of about 9-ML thickness witlx=0.3. The quantum film
exhibits only small fluctuations of the layer thickness, but a
strong variation of the Cd concentration. Islands with Cd
concentrations larger than 50% are found. These islands are
not towering above the well, as observed, e.g., for InAs
grown on GaA$%2! The lateral island size is about 5—-10
’ nm, i.e. of the order of the bulk exciton Bohr radius in CdSe
. ’ b (ag=5.6 nm). From the analysis of HRTEM images, we
conclude that the investigated CdSe/ZnSe quantum struc-
tures consist of Zn ,Cd,Se/ZnSe quantum wells with is-
lands of increased Cd concentration inside. This structure
ﬁmﬁ%ﬂ’g 5 nm : presumably _evolves from the init_ially formed layer/island

: : : ; : ; : structure during the overgrowth with the ZnSe cap layer as

FIG. 1. (8) HRTEM image of a single CdSe quantum fi@r-  the result of Cd diffusion.
rows) embedded in ZnSe of nomin&deposited layer thickness of
3 ML, and(b) result of digital analysis of local lattice displacement
(DALI). The gradient in the gray scale shows the increase in lattice 1. WELL-DOT MODEL
constants starting from the pure ZnSe lattiback) up to approxi-
mately 50% CdSéwhite).

The results from the structural analysis of Sec. Il allow us
to model the electronic states in the samples as a combina-
tion of a flat, coherently strained Zn,Cd,Se/ZnSe quantum
well with quantum dots of higher Cd concentration inside.

The samples under study have been grown by moleculaie first calculate the energies of the heavy-h@ie) and
beam epitaxy(MBE) on GaA$001) substrates in a twin- light-hole (Ih) states of the undisturbed homogeneous quan-
chamber MBE system. A GaAs buffer layer is depositedtum well in dependence on the compositiorand the well
prior to the growth of the II-VI heterostructure. The thin width L. Starting from the effective-mass model for zinc-
CdSe quantum films are grown between a 40-nm ZnSe bablende-type semiconductors, finite potential barriers and
rier layer and a 20-nm ZnSe cap layer. As surface diffusiorstrain effects have been included using the Hamiltonian of
is known to play an important role for the island formation in Bir and Pikus?? To take into account the Coulomb potential,
heteroepitaxy, MEE has been applied. For the growth othe transition energies have been corrected by the two-
CdSe on ZnSe, typical growth rates of 0.3-0.5 ML per MEEdimensionally-confined exciton energy oE2X a value
cycle have been used at a substrate temperature of 280 °C.\Which is reasonable for finite potential barrier&2f
order to increase surface migration of ad-atoms during the=15 meV is the CdSe bulk exciton binding energpue to
growth a delay has been introduced between consecuti@e strong lattice mismatch between CdSe and ZnSe of 6.8%,
depositions of Cd and Se'* The nominally deposited CdSe pjaxial compression in the Zn,Cd,Se layer shifts the va-
thickness derived from the number of MEE cycles has beefence and conduction bands. The ZnSe buffer is nearly lattice
varied between 1 and 8 ML. The transition from two- to matched to GaASOBO/Q, and grows Coherenﬂy over the full
three-dimensional growth is monitoréu situ by the change  structure.
of the reflection high-energy electron diffraction from a  The elastic deformation can be expressed as a superposi-
streaky pattern to a spotty patterrDiffusion processes dur- tion of hydrostatic and shear strain, giving rise to the hydro-
ing the deposition of the final ZnSe cap layer, however, sigstatic deformation potential shif,,,q, which effects both
nificantly modify the morphology of the grown CdSe, since conduction and valence bands, and the shear deformation
interdiffusion of Cd in ZnSe is particularly stro§:*" To  potential shiftEg,, which only affects the valence band.
extract the actual distribution of Cd in the overgrown struc-Therefore, in addition to the quantum confinement effect, hh
ture, high-resolution cross-sectional transmission electrognd |h states are split by the deformation potential. The
microscopy combined with a digital analysis of the lattice strain-induced energy difference between the conduction and

images(DALI)***°has been applied. CdSe is found to grow, ..o bands di=0 is given, in first order, K47
in a cubic modification during the deposition of the first few ’ '

monolayers. Figure(d) shows a HRTEM image of a sample AEw=E. —E
with a depositednomina) CdSe thickness of 3 ML. Fluc- hh™ =hyd - =sh
tuations in the Cd distribution are visible in the intensity N 5 >
contrast between Cd and Zn in the upper image. The analysis AEin=Enyat z(Esn—Asot VASo+ 2AscE st 9ES),
of the local lattice constants by means of DALI gives direct

information about the local Cd concentration as displayed irwith

Il. SAMPLE CHARACTERIZATION
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Figure Za) shows the energies of the hh and |h states as a
function of well width L calculated for an ideal two-
dimensional Zp_,Cd,Se/ZnSe quantum structure witk
=1 and 0.7. With increasing Zn concentration, the transition
energies shift to higher values. To compare the calculation
with the confined energy states of the structures under study,
PL and PLE have been applied. An overview of the PL spec-
tra of the different samples is given in Figb2 The average
thickness of the quantum well which surrounds the islands
has been taken from HRTEM/DALI analysis, as illustrated in
Fig. 1(b). The energies of the deepest confined states which
give rise to the PL signal are influenced by the well thickness
L and the compositiox. As shown in Sec. Il, fluctuations
are predominantly caused by changes in the composition
within the well, while the well thickness itself is rather con-
stant. Therefore, the lowest states from which the PL signal
will arise form in the islands of enhanced CdSe content. The
absorption process and thereby the PLE signal, however, is
mainly expected at photon energies corresponding to more
extended states from which the excitons can relax and emit
at the detection energy. The PLE signal thus mainly com-
prises information about the composition of the surrounding
quantum well, having a larger density of states, whereas the
PL signal is dominated by the properties of the islands, hav-
ing smaller transition energies.

The inset of Fig. &) shows a PLE spectrum for a 2.0-ML
sample when detecting in the low-energy tail of the PL band.
The spectral shape of the Pl(Eesides one phonon replica,
seen as a small peak at 2.59)el¥ constant for detection
energies within the low-energy PL wing. Therefore, contri-

FIG. 2. (a) Calculated transition energies of the hh and Ih statesyytions from excited states of the islands and due to relax-

for a strained, two-dimensional Zn,Cd,Se/ZnSe structure with

ation processes between different islands do not significantly

=1 and 0.7 as a function of well width. The experimental datamqodify the PLE spectra at higher energies. The two broad-

obtained by PLEtriangles and PL(circles are plotted for a set of

bands above the detection energy are attributed to the inho-

samples with a well thickness between 2 and 8 ML measured by, ,geneously broadened hh and Ih exciton states of the sur-
HRTEM and x-ray scatteringlb) P_L spectra for the same set of rounding Zn_,Cd,Se/ZnSe quantum well. By analyzing the
samples. The inset shows a typical PLE spectrum for the 2-Mlp| £ ghactra of the samples studied, the energies of these

sample detected in the tail of the PL.

Cll_ C12
Ehyd: 2anC—11,

transitions can be determined as a functioriadferage well
width. In Fig. 2a), the experimentally determined energies
of the hh and Ih exciton statégiangles are compared with

the calculated curves. The experimentally obtained energies

are in disagreement with the calculation for a pure CdSe well
Cy1+2Cy; _ Azpse Acdse (x=1). Better agreement is found far=0.7 or even lower
Cyu ' 9 acgse | Cd content.
The energy shift between Pl[circles in Fig. 2a)] and
a andb are the hydrostatic and shear deformation potenPLE (triangles, the so-called Stokes shift, is a measure of
tials, respectivelyg, is the lattice mismatchC;; the elastic the strength of composition fluctuations. This Stokes shift
moduli, and Ago the spin-orbit splitting constant. For varies between the different samples. The 3.5-ML sample is
Z||/(001) the components of the in-plane strain tensor aren exception in structure and linewidth. In HRTEM it shows
given by e,,= €,,= €. For the alloy, values of the deforma- a nearly flat quantum well of ZnpCd, ;Se with only small
tion potentials, the elastic constants, the effective massethickness fluctuations. The PL spectrum is characterized by
etc., can be obtained by linear interpolation between the puréhe narrowest linewidth, and the smallest Stokes shift of 32
binary materialg? keeping in mind that for the used materi- meV. The majority of the MEE-grown samples, however,
als some parameters are not known with good accuracy, asxhibit pronounced composition fluctuations in HRTEM,
e.g., the deformation potentials. We use here the values afhich are reflected in the optical properties by large Stokes
a=a;,—a,=—3.664 and—4.25 eV, andb=-0.8 and shifts of up to 140 meV.
—1.2 eV for the deformation potentials of CdSe and ZnSe, With increasing well thickness, the PL maximum con-
respectively, according to Ref. 24. The composition depenverges to a nearly constant emission energy, as can be seen
dence of the band gap is taken from Ref. 25. The band offin Fig. 2. We explain this behavior by a quenching of the
sets of the unstrained bulk materials are 230 meV for thduminescence due to dislocations which form during strain
valence band and 750 meV for the conduction band. relaxation and act as nonradiative recombination centers.

Esn=beg
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1 Energy (eV)
2_'32 2_'34 2.l36 \2.l38 FIG. 4. Microphotoluminescence spectra excited at 514 nm in
Energy (eV) the tail of the density of states of the 3-ML sample. The energy

resolution is<0.3 meV. The decay curves detected at the excita-
FIG. 3. Phonon double structure observed in PLE for a 5-MLtion energyE,,; and at the first LO-phonon replida 5 are shown
Zn,_,CdSe/ZnSe structure measured for different detection enerin the inset.
gies. The PL is shown as the dashed curve.

Since the islands with a large Cd accumulation have théjetection energy the phonon energy of t_he higher-.er!ergy
largest probability to form defects, the Cd content in opti-Peak decreases from 31.5 to 27 meV, and increases in inten-
cally active dots converges to an upper limit, and the shift ofSity relative to the low-energy peak, that also shows a shift to

the PL maximum saturates with an increasing amount opmaller energies. We attribute the change in the phonon en-

deposited CdSe together with a reduction of the overall PLe'diesS to mainly three mechanisnis: formation of mixed
efficiency. LO-phonon modes with energies between the pure ZnSe and

CdSe zone-center LO-phonotas shown in Refs. 24 and 30
the mixed crystal Zn ,Cd,Se shows one-mode behavior,
and the LO-phonon energy changes monotonically with
A peculiarity of the grown quantum structures is the composition x); (ii) strain-induced changes of the LO-
variation of their local composition on a nanometer scalephonon frequencies and, in particular, for structures thinner
The polar II-VI semiconductors ZnSe and CdSe show ahan 2 nm;(iii) confinement of the phonon modes which
strong exciton—optical-phonon coupling, giving rise toresults in a reduction of the phonon energy due to the de-
strong LO-phonon replica in the optical propertiese, e.g., crease in LO-phonon energy away from the quasimomentum
Refs. 26 and 27 Because of the strongly modulated Cd zone center. This is especially important for the CdSe-like
concentration in the samples we expect spatially differenphonon modes, which are localized in the CdSe islands, and
LO-phonon frequencies. By investigation of phonon-assistegbartly show energies even smaller than the bulk zone-center
processes, we can thus probe the energy distribution andO-phonon energy of 26 meV. With increasing detection
density of state of local phonon modes which couple to theenergy, the Cd content of the local environment decreases,
localized excitons. Figures 3 and 4 show results fromwhich is evidenced by the observed change in the intensity
energy-selective PLE and microphotoluminescenaeP() ratio favoring the higher energetic Zn,Cd,Se-well LO
experiments. It was shown in Ref. 28 that PLE spectra ophonon. This is in agreement with the behavior expected
systems with an inhomogeneous broadening larger than tHeom the electronic band structure proposed in Sec. lll.
LO-phonon energy depend sensitively on the detection en- When probing localized excitons with higher spatial reso-
ergy within the PL band. Detecting on the high-energy siddution, we can resolve individual LO-phonon assisted transi-
of the PL, the PLE shows a series of equidistant peaks withions. In Fig. 4 we show the PL excited with the 514-nm line
an energy difference close to the LO-phonon energy of thef the Ar" laser resonantly in the low-energy tail of the
barrier material. At these energies, a further relaxation intalensity of excitonic states, and detected with a spatial reso-
deeper localized states via coupling to LO phonons is fastdution of 1.5 um. A low excitation intensity has been cho-
than relaxation via acoustic phonons into these sfdtasd  sen, and by measuring of the intensity dependence of the PL
the PLE spectra are dominated by LO-phonon relaxation. signal it has been ensured that the linear regime holds for all
To study the LO-phonon coupling of the excitons local- PL peaks. Thus effects of biexciton formatitsee Sec. VIl
ized in the islands, PLE experiments were performed at variare negligible in that experiment. The broad first LO-phonon
ous detection energids,;. The data are plotted in Fig. 3 for replica shows a substructure of several narrow peaks with
the 5-ML sample(see Fig. 2, which shows a large Stokes energies in the same energy range as the doublet structure
shift of 84 meV. A double peak can be identified in the PLEobserved in PLE. As can clearly be seen, LO-phonon ener-
signal about one LO-phonon energy above the detection emiesbelowthe CdSe bulk LO phonon are also involved in the
ergy. The two peaks clearly have their origin in the ZnSe anghonon assisted transitions. The inset of Fig. 4 shows the
CdSe LO phonons but their energy separation and relativdynamics of the PL signal measured at the excitation energy
intensities are changing when tunifg,,. With increasing Eg,, and the energy of the first LO-phonon repliEa, (de-

IV. LOCAL EXCITON-PHONON INTERACTION
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FIG. 5. Temperature dependence of the first LO-phonon replica 3 4300 g
in microphotoluminescence at the same conditions as in Fig. 4. 8 1 :
z {200 3
tected with a spatially wide excitation; details are given in 5 1 )
Sec. V). The PL decay times are clearly different, indicating = 1100 =
that the LO-phonon replica is due to a population of real o .o
exciton states at this energy, and not due to phonon-assisted 2.4 25 2.6
recombination over virtual states. Nonresonant Raman scat- Energy (eV)

tering can be excluded, since no instantaneous contribution is

observed at the LO-phonon energy. Also, phonon-assisted F!G. 6. (@ PL decay measured for the 3.5-ML sample when
absorption is unlikely to explain the replica because of the?Xciting one- and two LO-phonon energies above the detection en-
strongly decreasing density of states with decreasing energ§'®Y- () PL decay times plotted as a function of the detection
Sharp, reproducible peaks in the PL are also present in thg'€"9Y for the 3.5-ML sample and the 2-ML sample. For compari-
energy range of the second LO-phonon replica about 50 me n, the nonresonantly excited PL spectra are shown.

below the excitation, as can be seen from the comparison gfe |ifetime of the excitorfradiative and nonradiative recom-
two subsequent measurements in Fig. 4 excluding randoination and the migration time between local potential
noise. A part of the confined excitons thus show an energy,inima32
relaxation emitting local LO phonons of different energy, oy the experiments presented here, we start from the idea
and finally populate deeper localized states. The experimefnat quasiresonant excitation of localized excitons consider-
tal result of Fig. 4 shows that narrow peaksurPL appear  aply reduces the number of free parameters in the kinetics of
as the result of phonon-assisted relaxation between localized, citon relaxation. By performing an experiment with only
states. , small excess energies, we expect that migration between the
_The temperature dependence of the phonon-assisted relagalized states can be neglected. The PL decay should be
ation is shown in Fig. 5. With increasing temperature, thezimost monoexponential, and predominantly defined by the
sharp features disappear, and the coupling to the LO phonofjgstime of the localized excitons itself. The exciton dynam-
with smaller energiege.g., CdSeis more weighted by the jcs are studied by excitation with 2-ps pulses of a frequency-
Bose-Einstein statistical factor in the scattering rate foryoupled mode-locked Ti-sapphire laser and detection by a
phonons._Add|t|onaIIy, some Iocall_zed excitons _become thersireak camera, providing a temporal resolution of 4 ps. The
mally activated and redistributed in the potential landscapgycitation energy has been tuned between 2.4 and 2.65 eV.
by multiple-phonon scattering, forming a broad unstructuredrpe samples studied emit PL under nonresonant excitation at

PL band. energies around 2.43 e3.5-ML well thicknes$ and 2.6 eV
(2.0-ML well thicknes$, with bandwidths of 55 and 32 meV,
V. DYNAMICS OF LOCALIZED EXCITONS respectively.

Because the migration time depends on the amount of
To study the dynamics of exciton localization, most of theexcess energsf, in a first step we test the influence of mi-
experiment$:~*3have used an excitation energy resonant togration processes on the dynamics by comparing the PL de-
the band of delocalized excitons, and the subsequent lumgay at a fixed detection energy for different excitation ener-
nescence decay was analyzed by rate equations of a multiies. Figure 68 shows the PL decay after excitation with
level system. Such an approach always results in a manyexcess energies of one and two LO-phonon energies. The
parameter model. The relaxation process proceeds videcay is almost monoexponential, and shows the same dy-
subsequent population of spatially distributed local excitomamics, independent of the excess energy. This behavior is
states, and excitons are considered as particles movingresent for all detection energies within the PL band. Based
around in a potential landscape. The driving force for theon this result, we conclude that, after a fast relaxation within
relaxation is a spatial variation of the potential depth. Duringour time resolution, slow migration processes do not influ-
its lifetime the exciton relaxes to local-energy minima ac-ence the dynamics, and that the decay is dominated by the
companied by the emission of acoustic and optical phononsifetime of the localized excitons. Therefore, the lifetime of
The two time constants which characterize the dynamics arlcalized excitons can be studied as a function of quantum
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confinement when tuning the laser energy and thus exciting
selectively localized excitons. Figurél shows the PL de-
cay times for the 3.5 and the 2.0-ML sample determined
directly from PL decay time after excitation one LO-phonon
energy above the detection energy, which is the ordinate in
Fig. 6(b).

For both samples, the PL decay time of the states de-
creases with increasing state energy, e.g., for the 2.0-ML
sample from 280 ps down to 60 ps. We attribute this change
to an increase in radiative lifetime with increasing lateral 0 400 800 1200
confinement as the result of a decrease in the coherence Delay Time (fs)
volume* Nonradiative recombination should show the op-
posite behavior, since larger islands at lower energy have a
higher probability to comprise a dislocation. Another possi-
bility could be migration into lower states in energy, a pro-
cess that is typically observed in disordered nanostructures,
giving rise to an effective mobility edge. However, the inde-
pendence of the decay time on the excitation energy, as dis-
cussed above, indicates that there is no significant migration
into the states within the experimental time window. This
implies that there is also no significant migration out of the
states. The observed values of the lifetimes are in agreement
with the expected change of the radiative lifetime due to
lateral localization of excitons. The intrinsic lifetime of afree g5 7. a Decay of the time-integrated FWM signal measured
exciton in a -Vl quantum well is in the range of some u gitferent photon energieéh) The PL spectruntdashed ling the
picoseconds. In contrast, the band-to-band recombinatiogpectrally resolved FWM signal at zero deksplid line), and the

time, which is the upper limit for the lateral confinement homogeneous linewidth (circles are plotted as a function of the
effect, is of the order of nanoseconds, and can be reached ggtection energy.

the strong confinement limif:3®* The measured values are in
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between these two extremes, as expected. with increasing photon energy. This is evaluated in Fi@),7
where the PL spectrum, the spectrally resolved FWM signal,
VI. HOMOGENEOUS LINEWIDTH OF LOCALIZED and the homogeneous linewidthas a function of detection
EXCITONS energy(circles are shown, using the relatidn=24/T,. T,

is four times the experimental decay time of the photon echo

After discussing the dynamics on a picosecond time scalgesponse from the inhomogeneously broadened system. Be-
and thus dealing with the lifetim&,, we now turn to the tween 2.44 and 2.46 eV the homogeneous linewidth is nearly
determination of the homogeneous polarization decay timeonstant and amounts to1 meV. For detection at higher
T,. By measuringdT ,, the dephasing rate of localized exciton energies the linewidth increases, and reaches values up to 3.3
states can be determined as a function of localization deptimeV. The observed increase in the homogeneous linewidth
For example, in the ternary system of G88_, mixed when probing higher energies is presumably due to an in-
crystals, the localization at alloy fluctuations results in ancreasing phonon-assisted relaxation rate into lower localized
increase ofl, due to the decreased density of final states fofexciton states, which becomes dominant in the high-energy
the scattering at low temperatur®A similar dependence is wing of the PL band. For the structures presented here, the
expected in the case of three-dimensional quantum confindvomogeneous linewidt™ is not influenced by effects of
ment. We use an amplified Ti:Sa laser combined by an optiexciton-exciton interaction which might occur at higher ex-
cal parametric amplifier to supply 80-fs pulses tunable becitation densities in experiments of nonlinear optics. Com-
tween 500 nm(2.48 eV} and 650 nm(1.9 eV) for a two-  paringI" derived from the FWM experiments with the ho-
beam FWM experiment. The FWM signal is detectedmogeneous linewidth observed in low-density PL
spectrally resolved, and time integrated in a reflection geomexperiments at single excitons in etched mesa-structfires,
etry of the direction of R—)z_ﬁ as a function of the delay Similar values of~1 meV for the homogeneous linewidth

time between the two incident beams with wave veck_irs are obtained. The values &f reported here are distinctly

— o different from the ultranarrow peaks in the range of
andk,. The central frequency of the excitation is tuned to . . .

) ; . . 10-100 ueV observed for localized excitons in IllI-V or
excite resonantly the localized excitons in the 3.5-ML

sample under investigation. The excitation intensity has beeH'VI nanostructures(see e.g., Refs. 12, 39, and)40ve

kept as low as possible in the range of 100 n3/per pulse attribute this increase iR to a ;tronger qoupling to acougtic

Ei . iy S'phonons of the strongly confined excitons as theoretically
gure fa) shows the decay curves at different energie redicted in Ref. 37

within the spectral response of the FWM signal. The deca T

of the FWM signal is almost monoexponential, and shows a

delayed maximum and a fast quenching for negative delays,

as expected for a strongly inhomogeneously broadened reso- In this section we investigate the binding energies and the

nance. As can be seen in Figaythe decay rate increases formation process of biexcitons in Zn,Cd,Se/ZnSe quan-

VII. BIEXCITONS
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FIG. 9. Intensity dependence of the PL showing the resonantly
excited exciton E,) and the biexcitonk,,) transition and the LO-
phonon-assisted relaxatiofE (5). For comparison the spectrum is
shown for excitation with circularly polarized light™. The inset
shows the scheme of transition energies for the exciton and the
biexciton.Ang is the biexciton binding energy.

o P
o
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Energy (eV)

FIG. 8. Time-integrated PL spectra for different excitation en-
ergieskey within the PL-band of localized exciton states. The reso-, s aies the excitation and recombination process of the
nantly excited biexciton-exciton and exciton-ground-state transi_. _ . S . .
. . biexcitons. The biexciton is directly excited by a resonantly
tions are labeledt,, andE,, respectively. . .

enhanced TPA process, which consequently decays via the

one-photon transitions from biexciton to excitdow-energy

FWM spectroscopy to observe and identify the biexcitonicP®2K Exd, and exciton to ground statéhigh-energy peak

states. An increase in the biexciton binding energy comparefix)- In the investigated sample, the biexciton binding energy
¢ gy b Es ~20 meV, given by the separation of the two side peaks

to the bulk material is observed as the result of the threet ) o S
dimensional quantum confinement. Eyx apd E. For comparison, the bulk biexciton binding en-
ergy in CdSe is about 5 me%/.

The dynamics of the two PL side bands confirm the re-
combination scheme. In Fig. 10 the PL spectra correspond-
Biexcitons can be created directly by resonantly enhancethg to the highest intensity of Fig. 9 are given for several

two-photon absorption. Typically, in bulk semiconductorsdelay times. Directly after excitatiolO pg, only E,, and

and quantum wells, this process is masked by a dominating, , are present, together with strong resonantly scattered
one-photon exciton absorption due to the small binding entaser, while theE, signal is absent, in agreement with its
ergies of biexcitons. To observe the TPA into biexcitonformation from the biexciton after the biexciton-exciton tran-
states, a negligible resonant one-photon absorption and gtjon. At a 100-ps delay, both thg,, and theE, signals are
high excitation intensity are needed. TPA into localized biex-present, showing the partial recombination of the biexciton
citon states was reported for a single quantum well in Refinto the exciton states. For a 300-ps delay time, the biexciton
41. In the studies here, we use picosecond pulses of loeak has vanished and only the exciton luminescence can be
repetition rate and excite resonantly in the tail of the densitypbserved, due to the complete depopulation of the biexci-
of states. Figure 8 shows the measured time-integrated Plonic states. The measured decay time of the biexciton signal
spectra for different excitation energies within the PL band

of localized exciton states. Besides a broad background due

tum structures. We use two-photon absorpti@®A) and

A. Two-photon absorption

to exciton-exciton scattering and phonon-assisted relaxation,

two peaks appear symmetrically around the energy of the & [ Ea=24348V

exciting laser. These lines are not observed at low excitation E T=5K

densities. Tuning the excitation to higher energies corre- g

sponding to a higher density of states, one-photon absorption O

dominates, and the double structure disappears. In Fig. 9 the § ____________

intensity dependence of the PL spectra is displayed at a fixed §

excitation energy of 2.434 eV. The peak intensities of the 2

two symmetric lines, labeleH, andE,,, grow superlinearly E N

with respect to the first LO-phonon replica when increasing < P Ao A
the'ex.citation intensity. The energy.separation between the 2.3 2.'38 2_'40 2_'42 2.;14 : 2:46
excitation energy and the PL peaksid0 meV. The peaks Energy (eV)

are suppressed far " -polarized excitation of the same in-

tensity (see Fig. 9. Both the intensity and the polarization  FIG. 10. Spectrally resolved PL at different delay times of 10,
dependencies indicate that the doublet is due to a resonantlyo, and 300 ps. The spectral positions of excifgn biexciton
enhanced two-photon absorption into a localized biexcitorg,,, the excitationE,, and the one LO-phonon replidg, o are
state. The corresponding level scheme in the inset of Fig. thdicated.
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2omeV of different polarizations of the incident laser beams. Ac-
[E E cording to Ref. 42, the biexcitonic beating in strongly inho-
[ mogeneously broadened systems starts with a minimum
(maximum) att,,=0 for colinear(cross-linear polarization.
In Fig. 11(b) the time-integrated FWM signal is shown for
colinear and cross-linear polarized laser beams. In both con-
: E figurations the signal is modulated, and the expected phase
15=208 fs n = shift of can be observed between the two signa]s. o
\ . \ . . X For the different samples a variation of the biexcitonic
0 500 1000 1500 binding energyAEfjX between 20 and 24 meV has been ob-
Delay Time t,; (fs) served, depending on the strength of localization due to the
composition fluctuations. The enhancement which the biex-
citon would experience in an ideal two-dimenaioriaD)
T=5K guantum well can be estimated to 20% of the 2D exciton
! binding energy>** Since the maximum 2D exciton energy
3 is given by £29 with E2%=15 meV (bulk exciton Ryd-

FWM (log.)

FWM Intensity (log. u.)

exc exc

berg of CdSg for the 2D biexciton binding energy an upper
[ n value around 12 meV is expected. The experimentally deter-
L mined biexciton binding energies clearly exceed that value.
E L It is, however, in good agreement with theoretical and ex-
N perimental results obtained for spherical CdSe quantum dots
0 500 1000 1500 in glasse$®*Therefore, the measured large biexciton bind-
Delay Time t,, (fs) ing energies are a consequence of a strong lateral localization
by the composition fluctuations, creating quantum-dot-like
FIG. 11. (@) Time-integrated FWM signal from the 3.5-ML confined states. Since far=300 K thermal activation en-

sample as function of delay tintg, at an energetically position of  grgies k;T~23 meV) are still comparable to the biexciton
2.44 eV E,,) and of 2.46 eV E,). The two incident beams are binding energy, the high value afE°. makes biexcitons
colinearly polarized. The inset shows the spectral response at .a ' xx

delay time of 100 fs(b) Time-integrated FWM signal detected at Important even at room temperature.
(E,,) for colinearly and cross-linearly polarized excitation. The ex-
perimental traces are normalized.

FWM Intensity (log. u.)

VIIl. CONCLUSION

E,, of 60 ps is in agreement with the rise of tke exciton

signal, which subsequently shows a decay time of twice the AS demopstrated by st_ructural _analysls z_and different
biexciton decay time, as expected. methods of linear and nonlinear optics, migration enhanced

epitaxy forces the accumulation of CdSe in islands embed-
ded in a ZR_,Cd,Se quantum well. The electronic states of
such a system arise from a combined system of different
After analyzing the exciton-biexciton system in lumines- dimensionalities, a strained quantum well, and a quantum
cence, we apply FWM to confirm the determined biexcitongot, The observed gradient in the well composition favors
binding energy using coherent exciton-biexciton beats. Thene efficient carrier capture into the optically active islands
experimental setup is described in Sec. VI. The central frez 4 ensures high quantum efficiency. Concerning the appli-

quency of the excitation is tuned into the localized excitons ,«iqn of the grown structures as a gain medium, two aspects
The 80-fs_pu|ses used ensure, by their !arge energy ban lave been revealedi) The large biexciton binding energy
width, a simultaneous excitation of localized excitons an

A ; S . eads to an optical gain strongly influenced by Coulomb in-
biexcitons. In Fig. 1) the time-integrated FWM signal of teraction similar to the biexcitonic gain observed in CdSe

the 3.5-ML sample is shown as a function of the delay time . .
ty, at an energypof 2.44 eV, i.e., within an energy ranée forquantum dots embedded in _g|4§§9 Frqm our obse_:rvatlon
which the FWM response is strongly influenced by the biex Ve conclude that strong optical pumping results in the for-

citonic signal. The signal reveals pronounced oscillationdation of biexcitons rather than in a population and filling of
with a period of 208 fs arising from the beating between thel9ner excited dot states. As a consequence of the similar
exciton and biexciton polarizations. At a higher detection™agnitude of biexciton binding energy and thermal energy
energy of 2.46 eV, where the signal is dominated by thekeT, biexcitons are also important at room temperature, and
excitonic response, the beat amplitude is strongly reducedn exact theoretical description of the gain mechanism has to
The spectral response of the FWM-signal at 100-ps delay it2ke into account Coulomb correlation effectis) The ob-
shown in the inset. The beat period corresponds to an energgrved relaxation time into the ground state is very fast
splitting of 20 meV. Good agreement between the oscillatior(<4 ps) and supported by efficient phonon interaction. No
period and the spectral separation of the exciton and biexceompeting emission is observed from the surrounding quan-
ton in FWM and PL signals is obtained. Experimental evi-tum well. These results are in agreement with the subpico-
dence of the biexcitonic origin of the beats is also obtainedsecond relaxation and gain dynamics observed for CdSe
from an analysis of the phase shift of the beat signals in casguantum dots embedded in gl&s$s? It implies that the car-

B. Four-wave mixing
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