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Optical properties of epitaxially grown submonolayer CdSe/ZnSe nanostructures
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The optical properties of epitaxially grown CdSe/ZnSe nanostructures with nominal CdSe coverage between
0.15 monolaye(ML) and 0.58 ML are investigated by photoluminesce(RE) and PL excitation spectros-
copy at low and high excitation density, time-resolved PL, temperature dependent linewidth analysis, and
two-photon excitation spectroscopy. We discuss exciton-phonon complexes in a potential and analyze their
dominant dimensionality. The exciton-polaron picture, which is mostly applied to the extreme case of very
strong exciton-phonon coupling, is introduced here as a well-suited description of the optical properties of
ultra-small semiconductor nanostructures with relaxed quantum confinement.
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I. INTRODUCTION citation spectra, exciton-LO-phonon interaction, high-

The interest in artificial semiconductor nanostructures wa§xcitation effects, and influence of continuum states in these
originally motivated by the fascinating possibility of engi- Systems in relation with the bound exciton-LO phonon com-
neering band structures and hence tuning optical transitioRleX, hereafter we use the notation CdSe-bound ex¢jton
energies. These days, the aspect of engineering homogened@kn to call these states.
linewidths, g factors, fine structure splittings, or optical tran-  In this paper we present a set of experimental data com-
sition dipole moments gains more and more attention. OptiPrising photoluminescenadL) and PL excitation spectros-
mized nanostructures are being developed that are function&PPY at low and high excitation density, time-resolved PL,
for a specific application or an examination of a particulartemperature dependent linewidth analysis, and two-photon
fundamental problem. One goal, for example, is the creatiogXcitation spectroscopy. We compare two characteristic
of quantum structures which have the optimum ratio betweegub-ML structures with exciton binding energi&g larger
long coherence timdow dephasing ratesand large optical (Ex>E o) and smaller(E,<E, o) than the LO-phonon en-
transition dipole momenglarge extension of the excitonic €rgy E o of the ZnSe hostE, ;=31.8 meV. To explain the
wave function. Here we present a study of nanometer-sizedpeculiar optical properties of sub-ML nanoinclusions, we
CdSe inclusions in ZnSe layers which are so-called subdiscuss exciton-phonon complexes in a potential, analyze ex-
monolayer (sub-ML) structures. For these structures theperimentally the relation with background continuum states,
amount of deposited CdSe during epitaxial growth is so lonand discuss their dominant dimensionality.
that an uniform quantum well cannot be formedAlso the
usual quantum dot concepts of three dimensionally, tightly Il. SAMPLES

confined electron-hole pairs inside a nanocrystal, or an epi- . .
taxially grown island are not applicable. For sub-ML struc- The samples used are CdSe/ZnSe structures with nominal

tures made from a strongly polar 11-VI compound semicon-0-58 and 0.15 ML CdSe coverage. The sample structure is
ductor system, the formation of a bound exciton-LO phonorsketched in the inset of Fig. 1. The ZnSe host film is the
complex(polaron in a potentialis discussetiresulting in a  Product of conventional molecular beam epitaxy while mi-
strongly modified exciton-phonon interaction, for example, adration enhanced epitaxMEE) was used to deposit CdSe.
decoupling of the formed exciton-LO phonon complex from” Single circle of MEE results in a CdSe layer with a nomi-
the remaining bath of acoustic phonons. Sub-mL nal thickness of 0.15 ML. Triple repeating of the MEE pro-

CdSe/ZnSe structures are also interesting materials from tHgESS results in the formation of nominally 0.58 ML thick
perspective of applications. They emit in the blue-violetCdSe |nclus.|ons. Each sample contains three submonolayers
spectral range and have been successfully used as an actReCdSe which are separated by 18 (@al5 ML) or 21 nm

medium in laser structuré€ A successive energy shift from ©f ZnSe spacer layers. Three different sets of GaAs sub-

2.79 to 2.71 eV and a change in linewidth has been restrates with different crystallographic orientation are exam-

ported when growing ML CdSe/ZnSe nanostructures witdn€d 0 grow S‘_Jb'ML CdSe_/ Zn$e §tru§ture601) exactly,
nominal layer thicknesses between 0.15 and 1™ But no ~ 4°, and 10° misoriented with tilt directions towar¢@11)
systematic study is performed on the photoluminescence ex4°) and (111 (10°). A detailed description of the sample
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FIG. 2. Normalized photoluminescent® and (b) and PL ex-
FIG. 1. Normalized Pl(photoluminescengespectra of sub-ML  citation (c) and (d) spectra of 0.15 ML(a) and (c) and 0.58 ML
CdSe/ZnSe nanostructures at 4 K. Shadowed curves relate to tfiewer parts(b) and (d)] CdSe/ZnSe nanostructures grown on
samples grown o001)-oriented GaAs. The spectra of 4° and 10° (001)-oriented GaAs substrates. The length of horizontal ari@ns
misorientation of the substrate are shown for 0.58 and 0.15 Mlthe leff) shows the energy of ZnSe LO-phon&pgy. HH and LH
CdSe coverages, respectively. Vertical arrows denote the spectralark the heavy- and the light-hole components of the free ZnSe
positions of the ZnSe bandgél) and the ZnSe free excitaiFX). exciton FX. Vertical arrowson the righj are set at photon energies
The length of the horizontal arrows corresponds to the en@gy) which exceed the emission peak energy by an integer multiple of
of the ZnSe LO-phonon. The inset shows the structure of theg 4.
samples.

PL maximum of the 0.15 ML nanostructure is shifted rela-
growth technique can be found in Refs. 2, 9, and 10. Theively to the ZnSe free exciton by-12 meV. This value
thicknesses of the ZnSe buffer, spacer, and capping layeesxceeds the binding energies of excitons bound to Li or Na
provide efficient vertical isolation of the CdSe insertions.acceptors in ZnSe and is roughly twice as high as the binding
The total thickness of the CdSe/ZnSe heterostructure is welinergy of excitons bound to donor impurities such as Al, Ga,
below 150 nm, the critical value for the formation of misfit etc.}4 whose chemical nature is more similar to cadmium.
dislocations in thin ZnSe films grown on GaAsThe mini-  Clustering and mutual interaction of Cd atoms deposited as
mum thickness necessary for the self-aggregation of CdSedSe on ZnSe is very likely, even at extremely low content,
into quantum dots is given as 0.5 ME.Due to their diffu-  close to only 0.1 ML The size of the ZnSe excitaiBohr
sive boundaries these dots are more likely to be a local flucradiusag=4.4 nm, however, is much larger than the exten-
tuations of the Cd content in a thin ZnCdSe quantum Well. sion of the Cd-rich regions. These facts imply that the exci-
Hence, no growth of structural islands is expected in nanotons in sub-ML CdSe/ZnSe systems can be bound to CdSe
structures with nominally 0.15 ML deposited CdSe. Theinclusions rather than become confined inside them.
deficit of cadmium prevents the formation of a homogeneous In Fig. 1, results for growth on misoriented substrates can
layer or island with sharp interfaces which would fit the defi-also be seen. Growth on such substrates may result in various
nition of a quantum well or dot. localized states at stacking faults and in anisotropies in the

As can be seen in Fig. 1, an efficient photoluminescenceonfining potentials. In our case, the use of a misoriented
due to recombination of excitons localized at sub-ML CdSeGaAs substrates leads to a general loss in quantum efficiency
insertions can be observed which is concentrated in the speand a variation of the peak energy within a more inhomoge-
tral ranges around 2.76-2.77eM0.58 ML) and neously broadened PL band in the 0.58 ML sampseg Fig.
2.79-2.8 eV(0.15 ML). The relative shifts of the PL peaks 1). In the spectra of the 0.15 ML nanostructures additional
with respect to the characteristic energies of the ZnSe matrimisorientation-induced lines appear with spectral positions
are summarized in Table | along with datarfrea 2 ML similar to that of neutral donor-bound excitons and zinc va-
CdSe/ZnSe sample taken from Ref. 13 for comparison. Theancies in zinc selenid@:14

In the 0.15 ML sample the emission from free excitons
FX of the ZnSe host material can be obserysee the PL-
spectrum in logarithmic scale in Fig(&]. Its energy posi-
tion is influenced by biaxial compressive strain which is un-
avoidable in high-quality crystalline ZnSe films coherently
grown on GaAs substratésThis strain separates and shifts
the heavy-(HH) and the light-hole(LH) branches of the
upper valence band level of cubic ZnSe toward higher ener-

TABLE |. Peak energies E, PL-bandwidth at full width at half
maximum (FWHM), and energy differences with respect to the
ZnSe free exciton energ&E(FX) and the ZnSe band gap energy
AE(E) for samples with different nominal ML thickness of depos-
ited CdSe on ZnSe substrate grown @®1)-oriented GaAs sub-
strates(no misorientation

S | E FWHM AE(FX AE(E,
anpe ) (B gies. Such a splitting and shift from the bulk ZnSe free ex-
(ML) (eV) (meV) (meV) (meV) . " .
citon (FX) position at 2.802 eV is found for the 0.15 ML
0.15 2.794 1.4 12 26 samples resulting in additional lines due to bgkH) and
0.58 2.768 55 ~41 56 (LH) states of the ZnSe host grown @01)-GaAs at 2.806
20 258 75 ~226 240 and 2.813 eV with a spectral shape strongly distorted by re-
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IIl. RESULTS AND DISCUSSION Wl

A. Optical transitions in emission and excitation spectra
of sub-ML CdSe/ZnSe structures

N
oh)
v

To explore the internal energy level structure, a common
method is the measurement of the photoluminescence exci-
tation (PLE) spectrum. Figure 2 shows the PLE spectra of : ;
the 0.15 and 0.58 ML sample together with the photolumi- ‘ J e T I
nescence spect(@ logarithmic scalg The PLE spectra are |l "L : H"’
recorded with a detection energy resonant to the main emis- L L 5 - o6
sion peaks at 2.794 eV for the 0.15 ML sample and 2.768 eV Time (ns) Time (ns)
for the 0.58 ML sample by using a Jasco FP-750 spectrof- _ o
luorometer with a spectral resolution of 1 nm. The PL has F!G- 3. Luminescence decay kinetics of sub-ML CdSe/ZnSe
been excited by the 325 nm line of a HeCd laser and nanostructurega) Time scale covers a 10 ns time range). Time
detected by a Jobin-Yvon T 64000 triple monochromatorsc&/€ for the first 500 ps. Closed symbols: 0.15 ML; open symbols:
equipped with a liquid nitrogen cooled charge-coupled de_0.58 ML. The solid I_|ne in(b) shows the response function of the

. - detection system with respect to the laser pulse. The data were
Yé?r?pf::?ti:g. gtggzﬂl(()w'lqsélurr;]a?r:y?nsti?égr?gs lfJeS:t(l :gskei}r?ﬁf:z btained after excitation with 10 ps-laser pulses of an attenuated

. ; second harmonic from a Ti:sapphire laser and with the detection by
optical spectra of the studied sub-ML structures are the fol; . mamatsu streak-cameftime resolution of~30 p3. Taking

lowing: (i) PLE spectra which have been recorded in r€S0ynt4 account the 80 MHz repetition rate of the excitation pulses, the
nance to the CdSe-inclusions are composed of equidistatcymulation effect due to longer life time components is obvious
peaks separated by the LO-phonon energy of the ZnSe hogj; the 0.58 ML samples, while the luminescence of the 0.15 ML

material; (i) no peaks in PLE are found which can directly structures is completely decayed before arrival of the next laser
be attributed to excited electronic states of the confineguilse.

electron-hole pairsg{iii) the series of LO-phonon-related
peaks is more pronounced for the smaller sub-ML structurejecreasing the nominal thickness of CdSe, the LO-phonon
(up to 15 LO features are resolvable for 0.15 ML CdSe covprogression in emission spectra is dominated by the ZnSe
erag¢ and extends up to energies high in the continuum_O phonons and its intensity decreases. For the intensity
above the ZnSe band edge; afid) the emission spectrum ratio between principalor zero-phonopline (ZPL) and first
also shows LO-phonon satellites, however, of much smaller O-phonon(1LO) replica, | zp, /11,0, We found 0.035 for the
intensity (note the logarithmic scale of PL spectra and linearCdSe island, 0.006 for the 0.58 ML sample, and 0.001 for the
one of PLB. The strong disparity between the peak intensi-0.15 ML sample. The fact that the ZnSe LO phonon is the
ties in PLE and PL is in clear contradiction to the standarddominating partner to which the exciton couples in the
Huang-Rhys model predicting a mirrorlike relation betweensub-ML structures is an important hint for the discussion of
LO-phonon assisted absorption and emission spectra. the problem of dimensionality: The deposited CdSe material
In the PLE spectrum of the 0.58 ML sample, the first peakis not gathered together to form a nanostructure which is a
separated by, o from the luminescence peak is located atjarge assembly such as an island. The grown CdSe nano-
2.797 eV which is still below the ZnSe band ed¢€; structure cannot confine the exciton wave function com-
=2.82 eV) and has the ZnSe free exciton FX as a shoulder apletely.
2.805 eV, while for the 0.15 ML sample all peaks in PLE are  The gradual transition from a quantum-dot-type structure
found above the ZnSe band edge. The logarithmic plot of théoward another, but not yet classified, type of confinement is
PL spectra reveals weak emission lines located at the higheilso evidenced by the PL dynamics shown in Fig. 3. The
energy side of the main peak. They arise from the free exciluminescence decay in sub-ML CdSe/ZnSe nanostructures is
ton of the thin ZnSe host layer which is split into hegtdH)  very sensitive to the CdSe coverage. In Fi@)3ve compare
and light (LH) hole exciton due to the straifFig. 2@)]. the overall dynamics in a 10 ns range for the samples grown
Figure 2b) shows the emergence of both +1 LO andon substrates without misorientation. Both of the decay
-1 LO-shifted peaks in the emission spectrum of the 0.5&urves start with a similar short-time picosecond decay com-
ML sample. Superimposed on the high-enetgy LO) sat- ponent(70 to 150 p$ but have different long-time decay
ellite is a small peak at the same energy as that of the 0.1&omponents of about 500 1§6.15 ML) and in the nanosec-
ML CdSe insertions. Thus, traces of individual MEE cyclesond rangeg(0.58 ML). The longer nanosecond time constant
occur in sub-ML nanostructures due to incomplete aggregan the 0.58 ML sample is consistent with the exciton decay
tion of deposited cadmium. The PL and PLE spectra plottedime in 11-VI quantum dot§"*®and the dark state lifetime in
in Fig. 2 are completely different from the PL and PLE spec-self-organized CdSe/ZnSe islandsHowever, such a long
tra obtained for a CdSe island embedded in a ZnCdSe quacomponent is not observed for the 0.15 ML sample. The
tum wellX* Comparing the CdSe quantum dots sample withclear missing of the long decay component in the 0.15 ML
the sub-ML samples, the following trends can be establishechanostructure indicates the absence of a dark state as usually
(i) The smaller the CdSe submonolayers become, the mombserved in strongly confined quantum dots as a result of
the PLE spectra are dominated by the LO-phonon progresncreased exchange interaction. Thus, the exciton in a
sions instead of confined exciton excited states @ndvith sub-ML sample does not experience such a strong confine-

Intensity (Counts)

-
<
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ment that the exchange interaction becomes important. ~ femtosecond and picosecond dynamics have been described
Figure 3b) shows the initial dynamics within the first by exciton-phonon scattering. On the other hand, for materi-
500 ps, in which the data obtained for the samples grown omals with strong exciton-phonon interaction, the polaron
a misoriented substrate are also included. Lattice imperfeanodel was established with good estimates for the extreme
tions lead to significant luminescence quenching, in particuease of the coupling strength exceeding consider8bly.
lar for the 0.15 ML sample grown on misoriented GaAs wa- The illustrative model of the exciton polaron, used here,
fer. This fact also suggests that the excitons at ultrasmaktllows a good description of the interaction of photo-induced
CdSe inclusions are only weakly localized, in contrast to thecarriers with phonons in zero-dimensional polar semiconduc-
strong confinement of excitons in ordinary quantum dotstors. Polaron effects have been observed in GUR&f. 38
Weaker localization of the exciton allows faster deactivationand CdSe (Ref. 39 nanocrystals and in InAs/GaAs
via defects whose concentration is increased in samples witislands?’ Excitons in isolated quantum dots are coupled
misoriented GaAs substratésee for comparison the PL nonadiabatically to phonort8.In the bound exciton-polaron
spectra in Fig. 1 modef the high-energy sidebands are introduced as the
eigenstates of the systeéthThe assumption of a exciton-
polaron picture makes recent experiments more plausible and
B. Exciton-Phonon Interaction explains the occurence of coherent processes in the ground

Although many reports exist about the luminescence exstates while pumping the system at energie o (n
citation spectroscopy and the exciton-phonon interaction of 1,2, ...) above the exciton resonanteOn the other
shallow impurity states in 11-VI semiconductots!420nej-  hand, the optical transition probabilities between bound po-
ther a systematic state engineering was possible until noaron states are expected to become small, in particular, for
nor have variations in ground-state energies or energy diffeftigher n-LO phonon processes, and cannot explain our
ences between ground, excited, and matrix/host states be@resent results of strong peak intensities of such higher mem-
explored. A large variety of theoretical descriptions can beders which overlap with the ZnSe continuum states. The
found as wefi’~24 performed in different levels of approxi- Phonon-assisted relaxation picture would be able to explain
mation. However, how to model theoretically exciton-LO that result even if the continuum states are involved, but it
phonon interaction in quantum structures and its dynamic¥ould result in a complete decoherence during the multiple
correctly is presently a highly debated problé#i;3%in par- ~ scattering events. Additionally, it would require the forma-
ticular for the range of Frohlich coupling constants.  tion of excitons at a very early stage of time just at the pump
(which gives the relative strength of the electron-LO interac-energy. This fact, however, is questionable and still subject
tion, see, e.g., Ref. 3between 0.1 and 1, i.e., in the inter- of intensive discussions. It is not clear, presently, if the num-
mediate coupling regime. ber of observed LO-phonon related peaks depends on the

Although the observation of LO-phonon related peaks inexperimental condition, such as the relation between pulse
PLE is not rare, the number of phonons here is exceptiona¥idth and scattering time. Experiments using cw and pulsed
high. In the past, there have been many attempts to explaiwltra-fast lasers might result in different relative weights of
such observations. The experimentalists working on quanturhO-phonon replicae for similar coupling strengths. Further-
dots borrowed such illustrative pictures like the famousmore, weak excitation densities might be essential for the
Huang-Rhys model for strong electron-phonon interactionobservation of these resonances since, their resonance with
The standard Huang-Rhys approximation describes the intefhe ZnSe continuum states implies a possible damping for
action of excitons with LO phonons by means of the Huang-high carrier densities. So the theory is far from the under-
Rhys parametelS. This approximation predicts that LO- standing of the observation of a huge number of LO-phonon
phonon sidebands have similar Poisson-distributed intensitieplicae in PLE and its dynamics.
envelopes both in emission and absorption spectra. Such fea- In this section we will show further experimental results
tures were partly found for semiconductor impurities andand discuss our results on the basis of a polaron picture
nanostructure3-32 A more detailed theory is developed for Which introduces bound exciton-phonon complexes as the
various kinds of quantum dots, in which the change in theeigenstates of the system. Associated side bands are consid-
wave function and coupling strength with confinement ancered as the excited states of a polaron in a potehfiat®In
the consequences for the exciton-phonon interaction havée following we will start with the standard procedure to
been discusse¥2733-35n polar semiconductors, the effect describe exciton-phonon interaction in cw experiments: The
of optical phonons on excitons can be of particular impor-analysis of the temperature-dependent linewidth followed by
tance even in the cases of weak coupling strefigihshal- @ temperature-dependent analysis of the PLE spectra and a
low potentials? comparison of LO-phonon related peak intensities in one-

In bulk materials or quantum wells the phonon-assisted®hoton PLE with those in two-photon PLE. We will discuss
relaxation picture has been established and often used to eftese data in the context of a bound exciton-polaron concept.
plain LO-phonon related peaks appearing in PLE. In the old
days, the phenomenon was called “hot luminesceficaid
reported, e.g., for bound and free excitons in lI-VI materials. Figure 4 shows the temperature-dependent linewidths and
Recently, very similar observations with respect to the effecpeak shifts, while the low-temperature line shape was al-
of LO phonons have been also reported for luminescence atady shown in Fig. linear scal¢ and Figs. 2a) and 2b)
epitaxial nanostructures with CdTe quantum islafidShe  (log scalg. The 0.58 ML samples with larger CdSe coverage

1. Temperature-dependence of the PL-line widths
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L] '. : ) ) b
3 (FWHn(/)l-ﬁahglr}eV) l 1 FWHM(T)=Tg+aT+ —F———, (1)
% o 0.58ML: %% LO
g 5| (FWHM6.4mev) 5 | ex ﬁ -1
= | K ' B
z 1 3 i”i’ . which is a widely used and well-known model for bulk crys-
4 f.f?.i-ﬁ"‘ tals or well-defined quantum weltd We explain the discrep-
0

ancy by the following reasonsi) The presence of an inho-
mogeneous contribution to the total line shape. The low-
temperature part of FWHNMT) is clearly influenced by the
population statistics and the energy distribution of localized
states. This results in an overestimate of the acoustic phonon
contribution represented by the coefficient(ii) The close
A5} hv-2764.1mev) band edge allows the population of barrier states and an in-
0 30 80 90 crease of dephasing from exciton-exciton scattering with in-
Temperature (K) creasing temperature may be expected which results in an
overestimate of the contribution from optical phonons repre-
FIG. 4. Spectral broadening) and shift(b) of the photolumi-  sented by the coefficierts; and (iii) The fitting procedure
nescence line of the 0.15 ML CdSe/ZnSe nanostructure grown odoes not result in an unambiguous result. As seen in Fig.
(00D)-oriented GaAs substrateolid squaresand of the 0.58 ML 4(a), the data for the 0.15 ML sample with only small inho-
CdSe/ZnSe sample with 4° misoriented subst(afgen squar¢s  mogeneous broadening can both be fitted to(Egeither by
Low-temperature offsets i@) ‘";re FV&/HM?1-38 ”2"37\%2(1 0\-/1f5 M(')-15 making use of the published parameter4 ueV/K, b
e 3 ek o o 0158 e T e e o . e Eo~313 me deried for bk Znse or by
v ] | ) g completely different set of parametda=10 ueV/K, b
fit of the FWHM with Eq.(1) using the acoustita) and opticalb) - 55 me\j. Thus we conclude that such a fit function is not
phonon  coupling coefficients known from bulk ZnSa@ g icient to analyze the experimental data and a more de-
e o e oo e a1 e mictoscopic model as (o be provided.
¢ a ) ) ) A more intuitive way to characterize acoustic and optical
=10 weV/K, b=25 meV (for discussion see text oo : .
phonon contributions is obtained by a closer look at the low-
temperature line shape with less pronounced inhomogeneous
exhibit a significant inhomogeneous broadening of the lumibroadening. Figure(2) shows the PL line shape of the less
nescence lines caused by a variation of morphology andnhomogeneously broadened 0.15 ML sample on a logarith-
possibly, stoichiometry of CdSe inclusions until quantum dotmic scale. Comparing with the non-Lorentzian line shape
formation starts. The observed low-temperature line broadtypical for quantum dof84%43 and composed of a sharp
ening[full width at half maximum(FWHM)] is 5.4 meV for  Lorentzian line and a broad background associated with
0.58 ML nanostructures grown @f01) GaAs and 6.4 meV acoustic phonons, such a background is present neither at
for 4° misoriented substrate. As a result of such inhomoge4 K nor emerges at elevated temperatui@sat least sup-
neous broadening, the temperature dependence of luminegressed by two orders of magnitude compared with the case
cence is shaped by the effect of thermal redistribution ofof CdTe island¥). From the observed line shape we con-
excitons in a potential landscape of varying localization po-clude the suppression of acoustic phonon interaction and the
tentials when increasing with temperature the thermal activamore pronounced coupling to LO phonons in ultrathin
tion energy. Thermal populating of smaller quantum dots issub-ML nanostructures which strongly supports our
responsible for the high energy shift of the PL peak in theexciton-LO phonon polaron approach and the assumption of
temperature range below 30 fopen squares in Fig.(d)]. a decoupling of the formed exciton-LO phonon complex
The inherent effect of thermal redistribution leads to a nearlffrom the remaining bath of acoustic phonons.
linear dependence of the observed line width on temperature.
The smallest line broadening is found for CdSe inclusions
grown on(001)-oriented GaAs substrates. In the case of 0.15 Figure 5 shows the temperature-dependent PLE spectra of
ML CdSe coverage, the PL peak is located at 2.794 eV in théhe 0.15 ML nanostructure grown qi®01)-oriented GaAs
low-temperature limit and its FWHM is less than 1.4 meV.wafer with no misorientation. The spectrum maintains its
With increasing temperature, the PL peak position followsshape with increasing temperature and is essentially the same
the shrinking of the band gap of ZnSe matfitig. 4(b), solid  even if the temperature was varied from 3.5 up to 70 K.
symbol§. No obvious spectral redistribution has been ob-Above 60 K a significantwo orders of magnitudedecrease
served in case of the 0.15 ML sample. The linewidth of theof the luminescence intensity occurs as a result of thermal
PL peak remains rather stable in spite of temperature inionization. The LO-phonon peaks follow the temperature-
crease until the detrapping of excitons from 0.15 ML CdSedependent shift of the emission line and do not get broader.
inclusions, as shown in Fig.(d). Thus, the behavior of LO-phonon replicae in PLE corre-
As can be seen from Fig. 4, the measured temperaturaponds well to the principal line observed in FEig. 4(a),
dependent change in the line broadening of the sub-Mlsolid squares No effect of rapidly growing population of
samples can hardly be fit by equation acoustical phonons has been observed, while the kinetic ap-

. —=—0.15ML:
(hv - 2794.4meV)
—o— 0.58ML:

PL Peak Shift (meV)
>

2. Temperature-dependence of the PLE spectrum
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300} '0.15ML " Temper;ture. of the 0.58 ML samplgopen symbols Two minor features

7y PLE 3.5K which do exist must be associated with the band gap of ZnSe
5 ggﬁ(xs) host and with residual ultra-small CdSe inclusions. In the
g 200 60K (x10) | case of 0.15 ML coverage the series of LO satellites is some-
> what suppressed but still existing. One must consider the
2 100 effects of various lattice modes, direct relaxation into the
§ WN\M exciton ground state, etc., in order to explain the much closer

A similarity between two-photon PLE spectra and that of two-

0 >3 29 3.0 31 photon absorption by the ZnSe h¢#te latter contribution is

proportional to (2hw-Ey%? (Ref. 45 instead of (hw
-Ey*2in the one-photon cageFrom the data of Fig. 6 we

FIG. 5. PLE spectra measured at temperatures of 3.5, 20, 56ee how sensitive the contribution of LO phonons in the
and 60 K. The sample grown @A01)-oriented GaAs substrate con- process of energy relaxation depends on the symmetry of the
tains CdSe inclusions of nominal thickness of 0.15 ML. The detece|ememary photoinduced excitations. Within the bound
tion energy is adjusted to follow the temperature-dependent shift Oéxciton-polaron model, this fact is an evidence of the exis-
the maximum of the luminescence peak. The spectra are shifteggnce of selection rules for transitions involving polaronic
vertically for clarity and the corresponding zeroth levels are Visua"eigenstates. On the contrary, the use of the so-called kinetic
ized with horizqntal _Iines. The numbers in parentheses show th%nergy relaxation picture will demand an essentially more
factors of magnification. complicated microscopic picture rather than the simple ap-

proach of the Markovian “hot” exciton relaxatithdue to

proach predicts faster thermalization of “hot” excitons at el-the random LO-phonon scattering, and is not appropriate in
evated temperatures. our case.

Photon Energy (eV)

3. Two-photon excitation spectrum
. e C. High-excitation effects and the influence
A drastic modification of the PLE spectra was observed of continuum states

when using two-photon excitatiofTP-PLE), as illustrated ) o

by Fig. 6. First, no emission enhancement was observed The observation of up to 15 equidistant PLE-peaks at en-
when the two-photon excitation energy is tuned in resonancgrgies highly above the ZnSe-band edgg=2.82 eV, i.e.,
with the luminescence peak. On the contrary, such a resonaffsonant to the continuum states of ZnSe with peak heights
increase of the emission intensity was clearly observed in th@nd line shapes extremely sensitive to the sub-ML coverage
case of one-photon excitation. This behavior can be intercalls for a more detailed study of the continuum contribution
preted in favor ofstype symmetry of the envelope part of 10 the PLE-signals, i.e., the study of PLE under high excita-
the wave function describing the ground state of the boundion- _ _ )

polaron. Second, the modulation of the PLE signal with the T0 €xamine the optical properties of sub-ML CdSe/ZnSe

LO-phonon sequence is eliminated in the TP-PLE spectrurf@nostructures under high excitation conditions, pulsed tun-
able lasers are used as optical pump sources. The PLE spec-

trum for the 0.15 ML sample under pulsed excitation of high
carrier densities with a spectrally tunable Coumarin 440 dye
laser(10 ns pulse width, 3«J pulse energy, 10 Hz repetition
rate is shown in the upper part of Fig. 7. The ordinate of
each data point is proportional to the spectrally integrated
luminescence intensity normalized by the power of the laser
at the given wavelength. The lower part of Fig. 7 shows the
emission spectra at different pump intensities excited by the
. second harmonic of a Ti;:sapphire lag@rps pulse width,

10 (b) ] 80 MHz repetition rate, maximum 360 pJ/pulse engrgy

1 Both PL and PLE spectra undergo dramatic changes under
high pump powercompare with Fig. 2 In the PLE spec-

o o
'S

(=]
(=]
+
[
T

log-Scale Intensity  Linear-Scale Intensity

10% e 1 . .
y _D_gj;gmt trum, the LO-phonon maxima completely disappear. The
10 . . R single sharp feature, which totally dominates the high-
280 285 290 295 excitation PLE spectrum, arises from heavy-hole free exci-
Photon Energy (eV)

tons excited in the ZnSe barrier. At higher excitation ener-

FIG. 6. Two-photon PLE spectra of CdSe/ZnSe nanostructure§i€S, the spectrum becomes flat and = structureless.
grown on(001)-GaAs. Nominal CdSe coverage is 0.15 Niolid Simultaneously to the pump-lnduced disappearance of the
squaresand 0.58 ML(open squargsThe vertical scale is linear in  LO-phonon related features in the PLE spectrum, the appar-
(@ and logarithmic in(b). The position of the ZnSe band gap and €nt elimination of Raman signals in the emission spectrum is
the PL peak of the 0.15 ML sample are marked by arrows. Theobserved. The changes in the emission spectrum with in-
excitation source is a mode-locked Ti:sapphire laser with 3 ps pulséreasing pump intensity have been measured by use of a
width, 80 MHz repetition rate, and 60 mJ/s average power. picosecond laser as shown in Fig.(the topmost curve is
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FIG. 7. Upper part: High-excitation PLE spectrum of the 0.15 ﬁ i
ML CdSe/ZnSe nanostructufé001)-GaAs substraferecorded by <; 5 i (b) ]
using a 10 ns-pulsed Coumarin 440 dye laser with 10 Hz repetition g J
rate and 3uJ/pulse energy as the excitation source. Vertical arrows - i \.- 1
. . . | Ny |
mark the energies expected for the first two LO-phonon satellites. 0
Lower part: PL spectra of the same sample for different excitation . 061 — '“‘6"1 — 1' — ““'1"0 —

levels from top to bottom: 30 mW0.36 nJ/pulsg 3 mW, 30uW, o
and 3uW of the second harmonic of a mode-locked Ti:sapphire Average Excitation Power (mW)
laser(constant excitation spot of about 0.1 MiThe pump pulse

photon energy of 2.8735 eV is close to the energy of the +2.5 LO FIG. 8. (a) Emission intensity divided by excitation intensity
minimum in the low-intensity PLE spectrum of Fig(c2 Raman and plot versus excitation intensity for the luminescence of excitons
peaks are denoted with “R.” in a shallow potential of 0.15 ML CdSe inclusions. Solid triangles

correspond to the excitation energy 2.8564 eV close to the +2 LO

similar to the luminescence observed under nanosecond-dyeaximum and open triangles to 2.8735 eV in the vicinity of the
laser excitation used to obtain the PLE spectrum depicted iff2-> LO minimum(as in Fig. J of PLE spectrum shown in Fig.
the inset. While at low excitation levels the Raman replicae 2(©)- (b) Ratio of the PL intensity measured with excitation energies
of the laser line are easily to resolve, they are covered by thied at either +2.LO or +2.5 LO calculated from the data sets
broadened PL peaks when increasing the excitation intensit?.ho‘"’n n(@

At high pump power, an emission peak appears energeticallyp 5 | O above the main PL peak eneygle total lumines-
6.7 meV below the principal PL line. The energy separationcence signal is always weaker than for on-resonance pump-
coincides with the value of theHH)-(LH) splitting in the  ing at +2 LO. But the difference gets smaller and smaller
0.15 ML CdSe/ZnSe nanostructure grown @®1)-GaAs.  with increasing excitation intensity. At the highest pump
This line increases superlinearly with increasing excitationpower, the emission signal no more depends on the excita-
intensity due to inelastic exciton scattering. tion photon energy and reaches almost equal values both for
To explain the difference between the PLE spectra at highthe pumping with +2 LO and +2.5 LO excess energy. The
and low pump power, there are two hypothetic possibilities;gradual decrease of tttg 5-modulation of the PLE spectrum
The reduction of the intensity of the LO-replicae or the fill- with increasing pump power is shown directly in Fighg
ing of the dips between the LO-maxima. In order to tracewhich displays the ratio of the PL-peak emission intensities
back the evolution of the PLE spectrum with increasingunder excitation with +2 LO and +2.5 LO excess in the pho-
pump power, two different sets of intensity-dependent emiston energy. Thus, the filling of the +2.5 LO minimum in the
sion spectra were measured using two fixed excitation enePLE spectrum of the 0.15 ML sample occurs when the aver-
gies: (i) The photon energy is with 2.8564 eV close to theage laser power increases up to the order of millivjpér
most intense +2 LO maximum in the low-intensity PLE and 0.1 mn?). This fact indicates that the increase in free carrier
(i) the photon energy is 2.8735 eV and corresponds to theensity opens an opportunity to capture nonresonant
nearest +2.5 LO minimum. Both cases are summarized igelectron-holg pairs from ZnSe continuum states into the
Fig. 8@ where the data points present the integral luminessub-ML CdSe inclusions. At several mW average excitation
cence intensity normalized by the power of laser excitationpower the resonance enhancement effect arising from the
In this representation, constant conversion efficiency wouldxciton-polaron eigenstates is suppressed and mainly
result in a horizontal line while negativgpositive) slope  dumped by exciton-exciton scattering. Weak confinement
would correspond to the saturatigauperlinear growthof  and relatively wide spread of the wave function of the bound
luminescence with pump power. As can be clearly seen imxciton polaron hardly preserve them from being coupled
Fig. 8a), the PL spectrum is sensitive to the combination ofwith another yet delocalized excitons. Tfi¢H-LH)-labeled
excitation photon energy and pump power. When the lasepeak is simultaneously observed, which is caused by inelas-
wavelength is off resonancéi.e., tuned to an energy tic exciton collisions leading to the up conversion of some
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fraction of (HH) states to(LH) ones at the expense of the

. : o : 10} .
energy of emitted photonsee Fig. 7. This is a further evi- [ principal line J
dence that even at an average laser power of some hundred —-1L0 1

of uW the concentration of freéHH)-type excitons in the
ZnSe host is significantly large and the exciton-exciton col-

sub-ML nanostructure might be either zero-dimensigial
calized excitons in sub-ML CdSe inclusigns two-
dimensional(2D) (a quantum well of CdZnSe mixed crys-
tal), or bulklike (a ZnSe crystal formed as the total sum of all
layers with Cd-related impuriti¢s Because of our growth
conditions, all Cd content is concentrated in a nominal 2D
layer which is definitely thinner than the characteristic exci-
ton size and exciton percolation along these layers is fa-

lisions dominate the relaxation dynamics. ~ 05}
c L
3
D. Dimensionality g
©
In this section we address the question of how the con- P |
finement has to be classified if the size of the CdSe inclu- £ 00 , , :
sions gets smaller and smaller. The dimensionality for a Z 10} _
£
(o]
=z

0.5
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|[——-2LO

(b)

e pringipal |ine."'~«.__t
w—-1LO (x100)

. e A ——-2L0 (x800)
vored. Since the confining potential is only weak, the con- ool e T
fined states are shallow bound states without a pronounced -10 5 0 5 10
ladder of excited electronic states. The CdSe-bound excitons Detuning (meV)

interact effectively with the ZnSe matrix. _ o _
Awidely used compromise to describe dimensionality is a  FIG. 9. Spectral profiles of the principabr zero-phonon line:
quantum well model with implicitly introduced phenomeno- dotted and its first(-1 LO: thick ling) and second-2 LO: thin

logical averaging parametet4’ The intrinsic inhomogeneity ”ge)c'ag s/aztellsites in the luminescence Oégils ) agdGoéiS ML
of the layer is referred to as statistical fluctuations in solid(®) €dS€/2nSe nanostructures grown @01)-oriente S wa-

solutions. Bound states similar to localized excitons in quanfer' The phonon side bands are scaled up by 1@@nd by 100

tum wells with pronounced well-width fluctuatiofig® are L+ LO In ()] and by 800(~2 LO in (b)] in order to optimize the
expected for sub-ML samples with the difference, howeverv's".b ity T_he energy zero corresponds to the maxwpum ,,Of the
- . . main PL line. The satellites are moved toward the “zero” by a

that t_he thickness fluctu{:\tlons are less important than thgOrresponding number d, derived from Raman replicae of the
chemlcgl_ content fluctuations. The dgcreasg of CdSe covef itation source, a He-Cd laser operated at 441.6 nm.
age facilitates the spread of the relative motion of the CdSe-
bound exciton into the ZnSe host where the free exciton sizeae in emission. In Fig. 9 the firgét1 LO) and the second
(2ag=8.8 nm is much larger than the thickness of the Cd- (-2 LO) LO-phonon satellites compared with the principal
rich layer (~1 nm). In ultra-small sub-ML nanostructures, (so called zero-phon9rPL line are plotted both for the 0.58
the binding potential does not depend on the geometrgnd 0.15 ML CdSe/ZnSe nanostructures grown(001)-
(thickness of the layer while the coupling with the substrate GaAs substrate. The PL is excited by the attenuated
is important, and thus a 2D-like quantum well model is no441.6 nm line of a He-Cd laser. This wavelength is nearly in
more valid. On the other hand, a consideration of a quanturfésonance with the free exciton states of the ZnSe matrix. In
well with randomly varying paramete?8 e.g., results in di- the figure, the LO satellites are shifted in energy exactly by
verging cases of strong and weak 3D confinement, delocathat energy value which was measured for the spectral inter-
ized excitons, and even free-exciton resonances above tiv@l between the Raman replicae of the laser line. The inten-
mobility edge. Rather promising for the sub-ML heterostruc-sities are magnified for the sake of clarity by the factors as
tures is the fractional-dimensional modébut up to now it ~ depicted. For bulk semiconductors it is well establisfied
was applied mostly to thicker laye?s. that delocalized free excitons, in particular in ZnCdSe solid

Our tools to classify the dimensionality are purely optical:solution§4 of high crystal quality, exhibit peculiar intensity
The line shape and intensities of the LO-phonon replicae ilistribution and profiles for LO-phonon-assisted PL lines.
emission spectra, the presence or absence of multiexcitonamely, the first(-1 LO) satellite corresponds to the
bound states, and the strength of the exchange interaction.Frohlich-type forbidden process while the secqr@ LO)

Arguments against the strongly confined “quantum dot™-one is allowed. The finite values of the kinetic energy and of
model are the absence of a fine structure splitting due tthe quasimomentum of excitons cause also some high-energy
exchange interactiono dark-state dynamics is observed for shift (~kT, thermal energyof the peaks of LO satellites in
the 0.15 ML samplg and small biexciton binding energy PL spectra. Their line shape is asymmetrical with steeper
which, in case of strong confinement, should rather beslope on the lower energy side. All these features do occur to
enhanced. Within our spectral resolution, no biexciton sig- some extent in the case of 0.15 ML nanostructisee Fig.
natures are observed. 9(a)]. The peak ratid_; o/l Lo is less than 2. Such small

Another measure of the effective dimensionality is thevalue denies direct comparison with the Huang-Rhys model
analysis of the intensity and line shape of LO-phonon repliawhich would result in a huge overestimate of LO-phonon
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coupling. The excitons here are only weakly localized inLO-phonon related peaks in emission are three to four orders
shallow potentials of the smallest sub-ML epitaxial inclu- of magnitude weaker. The polaron approach, applied here to
sions. ultrasmall inclusions in the host ZnSe crystal, explains the
For the 0.58 ML sample the 3D wave vector selectionwhole spectrum as eigenstates whose energies fit well the
rules have no effect on the more quantum dotlike stiges  experimental data. The static nature of this model does not
Fig. Ab)] The ratiol_; | o/1_5 | o IS approximately one order allow us, however, any prediction on the relaxation dynamics
of magnitude higher and depends on the exact energy posif these quasiparticles. But the observed temperature stabil-
tion within the inhomogeneous spectrum of zero-phonon lingty of the PLE spectra, the presence of symmetry-dependent
(ZPL).%° The exciton states at the low-energy side of the ZPLselection rules, etc., can be treated as additional indirect
are strongly localized and can conform to the model ofproof of the reality of polaronic eigenstates. The alternative,
quasi-0D states. Their LO replicae are relatively strong ando-called kinetic picture, takes into account a fast relaxation
go down successively with the number of emitted LOof excitons as the result of emission of LO phonons. Such a
phonons. For the high-energy components of the ZPL the LQerturbative treatment of the LO-phonon coupling cannot
satellites are less intense and, moreover, suppressed in theovide any information on the nature of the intermediate
first order(=1 LO) due to the finite velocity of excitons in states of “hot” excitons. It is based on the assumption of an
the weakly localized and extended states. The difference iinstantaneous formation of excitons resonant to any pump
LO-phonon coupling is responsible for the apparent low-energy. From our data analysis we conclude that this descrip-
energy shift of the inhomogeneous LO-phonon assisted PLion is less illustrative compared to the concept of exciton-
lines of the 0.58 ML sample. Thus, the simultaneous recompolaron transitions. Eventually, we hope that the presented
bination of the very differently confined excitons occurs indata sets help to stimulate more detailed theory work to
the nanostructure with 0.58 ML nominal thickness of CdSeclarify the nature of exciton-phonon interaction in sub-ML
insertions. structures. Another topic which needs to be studied in the
future is the resonant interaction of discrete polaronic states
with a continuum of delocalized states in the semiconductor
matrix. In the regime of high excitation, the high carrier den-
The optical properties of epitaxially grown sub-ML Sity gives rise to multiparticle scattering in sub-ML nano-
CdSe/ZnSe nanostructures have been examined for varyirfgructures. The interaction with delocalized excitons ranks
CdSe ML-coverage. Nanostructures with nominal CdSe covoVer phonon effects and such phenomena like the Fano ef-
erage of 0.58 ML(and largey can still be described within fect, autoionization, etc., must become observable.
the standard model of a strongly, three-dimensionally con-
fined quantum dot. For nanostructures with only 0.15 ML
CdSe coverage, the extension of the excitonic wave function This work was supported by the Japan Society for the
into the ZnSe matrix and a reduction of the effect of quantunPromotion of Scienc€JSP$ and Grant-in-Aid for Scientific
confinement are reflected in the optical properties. High poResearch from Ministry of Education, Culture, Sports, Sci-
larity of both the ZnSe host material and of the CdSe inclu-ence and Technology of Japan. The authors are grateful to
sions results in the formation of exciton-phonon complexesProfessor B. GerlackUniversitat Dortmungl Professor W.
called bound exciton polarons. The PLE spectra consist of &chafe(t), and Dr. F. Kalina(both Forschungszentrum
series of intensive LO replicae of the zero-phonon line whileJulich) for stimulating discussions.
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