PHYSICAL REVIEW B VOLUME 55, NUMBER 3 15 JANUARY 1997-1

Electronic states and optical gain in strained CdS/ZnS quantum structures
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Ultrathin, coherently strained CdS layers have been grown epitaxially on ZnS with nominal thicknesses
below the critical value for strain relaxation. These CdS/ZnS quantum structures, which show efficient photo-
luminescence and optical gain in the deep blue to ultraviolet spectral range, have been analyzed with respect to
the dimensionality of the electronic states. It has been found that in wide-gap II-VI quantum structures small
monolayer fluctuations result in such strong localization of excitons that the localization depth reaches energies
around 100 meV. Consequently, the luminescence and gain can well be explained by optical transitions from
an ensemble of spatially distributed exciton states in which the deepest and decoupled states can be considered
as individual, three-dimensionally confined excitof0163-18287)06904-X

At present, intensive research is being devoted to furthestructures. A spectrally broad gain region is expected, owing
lowering of the dimensionality of semiconductor structuresto the inversion of a multitude of discrete one-pair transitions
from quantum wells toward quantum dots. In Ill-V-basedand contributions from the stimulated decay of two-pair
semiconductor systems, zero dimensionality has beestates, as recently shown in Ref. 6. When the zero dimen-
achieved either by lateral nanostructuring of quantum wellssionality of electronic states is caused by localization in a
or by exploiting the heteroepitaxy of highly lattice- variety of different local potentials, the absolute value of the
mismatched semiconductors. The technique of selfgain at a certain energy is determined by the density of en-
organized growth has been discovered to obtain regularlgrgetically equivalent confinement potentials. Thus the gain
shaped, dislocation-free, coherently strained islands, for exspectrum measured for the whole sample can significantly
ample in InAs/GaAs structures with 7% lattice mismatch. Todiffer from that of the individual dots.
explain the optical properties of these nearly uniform islands To study the electronic properties of such highly strained
of nanometer size, a quantum-dot model has been succedsVl semiconductor systems, we have chosen the material
fully applied! The transfer of such a concept to II-VI mate- combination CdS/ZnS with a lattice mismatch of 7.3%. Be-
rials appears very attractive, in particular in developing low-cause of their band-gap energiés,{;=2.58 eV for CdS and
threshold laser devices made from wide-gap 1I-VI3.83 eV for Zng, CdS/ZnS-based heterostructures with two-
heterostructures. Zero dimensionality in 11-VI quantum struc-dimensional or even stronger quantum confinement have the
tures has very recently been discussed in Refs. 2, 3, and 4 fpotential for emission in the deep-blue to ultraviolet spectral
ZnSe/ZnS, (Zn_,Cd.Se)/ZnSe, and CdSe/ZnSe heterostruc+ange. Since currently only a few IlI-VI-based materials are
tures. known which emit in the spectral range450 nm, zero-

Indeed, 1I-VI semiconductor systems also exist with suit-dimensional CdS/ZnS quantum structures might open a way
able band offsets and similar strong lattice mismatch liketo the shortest emission wavelength that can be realized by
some IlI-V materials. Thus sufficient strain can be built up inwide-gap II-VI semiconductor heterostructures.

[I-VI layers of a few monolayers thickness; however, the Two different samples grown on @01) GaAs substrate
occurrence of the Stranski-Krastanow growth mode dependare discussed here. Sample 1 consists of ten periods of an
critically also on surface energies of the involved materialsultrathin CdS layer with an average thickness of 3 ML sepa-
and on the growth conditions. Only little is known about therated by 19-nm-thick ZnS barriers grown onto a thick ZnS
surface energies in 1I-VI materials, but the usually low buffer. This sample has been grown by compound source
growth temperatures compared with 11I-V heteroepitaxy domolecular-beam epitaxy &g =190 °C. Sample 2 has a
not favor processes driven by thermal equilibrium like strain-structure similar to sample 1 but with thinner ZnS barriers
induced islanding. Furthermore, 1I-VI compounds show(Lg=3 nm) and 100 periods of CdS/ZnS, and is obtained
smaller reduced shear moduli due to their higher ionitity. from  metalorganic chemical vapor deposition at
Plastic relaxation therefore may also beat elastic relaxatioit sy,s=300 °C. Transmission electron microscogyEM)

by islanding in those cases where the surface energy situahowed a complete wetting of the ZnS surface by CdS with-
tion favors the latter. Hence strong lattice mismatch does nadut extra defect generation at the interface, i.e., coherently
inevitably result in strain-induced islanding in 1I-VI materi- strained layers. The measured values for the film thickness
als. The characteristic feature of the deposited layers couldonfirm the values adjusted via the growth rate-&& ML or

also be a large interface roughness. Monolayer fluctuationtess (<1 nm). This thickness lies below the critical thickness
on length scales comparable to the excitonic Bohr radiusvalue for strain relaxation of 4—5 M[:2 High-resolution im-
however, should likewise be able to confine excitons spaages of our samples, however, indicate interface roughness
tially, and thus offer an alternative route towards zero dimenand marked thickness fluctuations. The information obtained
sionality. Three-dimensional confinement of electronic stateby TEM and even high-resolution TEM is not sufficient to
has distinct consequences for gain processes in quantuigientify unambiguously the spatial profile of the CdS layer,
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FIG. 2. Photoluminescence of the 100-period Ad&m)/ZnS(3
nm) quantum structurésample 2 as a function of excitation inten-
sity. The inset shows the shift of the peak maximum as a function of
pump intensity.

FIG. 1. Photoluminescence of the ten-period QdSm)/ZnS(19
nm) quantum structurésample 1} for different excitation energies
above resonanta) and on-resonantb)—(d). The inset shows the
shift of the peak energy of spectruf@ as a function of tempera-

ture.
favored when observing strictly size-correlated energy shifts

both within the CdS plane and in the growth direction. Nei-to higher values compared to the bulk when decreasing the
ther islands nor regular layers could be favored as the chawell thickness or the pyramid size. In time-resolved experi-
acteristic feature of the samples. To figure out the propertiements, we expect a spectrally uniform decay of a dominantly
of the grown structures, in the following we will analyze the homogeneously broadened line. With increasing intensity,
luminescence properties. We will show that we can identifysubsequent filling of the excited states results in the appear-
by means of optical methods the degree of confinement imance of high-energy peaks at fixed energy positions defined
the coherently strained CdS/ZnS quantum films. Measuringpy the confinement potential. Caé® represents the exten-
the gain spectrum, we find gain in the spectral range arounsion of the conventional model for localized states towards
3.0 eV with spectrally broad characteristics and values fozero dimensionality. Discrete energies anétiike density of
the sample gain around 100-250 Chup to temperatures states are characteristic of deep localized, decoupled states
of T=160 K. within a potential landscape. Excitons in these states are not
To discuss the dimensionality of electronic states in epi-able to tunnel to the next potential minimum during their
taxially grown structures, we consider three different situalifetime at a given temperature, and form the exponential tail
tions: (a) The case of an ideal two-dimensional structure, i.e.jn the density of states. They appear in the spectra redshifted
a quantum well or superlattice is grown with uniform layer with respect to the energy of the corresponding extended
thicknesses in the range of a few ML’s. If monolayer fluc- states. Casé) dominates if we observe a strong inhomoge-
tuations exist, they only occur over distances large comparedeously broadened luminescence line, a high sensitivity of
to the bulk Bohr radius. Other types of interface roughnesshe line shape to temperature changdé®rmally activated
shall only result in larger homogeneous line broadeningmultiple trapping may lead even to blueshifts of the line
since the excitonic wave function may average over thesenaximum with increasing temperatuyeand a nonuniform
local potential fluctuationstb) The case of an ensemble of decay behavior within the spectrum due to the motion of
nearly identical, isolated quantum dots which are grown in axcitons between the different potential minima.
self-assembled growth mode and have nearly the same en- Figure 1 shows the cw photoluminescence of sample 1
ergy stategappropriate for the description of strain-induced measured at different excitation energies and temperatures.
pyramidal islands such as in the InAs/GaAs systdis) The  Excitation above the resonanj@ectrum(a)] yields a highly
case of randomly distributed, local potentials which localizeefficient luminescence band at 3.045 eV with a half-width of
excitons to such an extent that they form single quantun80 meV. The deviation of the spectral shape from a Gauss-
dots, but with very different, individual energi¢similar to  ian, typically found in strong inhomogeneously broadened
localized states at monolayer fluctuations in quantum wellsystems, is caused by a weak modulation of the spectra by
or at composition fluctuations in mixed crystal$hese lim-  Fabry-Perot modes. The photoluminescence of sample 2 at
its exhibit typical optical properties which can be distin- comparable excitation conditions is shown in Fig[spec-
guished in optical experiments. Descripti@ or (b) can be  trum (e)]. We note that both samples show similar peak en-
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ergies, although in sample 1 the CdS layer is separated by
thick ZnS barriers, and in sample 2 by very thin ZnS barriers.

Thus, supposing the dominance of case the energies 104 1
should be different for the quantum-well-type sample
(sample 1 and the superlattice-type sampl{sample 2. 103 F

Moreover, two or three sharp lines are expected in the lumi-
nescence spectra according to well thicknesses of 2, 3, or 4

ML, in particular for the quantum-well-type sample 1. Thus, ) 102
we cannot favor casé) to explain the electronic states in <
the strained CdS/ZnS quantum structures investigated here. >
To study the homogeneous or inhomogeneous character =3
of line broadening, the excitation energy is tuned continu- T 100

ously into the resonandspectra(b)—(d) in Fig. 1]. All con-
tributions to the luminescence signal above the excitation
energy disappear, and the linewidth decreases, i.e., the lumi- 101
nescence band is strongly inhomogenously broadened. The
temperature dependence of the peak enérped, measured
for spectrum(a) shows a nearly constant value with increas- 102
ing temperature up to-90 K. This temperature behavior
distinctly deviates from the temperature-dependent shift of Time (ns)
the A-exciton energy measured for a CdS platelet in the same
temperature range. The absence of the usliigl,/dT de-
pendence known from the bulk shows that thermal activatio
of phonon-assisted detrapping is possible within the grow
structure, resulting in a population of local potential minima
with a lower localization depth. The result is a spectrally
roughly constant luminescence peak due to the compensation
of that blueshift with the redshift of the gap energy. Thefor the highest excitation intensity used in the experiment.
features observed can well be understand in the context dfikewise, we observe a redshift of the peak maximum and a
case(c) of the three limits discussed above. Therefore, thedecrease of the linewidth with time due to relaxation pro-
quenching in the luminescence efficiency with increasingcesses within the different potential minima. At very low
temperature has been studigmt shown hereto obtain an  excitation[Fig. 3(b)] only the energetically lowest states are
estimate for the localization depth, supposing that the therfilled by the pump, and the decay becomes more uniform
mally activated mobility of the carriers is connected with awithin the luminescence band. Apparently, after relaxation
higher nonradiative decay rate. Considerable luminescendsto the deep localized states, the excitons are decoupled, and
has been detected up to room temperature. By fitting th&ransfer between the different sites is no longer possible.
temperature-dependent luminescence quenching with an To resolve these individual, decoupled excitons, spec-
Arrhenius-type model,an activation energy of 70 meV has trally we decreased the excitation spot down {er8, but the
been determined. From this measurement and from the val@pectra remain unstructured and no single sharp lines have
of inhomogeneous broadenirfgetween 80 and 150 mgyV been observed. Therefore, we conclude that the density of
we conclude that the localization depth is huge and reachdgbese localized states is very high. If we assume a random
energies in the~100-meV range, which clearly exceeds distribution of localization centers over a spot size~ol
thermal energies, even at room temperature. pum, an inhomogeneous broadening of some tens of meV and
Figure 2 shows the intensity dependence of the luminesa linewidth of ~1 meV, then already a density of 10"
cence measured for sample(But similarly found also in states is enough to smear out the optical spectra.
sample 1 by pumping above the resonance with a nitrogen The experimental results of Figs. 1-3 clearly show that
laser-pumped dye laser. In ca&® or (b) discussed above, luminescence from excitons, localized in randomly distrib-
population of the next, higher excited pair stdtehich is uted potential minima, dominates the optical properties of
defined by the confinement resulting from the quantum welthe CdS/ZnS structures. The description of our structures ac-
or pyramid size and is well separated in engrgpuld lead  cording to casec) has distinct consequences for the gain
to a second peak in the luminescence. Instead, we observespectrum, as demonstrated in Fig. 4. The gain is measured
blueshift of the peak maximum of the whole luminescencefor sample 1 by the variable stripe length method with the
band and a line broadening which can only well be undernitrogen laser as pump sourc&g.=336 nm, maximum
stood in the context of cage). The same statement holds for power 2 MW/cn¥). Figure 4 demonstrates the occurrence of
the time dependence of the luminescence decay. Figure @tical gain in the spectral range around 3.0 eV. The gain
shows the time decay of the photoluminescence measured Ispectrum is spectrally broad, and stretches about 200 meV
a streak camera after excitation with 70-ps pulses at 250 noward lower energies. Two factors contribute to the spectral
for low and high excitation intensities. The spectrally differ- broadness of the gain: the contribution from differently lo-
ent decay times in Fig. (8 with the tendency of longer calized excitonggain from an ensemble of individual quan-
decay on the low-energy side of the spectrum indicate coutum dots with different energig¢snd the contribution from
pling between the localized states, and transfer between thedifferent gain processes within the single dot, like stimulated

FIG. 3. (a) Decay of photoluminescence of the 100-period
IpdS(l nm/ZnS(3 nm) quantum structurgsample 2 at selected
ﬁnergies within the spectrum shown in the ingeken at a fixed
delay of +106 p3. The excitation fluence is 4 mJ/ém(b) The
same aga), but for a fluence of 4QuJ/cn?.
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can be distributed over a broad spectral range. On the other
hand, the existence of a continuum of extended states at

440 430 420 410 400 390 higher energies and with high density of states can be used
soof =~ T 7 ' ' i for optical pumping because of its efficient photon absorp-
N #1 tion. This provides a high number of excited electron-hole
§ 200 L T=15K i pairs which then build up the inversion in the system of

b localized states.

‘T To summarize, we report the growth of ultrathin, coher-
© 100t § ently strained CdS/ZnS quantum structures which emit very
efficiently in the spectral range around 400 nm. A study of

ol . i the luminescence properties and the optical gain shows that

the consideration of discrete states confined by local poten-
tials and forming individual quantum dots describes the zero

dimensionality of electronic states in highly strained, lattice-
FIG. 4. Spectrum of the optical gain measured at the ten-periodnismatched 1I-VI heterostructures. Because in our system
CdS1 nm/ZnS19 nm quantum structure(sample 1 and at thickness fluctuations in the monolayer range result in en-
T=10 K, I oyc=2 MW/cm?, andZ we.=3.68 eV. ergy changes on the 100-meV scale, the roughness of the
structure itself is sufficient to provide quantum confinement,

processes arising both from one- and two-pair states. Th%nd to produce individual quantum dots.

gain spectrum of the whole sample is composed from a va- The authors are grateful to D. Gerthsen and the Labora-
riety of different gain processes. Even when the single dot isorium of Electron Microscopy of the University of
characterized by a large, spectrally sharp gain and lovKarlsruhe for TEM measurements. This work was supported
threshold behavior, theamplegain can remain small, and by the Deutsche Forschungsgemeinschaft.
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