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Electronic structure and optical properties of ultrathin CdS/ZnS quantum wells
grown by molecular-beam epitaxy
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We investigate in detail the optical properties of ultrathin, highly strained, cubic CdS/ZnS single and
multiple quantum well structures using mainly photoluminescence, photoluminescence-excitation, and absorp-
tion spectroscopy. An effective model within the envelope function approximation is presented, taking into
account strain and excitonic effects. Using an improved parameter set for cubic CdS this model successfully
describes the observed exciton transition energies. A fit to experimental data taking into account the Stokes
shift between luminescence and absorption yields some information about the model parameters, namely, the
CdS/znS band alignment and the tetragonal deformation potential of CdS in the zinc-blende modification.
Finally, we investigate the influence of localization effects due to well width fluctuations on the dimensionality
of exciton confinement. A strong enhancement of the excitonic exchange interaction is found for deeply
localized states in extremely narrow quantum wells, suggesting a significant lateral confinement and the
formation of quasi-zero-dimensional statE80163-1829)08715-9

[. INTRODUCTION strain and excitonic effects into account. From a fit to experi-
mental data the model parameters, namely, the tetragonal
Over the last few years, quantum structures based on th@eformation potentidb of CdS(see belowand the CdS/ZnS

II-VI compounds CdS and ZnS have attracted continuou®and alignment, are derived. The values obtained are com-
attention, because the wide and direct band gap of these mBared to results of other authors and theoretical predictions.
terials could lead to potential applications for optoelectronicln & second step we investigate the effects of exciton local-
devices in the blue and UV spectral region. Accordingly,ization on the optical properties of CdS/ZnS SQWs. Particu-
most publications up till now seem to focus either on thelarly, we discuss the influence on the excitonic exchange

epitaxy and characterization of such structiitésr on top-  Intéraction from which—as shown below—information
ics like nonlinear optical propertiésand stimulated about the degree of lateral confinement in the quantum struc
emissiont®*2 Further, due to the high lattice mismatch be- "€S ¢an be extracted.
tween CdS and ZnS, nearly exclusively superlattices—
mostly containing the alloyCd,ZnS—have been studied. Il. EXPERIMENTAL DETAILS
Only a comparably small numb_er of pap‘?a‘%lzvlédeal with The investigated CdS/ZnS SQWs were grown by com-
the properties of CdS/ZnS single and multiple quantumy,q,ng source molecular-beam epita®yBE) on Si-doped
Wt_ells, and_ only little |1S4 klr;own about the band alignment in GaAg100 with no nominal miscut at a substrate tempera-
this material systert'*~ ture of 140 °C. They comprise relatively thin ZnS buffer and

In this paper, we discuss the optical properties of ultrathincap layers in most casétypically about 200 nm and 50 nm,
cubic CdS/ZnS single quantum wellSQWS. These struc-  respectively to prevent the appearance of disturbing Fabry-
tures have already been investigated recently by our groupgot resonances in the spectra. The CdS quantum-well
with an emphasis on structural aspects such as growth mothicknesses of the different samples cover the whole range
phology, elastic and plastic strain relaxatfdms it turned  from the submonolayer region up to the critical value of 3
out, no true strain-induced Stranski-Krastanow growth modenonolayery’ (ML) for the onset of plastic strain relaxation.
occurs during CdS quantum well deposition for the choserFurther details about the growth process, thickness calibra-
experimental conditions, despite the high lattice mismatch ofion, and structural aspects concerning the CdS/ZnS SQWs
—7%. Nevertheless the surface roughens more and momay be found in Ref. 17.
with increasing well thickness which should significantly in-  The photoluminescend®L) measurements discussed be-
fluence the electronic properties of the investigated ultrathidow were recorded af=6 K. For excitation we frequently
guantum structures. Indeed, strong evidence for pronouncagsed the 366-nm line extracted from the spectrum of a Hg
localization effects leading even to the formation of quasidamp (200 W) by a prism double monochromator. In some
zero-dimensional states has been found, as discussed in Retases(for the SQWSs with the smallest well widths, i.e. the
18-21 and below. highest transition energipshe 313-nm line of the lamp or

In this paper, we first review some of the optical proper-one of the UV lines of an Af laser had to be applied in-
ties of CdS/ZnS SQWSs and then focus on the question of tgtead. The luminescence signal was dispersed by a 27.5-cm
what extent these properties can be described within th€zerny-Turner grating monochromator and detected by an
guantum well picture. Especially, affectivemodel apply- optical multichannel analyzer. The same setup was also used
ing the envelope function approximation is presented, takindor absorption measurements, where the continuous spectrum
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FIG. 1. Photoluminescence of three CdS/ZnS SQWs with dif-
ferent well width(1.0 ML, 2.0 ML, and 2.7 ML), excited below the
ZnS band gap. The spectra were measure=a K and are nor-
malized to the PL maxima.

FIG. 3. PLE spectra of three SQW samples with different well
widths, measured &t=6 K. Energies are given as shifhE rela-
tive to the positions of the respective PL maxima. The spectra are
normalized to their maximum &fE~120 meV.

of a Xe lamp(500 W) served as the light source. To record |ndeed, these lateral fluctuations could be directly visualized
photoluminescence-excitatidRLE) spectra, the desired ex- (of course averaged over the instrumental resolytignspa-
citation wavelength could be extracted from the emission ofially resolved near-field optical reflection spectroscopy of
the latter by a 1-m grating monochromator. The detection inhe SQWs*

this case consisted of a 27.5-cm Czerny-Turner double The observed behavior of the PL FWHM with well thick-
monochromator and a GaAs photomultiplier utilizing a ness shown in Fig. 2 is interpreted as follows: For very small

lock-in technique. widths the inhomogeneous broadening increases with in-
creasing well thickness. One reason for this is the fact that
Ill. RESULTS AND DISCUSSION the quantum well roughens more and more with proceeding

CdS deposition, as discussed in Ref. 17. Additionally, the
length scale of roughening will also increase with well thick-
Figure 1 shows typical PL spectra for three CdS/ZnSness(many small nuclei are initially formed that spread
SQWs with different well widths. A broad band assigned towhen growth proceedlsso that the exciton can no longer
the radiative recombination of localized excitbfi€lis ob-  “average out” the fluctuations. For thicker SQWs the abso-
tained in any case. The measured peak positions agree fairlyte roughness approaches its equilibrium value. Therefore,
well with those reported in Ref. 7. As expected, a shift tothe influence of lateral variations in well width on the exci-
higher energies with decreasing well width due to the in-ton energy decreases with total SQW thickness, i.e., the in-
creasing guantization of charge carriers can be obsdeeml homogeneous line broadening goes through a maximum and
also inset of Fig. b The luminescence bands show a remark-then drops with increasing well width.
able full width at half maximum{(FWHM) of 80—-110 meV Since the spatial fluctuations of the exciton energy can be
(Fig. 2). As easily proved by resonant PL measurements, theegarded as a random lateral potential for the excitons, the
corresponding broadening has an inhomogeneous nature, bdensity of states for the latter should be significantly modi-
cause tuning the excitation energy into the luminescencéied and a low energy tail of localized states is expected to
band induces a quenching of the emission above the excitappear, which indeed expresses—apart from other effects
tion (see Fig. 6 discussed belpwThis inhomogeneous discussed later on—in the asymmetric shape of the lumines-
broadening is caused by thickness fluctuations of the ultracence bands, especially for the thinner SQ¥&e Fig. 1 In
thin wells, leading to a spatial variation in exciton energy.a quantitative analysis of PL data—as carried out below—
one has to take into account that the predominant occupation
120 . . . . . of low energy tail states causes a Stokes shift of lumines-
. cence compared to, e.g., absorption so that the PL maximum
) does not exactly correspond to the average transition energy
1001 . C ) of the quantum well. To get some information about this
Stokes shift we have measured PLE instead of absorption
. spectra because of the low optical thickness of the SQWSs.
. The results for three samples with different well widths are
. shown in Fig. 3. Apart from peaks due to the heavy-hole/
light-hole (hh/Ih) and split-off exciton(SO) of the ZnS bar-
. L rier a quantum well related broad band with similar shape in
0.5 1.0 1.5 2.0 2.5 3.0 any case appears, the maximum of which is shifted by ap-
Well Width (ML) proximately 120 meV to higher energies with respect to the
corresponding PL maximum. The interpretation of this struc-
FIG. 2. Well width dependence of the PL full width at half ture is not obvious at first sight. Especially, the strong de-
maximum(FWHM). The dotted line is just to guide the eye. crease of intensity observed in the PLE spectra for excitation

A. PL, PLE, and absorption measurements
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assuming a Gaussian-broadened discrete contribution to the
density of states due to the el-hh1l heavy-hole exciton tran-
sition and a correspondingly broadened steplike continuum
contribution. The el-lhl light-hole exciton was not taken
into account, because the absorption edge and the PL peak
position should be determined by the energetically lower hh
state. Additionally, the lh states have an intrinsically lower
oscillator strength than the hh excitons which decreases even

further due to the smaller overlap of their wave function with

that of the electrons in comparison to the heavy holes. This is

\ e caused by the small valence band offtete beloywand the

38 4.0 strain-induced hh/lh splitting leading approximately to flat
band conditions for the light-hole states but a significant

band offset for the hh.

Carrying out the fits as described one obtains values of
about 60 meV for the energetic distance between the exci-
tonic resonance in the tail of the absorption/PLE and the PL
maximum. Hardly any dependence on well width is found
energies far above the PL maximum is unexpected, becaugas already indicated by the nearly identical PLE spectra in
a steplike contribution caused by exciton continuum absorpEig. 3, apart from the thickest wells, where the Stokes shift
tion should appear there. To clarify this point, some multipleSlightly decreases. _
quantum well structureMQWSs), each containing 20 iden-  An interesting different approach to determine the Stokes
tical wells separated by 30 nm ZnS spacers, were grown anglift directly from the FWHM of the PL can be extracted
the GaAs substrates have been etched away to enable optitiin9 @ statistical topographical model for two-dimensional
transmission measurements. The result for a sample with ) exciton luminescence discussed in Ref. 24. In this
2.8-ML well width is shown in Fig. 4, together with the model, the excitons are assumed to be essentially trapped in

. . - the local minima of the lateral potential distributideee
corresponding PL and PLE spectra, respectively. Since th . . .
total thickness of the MQW structures is necessarily higheébove’ leading to a nonthermal occupation of states. This

. : SOW | h qul gssumption is not unreasonable in our case, because at the
in comparison to SQW samples, the spectra are modulat§fl,, measurement temperatures used, phonon-assisted hop-

by Fabry-Peot resonances here. Nevertheless, the transMmissing from one to another minimum is suppressed and tunnel-
sion clearly shows the expected steplike exciton Contlnuunihg through the maxima of the potential distribution is at
absorption(The contribution above=3.7 eV is caused by |east hampered, since localization is very strong in our sys-
absorption in the ZnS buffer and barrigrherefore, the tem, leading to an ensemble of nearly decoupled states
drop observed in PLE spectra for higher excitation energieRefs. 18,19. Assuming the model described to be valid, we

does not reflect the energy dependence of the initial absorré;an combine the formulas given in Ref. 24 to obtain the
tion, but is simply caused by a decrease in luminescencgimple relation

efficiency at the detection wavelength, when the energetic
distance between excitation and detection is increased. The AEg=0.6608<AEp,, 1)

latter decrease of PL efficiency for nonresonant excitationyhereAEg is the Stokes shift and Ep, is the FWHM of the
results most likely from the fact that the created electrony minescence band. A comparison of th&g values calcu-
hole pairs have to dissipate their surplus energy first, beforgyeq using Eq(1) with the results derived from transmission
they can recombine and emit a photon at the detection waves p|g spectra showed surprisingly good agreement between
length. During this relaxation process nonradiative recombiyoth methods. For this reason, the Stokes shift was not al-
nation can take place, the possibility of which increases With/vays measured explicitly; in many cases it was much easier
the energetic distance to be bridg¢®@f course there also g extract it from the PL FWHM.
exists the possibility of radiativénot) recombination already It is worth noting that assuming E€l) to be true, Fig. 2
above the detection windoyv. _ now explains why the Stokes shift between PL and PLE/
Coming back to the question of Stokes shift between Plgpsorption hardly depends on well width: IndeéEs first
and absorption, it is important to note that the onset of quancreases slightly due to the increasing roughening of the
tum well absorption is in any case well reproduced in thegyantum well before it decreases again as a result of the
PLE spectrum, as can be seen in Fig. 4. PLE therefore prityecreasing relative roughness of the wette above How-
cipally enables one to determine the Stokes shift also for thgyer, as can be seen in Fig. 2, the combination of both effects
SQW samples, where no disturbing Fabrydtenodes ap- |eads to a nearly constant Stokes shift. Only for the thickest

pear but direct absorption measurements are impossible. TRga|is should a significantly lower value be expected, in cor-
problem is, however, that neither absorption nor PLE SpeCtr?espondence to the results obtained.

show any resolved peaklike features corresponding to bound
(e.g., Is) exciton states. Instead, the latter are merged with
the continuum contributions due to the strong inhomoge-
neous broadening. For this reason, only a relatively crude
estimation of the Stokes shift is possible by the use of curve
fitting. Since onlyn=1 states can generally occur in our In the following sections we investigate to what extent the

narrow quantum structures the spectra were fit by simplexperimental data presented above can be described within

28 30 32 34 36
Energy (eV)

FIG. 4. Comparison of transmissidi photoluminescencé’L),
and photoluminescence-excitation spectrdfLE) of a 2.8-ML
MQW sample affT=6 K.

B. Theoretical modeling of excitons
and band alignment in CdS/ZnS SQWSs

1. Basic considerations
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TABLE I. Material parameters of unstrained cubic CdS and ZnS C1o

used in the calculations. €, =€~ — 20_' 3
11
Material parameter Unit Cds ZnS where thec;; are the elastic moduli given in Table I. The
E a b strain-induced band shifts kt= 0 can be calculated using the
g (eV) 2.48 3.84 . . . B3P . .
a eV) _ 5 g5¢ d Hamlltonlan of Pikus and which for tetragonal distor-
b V) ~_05° tion (exy= €,,= €,,=0) reads
f g9

mMe Emo; g-?h 2-?7"; Hi=ai( et eyt €,) +3b[(Li— 3L et Cp]. (4)
Mph Mg ' . . .
a, (nm) 0.58189% ¢ 0.54102 Herei is the band index.. the angular-momentum operator,
Cu (GP3 77.9] €;; denotes the components of the strain tensor, and c.p.
Co (GPa 52 7) means cyclic permutation with respect xgy and z. The

parameter®; andb; are the hydrostatic and tetragonal de-
aReference 30. formation potentials, respectively. Since we are primarily in-
bReference 31. terested in the transition energy from the conduction band
‘Reference 21. to the (heavy-holé valence band it makes sense to look at
‘Reference 27. the energy difference between the bands defining the relative
€This work. deformation potentials
fvalue for hexagonal material.
%Reference 32. a:=a,—a, and b:=-b,. ()
h - .
Determined from exciton mass. Notice that due to its-like nature the conduction band edge
Reference 34. is only affected by hydrostatic strain components. Combin-

IReference 33.

ing Egs.(2)—(5) leads to the strain Hamiltonian

an idealized quantum well model. A fundamental problem C11—C1o , 1,

here is that the CdS SQWs under discussion reveal thick- H=2a €—3b f|Lz—3L7)
nesses of only a few monolayers. The assumptions leading to H

the frequently applied envelope function approximation are _
therefore not priori fulfilled within the well (see, however, For the heavy-hole band|J,M,)=[3/2,3/2) we simply
the discussion below Nevertheless we can adopt this ap- have

proximation here at least as affective modebf our system

with only a few adjustable parameters like the valence/ (Lz_} 2) § §>:l‘§ §> @)
conduction band offset. These parameters, once determined, Z 3 2'2] 32’2

;nu%ortéﬁg—meufi:é Sibrﬁ"a??nnl)%aergdort% t;(::sol:gﬁca?fexggznrhe energetic shift of the conduction band relative to the
tations. Indeed, this procedure has also turned out to be (;)feavy-hole valence band therefore is

C11+2Cqo

11

great practical advantage. For example, sheneparameter C11—Cpp C11+2Co)

set used for the SQWs discussed here can also be success- AE=2a( )e”—b(—) €. (8
fully applied to describe other quantum structures containing 1 Cu1

CdS/ZnS superlattices:?® The hydrostatic deformation potential for cubic CdS has

A more practical problem in the quantitative modeling of been experimentally determined by pressure-dependent opti-
CdS/ZnS SQWs is the fact that hardly any experimental datgaal absorption measurements of an epilayer with removed
exist for cubic CdS. For this reason, CdS bulk layers havgubstrate in a diamond anvil cell to ba=(—2.65
been grown and investigated by several methods to deter0.15) eV?'?” For b only a single unusually high value
mine or confirm the required material parameters given iNb=—4.7 eV) could be found in the literatuf® We there-
Table | as far as possibléor details see Ref. 21The bulk  fore decided to treat it as a fitting parameter here.
values obtained are assumed to be approximately valid also
for the ultrathin layers discussed here. This assumption 3. Calculation of SQW transition energies
seems to be reasonable within the achievable degree of ac-
curacy when taking into account the effective character Of
the model and the fact that most material parameters are on
crudely known anyway.

To calculate the quantum well transition energies a varia-

;/onal approach is used. We choose

1
In(Ze1Zn,p) = Xe(Ze) Xn(Zn)EXP — X\/P2+(Ze_ Zh)2

9
Due to the larger lattice constant of CdS in comparison to L . .
ZnS a compressive in-plane strain as the excitonic trial wave function and neglect the coupling

between the different valence bands in our simplified model
[an assumption which appears to be sufficient due to the
strong strain-induced hh/lh splitting 640 meV and the
occurs within the quantum well. The latter causes an addivery low quantization energy of the holes caused by the
tional distortion along the growth direction small valence band offsé¢see below]. x.(z:) andyn(z,) in

2. Influence of strain on the CdS band structure

€)= Exx=Eyy=—T1% (2
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S o - ] andAVcg=1.1 eV for the strained conduction band offset.
% 38r %s.s . i Comparing the value ob with literature values for other

g i 8 o 2 ] [I-VI materials [e.g., bzng=—0.53...—-0.7 eV, bz,s&

s s s2 I —1.2 eV (Ref. 35] suggests our result to be in a very rea-
s I e I 0:° - sonable range. When the absolute valuebat increased

= 34r Quantum-Well Thickness (nr) ] substantially a satisfying fit cannot be achieved. Despite the
= I ] simplified assumptions made in our model and some uncer-
e 3.2r T tainties in the other material parameters used this seems to
§ ° :fg:rfyime"t T indicate that the magnitude of the previously suggested value
° 3.0 1 b=—4.7 eV for cubic CdSRef. 28 should be too high.

w

0.0 02 o4 06 08 10 The second result of the fitting procedure described

Quantum-Well Thickness (nm) above, namely AV g=(1.1+0.2) eV, means the occur-

rence of a type | band alignment in the quantum wells, where
FIG. 5. Comparison of experimental exciton transition energieg1€arly the whole band gap difference between CdS and ZnS
derived from PL measurements with model calculations assuming@ppears as a conduction band offset. Accordingly, there is
b=-0.5 eV andAVcz=1.1 eV. The original PL data are also only a small valence band discontinuity, which is in good
given as an inset. agreement with the common anion rule. To enable a more
detailed comparison with theory or results of other authors
Eq. (9) are the well-known solutions of the finite square-well W& have to remove the effects of strain-induced band shifts
on the band alignment. This requires the hydrostatic defor-
mation potentials for the individual CdS bands. Unfortu-
nately the latter are not accurately known. Following the

problem for the electrons and holes with effective massgs
andm;, along thelgrowth direction, respectively, demanding
Xe,h(Ze,n) andmg pdxen(Zen)/ dzen to be continuous at the .
interfaces® Theetpmird term in Eq(9) takes into account the authors of Ref. 11 we therefore uag~2/3 a WhO'Ch leads
hydrogenlike nature of the system caused by the CoulomfP an unstralneq valence .ba.nd offset ANVB,:(]'SO
interaction between electron and hole, where the variationat 200) meV. This result coincides very well with recent
parametei defines the exciton Bohr radius. Minimizing the fwst-pnnmple c:s}lculatlons suggesting exactly the. same value
energy expectation value faf, (z.,z,,p) With respect tox as the “natural” offset for the CdS/ZnS systefhlt is, how-

yields the desired exciton transition energjor further de-  €Ver, somewhat lower than previously reported values de-
tails, see Ref. 21. rived only indirectly from the study of band offsets for dif-

ferent material combinations assuming transitivityV9,
~350 meV (Ref. 14] or from the investigation of
Cd.Zn,_,S/ZnS MQWSs and superlattices combined with
In order to determine the adjustable parameters of outheoretical consideratior[sAV?,B~280 meV (Refs. 11 and
effective model, namely, the conduction band offdéfcg  16)], although there is still agreement within experimental
and the tetragonal deformation potentiabf CdS, the exci-  error. Despite the effective nature of our model and the pos-
ton transition energy has been calculated as a function dfible influence of different growth conditions on the band
well width and fitted to the experimental ddtaainly taking  alignment via the atomic structure of the material interfaces
into consideration the thickest quantum wells where thenhe slight deviation of our value from previous results should
model should be most reasongble most likely arise from the improved parameter set applied in
Figure 5 shows the result of this procedure, together withour calculations and the fact that we take into account the
the experimental values derived from PL measurements angffect of PL Stokes shift described above, which has for-
taking into account the Stokes shift as described ab@Wee  merly been neglected.
original PL peak positions are also given in the inset of Fig.
5.) Excellent agreement between theory and experiment is
achieved for a very reasonable parameter set which is dis-
cussed in detail below. Even for the thinnest SQWs one finds In the previous sections we have shown that the optical
good correspondence, although the applied envelope fun@roperties of ultrathin CdS/ZnS SQW structures can essen-
tion approximation(EFA) cannota priori be expected to tially be well described within an idealized quantum-well
work properly in this region. This surprising result may pos-model. The occurrence of spatial well width fluctuations has
sibly be related to the fact that for ultrathin SQWSs the exci-only been discussed there as leading to an inhomogeneous
ton wave function already penetrates strongly into the ZnSine broadening and a Stokes shift between PL and absorp-
barrier (where the EFA is validand does not depend very tion spectra. On the other hand, these fluctuations mean a
much on details of the potential within the CdS well. The laterally varying potential for the confined excitons, and the
penetration of the wave function into the barrier also dedatter will therefore be localized in the minima of the result-
creases the spatial variation of the envelope wave functioing distribution(as already mentioned abgv&ypical local-
and thus supports the validity of the EFA. Additionally, the ization depths should be in the same order of magnitude as
valence band offset is very smdliee beloy, so that the the Stokes shift, i.e., about 60 meV. Similar results
simplified treatment of the valence bands has no serious e{=75 meV) are also obtained by fitting the temperature-
fect on the calculation of transition energies. dependent quenching of PL intensity using an Arrhenius-
The parameters obtained from the fit in Fig. 5 ére type modef® The values obtained not only clearly exceed
—0.5 eV for the tetragonal deformation potential of CdSthermal energies but are so high that at least for the most

4. Comparison with experiment

C. Localization effects and lateral confinement
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FIG. 6. Resonant PL spectra of a 1.2-ML quantum well for FIG. 7. Excitonic exchange splittin§E, as a function of exci-

different excitation energies. For clarity the spectra are shifted relatation (resonant PLor detection(PLE) energyE for quantum wells
tive to each other along the intensity axis. with 1.2 ML and 2.8 ML thickness, respectivelg.is given relative

to the energetic position of the PL maximu#g, . The drawn lines

deeply localized excitons tunneling during their lifetime 2" Just to guide the eye.

from one potential minimum to another will be strongly hin-
dered. These excitonic states can therefore be regarded &am corresponds to the recombination of resonantly excited
approximately decoupled. Such an interpretation is indeetbcalized excitongwith an additional small contribution of
supported by the results of time-dependent PL measuremendgtray light from the excitation Depending on the excitation
and the observation of a broaet@00 meV) spectral gain in energy used, a splitting of this pedk—10 meV into a
high-excitation experimentsee Refs. 18—20 for detalls double structure occurs. The latter can also be observed in
An interesting question arising in this context is to whatPLE measurements and results from the excitonic exchange
extent the excitons ataterally confined through localization interaction, as proven mainly by polarization-dependent and
in the minima of the fluctuating potential, because a strongime-resolved optical investigatioR%2® For the dependence
in-plane confinement should lead to the occurrence of quasif the exchange splitting on the excitation energy two limit-
zero-dimensional stateglt should, however, be noted that ing situations may be distinguished: Iftearly ideal”
the correction of the corresponding confinement energies iBQWSs well width fluctuations lead to exciton localization
comparison to the ideal quantum well model discussed abowveut lateral confinement is comparably weak. The recombina-
would not exceed the localization depth of about 60 meWtion energy and exchange splitting of a localized exciton are
which is negligible for the fit in Fig. 5, thus justifying the use therefore essentially determined by the local well thickness.
of the idealized 2D model in the last sectipfo clarify the  Tuning the excitation to lower energies in this case means
influence of lateral confinement on the dimensionality of ex-selecting quantum-well regions with wider well width, i.e.,
citonic states, PL measurements under high spatial resolutiomeaker confinement and therefore decreased exchange split-
have been carried olit:?° The obtained spectra show an en- ting. (It should, however, be noted that for the ultrathin
semble of sharp luminescence peaks, indicatiitke con-  SQWSs investigated here the wave function already penetrates
tributions to the density of states. This observation suggestsignificantly into the barrier so that the confinement along
that quasi-zero-dimensional states could indeed exist in ththe growth direction does not increase very much with de-
investigated SQWSs. To study this point in more detail, acreasing well width. The opposite holds for the other limit,
different approach recently propo$8das been applied to where localization due to well width fluctuations becomes so
get some further information about the degree of confinedominant that a significant lateral confinement occurs which
ment, namely, the measurement of the excitonic exchanggoverns the exchange splittifquasi-OD limit”). In this
splitting. The latter scales with the probability of finding case lowering the excitation energy corresponds to the selec-
electron and hole at the same site and therefore strongly irtion of deeper localized states. Since lateral confinement
creases when the effective dimensionality is reduced fronshould generally be enhanced with localization depth, an in-
3D towards a 2D quantum well:*® An even stronger en- creasing exchange splitting with decreasing excitation en-
hancement should be expected when a significant lateral coergy should be observed here.
finement due to localization occurs additionally. To check The experimentally obtained splittinjE, as a function
this aspect, we have investigated the exchange splitting bgf excitation (resonant PL or detection energyPLE) E is
PLE and resonant PL measurements. Results of the latter asown in Fig. 7 for two samples with 1.2 and 2.8 ML well
shown in Fig. 6 for a sample with 1.2 ML well width and width, corresponding to the cases of maximum and minimum
different excitation wavelength$For comparison, the ordi- localization strengtfjaccording to Fig. 2 and Eq1)]. An
nary PL is also shown as a dotted linBelow the excitation increase of the splitting occurs when tuniggo lower en-
a broad band caused by excitons having relaxed to deepergies. While this trend is only wealor even reverses in
states can be observed in each case. The latter is slightiome casgsfor wider quantum wells, a strong increase of
structured due to the coupling to phonons, which will not beAE, with decreasinge is found when going to samples with
discussed here in detail. No PL signal is detected above theery thin wells. In terms of the models discussed above this
excitation energy, indicating the luminescence tarft®mo-  leads to the plausible result that with decreasing well width
geneoushbroadened. The dominant sharp peak in each spec¢he electronic structure leaves the “nearly ideal quantum-
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well” case more and more and approaches the “quasi-OD” In the second part of the paper we have discussed the
limit, where localization induced by well width fluctuations influence of localization effects due to well width fluctua-
plays a dominant role and causes a significant lateral cortions on the dimensionality of exciton confinement. Espe-
finement. cially, the excitonic exchange interaction could be shown to
increase strongly for deeply localized states and extremely
V. CONCLUSIONS thin quantum wells. This result suggests that with decreasing
. ) . . well width the electronic structure leaves the “nearly ideal
_ We have investigated ultrathin CdS/ZnS s_lngle a_nd r_””"quantum-well” case more and more and approaches the
tiple quantum-well structures grown by MBE in detail using «qyasi-0D” limit, where localization induced by well width

mainly PL, PLE, and absorption spectroscopy. The observegciations plays a dominant role and causes a significant
luminescence bands show a strong inhomogeneous broadgyieral confinement.

ing caused by thickness fluctuations of the wells. An effec-
tive theoretical model within the envelope function approxi-
mation has been successfully applied to describe the well
width dependence of the PL peak energies, using an im-
proved parameter set for cubic CdS. The model takes into Professor Dr. U. Woggon and F. Ginddldniversity of
account strain as well as excitonic effects and the StokeBortmund, Germanyare acknowledged for useful discus-
shift between PL and absorption/PLE. A fit to the experi-sions concerning the excitonic exchange interaction. We also
mental data yields the model parameters, namely, the tetravish to thank Professor Dr. W. Gebhardt and E. Grigbii-
gonal deformation potential of Cds~—0.5 eV and a CdS/ versity of Regensburg, Germarfpr pressure-dependent op-
ZnS unstrained type | valence band oﬁsetM?,B:(lSO tical absorption measurements of a cubic CdS epilayer
+200) meV, which agrees very well with theoretical pre- grown in our group. Finally, the Deutsche Forschungsge-
dictions for the “natural” offset. meinschaftDFG) is acknowledged for financial support.
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