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Electronic structure and optical properties of ultrathin CdS/ZnS quantum wells
grown by molecular-beam epitaxy

M. Hetterich, Ch. Ma¨rkle, A. Dinger, M. Grün, and C. Klingshirn
Institut für Angewandte Physik der Universita¨t Karlsruhe, Kaiserstraße 12, D-76128 Karlsruhe, Germany

~Received 20 July 1998; revised manuscript received 2 November 1998!

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 states.@S0163-1829~99!08715-9#
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I. INTRODUCTION

Over the last few years, quantum structures based on
II-VI compounds CdS and ZnS have attracted continu
attention, because the wide and direct band gap of these
terials could lead to potential applications for optoelectro
devices in the blue and UV spectral region. According
most publications up till now seem to focus either on t
epitaxy and characterization of such structures1–8 or on top-
ics like nonlinear optical properties9 and stimulated
emission.10–12 Further, due to the high lattice mismatch b
tween CdS and ZnS, nearly exclusively superlattice
mostly containing the alloy~Cd,Zn!S—have been studied
Only a comparably small number of papers6–8,12,13deal with
the properties of CdS/ZnS single and multiple quant
wells, and only little is known about the band alignment
this material system.11,14–16

In this paper, we discuss the optical properties of ultrat
cubic CdS/ZnS single quantum wells~SQWs!. These struc-
tures have already been investigated recently by our gr
with an emphasis on structural aspects such as growth m
phology, elastic and plastic strain relaxation.17 As it turned
out, no true strain-induced Stranski-Krastanow growth mo
occurs during CdS quantum well deposition for the cho
experimental conditions, despite the high lattice mismatch
27%. Nevertheless the surface roughens more and m
with increasing well thickness which should significantly i
fluence the electronic properties of the investigated ultra
quantum structures. Indeed, strong evidence for pronoun
localization effects leading even to the formation of qua
zero-dimensional states has been found, as discussed in
18–21 and below.

In this paper, we first review some of the optical prop
ties of CdS/ZnS SQWs and then focus on the question o
what extent these properties can be described within
quantum well picture. Especially, aneffectivemodel apply-
ing the envelope function approximation is presented, tak
PRB 590163-1829/99/59~15!/10268~8!/$15.00
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strain and excitonic effects into account. From a fit to expe
mental data the model parameters, namely, the tetrag
deformation potentialb of CdS~see below! and the CdS/ZnS
band alignment, are derived. The values obtained are c
pared to results of other authors and theoretical predictio
In a second step we investigate the effects of exciton lo
ization on the optical properties of CdS/ZnS SQWs. Parti
larly, we discuss the influence on the excitonic exchan
interaction from which—as shown below—informatio
about the degree of lateral confinement in the quantum st
tures can be extracted.

II. EXPERIMENTAL DETAILS

The investigated CdS/ZnS SQWs were grown by co
pound source molecular-beam epitaxy~MBE! on Si-doped
GaAs~100! with no nominal miscut at a substrate tempe
ture of 140 °C. They comprise relatively thin ZnS buffer a
cap layers in most cases~typically about 100 nm and 50 nm
respectively! to prevent the appearance of disturbing Fab
Pérot resonances in the spectra. The CdS quantum-w
thicknesses of the different samples cover the whole ra
from the submonolayer region up to the critical value of
monolayers17 ~ML ! for the onset of plastic strain relaxation
Further details about the growth process, thickness cali
tion, and structural aspects concerning the CdS/ZnS SQ
may be found in Ref. 17.

The photoluminescence~PL! measurements discussed b
low were recorded atT56 K. For excitation we frequently
used the 366-nm line extracted from the spectrum of a
lamp ~200 W! by a prism double monochromator. In som
cases~for the SQWs with the smallest well widths, i.e. th
highest transition energies! the 313-nm line of the lamp o
one of the UV lines of an Ar1 laser had to be applied in
stead. The luminescence signal was dispersed by a 27.5
Czerny-Turner grating monochromator and detected by
optical multichannel analyzer. The same setup was also u
for absorption measurements, where the continuous spec
10 268 ©1999 The American Physical Society
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PRB 59 10 269ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES . . .
of a Xe lamp~500 W! served as the light source. To reco
photoluminescence-excitation~PLE! spectra, the desired ex
citation wavelength could be extracted from the emission
the latter by a 1-m grating monochromator. The detection
this case consisted of a 27.5-cm Czerny-Turner dou
monochromator and a GaAs photomultiplier utilizing
lock-in technique.

III. RESULTS AND DISCUSSION

A. PL, PLE, and absorption measurements

Figure 1 shows typical PL spectra for three CdS/Z
SQWs with different well widths. A broad band assigned
the radiative recombination of localized excitons18–21 is ob-
tained in any case. The measured peak positions agree f
well with those reported in Ref. 7. As expected, a shift
higher energies with decreasing well width due to the
creasing quantization of charge carriers can be observed~see
also inset of Fig. 5!. The luminescence bands show a rema
able full width at half maximum~FWHM! of 80–110 meV
~Fig. 2!. As easily proved by resonant PL measurements,
corresponding broadening has an inhomogeneous nature
cause tuning the excitation energy into the luminesce
band induces a quenching of the emission above the ex
tion ~see Fig. 6 discussed below!. This inhomogeneous
broadening is caused by thickness fluctuations of the u
thin wells, leading to a spatial variation in exciton energ

FIG. 1. Photoluminescence of three CdS/ZnS SQWs with
ferent well width~1.0 ML, 2.0 ML, and 2.7 ML!, excited below the
ZnS band gap. The spectra were measured atT56 K and are nor-
malized to the PL maxima.

FIG. 2. Well width dependence of the PL full width at ha
maximum~FWHM!. The dotted line is just to guide the eye.
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Indeed, these lateral fluctuations could be directly visualiz
~of course averaged over the instrumental resolution! by spa-
tially resolved near-field optical reflection spectroscopy
the SQWs.22

The observed behavior of the PL FWHM with well thick
ness shown in Fig. 2 is interpreted as follows: For very sm
widths the inhomogeneous broadening increases with
creasing well thickness. One reason for this is the fact t
the quantum well roughens more and more with proceed
CdS deposition, as discussed in Ref. 17. Additionally,
length scale of roughening will also increase with well thic
ness ~many small nuclei are initially formed that sprea
when growth proceeds! so that the exciton can no longe
‘‘average out’’ the fluctuations. For thicker SQWs the abs
lute roughness approaches its equilibrium value. Theref
the influence of lateral variations in well width on the exc
ton energy decreases with total SQW thickness, i.e., the
homogeneous line broadening goes through a maximum
then drops with increasing well width.

Since the spatial fluctuations of the exciton energy can
regarded as a random lateral potential for the excitons,
density of states for the latter should be significantly mo
fied and a low energy tail of localized states is expected
appear, which indeed expresses—apart from other eff
discussed later on—in the asymmetric shape of the lumin
cence bands, especially for the thinner SQWs~see Fig. 1!. In
a quantitative analysis of PL data—as carried out below
one has to take into account that the predominant occupa
of low energy tail states causes a Stokes shift of lumin
cence compared to, e.g., absorption so that the PL maxim
does not exactly correspond to the average transition en
of the quantum well. To get some information about th
Stokes shift we have measured PLE instead of absorp
spectra because of the low optical thickness of the SQ
The results for three samples with different well widths a
shown in Fig. 3. Apart from peaks due to the heavy-ho
light-hole ~hh/lh! and split-off exciton~SO! of the ZnS bar-
rier a quantum well related broad band with similar shape
any case appears, the maximum of which is shifted by
proximately 120 meV to higher energies with respect to
corresponding PL maximum. The interpretation of this stru
ture is not obvious at first sight. Especially, the strong d
crease of intensity observed in the PLE spectra for excita

-
FIG. 3. PLE spectra of three SQW samples with different w

widths, measured atT56 K. Energies are given as shiftsDE rela-
tive to the positions of the respective PL maxima. The spectra
normalized to their maximum atDE'120 meV.
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10 270 PRB 59HETTERICH, MÄRKLE, DINGER, GRÜN, AND KLINGSHIRN
energies far above the PL maximum is unexpected, bec
a steplike contribution caused by exciton continuum abso
tion should appear there. To clarify this point, some multi
quantum well structures~MQWs!, each containing 20 iden
tical wells separated by 30 nm ZnS spacers, were grown
the GaAs substrates have been etched away to enable o
transmission measurements. The result for a sample wi
2.8-ML well width is shown in Fig. 4, together with th
corresponding PL and PLE spectra, respectively. Since
total thickness of the MQW structures is necessarily hig
in comparison to SQW samples, the spectra are modul
by Fabry-Pe´rot resonances here. Nevertheless, the trans
sion clearly shows the expected steplike exciton continu
absorption.~The contribution above'3.7 eV is caused by
absorption in the ZnS buffer and barriers.! Therefore, the
drop observed in PLE spectra for higher excitation energ
does not reflect the energy dependence of the initial abs
tion, but is simply caused by a decrease in luminesce
efficiency at the detection wavelength, when the energ
distance between excitation and detection is increased.
latter decrease of PL efficiency for nonresonant excitat
results most likely from the fact that the created electr
hole pairs have to dissipate their surplus energy first, be
they can recombine and emit a photon at the detection w
length. During this relaxation process nonradiative recom
nation can take place, the possibility of which increases w
the energetic distance to be bridged.@Of course there also
exists the possibility of radiative~hot! recombination already
above the detection window.#

Coming back to the question of Stokes shift between
and absorption, it is important to note that the onset of qu
tum well absorption is in any case well reproduced in
PLE spectrum, as can be seen in Fig. 4. PLE therefore p
cipally enables one to determine the Stokes shift also for
SQW samples, where no disturbing Fabry-Pe´rot modes ap-
pear but direct absorption measurements are impossible.
problem is, however, that neither absorption nor PLE spe
show any resolved peaklike features corresponding to bo
~e.g., 1s) exciton states. Instead, the latter are merged w
the continuum contributions due to the strong inhomo
neous broadening. For this reason, only a relatively cr
estimation of the Stokes shift is possible by the use of cu
fitting. Since onlyn51 states can generally occur in o
narrow quantum structures the spectra were fit by sim

FIG. 4. Comparison of transmissionT, photoluminescence~PL!,
and photoluminescence-excitation spectrum~PLE! of a 2.8-ML
MQW sample atT56 K.
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assuming a Gaussian-broadened discrete contribution to
density of states due to the e1-hh1 heavy-hole exciton t
sition and a correspondingly broadened steplike continu
contribution. The e1-lh1 light-hole exciton was not tak
into account, because the absorption edge and the PL
position should be determined by the energetically lower
state. Additionally, the lh states have an intrinsically low
oscillator strength than the hh excitons which decreases e
further due to the smaller overlap of their wave function w
that of the electrons in comparison to the heavy holes. Th
caused by the small valence band offset~see below! and the
strain-induced hh/lh splitting leading approximately to fl
band conditions for the light-hole states but a significa
band offset for the hh.

Carrying out the fits as described one obtains values
about 60 meV for the energetic distance between the e
tonic resonance in the tail of the absorption/PLE and the
maximum. Hardly any dependence on well width is fou
~as already indicated by the nearly identical PLE spectra
Fig. 3!, apart from the thickest wells, where the Stokes sh
slightly decreases.

An interesting different approach to determine the Sto
shift directly from the FWHM of the PL can be extracte
using a statistical topographical model for two-dimensio
~2D! exciton luminescence discussed in Ref. 24. In t
model, the excitons are assumed to be essentially trappe
the local minima of the lateral potential distribution~see
above!, leading to a nonthermal occupation of states. T
assumption is not unreasonable in our case, because a
low measurement temperatures used, phonon-assisted
ping from one to another minimum is suppressed and tun
ing through the maxima of the potential distribution is
least hampered, since localization is very strong in our s
tem, leading to an ensemble of nearly decoupled states~see
Refs. 18,19!. Assuming the model described to be valid, w
can combine the formulas given in Ref. 24 to obtain t
simple relation

DES50.66083DEPL , ~1!

whereDES is the Stokes shift andDEPL is the FWHM of the
luminescence band. A comparison of theDES values calcu-
lated using Eq.~1! with the results derived from transmissio
or PLE spectra showed surprisingly good agreement betw
both methods. For this reason, the Stokes shift was no
ways measured explicitly; in many cases it was much ea
to extract it from the PL FWHM.

It is worth noting that assuming Eq.~1! to be true, Fig. 2
now explains why the Stokes shift between PL and PL
absorption hardly depends on well width: Indeed,DES first
increases slightly due to the increasing roughening of
quantum well before it decreases again as a result of
decreasing relative roughness of the well~see above!. How-
ever, as can be seen in Fig. 2, the combination of both eff
leads to a nearly constant Stokes shift. Only for the thick
wells should a significantly lower value be expected, in c
respondence to the results obtained.

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

1. Basic considerations

In the following sections we investigate to what extent t
experimental data presented above can be described w
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PRB 59 10 271ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES . . .
an idealized quantum well model. A fundamental proble
here is that the CdS SQWs under discussion reveal th
nesses of only a few monolayers. The assumptions leadin
the frequently applied envelope function approximation
therefore nota priori fulfilled within the well ~see, however,
the discussion below!. Nevertheless we can adopt this a
proximation here at least as aneffective modelof our system
with only a few adjustable parameters like the valen
conduction band offset. These parameters, once determ
may then easily be compared to results of oth
authors11,14–16using similar models or to theoretical expe
tations. Indeed, this procedure has also turned out to b
great practical advantage. For example, thesameparameter
set used for the SQWs discussed here can also be suc
fully applied to describe other quantum structures contain
CdS/ZnS superlattices.21,25

A more practical problem in the quantitative modeling
CdS/ZnS SQWs is the fact that hardly any experimental d
exist for cubic CdS. For this reason, CdS bulk layers h
been grown and investigated by several methods to de
mine or confirm the required material parameters given
Table I as far as possible~for details see Ref. 21!. The bulk
values obtained are assumed to be approximately valid
for the ultrathin layers discussed here. This assump
seems to be reasonable within the achievable degree o
curacy when taking into account the effective character
the model and the fact that most material parameters are
crudely known anyway.

2. Influence of strain on the CdS band structure

Due to the larger lattice constant of CdS in comparison
ZnS a compressive in-plane strain

e i5exx5eyy527% ~2!

occurs within the quantum well. The latter causes an ad
tional distortion along the growth direction

TABLE I. Material parameters of unstrained cubic CdS and Z
used in the calculations.

Material parameter Unit CdS ZnS

Eg ~eV! 2.48a 3.84b

a ~eV! 22.65c, d

b ~eV! '20.5e

me (m0) 0.2 f 0.34g

mhh (m0) 1 f, h 1.76i

a0 ~nm! 0.5818g, c 0.54102g

c11 ~GPa! 77.9j

c12 ~GPa! 52.7j

aReference 30.
bReference 31.
cReference 21.
dReference 27.
eThis work.
fValue for hexagonal material.
gReference 32.
hDetermined from exciton mass.
iReference 34.
jReference 33.
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where theci j are the elastic moduli given in Table I. Th
strain-induced band shifts atk50 can be calculated using th
Hamiltonian of Pikus and Bir26 which for tetragonal distor-
tion (exy5eyz5ezx50) reads

Hi
e5ai~exx1eyy1ezz!13bi@~Lx

22 1
3 L2!exx1c.p.#. ~4!

Here i is the band index,L the angular-momentum operato
e i j denotes the components of the strain tensor, and
means cyclic permutation with respect tox,y and z. The
parametersai and bi are the hydrostatic and tetragonal d
formation potentials, respectively. Since we are primarily
terested in the transition energy from the conduction banc
to the~heavy-hole! valence bandv it makes sense to look a
the energy difference between the bands defining the rela
deformation potentials

aªac2av and bª2bv . ~5!

Notice that due to itss-like nature the conduction band edg
is only affected by hydrostatic strain components. Comb
ing Eqs.~2!–~5! leads to the strain Hamiltonian

He52aS c112c12

c11
D e i23bS c1112c12

c11
D e iS Lz

22
1

3
L2D .

~6!

For the heavy-hole band (uJ,MJ&5u3/2,3/2&) we simply
have

S Lz
22

1

3
L2D U32 ,

3

2L 5
1

3U32 ,
3

2L . ~7!

The energetic shift of the conduction band relative to
heavy-hole valence band therefore is

DE52aS c112c12

c11
D e i2bS c1112c12

c11
D e i . ~8!

The hydrostatic deformation potential for cubic CdS h
been experimentally determined by pressure-dependent
cal absorption measurements of an epilayer with remo
substrate in a diamond anvil cell to bea5(22.65
60.15) eV.21,27 For b only a single unusually high value
(b524.7 eV) could be found in the literature.28 We there-
fore decided to treat it as a fitting parameter here.

3. Calculation of SQW transition energies

To calculate the quantum well transition energies a va
tional approach is used. We choose

cl~ze ,zh ,r!5xe~ze!xh~zh!expS 2
1

l
Ar21~ze2zh!2D

~9!

as the excitonic trial wave function and neglect the coupl
between the different valence bands in our simplified mo
@an assumption which appears to be sufficient due to
strong strain-induced hh/lh splitting of'40 meV and the
very low quantization energy of the holes caused by
small valence band offset~see below!#. xe(ze) andxh(zh) in
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Eq. ~9! are the well-known solutions of the finite square-w
problem for the electrons and holes with effective massesme
andmh along the growth direction, respectively, demandi
xe,h(ze,h) andme,h

21]xe,h(ze,h)/]ze,h to be continuous at the
interfaces.29 The third term in Eq.~9! takes into account the
hydrogenlike nature of the system caused by the Coulo
interaction between electron and hole, where the variatio
parameterl defines the exciton Bohr radius. Minimizing th
energy expectation value forcl(ze ,zh ,r) with respect tol
yields the desired exciton transition energy.~For further de-
tails, see Ref. 21.!

4. Comparison with experiment

In order to determine the adjustable parameters of
effective model, namely, the conduction band offsetDVCB
and the tetragonal deformation potentialb of CdS, the exci-
ton transition energy has been calculated as a function
well width and fitted to the experimental data~mainly taking
into consideration the thickest quantum wells where
model should be most reasonable!.

Figure 5 shows the result of this procedure, together w
the experimental values derived from PL measurements
taking into account the Stokes shift as described above.~The
original PL peak positions are also given in the inset of F
5.! Excellent agreement between theory and experimen
achieved for a very reasonable parameter set which is
cussed in detail below. Even for the thinnest SQWs one fi
good correspondence, although the applied envelope f
tion approximation~EFA! cannot a priori be expected to
work properly in this region. This surprising result may po
sibly be related to the fact that for ultrathin SQWs the ex
ton wave function already penetrates strongly into the Z
barrier ~where the EFA is valid! and does not depend ver
much on details of the potential within the CdS well. T
penetration of the wave function into the barrier also d
creases the spatial variation of the envelope wave func
and thus supports the validity of the EFA. Additionally, th
valence band offset is very small~see below!, so that the
simplified treatment of the valence bands has no serious
fect on the calculation of transition energies.

The parameters obtained from the fit in Fig. 5 areb5
20.5 eV for the tetragonal deformation potential of Cd

FIG. 5. Comparison of experimental exciton transition energ
derived from PL measurements with model calculations assum
b520.5 eV andDVCB51.1 eV. The original PL data are als
given as an inset.
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andDVCB51.1 eV for the strained conduction band offse
Comparing the value ofb with literature values for other
II-VI materials @e.g., bZnS520.53 . . .20.7 eV, bZnSe5
21.2 eV ~Ref. 35!# suggests our result to be in a very re
sonable range. When the absolute value ofb is increased
substantially a satisfying fit cannot be achieved. Despite
simplified assumptions made in our model and some un
tainties in the other material parameters used this seem
indicate that the magnitude of the previously suggested va
b524.7 eV for cubic CdS~Ref. 28! should be too high.

The second result of the fitting procedure describ
above, namely,DVCB5(1.160.2) eV, means the occur
rence of a type I band alignment in the quantum wells, wh
nearly the whole band gap difference between CdS and
appears as a conduction band offset. Accordingly, ther
only a small valence band discontinuity, which is in go
agreement with the common anion rule. To enable a m
detailed comparison with theory or results of other auth
we have to remove the effects of strain-induced band sh
on the band alignment. This requires the hydrostatic de
mation potentials for the individual CdS bands. Unfort
nately the latter are not accurately known. Following t
authors of Ref. 11 we therefore useac'2/3 a which leads
to an unstrained valence band offset ofDVVB

0 5(180
6200) meV. This result coincides very well with rece
first-principle calculations suggesting exactly the same va
as the ‘‘natural’’ offset for the CdS/ZnS system.36 It is, how-
ever, somewhat lower than previously reported values
rived only indirectly from the study of band offsets for dif
ferent material combinations assuming transitivity@DVVB

0

'350 meV ~Ref. 14!# or from the investigation of
CdxZn12xS/ZnS MQWs and superlattices combined w
theoretical considerations@DVVB

0 '280 meV ~Refs. 11 and
16!#, although there is still agreement within experimen
error. Despite the effective nature of our model and the p
sible influence of different growth conditions on the ba
alignment via the atomic structure of the material interfac
the slight deviation of our value from previous results sho
most likely arise from the improved parameter set applied
our calculations and the fact that we take into account
effect of PL Stokes shift described above, which has f
merly been neglected.

C. Localization effects and lateral confinement

In the previous sections we have shown that the opt
properties of ultrathin CdS/ZnS SQW structures can ess
tially be well described within an idealized quantum-we
model. The occurrence of spatial well width fluctuations h
only been discussed there as leading to an inhomogen
line broadening and a Stokes shift between PL and abs
tion spectra. On the other hand, these fluctuations mea
laterally varying potential for the confined excitons, and t
latter will therefore be localized in the minima of the resu
ing distribution~as already mentioned above!. Typical local-
ization depths should be in the same order of magnitude
the Stokes shift, i.e., about 60 meV. Similar result
('75 meV) are also obtained by fitting the temperatu
dependent quenching of PL intensity using an Arrheni
type model.19 The values obtained not only clearly exce
thermal energies but are so high that at least for the m

s
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deeply localized excitons tunneling during their lifetim
from one potential minimum to another will be strongly hi
dered. These excitonic states can therefore be regarde
approximately decoupled. Such an interpretation is ind
supported by the results of time-dependent PL measurem
and the observation of a broad ('200 meV) spectral gain in
high-excitation experiments~see Refs. 18–20 for details!.

An interesting question arising in this context is to wh
extent the excitons arelaterally confined through localization
in the minima of the fluctuating potential, because a stro
in-plane confinement should lead to the occurrence of qu
zero-dimensional states.~It should, however, be noted tha
the correction of the corresponding confinement energie
comparison to the ideal quantum well model discussed ab
would not exceed the localization depth of about 60 m
which is negligible for the fit in Fig. 5, thus justifying the us
of the idealized 2D model in the last section.! To clarify the
influence of lateral confinement on the dimensionality of e
citonic states, PL measurements under high spatial resolu
have been carried out.19,20 The obtained spectra show an e
semble of sharp luminescence peaks, indicatingd-like con-
tributions to the density of states. This observation sugg
that quasi-zero-dimensional states could indeed exist in
investigated SQWs. To study this point in more detail
different approach recently proposed20 has been applied to
get some further information about the degree of confi
ment, namely, the measurement of the excitonic excha
splitting. The latter scales with the probability of findin
electron and hole at the same site and therefore strongly
creases when the effective dimensionality is reduced fr
3D towards a 2D quantum well.37,38 An even stronger en
hancement should be expected when a significant lateral
finement due to localization occurs additionally. To che
this aspect, we have investigated the exchange splitting
PLE and resonant PL measurements. Results of the latte
shown in Fig. 6 for a sample with 1.2 ML well width an
different excitation wavelengths.~For comparison, the ordi
nary PL is also shown as a dotted line.! Below the excitation
a broad band caused by excitons having relaxed to de
states can be observed in each case. The latter is slig
structured due to the coupling to phonons, which will not
discussed here in detail. No PL signal is detected above
excitation energy, indicating the luminescence to beinhomo-
geneouslybroadened. The dominant sharp peak in each sp

FIG. 6. Resonant PL spectra of a 1.2-ML quantum well
different excitation energies. For clarity the spectra are shifted r
tive to each other along the intensity axis.
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trum corresponds to the recombination of resonantly exc
localized excitons~with an additional small contribution o
stray light from the excitation!. Depending on the excitation
energy used, a splitting of this peak~5–10 meV! into a
double structure occurs. The latter can also be observe
PLE measurements and results from the excitonic excha
interaction, as proven mainly by polarization-dependent a
time-resolved optical investigations.20,23 For the dependence
of the exchange splitting on the excitation energy two lim
ing situations may be distinguished: In‘‘nearly ideal’’
SQWs well width fluctuations lead to exciton localizatio
but lateral confinement is comparably weak. The recombi
tion energy and exchange splitting of a localized exciton
therefore essentially determined by the local well thickne
Tuning the excitation to lower energies in this case me
selecting quantum-well regions with wider well width, i.e
weaker confinement and therefore decreased exchange
ting. ~It should, however, be noted that for the ultrath
SQWs investigated here the wave function already penetr
significantly into the barrier so that the confinement alo
the growth direction does not increase very much with
creasing well width.! The opposite holds for the other limit
where localization due to well width fluctuations becomes
dominant that a significant lateral confinement occurs wh
governs the exchange splitting~‘‘quasi-0D limit’’ !. In this
case lowering the excitation energy corresponds to the se
tion of deeper localized states. Since lateral confinem
should generally be enhanced with localization depth, an
creasing exchange splitting with decreasing excitation
ergy should be observed here.

The experimentally obtained splittingDEx as a function
of excitation ~resonant PL! or detection energy~PLE! E is
shown in Fig. 7 for two samples with 1.2 and 2.8 ML we
width, corresponding to the cases of maximum and minim
localization strength@according to Fig. 2 and Eq.~1!#. An
increase of the splitting occurs when tuningE to lower en-
ergies. While this trend is only weak~or even reverses in
some cases! for wider quantum wells, a strong increase
DEx with decreasingE is found when going to samples wit
very thin wells. In terms of the models discussed above
leads to the plausible result that with decreasing well wi
the electronic structure leaves the ‘‘nearly ideal quantu

a-

FIG. 7. Excitonic exchange splittingDEx as a function of exci-
tation ~resonant PL! or detection~PLE! energyE for quantum wells
with 1.2 ML and 2.8 ML thickness, respectively.E is given relative
to the energetic position of the PL maximumEPL . The drawn lines
are just to guide the eye.



D
s
o

u
g
ve
d

ec
xi
we
im
in
ke
ri
t

e-

the
a-
e-
to
ely
ing
al
the

ant

s-
lso

-
yer
ge-
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well’’ case more and more and approaches the ‘‘quasi-0
limit, where localization induced by well width fluctuation
plays a dominant role and causes a significant lateral c
finement.

IV. CONCLUSIONS

We have investigated ultrathin CdS/ZnS single and m
tiple quantum-well structures grown by MBE in detail usin
mainly PL, PLE, and absorption spectroscopy. The obser
luminescence bands show a strong inhomogeneous broa
ing caused by thickness fluctuations of the wells. An eff
tive theoretical model within the envelope function appro
mation has been successfully applied to describe the
width dependence of the PL peak energies, using an
proved parameter set for cubic CdS. The model takes
account strain as well as excitonic effects and the Sto
shift between PL and absorption/PLE. A fit to the expe
mental data yields the model parameters, namely, the te
gonal deformation potential of CdSb'20.5 eV and a CdS/
ZnS unstrained type I valence band offset ofDVVB

0 5(180
6200) meV, which agrees very well with theoretical pr
dictions for the ‘‘natural’’ offset.
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In the second part of the paper we have discussed
influence of localization effects due to well width fluctu
tions on the dimensionality of exciton confinement. Esp
cially, the excitonic exchange interaction could be shown
increase strongly for deeply localized states and extrem
thin quantum wells. This result suggests that with decreas
well width the electronic structure leaves the ‘‘nearly ide
quantum-well’’ case more and more and approaches
‘‘quasi-0D’’ limit, where localization induced by well width
fluctuations plays a dominant role and causes a signific
lateral confinement.
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