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Photoluminescence properties of MgS ÕCdSe quantum wells
and quantum dots

M. Funato,a) A. Balocchi, C. Bradford, K. A. Prior, and B. C. Cavenettb)

Department of Physics, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom

~Received 13 August 2001; accepted for publication 9 November 2001!

The optical properties of MgS/CdSe quantum structures grown by molecular beam epitaxy are
characterized by photoluminescence~PL! spectroscopy. The increase in the CdSe thickness from 1
to beyond 3 ML results in the formation of, at first, quantum wells~QWs! and then quantum dots
~QDs! by Stranski–Krastanov growth. The PL temperature dependence measurements reveal that, in
the QWs, excitons localized by potential fluctuations principally govern the PL properties, which is
in strong contrast to the QD PL properties. ©2002 American Institute of Physics.
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Zincblende~ZB! MgS is an excellent barrier material fo
wide-gap II–VI quantum structures due to the large band
of about 4.8 eV and because the lattice parameter is clos
GaAs and ZnSe.1,2 Although the stable MgS crystal structu
is rocksalt, we have recently established a molecular be
epitaxy ~MBE! technique that enables the growth of ZB
MgS on lattice-matched GaAs substrates.1 This technique
has allowed us to fabricate MgS-based quantum struct
on GaAs and the excitonic properties of high quality Mg
ZnSe quantum wells~QWs! have already been reported.1 In
this study, we explore the quantum structure MgS/Cd
where the growth development from the monolayers to qu
tum dots can be observed clearly.

Since ZB–MgS is nearly lattice matched to ZnSe, str
in the MgS/CdSe system is almost identical to that in Zn
CdSe and so the growth behavior of CdSe on MgS should
similar to that on ZnSe. For example, a transition from tw
dimensional to three-dimensional growth with increas
CdSe thickness@Stranski–Krastanov~SK! growth# resulting
in self-formation of quantum dots~QDs! is expected, as re
ported many times for ZnSe/CdSe.2–5 However, MgS/CdSe
is not a simple replica of ZnSe/CdSe because of the m
larger exciton confinement. On the basis of linear combi
tion of atomic orbital theory,6 the conduction and valenc
band offsets at the MgS/CdSe interface were evaluated t
2.16 and 0.87 eV, respectively, which are much larger t
those in the ZnSe/CdSe system~0.84 and 0.23 eV!. Using
these band offsets, we have calculated the QW exciton b
ing energies and found that the decrease of the binding
ergy due to tunneling effects observed in ZnSe/CdSe Q
which are narrower than 3 ML does not occur even in a
ML MgS/CdSe QW~1 ML50.33 nm, if CdSe is coherentl
grown!. Furthermore, it is interesting to note that interfa
fluctuations, particularly in narrow QWs, produce localiz
tion states for excitons and that such localization states
like QD.7 Since the confinement potential in MgS/CdSe
very large, interface fluctuations are expected to provide
nificantly deep localization states in QWs. Thus localizat
of excitons in either QDs or potential minima in QWs go
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erns the optical properties of the MgS/CdSe quantum st
tures.

In this study the optical properties of a series of samp
with different CdSe nominal thicknesses~both thicker and
thinner than the critical thickness for SK growth! are char-
acterized by photoluminescence~PL! spectroscopy. The
samples were grown on GaAs~001! substrates by MBE and
have the structure GaAs~substrate!/ZnSe ~50 nm, buffer!/
MgS ~20 nm!/CdSe/MgS~10–20 nm!/Zn~Mg!~S!Se ~5 nm,
protective cap!. The MgS growth method has been describ
previously.1 CdSe layers were deposited at 240 °C using
ther MBE or migration enhanced epitaxy~MEE!. However,
there was no discernible difference in the PL properties
to the growth methods. CdSe layers grown by MBE we
deposited with a low growth rate of 50 nm/h, and sub
quently annealed at 280 °C for approximately 5 min.8 The
MEE layers were also annealed at 280 °C. Layer morphol
was monitored during growth using reflection high-ener
electron diffraction~RHEED! while sample structural quality
and the thicknesses of the CdSe layers were obtained
growth using x-ray double crystal diffraction.

Variation of the low-temperature~5 K! PL spectra due to
the CdSe thickness is shown in Fig. 1, where the CdSe no
nal thickness increases from top to bottom. The ZnSe he
hole ~HH! emission is from the buffer layer. The CdSe em
sion energy ranges between 2.2 and 3.8 eV, depending o
CdSe thickness. The highest emission peak energy obse
so far is 3.70 eV, as shown in spectrum~a! where it should be
noted that a sharp emission at 3.70 eV~emissionAs! over-
laps a broad emissionAb about 200 meV wide. EmissionAs

was observed also from QWs with thicker CdSe as a sh
der @spectra~b! and~c!#. These results can be understood
considering that we are observing layer-by-layer growth a
that the sharp emission (As) is from CdSe regions 1 ML high
which are large in terms of the exciton Bohr radius~4.8 nm
for bulk CdSe! while the broadband (Ab) corresponds to the
changes in energy for size fluctuations away from 1 ML Q
The size fluctuations can occur both in the growth direct
and in the in-plane~lateral! direction by interface roughnes
and CdSe ML islands formation, for example. As the Cd
thickness is increased, emissions are detected at 3.05 eV~Bs

andBb) and at 2.74 eV (Cs) in addition to emissionsAs and
Ab, as shown in spectrum~c!. We attributed these to 2 and

y,
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ML QWs, respectively. Our assignments ofAs ~1 ML!, Bs ~2
ML !, andCs ~3 ML! are verified by the inset, where the P
emission energies agree well with the calculated transi
energy of the 1s HH excitons in ML-QWs. Note that, in this
calculation, the MgS band gap and the valence-band o
were assumed to be 4.8 and 0.87 eV, respectively. For
broad emissions, the linewidth at the half maximum rema
approximately the same at;200 meV and this characteristi
is very different from the ZnSe/CdSe system, where a n
rower ML-QW exhibits a narrower emission9,10 due to inter-
facial alloy formation.10 Clearly in the present case there
no significant interdiffusion between Mg and Cd. Increas
the CdSe thickness beyond 3 ML@see spectra~d! to ~f!#
causes the appearance of an emission with a broad linew
due to QDs formation by SK growth and a wetting lay
~WL! emission corresponding to the 3 ML QW (Cs) energy.
In spectrum~f!, the SK QDs emission is weakened probab
by the introduction of misfit dislocations.

The temperature dependences of the PL were inve
gated in detail for both the QW and the SK QD samples.
these experiments, the samples were excited by the 351
line ~3.53 eV! of an Ar1 laser to ensure that the MgS barri
layer is not excited. Typical results for the QWs are summ
rized in Fig. 2 for the 2 ML (Bs1Bb) emission in the sample
with the PL spectrum shown in Fig. 1~c!. First, it should be
emphasized that the integrated intensity at room tempera
is still one-third of the intensity at 5 K, indicating a hig
internal quantum efficiency due to the large confinement
tential; the strong confinement of excitons in the narrow w

FIG. 1. Low-temperature~5 K! PL spectra from MgS/CdSe quantum stru
tures showing the formation of the QDs as the CdSe nominal thickn
becomes thicker from top to bottom. The ZnSe heavy hole~HH! emission is
from the buffer layer. In the inset, the PL emission energies ofAs ~1 ML!, Bs

~2 ML!, andCs ~3 ML! emissions are compared with the calculated tran
tion energy for 1s HH excitons in ML-QWs~solid line!.
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region makes the exciton binding energy large enough
stabilize excitons even at room temperature. When the t
perature is increased up to 65 K, the emission energy
blueshifted@Fig. 2~a!#, which can be recognized by compa
ing the emission energy with the broken line representing
temperature dependence for the CdSe band gap.11 Also, the
integrated intensity increases@Fig. 2~b!#. With a further in-
crease in temperature above 65 K, the emission energ
redshifted and the integrated intensity decreases. These
perature dependences are quite anomalous in compa
with the data published on other QWs but the results
understandable in terms of excitons localized by poten
fluctuations as illustrated schematically in Fig. 3~a!. Such
potential fluctuations can be realized, for example, by Cd
ML islands with size fluctuations as shown in Fig. 3~b!,
where sets of type I and II islands grow on either an exten
CdSe ML or the MgS barrier layer~III !. The broad PL line-
width indicates that there are many islands with differe
dimensions, that is, with different potential energies, thou
only two of both the type I and II islands are drawn in Fig.
for simplicity.

The temperature dependence below 65 K is explai
well by exciton thermalization from localized states I in Fi
3 to relatively free states II, because, as demonstrated
Sugawara, the lifetime of free excitons in a QW is shor
than that of localized excitons.12 We have performed a mode
calculation in order to see the effects of thermalization
tween two levels assuming that some of the excitons in
lower energy state~state I! are thermalized into the highe
energy state~state II! with a Boltzmann distribution, and so

ss

-

FIG. 2. Temperature dependence of~a! the PL peak energy and~b! the
integrated intensity from the QW sample with the PL (Bs1Bb) spectrum at
5 K shown in Fig. 1~c!. The broken line in~a! is the band gap of CdSe
shifted to a higher energy for comparison with the data. The solid line in~b!
is a fit to the data.

FIG. 3. ~a! Schematic of potential fluctuations used for the explanation
the PL temperature dependence shown in Fig. 2.~b! An example of the layer
growth that could realize the potential fluctuations in~a!, where I and II are
CdSe islands and III is either a CdSe ML layer or the MgS barrier laye
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the emission intensity can be expressed asI 0@11C exp
(2DE/kT)#, whereI 0 is the intensity at 0 K,C is a constant
related to the radiative lifetimes,DE is the energy difference
between two levels,k is the Boltzmann constant andT is the
absolute temperature. The calculated results are show
the solid line in Fig. 2~b!. Very good agreement was foun
with DE51.3 meV and this small energy difference sugge
strong spatial localization of excitons in state I resulting
weak energy confinement since the subband in states I
be near the top of the wells close to the subbands of state
It should be noted that the activation energy of 1.3 m
agrees reasonably well with the amount of the blueshift
about 5 meV, estimated from Fig. 2~a!.

For the temperature range above 65 K, exciton tran
processes between type II CdSe islands should be con
ered. At low temperatures CdSe islands are occupied ho
geneously by photogenerated excitons, while at higher t
peratures excitons thermally escape from a higher energ
state~e.g., smaller CdSe island! and are re-trapped in a lowe
energy II8 state~larger CdSe island!. In Fig. 3~b!, this pro-
cess is recognized as the exciton transfer from II to II8 via
state III, which is an extended CdSe QW or the MgS bar
layer. This process involves a redshift of the emission ene
consistent with the experimental results. The PL linewid
exhibits a narrowing between 150 and 250 K, which is a
consistent with this model as only a part of CdSe islan
ensemble may contribute to the PL as a consequence o
exciton transfer. The decrease of the integrated intensit
probably due to nonradiative recombination. In summary,
citon localization at states I and II due to potential fluctu
tions and transfer via state III determine the optical prop
ties of MgS/CdSe QWs. Note that, similar results we
obtained for other QW samples.

For the SK QD samples, the temperature dependence
the PL from the QDs and the WL are shown in Fig. 4. T
differences from the QW samples are very obvious, in p
ticular, for the integrated intensity. To explain the tempe
ture dependence of the intensity, we solved rate equat
~see, e.g., Ref. 13! which take into account the photogener
tion of excitons, the radiative and nonradiative recombi
tions, the transfer between QD and the WL, and the ther
activation. We have assumed that in the WL the radiat
recombination rates are inversely proportional to the te

FIG. 4. Summary of the temperature dependence measurement for th
sample with the PL spectrum at 5 K shown in Fig. 1~e!. The closed and open
symbols stand for WL and QDs, respectively. The broken line in~a! is the
shifted band gap of CdSe. The solid lines in~b! are the result of the simu-
lations based on the rate equations.
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perature and the nonradiative rates are proportional to
temperature13 while those in QDs are independent
temperature.12 These differences are derived from the diffe
ence in the electronic structures of QW and QD. The res
of fitting the data are shown by the solid lines in Fig. 4~b!.
Although we have neglected the QD size distribution, agr
ment is fairly good, indicating that there are indeed two le
els ~QDs and WL! and that their correlation is described we
by the rate equations. From the calculation it was found t
the parameter which dominates the thermal quenching of
QD PL is the energy for the thermal activation, which w
evaluated to be 28 meV. The origin of this activation ene
is uncertain but it is consistent with a phonon process si
the CdSe LO phonon energy is 26 meV.

The peak energy changes are shown in Fig. 4~a!. For the
QDs, the peak energy shows a blueshift below 50 K, thou
the cause of this is unclear and, at present, cannot be
scribed by the above rate equations. Above 50 K, the p
energy almost follows the temperature dependence of
bulk CdSe band gap, indicating the absence of exciton tra
fer between QDs either due to uniform QD size or low Q
density, which would give a redshift. For the WL, the pe
energies should follow the CdSe bulk band gap. Howev
the data around 50 K are less reliable as the WL emissio
on the tail of the QD emission and so no further conclusio
can be reached.

In summary, the PL properties of MgS/CdSe quantu
structures have been investigated. The transition from QW
SK QDs with increasing the CdSe thickness has been
served in the low-temperature PL and the difference in
optical properties has clearly been demonstrated by PL t
perature dependence measurements.
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