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The optical properties of CdSe/MgS monolayer �ML� quantum wells �QW’s� and self-assembled quantum
dots �QD’s� grown by molecular beam epitaxy are investigated by continuous-wave �cw� and time-resolved
�TR� photoluminescence �PL� spectroscopy. The cw-PL spectra clearly show the growth development from
ML-QW to QD’s as the CdSe thickness increases from 1 to beyond 3 ML. The carrier dynamics are charac-
terized chiefly by TRPL. For ML-QW’s, it is determined that carrier localization in the potential fluctuations
and scattering by phonons significantly influence the optical properties. On the other hand, TRPL reveals the
carrier dynamics for QD’s and a wetting layer �WL�; some of the carriers photogenerated in the WL radiatively
emit, while others are captured by QD’s via a carrier-carrier scattering on a �5 ps time scale. Within the next
10–50 ps, the carriers relax to the ground level via a carrier–LO–phonon scattering. Finally, the carriers
radiatively recombine with a recombination lifetime of 100–300 ps, depending on the emission energy.
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I. INTRODUCTION

Carrier confinement in quasi-zero-dimensional semicon-
ductor systems has attracted intensive research from both
pure and applied points of views.1 Perhaps the most thor-
oughly studied systems involve InAs self-assembled quan-
tum dots �QD’s� on GaAs substrates. On the other hand,
there is considerable interest in wide-band-gap II-VI QD’s
for visible emitters and spintronic applications.2–4 Since
CdSe on ZnSe and InAs on GaAs have nearly identical lat-
tice mismatches, their growth behaviors had been expected
to be similar. Actually, the formation of self-assembled CdSe
QD’s on ZnSe was initially explored by Xin et al.,5 and
numerous others have followed.6–8 Compared to InAs/GaAs,
CdSe/ZnSe has a stronger confinement of carriers and stron-
ger excitonic properties, which allow highly efficient lumi-
nescence at elevated temperatures. In fact, a single-photon
emitter based on CdSe/ZnSe QD’s can operate up to 200 K.9

However, to enhance the excitonic properties and to achieve
a higher luminescence efficiency particularly at room tem-
perature �RT�, further confinement is necessary. Furthermore,
the CdSe/ZnSe interface is highly miscible, and conse-
quently, the interfaces become unclear,8,10 which makes for a
gradual carrier confinement. Thus, the exact size and compo-
sition of the dots are unknown. In order to overcome these
issues, we proposed that MgS is a promising alternative to
ZnSe.

Zinc-blende �ZB� MgS has a band gap of �4.8 eV and a
lattice parameter close to GaAs and ZnSe.6,11 Hence, ZB-
MgS is an excellent barrier material for wide-gap II-VI quan-
tum structures. Although the stable MgS crystal structure is
rocksalt, we recently established a molecular beam epitaxy
�MBE� technique that enables ZB-MgS to be grown on
lattice-matched GaAs substrates.11 Thus, it is possible to fab-
ricate MgS-based quantum structures on GaAs. A detailed
study of the excitonic properties of high-quality ZnSe/MgS
quantum wells �QW’s� has already been reported.11 Also, we
have observed the details for the formation of ML-QW’s and

QD’s while growing CdSe on MgS using optical
spectroscopy.12 Since the strain in the CdSe/MgS system is
nearly identical to that in CdSe/ZnSe, the growth behavior
of CdSe on MgS should be similar to that on ZnSe. However,
dot formation in CdSe/MgS is clearly different from
CdSe/ZnSe. For example, during the growth of the CdSe
QD’s on ZnSe, there is intermixing between the CdSe and
ZnSe layers so that CdZnSe dots are formed. There is little
evidence of a wetting layer �WL�, and not only Stranski-
Krastanow �SK� dots, but also dotlike islands grow with a
density of �1010 cm−2 and 1011 cm−2, respectively.13 In con-
trast, optical spectroscopy of CdSe/MgS provides clear evi-
dence of monolayer �ML� QW’s and WL formation, which
indicates that when growing CdSe/MgS dots intermixing
does not occur. In order to assess the miscibility of the
MgCdSSe alloy, the spinodal curve was calculated similar to
that for of MgZnSSe �Ref. 14� and the result is shown in Fig.
1. The temperature of 240 °C assumed in this calculation is
a typical growth temperature in this study. It is clear that the
MgCdSSe system is immiscible throughout the entire com-
position, which is consistent with our experimental results.

The CdSe/MgS system is also important due to the much
stronger exciton confinement. Based on the linear combina-
tion of atomic orbitals �LCAO� theory,15 the evaluated
conduction- and valence-band offsets at the CdSe/MgS in-
terface are 2.16 and 0.87 eV, respectively, which are much
larger than those in the CdSe/ZnSe system �0.84 and
0.23 eV�. Using these band offsets, we calculated the exciton
binding energies for CdSe/MgS QW’s as well as
CdSe/ZnSe QW’s for comparison. The CdSe well involves
compressive strain, and so heavy-hole exciton was consid-
ered. The calculation was performed by adopting Peyla’s
method.16 Figure 2 shows the results when the longitudinal
axis shows the difference between the 1s and 2s heavy-hole
exciton binding energies. It is determined from Fig. 2 that the
decrease in the binding energy due to tunneling effects ob-
served in CdSe/ZnSe QW’s that are narrower than 3 ML
does not occur even in 1-ML CdSe/MgS QW’s �1 ML

PHYSICAL REVIEW B 73, 245308 �2006�

1098-0121/2006/73�24�/245308�12� ©2006 The American Physical Society245308-1

http://dx.doi.org/10.1103/PhysRevB.73.245308


=0.33 nm, when CdSe is coherently grown�. Obviously,
MgS is advantageous over ZnSe in terms of exciton stability.

Finally, it is noteworthy that the fluctuations of the well
width, and consequently the transition energy, are in actual
QW’s and are responsible for the deviation from the ideal
two-dimensional character. The interface fluctuations, par-
ticularly in narrow QW’s, produce potential minima—that is,
localization states for the excitons. It has been previously
reported that these localization states act as QD’s �Ref. 17�
and give rise to the existence of zero-dimensional excitons.
Since the confinement potential in the CdSe/MgS system is
very large, the interface fluctuations should provide signifi-
cantly deep localization states in the CdSe/MgS ML-QW’s.
Thus, the localized quasi-zero-dimensional excitons should
play a key role in determining the optical properties in both
CdSe/MgS QD’s and CdSe/MgS ML-QW’s.

In this paper, we review the growth and optical properties
of recently developed CdSe/MgS ML-QW’s and QD’s. We
also present a detailed study of the recombination processes
using picosecond time-resolved �TR� photoluminescence
�PL� spectroscopy. The paper is organized as follows. Sec-
tion II theoretically predicts the excitonic properties of

CdSe/MgS quantum disks. After a brief description of the
experimental method in Sec. III, the growth development
from ML-QW’s to QD’s is described in Sec. IV. Then the
carrier dynamics in ML-QW’s and QD’s are investigated in
Secs. V and VI, respectively.

II. THEORETICAL PREDICTIONS

The excitonic properties such as transition energy, binding
energy, and spontaneous-emission lifetime are theoretically
predicted for the CdSe/MgS system. Since CdSe is compres-
sively strained, 1s heavy-hole excitons are considered. As
mentioned in the Introduction, zero-dimensional excitons
would govern the optical properties of CdSe/MgS ML-QW’s
and QD’s; a quantum disk structure was assumed for this
calculation. The calculation was based on Ref. 18, where the
disk possesses a cylindrical shape, and the vertical and lateral
confinements are described by a rectangle potential like in
normal QW’s and harmonic-oscillator-type parabolic poten-
tials, respectively. The only difference from Ref. 18 is the
transition matrix element for bulk materials, and we used the
one proposed by Yan et al.19 The temperature was assumed
to be 0 K, and so no thermalization was considered.

The results are shown in Fig. 3, and the parameters used
are listed in Table I. Figure 3�a� indicates that the CdSe/MgS

FIG. 2. Heavy-hole exciton binding energy for CdSe/MgS and
CdSe/ZnSe QW’s.

FIG. 3. Contour plots of transition energy, binding energy, and spontaneous emission lifetime of 1s heavy-hole excitons in CdSe/MgS
quantum disks.

FIG. 1. Spinodal curve for MgCdSSe alloy at a typical growth
temperature of 240 °C. The shaded region indicates the immiscible
region.
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QD’s can cover almost the entire visible spectral range. From
Fig. 3�b�, on the other hand, it is found that the exciton
binding energy can be larger than the thermal energy of RT
�26 meV� and, also, the CdSe LO phonon energy �26 meV�
for any disk dimensions. Therefore, excitons in CdSe disks
embedded in MgS will be stable even at RT. Furthermore,
Fig. 3�c� shows that the radiative lifetime is more than 2
times shorter, compared with conventional InAs QD’s. This
is mostly due to the wider band gap, which enlarges the
oscillator strength. A shorter radiative lifetime brings a better
internal quantum efficiency, and, therefore, the predicted
short spontaneous-emission lifetime and the large binding
energy in the CdSe/MgS QD’s are expected to lead to highly
efficient excitonic devices operating at elevated tempera-
tures.

III. EXPERIMENT

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 detailed growth
method for MgS has been described previously.11 CdSe lay-
ers were deposited at 240 °C using either MBE or migration

enhanced epitaxy �MEE�. However, there was no discernible
difference in the PL properties due to the growth methods.
CdSe layers grown by MBE were deposited with a low
growth rate of 50 nm/h, and subsequently annealed at
280 °C for approximately 5 min,26 though, in fact, no no-
ticeable difference was observed in the optical properties
with and without annealing. The MEE layers were also an-
nealed at 280 °C. Layer morphology was monitored during
growth using reflection high-energy electron diffraction
�RHEED� while the sample structural quality of the CdSe
layers was obtained after growth using x-ray double-crystal
diffraction.

For cw-PL, an Ar+ laser with a wavelength from
285 to 514 nm was used for an excitation. PL excitation
�PLE� spectra were obtained by scanning the wavelength
from a cw-dye laser excited by the Ar+ laser. TRPL measure-
ments were performed at 13 K unless stated, using 1.5-ps
excitation pulses at a repetition rate of 80 MHz from a
frequency-doubled Ti-sapphire laser and detection was via a
25-cm monochromator and a streak camera. The laser was
tuned to a wavelength of 356 nm �3.48 eV� for the ML-
QW’s and 400 nm �3.10 eV� for QD’s in order to selectively
excite CdSe.

IV. GROWTH DEVELOPMENT FROM ML-QW TO QD’s

The growth development from ML-QW to QD’s was as-
sessed by PL and atomic force microscopy �AFM�. Figure 4
shows the low-temperature �5 K� PL spectra of ML-QW’s
��a� and �b�� and �c� QD’s. The nominal CdSe thicknesses are
�a� 1 ML, �b� 2 ML, and �c� �3 ML, and the assignment of
the emissions is described in Ref. 12. For the 1-ML and
2-ML emissions, a sharp emission due to CdSe regions 1 or

TABLE I. Physical parameters used for the calculation.

MgS CdSe

Energy gap �eV� 4.8 1.766a

Valence band offset �eV� 0.87b

SO splitting energy �eV� 0.07c 0.42a

Effective masses �/m0�
Electron 0.25d 0.13e

Heavy hole � �001� 1.4d 0.45e

Heavy hole � �001� 0.41d 0.158f

Lattice parameter �nm� 0.562g 0.6077h

Static dielectric constant 7i 9.2j

Deformation potentials �eV�
Hydrostatic −5.56d −3.66e

Shear −1.35d −0.8e

Elastic stiffness constant ��1010 N/m2�
C11 5.68d 6.67e

C12 5.79d 4.63e

aReference 20.
bEstimated by the LCAO theory. See the text for more details.
cThe value for ZnS was used for MgS as these materials possess a
common anion �S� and, consequently, are expected to have similar
valence band electronic structures.
dReference 21.
eReference 22.
fReference 23.
gReference 24.
hReference 25.
iRoughly estimated from other II-VI’s such as ZnX, CdX, and HgX
�X=S,Se,Te�.
jDetermined to give the bulk exciton binding energy of 16 meV.

FIG. 4. Low-temperature �5 K� PL spectra of ML-QW’s ��a�
and �b�� and �c� QD’s. The nominal CdSe thicknesses are �a� 1 ML,
�b� 2 ML, and �c� �3 ML. The ZnSe heavy-hole �HH� emission is
from the buffer layer. The inset shows the polarization PL spectra

for 2 ML QW and QD’s acquired along the �110� and �11̄0�
directions.
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2 ML high which are large in terms of the exciton Bohr
radius �4.8 nm for bulk CdSe� overlaps a broad emission,
about 200 meV wide, corresponding to the changes in emis-
sion energy for size fluctuations away from perfect ML-
QW’s. The broad emissions from the ML-QW’s characterize
the CdSe/MgS system because, for the CdSe/ZnSe system,
a narrower ML-QW exhibits a narrower emission10,27 due to
interfacial alloy formation.10 Clearly in the present case there
is no significant interdiffusion between Mg and Cd, consis-
tent with Fig. 1. Increasing the CdSe thickness beyond 3 ML
causes the appearance of an emission with a broad linewidth
due to QD formation by SK growth and a WL emission
corresponding to the 3 ML QW energy �Fig. 4�c��. The QD
formation was demonstrated by polarization PL measure-

ments along the �110� and �11̄0� directions, as shown in the
inset. For the 2-ML QW, the PL spectra acquired along both
the directions are identical, while for the QD’s, the PL spec-
trum along the �110� direction is stronger by �45%, which
indicates that the shape of the emission sites is isotropic in
the ML-QW and is deformed to be anisotropic by the QD
formation. The general relationship between the emission in-
tensity and wave vector suggests that the observed 45% in-
crease in the emission intensity corresponds to the elongation
of the QD shape along the �110� direction by about 20%.

QD samples have been grown without MgS caps for AFM
measurements. The presence of QD’s is observed only on
layers with more than 3 ML deposited, and a typical image
from such a layer is shown in Fig. 5. The dots are approxi-
mately 16 nm high and 60 nm in diameter, and the dot den-
sity is 5�108 cm−2. The section analysis indicated an almost
atomically flat surface between the dots, which corresponds
to the narrow 3-ML �WL� emission peak observed in Fig. 4.
An anisotropic shape predicted by the above PL measure-
ments was not detected within the present experimental reso-
lution.

V. MONOLAYER QUANTUM WELLS

A. cw-PL

The temperature dependences of the cw-PL were investi-
gated by exciting the CdSe/MgS ML-QW’s with the 351-

nm line �3.53 eV� of the Ar+ laser to ensure not to excite the
MgS barrier layer. Typical results are summarized in Fig. 6
for the 2-ML QW emission. First, it should be emphasized
that the integrated intensity at RT is still �33% of the inten-
sity at 5 K, indicating a high internal quantum efficiency
probably due to the strong confinement, as discussed with
Fig. 2 and in Sec. II. When the temperature is increased up to
50 K, the emission energy is blueshifted �inset of Fig. 6�a��.
Also, the integrated intensity increases and the full width at
half maximum �FWHM� decreases. With a further increase
in temperature above 50 K, the emission energy is red-
shifted, the integrated intensity decreases, and the FWHM
increases. These quite anomalous temperature dependences
are understandable in terms of excitons localized by potential
fluctuations as illustrated schematically in Fig. 7�a�. Further
evidence of the presence of localized excitons is given later
by TRPL. An example that can realize such potential fluc-

FIG. 5. Typical AFM image of QD samples without MgS caps.
The marker represents 1 �m.

FIG. 6. Temperature dependence of �a� the PL peak energy, �b�
the integrated intensity, and �c� the linewidth of the 2-ML QW
emission. In �a�, the dashed line is the band gap of CdSe �Ref. 20�
shifted to a higher energy for comparison with the data, and the
inset shows a detailed variation of the PL peak energy below 50 K.
The solid line in �b� is a fit to the data as described in the text
�reproduced from Ref. 12�.

FIG. 7. �a� Schematic of potential fluctuations used for the ex-
planation of the PL temperature dependence shown in Fig. 6. �b� An
example of the layer growth that could realize the potential fluctua-
tions in �a�, where I and II are CdSe islands and III is either a CdSe
ML or the MgS barrier layer. �Reprinted from Ref. 12�.
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tuations is CdSe ML islands with size fluctuations as shown
in Fig. 7�b�, where sets of type-I and -II islands grow on
either an extended CdSe ML or the MgS barrier layer �III�.

The temperature dependence below 50 K is explained
well by exciton repopulation from localized states I to rela-
tively free states II. Since such repopulation weakens the
exciton localization, the spontaneous-emission lifetime be-
comes shorter �cf. Fig. 3�c��, and as a consequence, the PL
intensity can be stronger. We have performed a model calcu-
lation, assuming that some excitons in the lower-energy state
�state I� are thermally repopulated into the higher-energy
state �state II� with a Boltzmann distribution.12 The result is
shown by the solid line in Fig. 6�b�. Very good agreement
was found with an energy difference between two levels of
1.3 meV, which agrees reasonably well with the amount of
blueshift of about 4 meV estimated from the inset of Fig.
6�a�. Furthermore, the decrease of the FWHM supports this
model because the repopulation reduces the number of the
sites contributing to the emission, resulting in the reduction
of the emission energy distribution.

Between 50 K and 120 K, the emission energy simply
follows the temperature dependence of the CdSe band gap,
indicating that the transfer from state I to II is completed in
this temperature range and that the emission from state II
determines the PL properties.

For the temperature range above 120 K, the exciton trans-
fer between the type-II CdSe islands via state III should be
considered; excitons photogenerated homogeneously can es-
cape from a higher-energy II state �e.g., smaller CdSe island�
and are retrapped in a lower-energy II� state �larger CdSe
island�. Among several possible causes of the carrier escape,
phonon scattering is plausible in our ML-QW’s as discussed
in Sec. V B. This exciton transfer process involves a redshift
of the emission energy, consistent with the experimental re-
sults. Also, the FWHM narrowing between 150 and 200 K is
consistent with this transfer model. The decrease of the inte-
grated intensity is due to nonradiative recombination, as is
discussed in Sec. V B.

B. Carrier dynamics

The carrier dynamics in a CdSe/MgS QW with a well
about 2 ML thick have been characterized. The excitation
power was 2.5 �J /cm2 unless otherwise stated.

1. Carrier dynamics at low temperatures

The time-integrated PL spectrum of the CdSe/MgS
ML-QW taken at 13 K is shown in Fig. 8�a�. The PL decay
at the peak was shown in Fig. 8�b�. As can be seen, the PL
decay has two components and so the curve was fitted by

I = Ioffset + Afast exp�−
t

�fast
� + Aslow exp�−

t

�slow
� . �1�

Let us consider the origins of these two decay components.
The inset of Fig. 8�b� is the variation of the intensities of Afast
and Aslow as a function of the excitation power. As seen, Afast
is always dominant and almost proportional to the excitation
power, while Aslow saturates at above 3�10−1 �J /cm2, sug-

gesting that the fast decay is related to radiative recombina-
tion and that the slow decay is related to states with a low
density of states. We discuss the nature of the slow decay
later in Sec. V B 2 and here would like to concentrate on the
fast decay.

The dependence of the PL fast decay on the emission
energy was plotted in Fig. 8�a�. The lifetime is shorter for
higher emission energy. This behavior is explained well by
considering carrier transport from higher-energy states to
lower-energy localized states. According to the weakly local-
ized model proposed first for CdSSe alloys by Gourdon and
Lavallard,28 the PL decay time �PL for excitons in localized
states can be written as

�PL�E� =
�r

1 + exp	�E − Eme�/E0

, �2�

where �r is the radiative lifetime, Eme is the energy for which
the radiative lifetime equals the transfer lifetime, E0 is a
characteristic energy for the localized tail states, and the den-
sity of states is assumed to be proportional to exp�−E /E0�.
Above Eme, excitons transfer toward lower-energy states
rather than recombine radiatively. The dashed line in Fig.

FIG. 8. �a� Time-integrated PL spectrum and PL decay time
��fast� of the CdSe/MgS ML-QW. The dashed line is the result of a
fit; see the text for details. �b� PL decay curve at the emission peak.
The inset illustrates the variation of the fast- and slow-decay com-
ponents as a function of the excitation power, which was extracted
by the fit using Eq. �1�.
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8�a� is the best fit between experiments and Eq. �2�. The
obtained quantities were �r=296 ps, Eme=3.1824 eV, and
E0=40.7 meV. The very good agreement supports that the
fast decay observed in Fig. 8�b� is determined by the com-
petition between radiative recombination and exciton trans-
fer.

In cw-PL at low temperatures, the emission from states I
and II determines the PL properties as discussed with Figs. 6
and 7 while in TRPL the fast decay is dominant at 13 K. This
strongly suggests that the fast decay is related to states I and
II and that these states are weakly localized states. The en-
ergy dependence of the fast decay observed in Fig. 8�a� is,
then, interpreted as the carrier transfer from states I and II
with a higher energy to other states I and II with a lower
energy.

Evidence of the exciton transfer is also given by TRPL
spectra shown in Fig. 9. At first �see � and ��, the PL
comes from the higher-energy side of the time-integrated PL
spectrum �Fig. 8�a��. Then, the PL peak shifts toward lower
energy. At the time of 45–95 ps, the PL intensity is strongest
with a peak at 3.08 eV and the spectrum is almost identical
to the time-integrated PL spectrum. These results indicate
that excitons are first captured by higher-energy states and
then travel toward lower-energy states. A further increase in
time brings a further redshift and a decrease in the PL inten-
sity, reflecting the faster PL decay for higher energy, as
shown in Fig. 8�a�.

2. Temperature dependences

Figure 10 shows the temperature dependence of the PL
decay measured at the peak. At 13 K, the PL decay is domi-
nated by the fast decay with a lifetime of 280 ps and the slow
decay �2.6 ns� is not significant, as already discussed with
Fig. 8. At elevated temperatures, the fast-decay component
becomes weaker and disappears at around 175 K. Above
175 K, an additional slower decay �1.6 ns at 225 K� appears.
These characteristics are quantitatively plotted in Fig. 11, in
which the transitions are named as A, B, and C.

Transition A is dominant below 150 K. Its lifetime, which
is almost equal to the radiative lifetime as shown in Fig. 8�a�,
decreases with increasing temperature up to 60 K and stays
constant at 210 ps at between 60 and 135 K. It is interesting

to compare this behavior with the temperature dependence of
the cw-PL intensity �Fig. 6�b��; the degree of the lifetime
decrease �67%� corresponds well with that of the intensity
increase �150% =1/ �67% ��. With Figs. 6 and 7, we pro-
posed a model in which the PL intensity is strengthened by a
decrease of the radiative lifetime due to the exciton thermal-
ization. Figure 11 supports this model and confirms that tran-
sition A involves the radiative recombination from states I
and II. The small difference in the lifetime does not allow
their recombination lifetimes to be resolved in the decay
curves.

Transition B, on the other hand, becomes dominant above
�150 K. Note that a redshift of the peak position occurs in
this temperature range, as shown in Fig. 6�a�. These results
suggest that transition B is related to localized states deeper
than states I and II, the density of which is not so high, as
concluded with the inset of Fig. 8�b�. Therefore, transition B
should have a longer radiative lifetime than transition A,
which is confirmed below. The PL decay time for transition

FIG. 9. TRPL spectra. The origin of time is when the laser
intensity for excitation reaches the maximum.

FIG. 10. Decay curves of the PL peak at various
temperatures.

FIG. 11. Temperature dependence of the PL decay times. The
solid and dashed lines are the results of fitting assuming an exciton-
phonon interaction.
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B gradually decreases with temperature. We fitted the experi-
mental result using �PL

−1 =�r
−1+�i

−1, where �i represents pro-
cesses other than the radiative one—that is, for example,
nonradiative recombination and carrier transfer. An issue in
the fit is how to express the temperature dependences of �r
and �i. The radiative lifetime �r is assumed to be temperature
independent as excitons associated with transition B are
deeply localized and the lifetime of localized excitons should
be temperature independent.18 For other processes, there are
several possible routes such as defects, exciton thermaliza-
tion, or exciton-phonon scattering. However, if the lifetime
of the defect-related nonradiative recombination ��nr� is writ-
ten as �nr�T−1 �Ref. 29� or �nr�T−1/2 �Ref. 49�, the experi-
mental results are not reproduced at all. Also, the exciton
thermalization may be ruled out as the lifetime for transition
B begins to decrease at a very low temperature, which does
not fit the fact that the exciton confinement in the present
sample is very strong. Therefore, phonon processes were
considered. Since phonons obey the Bose-Einstein distribu-
tion, the lifetime of the phonon process �PH can be expressed
as

�PH
−1 = �0�

i=1

m � 1

exp�EPHi/kT� − 1
+ Aini

, �3�

where �0 is a constant containing the usual scattering matrix
elements, m is the number of the type of phonons, EPH is the
phonon energy, A equals 0 for phonon absorption or 1 for
emission, and n is the number of phonons.30 In order to sim-
plify the fitting, we will neglect the contribution from LA
phonons in the following discussions, as the LA phonon en-
ergy is very small. In the present case, since we are consid-
ering the phonon scattering as the nonradiative process, LO
phonons are absorbed �A=0� and �i=�PH. The solid line
drawn in Fig. 11 is the best fit, and �r=2.64 ns, m=1, EPH
=27.7 meV, and n=1 were obtained. Note that EPH
�27.7 meV� is nearly equal to the CdSe LO phonon energy
�26 meV� and, furthermore, that a redshift was observed in
cw-PL �Fig. 6�a��. These findings suggest that, above 150 K,
an exciton is scattered from state II by one CdSe LO phonon
and then recaptured by deeper states.

Transition C was not dominant at any temperature. At
present, we consider that this transition has an origin similar
to transition B but involves multiphonon processes. This is
because a fit using the same �r and EPH as those in the above
calculation brought n=2.2, and the fit is fairly good as shown
by the dashed line in Fig. 11. Namely, transition C is related
to deeper states and an exciton scattered by two CdSe LO
phonons is responsible to transition C.

It is interesting to note that transitions B and C suggest the
presence of levels about 30–60 meV deep and that these
levels can be responsible for the redshift of about 30 meV
observed in cw-PL.

VI. QUANTUM DOTS

A. cw-PL

PL measurements of the QD samples were performed un-
der the same experimental conditions as the ML-QW PL.

The temperature dependences of the PL from the QD’s and
WL are shown in Fig. 12. To explain the temperature depen-
dence of the intensity, we solved rate equations which take
the transfer between QD’s and WL into account.12 The re-
sults of fitting the data are shown by the solid lines in Fig.
12�b�. Fairly good agreement demonstrates the presence of
the carrier transfer between QD’s and WL described well by
the rate equations. The carrier transfer is also discussed in
the following Sec. VI B. From the calculation it was found
that the parameter which dominates the thermal quenching of
the QD PL is the energy for the thermal activation of carriers,
which was evaluated to be 28 meV. The origin of this acti-
vation energy is uncertain but it is consistent with a phonon
process since the CdSe LO phonon energy is 26 meV.

The low QD density estimated by AFM �Fig. 5� suggests
the absence of exciton transfer between QD’s in the present
sample. Therefore, the blueshift observed for the QD emis-
sion below 50 K, which cannot be described by the above
rate equations, is possibly due to the exciton transfer within
each QD with relatively large dimensions. The narrowing of
the linewidth in this temperature range supports this hypoth-
esis because such a transfer can reduce the number of emis-
sion sites. Above 50 K, the peak energy almost follows the
temperature dependence of the bulk CdSe band gap, indicat-
ing the absence of any exciton transfers, which would give a
redshift. For the WL, the data above 50 K are less reliable as
the weak WL emission is on the tail of the strong QD emis-
sion. The slight redshift observed for the WL in Fig. 12�a� is
due to this uncertainty and the peak energies should follow
the CdSe bulk band gap.

It is interesting to compare the temperature dependence of
the FWHM in the CdSe/MgS QD’s with that in CdSe/ZnSe
QD’s.31 The tendencies characterized by the U shape are
quite similar to each other. However, the FWHM for the
CdSe/ZnSe QD’s doubles at a temperature near 280 K,

FIG. 12. Summary of the temperature dependence measurement
for the QD sample with the PL spectrum at 5 K shown in Fig. 4�c�.
The dashed line in �a� is the shifted band gap of CdSe. The solid
lines in �b� are the result of the simulations based on the rate equa-
tions. �Reproduced from Ref. 12�.
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which makes a striking contrast with the FWHM for the
CdSe/MgS QD’s broadened by only 30%. This is probably
due to the strong confinement in the CdSe/MgS QD’s that
can prevent carrier–LO-phonon scattering. The thermal
quenching of the PL intensity caused by scattering with LO
phonons should also be suppressed in the CdSe/MgS QD’s,
which may improve the internal efficiency.

B. Carrier dynamics

The excitation power was varied between 0.03 and
3 �J /cm2. Since the excitation energy was 3.10 eV, CdSe
was excited selectively. Assuming the CdSe thickness of 3
ML �=1 nm� is equal to the WL thickness and a CdSe ab-
sorption coefficient of 2�105 cm−1,32 it is found that only
2% of the excitation power is used to generate carriers in
CdSe. The AFM image in Fig. 5 indicated a typical QD
density of 5�108 cm−2, and, therefore, under an assumption
that all photogenerated carriers are finally captured by the
QD’s, the number of excitons in each QD per pulse is evalu-
ated to be at the most 200 for 3 �J /cm2 and 2 for
0.03 �J /cm2.

1. Evaluation of the lifetimes

Figure 13 shows the PL decay curves and the time-
integrated PL spectrum �inset� for a CdSe/MgS QD sample.
The excitation power was 0.3 �J /cm2. In the PL spectrum,
the emissions from the QD’s, the WL, and the ZnSe buffer
layer are clearly observed. The PL decays shown in the fig-
ure were measured at the energy positions designated by
from a to e in the inset. The transitions detected near the
maximum and on the low-energy side of the QD emission �a
and b� decay monoexponentially, while those detected on the
high-energy side �c and d� exhibit an additional faster com-
ponent. Also at the WL emission �e�, two decay components
are resolved.

Again, lifetimes were evaluated using Eq. �1�, and the
results are shown in Fig. 14. In order to identify the origins

of these four transitions we note that there are three possible
pathways in principle—that is, radiative recombination, non-
radiative recombination, and relaxation toward a lower-
energy level. Therefore, the PL lifetime can be written as
�PL

−1 =�r
−1+�nr

−1+�rl
−1, where �rl is the relaxation lifetime. In the

followings, we discuss the physics behind the observed life-
times.

2. Carrier dynamics in the QD’s

We attribute the slow and fast transitions in the QD’s to
the radiative recombination involving the QD ground level
and to the relaxation from a higher-energy excited level to
the ground level, respectively. The reasons are described be-
low.

a. Slow decay. In Sec. II, we calculated the spontaneous
emission lifetime of 1s heavy-hole excitons. As can be seen
in Fig. 3�c�, the lifetime is basically longer for disks with a
stronger lateral confinement. This is because a strong con-
finement in real space causes the spread of the wave vector
of excitons in k space and reduces the number of excitons
that can recombine radiatively. Therefore, the lifetime of
QD’s should be longer than that of QW’s �typically �300 ps
in this study, as discussed with Fig. 8�a��, and, thus, the slow
decay in the QD’s was attributed to the spontaneous emission
lifetime.

According to the theory that we adopted here, the sponta-
neous emission lifetime of quantum disks much smaller than
the exciton resonance wavelength in materials is expressed
by

�r
−1 =

2e2nr�ex
2 	2

m0
0c3

�2Mb
2/3�F2��1s�0��2

m0��ex
, �4�

where nr is the refractive index, �ex is the exciton resonance
frequency, 	 is a parameter describing the exciton center-of-
mass motion, m0 is the electron mass, 
0 is the static dielec-
tric constant, c is the speed of light, Mb is the transition
matrix element for bulk materials, F is the overlap integral
between the electron and hole wave functions, and �1s�r� is
the wave function for the exciton relative motion. Equation
�4� tells us that the radiative lifetime within a PL spectrum

FIG. 13. PL decays taken at the energy positions designated by
arrowheads in the inset, where the time-integrated PL spectrum is
shown. The excitation power was 0.3 �J /cm2.

FIG. 14. PL decay times as a function of the emission energy.
The open circles and triangles represent slow and fast PL decay,
respectively, evaluated using Eq. �1�.
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should be almost constant or rather longer for higher photon
energy.50 The experimental result shown in Fig. 14 exhibits a
trend opposite to the theoretical expectation and indicates the
presence of additional factors to be taken into account,
though these have not been clarified yet. Very similar char-
acteristics have been reported for InAs/GaAs33,34 and
CdSe/ZnSe QDs,35 and so these can be introduced briefly.
For example, Heitz et al.33 pointed out the influence of non-
radiative recombination, but nonradiative recombination is
usually negligible at low temperatures. Lateral transfer of
excitons between the QD’s has also been proposed,34,35

though the small density of QD’s in the present sample �5
�108 cm−2 estimated by AFM� might prevent interdot trans-
fer. Also, no lateral transfer was detected even at elevated
temperatures �see Fig. 12�. These models do not seem to
account for the present results, and a further study will be
necessary to identify the mechanism.

b. Fast decay. The faster-decay time decreases from
50 to 10 ps by increasing the detecting energy from
2.53 to 2.62 eV. Since the slow decay was attribute to the
radiative decay, the remaining two factors—that is, nonradi-
ative decay and intradot relaxation—are considered.

Figure 15 compares the variations of the intensity ratio
between the fast- and slow-decay components and of the
fast-decay time due to the excitation power. The intensity
ratio is independent of the excitation power, indicating that
the observed fast transition is not a defect-related nonradia-
tive process because the intensity of such a transition should
depend on the excitation power due to the state-filling effect.
Therefore, the carrier relaxation from an excited level to the
ground level is the most probable origin of the fast decay.
The contribution of higher levels is also supported by the
experimental finding that the fast transition appears only on
the high-energy side of the QD emission �see Fig. 13, for
example�. In the excitation power regime investigated in this
study, emission from an excited level was not observed ex-
plicitly, indicating that its radiative lifetime is much longer
than the relaxation time.

Figure 15 also gives an insight into the relaxation process
from an excited level to the ground level. Since the fast
decay time does not depend on the excitation power, the
relaxation process does not involve carrier-carrier scattering.
This is consistent with the results of resonantly excited
cw-PL measurements shown in Fig. 16. In these spectra,
resonances appear at the energy positions corresponding to
CdSe 1LO �26 meV� and CdSe 2LO and/or MgS 1LO
�55 meV�, suggesting that LO phonon scattering is the pri-
mary intradot �intersublevel� relaxation process in the
CdSe/MgS QD’s under the present experimental conditions.
Namely, photogenerated excitons relax from an excited level
to the ground level with an assistance of the LO phonons
and, subsequently, recombine radiatively.

The intradot relaxation time has extensively been studied
for CdSe nanoparticles �surrounded by glass�36–38 and
In�Ga�As/GaAs self-assembled QD’s.33,39–41 The reported
values vary widely from subpicosecond to a few hundreds
picoseconds, and various mechanisms, such as carrier-carrier
scattering, multiphonon emission, and biexciton formation,
have been proposed.33,36–41 The relative importance of these
processes depends on, for example, the material system, the
lattice temperature, the excitation power, and the QD dimen-
sions. In CdSe nanoparticles, the intradot relaxation time of
from 250 fs to 3 ps was reported and the mechanism behind
it has been proposed to be Auger-type electron-hole
scattering36,37 and LA-phonon scattering and biexciton
formation.38 As reported in Refs. 40 and 41, the LO-phonon-
related process is slower than other processes, and so the
present assignment of the observed lifetime of 10–50 ps to
the phonon process seems reasonable. A further support is
given by Ref. 33, where a similar intradot relaxation lifetime
of 28 ps has been reported for InAs/GaAs QD’s and multi-
LO-phonon scattering is proposed to be the dominant path-
way for the carrier relaxation.

c. Temperature dependence. The temperature dependence
of the QD PL decay measured with an excitation power of
3 �J /cm2 is summarized in Fig. 17. We begin by discussing
the slow decay, which is the radiative decay at low tempera-
tures. The lifetime is stable up to 50 K, as theoretically ex-
pected for the radiative recombination in QD’s having the

FIG. 15. Intensity ratio between the fast- and slow-decay com-
ponents and fast-decay time in the energy range of the QD emis-
sion. The dependences on the excitation power are shown.

FIG. 16. cw PL spectra resonantly excited by the energies
shown in the figure.
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density of states expressed by a  function.18 Then, it rises
slightly up to 120 K, contrary to the theoretical expectation.
However, such an increase in the radiative lifetime has been
reported many times, particularly for InAs/GaAs self-
assembled QD’s, and is often attributed to the thermalization
of excitons toward excited levels and/or thermally activated
exciton transfer between QD’s.42–46 At least, the lateral exci-
ton transfer can be ruled out in the present QD samples be-
cause no lateral transfer was detected even at elevated tem-
peratures �Fig. 12�. Rather, we have to consider the
dimensionality of the QD’s which are not perfect zero-
dimensional QD’s. As a consequence of a certain dimension,
they should demonstrate properties intermediate between
zero- and two-dimensional quantum structures.47 Since the
radiative lifetime of �two-dimensional� QW’s is proportional
to temperature, an increase in the radiative lifetime can occur
in our QD’s. Above 135 K, a drop of the lifetime occurs
probably due to the thermal activation of nonradiative
processes.

The faster decay, on the other hand, was attributed to the
carrier relaxation via the interaction with LO phonons. Not-
ing that LO phonons are emitted in this case, the relaxation
time can be expressed by Eq. �3� with A=1 and a good fit
was obtained by ELO=22.7 meV, m=1, and n=2 as shown
by the solid curve in Fig. 17, suggesting that the emission of
two CdSe LO phonons is the main relaxation process from
an excited level to the ground level. This result is consistent
with resonantly excited PL shown in Fig. 16, where LO-
phonon resonances are clearly seen. It is also interesting to
compare the experimental results with the calculation shown
in Fig. 3. The experimentally obtained radiative lifetime was
�250 ps, and the emission peak energy was �2.5 eV. The
thickness and radius of QD’s that satisfy these quantities are
estimated from Figs. 3�a� and 3�c� to be 1.5 nm and 5 nm,
respectively. In such QD’s, the energy separation between
the first and second excited levels is determined by the lat-
eral confinement and was calculated to be 42 meV. This
agrees reasonably well with the total energy of two CdSe LO
phonons �52 meV� and supports the model proposed above.

3. Carrier dynamics involving the WL

Comparing with the radiative lifetimes of ML-QW and
QD’s revealed above, we attribute the slower decay of
100–150 ps in the WL to the radiative decay. The reason
why the radiative lifetime is the shortest for WL again relates
to the dimensionality �cf. Eq. �4��; QD’s provide three-
dimensional confinement and so does the ML-QW because
of thickness fluctuations in both the growth and in-plane di-
rections, while the WL possesses a certain thickness, the so-
called critical thickness, and provides only one-dimensional
confinement in the growth direction. The relatively narrow
PL linewidth seen in Fig. 4 supports this assertion.

The origin of the fast decay of about 5 ps is discussed
using Fig. 18. Under weak excitation the emission from the
WL is visible, but its intensity is drastically weakened by
more intense excitation. At the same time, the faster decay
becomes dominant, as shown in the inset. These results indi-
cate that the fast decay is neither radiative nor nonradiative
decay because the radiative recombination would be in-

FIG. 17. Temperature dependence of the QD PL decay time. The
open circles and triangles represent the slow and fast decay, respec-
tively. The solid curve is the result of a fit. See the text for the
detail.

FIG. 18. Time-integrated PL spectra of WL �and ZnSe� under
different excitation powers. The spectra were normalized with re-
spect to the ZnSe emission. The inset is the intensity ratio between
the fast and slow decays as a function of the excitation power.

FIG. 19. PL and PLE spectra of the QD sample.
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creased by the stronger excitation and because the nonradia-
tive component would be saturated with increasing the exci-
tation power due to the state-filling effect. Therefore, we
attribute this fast decay to the carrier relaxation from the WL
to QD’s. Since the emission disappears—that is, the relax-
ation is activated under strong excitation—it is inferred that
the relaxation process occurs via carrier-carrier scattering.

The carrier relaxation from WL to QD is also demon-
strated by PLE spectroscopy, in which PL was detected at the
peak of the QD emission while the excitation energy was
scanned in the energy range corresponding to the WL emis-
sion. Figure 19 shows the PL and PLE spectra. It is clear that
the selective excitation of the WL strengthens the QD emis-
sion. A stokes shift of 25 meV detected between the WL
emission and WL absorption �i.e., PLE peak� is due to a
potential fluctuation in the WL giving a PL linewidth of
about 40 meV, in reasonable agreement with the Stokes
shift.

For InAs/GaAs, the Auger scattering is proposed as the
dominant process for carrier relaxation from WL to QD’s,48

and the reported lifetime is quite short ��5 ps�,33 consistent
with the present study.

4. Summary of the carrier dynamics

The carrier dynamics discussed above can well be seen in
the TRPL spectra shown in Fig. 20. PL from WL �and ZnSe�
is first developed and reaches the maximum at −9–11 ps as
shown in the upper panel. With a slight delay, the QD PL
gets stronger and reaches a maximum at 4–37 ps. The dif-
ference of the time at which WL-PL and QD-PL reaches a
maximum is roughly 20 ps. This behavior can be interpreted

as follows. At first, carriers are directly generated in the WL
by the excitation at 400 nm �=3.10 eV�, which is between
the WL energy gap and the MgS energy gap. Some of them
recombine radiatively in WL, while some transfer into QD’s,
relax to the ground level, and emit radiatively. It presumably
takes about 20 ps for carriers to travel from the WL to the
ground level in the QD’s. From the PL decay, on the other
hand, we estimated the carrier transfer time from WL to QD
to be �5 ps and the intradot relaxation time to be 10–50 ps.
Totally, the QD emission should follow the WL emission
15–55 ps later, which is in reasonable agreement with the
delay of �20 ps observed in Fig. 20. After reaching the
maximum, the WL emission disappears more quickly, re-
flecting a radiative lifetime shorter than that of QD’s. The
QD emission quenches from the high-energy side due to the
shorter lifetime on this side �see Fig. 14�. Figure 21 sche-
matically summarizes the proposed carrier dynamics in the
present CdSe/MgS sample.

VII. SUMMARY

The optical properties of CdSe/MgS ML-QW’s and QD’s
were investigated. The growth development from ML-QW to
SK-QD’s is clearly shown by the cw-PL measurements. For
the QW’s, carrier localization in potential fluctuations and
scattering by phonons play an important role in determining
the optical properties. For SK-QD’s, it was found that some
of the carriers photogenerated in the WL emit radiatively and
some are captured by QD’s via carrier-carrier scattering on a
time scale of �5 ps. Within the next 10–50 ps, the carriers
relax to the ground level via a carrier–LO-phonon scattering.
Finally, the carriers recombine radiatively with a recombina-
tion lifetime of 100–300 ps, depending on the emission
energy.
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FIG. 20. TRPL spectra of a CdSe/MgS QD.
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