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In uence of Resonant Excitation and Carrier Lifetime
on the Optical Properties of Coupled CdSe Quantum Dots
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We studied the time-integrated and time-resolved photoluminescence (PL) from coupled quantum
dot (QD) systems (CdSe/CdZnMnSe and CdSe/CdMnSe), which exhibited an antiferromagnetic
interaction between the QDs in adjacent layers. We observed a peculiar PL peak shift with an
excitation wavelength close to the bandgap of the CdSe QDs, which was attributed to a resonant
excitation condition. We found that the PL lifetimes of these structures were signi cantly in uenced
by non-radiative recombination processes and that the temperature dependence of the PL intensity
was strongly correlated with the PL lifetime.
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high and the carrier lifetime can be relatively long due
to a spread of the wavefunction in non-DMS QDs while
the spin states of carriers in non-DMS QDs are much
in uenced by anti-ferromagnetic coupling with the DMS
QDs [5].
Vertically coupled QD structures provide a powerful laboratory for studying the in uences of the carrier
dynamics of lateral transport within the layers and of
the vertical interaction between QDs in adjacent layers.
We have shown earlier that the carriers in CdSe QDs
are delocalized at high temperatures due to their short
non-radiative recombination lifetime, resulting in an unusual nonmonotonic temperature dependence of the cwPL peak shift [7]. In this paper, we demonstrate how the
carrier lifetimes a ect the PL intensities, as well as the
PL peak energies and discuss the in uence of resonant
excitation in coupled CdSe QD structures.

I. INTRODUCTION

Semiconductor quantum structures, such as quantum
dots (QDs), are of interest both for practical uses and for
their fundamental physics. The redshift of the photoluminescence (PL) emitted by QD structures as a function
of increasing temperatures has been often observed to be
larger than expected from the bandgap shift. This was
explained by carrier localization e ects involving thermal escape and recapture in lateral transfer processes
[1]. The lateral transfer of carriers is mostly determined
by the lateral potential pro le, including the e ective
barrier energy and the QD density.
When two QDs are close to each other, coupling of
spin states due to the antiferromagnetic spin interaction
may occur. Such antiferromagnetic spin coupling has
been observed in CdSe-based double-layer QD systems
[2{5]. Diluted magnetic semiconductors (DMSs), such
as CdMnSe and CdZnMnSe, have large Zeeman splitting due to the sp-d exchange interaction between carriers and Mn ions and have relatively short carrier lifetimes due to the rapid energy transfer from carriers to
Mn ions [6], yielding a low quantum eciency. In a coupled QD system composed of non-DMS QDs and DMS
QDs, the photoluminescence eciency can be relatively
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The CdSe QD structures were grown on (100) GaAs
substrates at 350  C by using molecular beam epitaxy
(MBE). For a single-layer CdSe QD structure, a 0.5 mthick ZnSe layer was deposited, followed by a 2.5 ml
CdSe layer deposited for QD formation and nally a
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50 nm ZnSe capping layer. The two coupled QD systems studied in this paper are i) a CdSe and CdZnMnSe double layer QD structure (CdSe/CdZnMnSe)
and ii) a CdSe and CdMnSe double layer QD structure
(CdSe/CdMnSe). For the CdSe/CdZnMnSe system, after growing the CdSe QD layer as described above, a
30 ml ZnSe spacer layer and a 2.5 ml CdZnMnSe QD
layer were deposited in succession and capped by ZnSe.
Cross-sectional transmission electron microscope (TEM)
images of the double-layer sample indicate that the average thickness of the ZnSe spacer is about 50 
A [8]. For
the CdSe/CdMnSe system, a 0.7 m-thick ZnSe layer
was deposited; then, CdMnSe QDs were formed by successive deposition of 1 ml of CdSe, 0.5 ml of CdMnSe
and 1 ml of CdSe. A 12 ml-thick ZnSe spacer layer between the double layers was then deposited. On top of
the spacer layer, the second 2.5 ml CdSe QD layer was
grown. Finally, the structure was capped with 70 ml of
ZnSe [3]. The QD density was estimated to be of the
order of 1012 cm 2 .
Samples were mounted in an optical cryostat equipped
with a superconducting magneto-optical cryostat and
magnetic elds were applied in the Faraday geometry
for circular polarization measurements. For the cw-PL
and the time-resolved PL measurements without magnetic elds, the samples were mounted in a continuous
ow helium cryostat. The excitation source for the timeresolved PL was a frequency doubled Ti:sapphire laser
with a wavelength between 400 nm and 443 nm and an
excitation power of about 6 mW. For the cw-PL measurements, various excitation wavelengths from an Ar laser
and from a HeCd laser were used to investigate resonance
e ects. Time-resolved PL measurements were carried
out with a streak camera. For circular polarization measurements, a quarter wave plate and a PBS (polarizing
beam splitter) were placed in front of a monochromator.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the PL spectra of the CdSe/
CdMnSe and the CdSe/CdZnMnSe coupled quantum dot
structures at a temperature of T = 10 K without an external magnetic eld. For comparison, we also show the
PL spectrum of a single-layer CdSe QD structure. In
CdSe/CdZnMnSe, two PL peaks corresponding to CdSe
QD and CdZnMnSe QD energy levels are around 2.3
eV and 2.5 eV, respectively. On the other hand, in
CdSe/CdMnSe, only one PL peak originating from the
ground state of the coupled structure is observed [5].
The band gap energy of CdSe with a zincblende structure is 1.8 eV, but the PL peak energy of the CdSe QDs is
around 2.3 eV. The large di erence cannot be explained
solely by quantum con nement and the blueshift is attributed both to Zn interdi usion into CdSe QDs and to
compressive deformation [9]. The origin of the di erence
in the PL peak energies from the CdSe QDs in the three

al.

-107-

Fig. 1. (a) Photoluminescence (PL) spectra from a singlelayer CdSe QD structure (dashed), from a CdSe and CdMnSe
double layer QD structure and from a CdSe and CdZnMnSe
double-layer QD structure at T = 10 K. (b) Circular polarization of the PL peak with increasing magnetic eld at 5 K
from the three structures.

structures is not clear and may possibly arise from di erences in QD size, strain and/or degree of interdi usion.
Figure 1(b) shows the circular polarization of the PL
due to the Zeeman splittings at 5 K with increasing magnetic eld for the three structures. As seen, the circular
polarizations from the CdSe QDs in the coupled structures are larger than that from the single-layer CdSe
QD structure. The circular polarization of the PL in
CdSe/CdMnSe reaches almost 20 % at an external magnetic eld of 3 Tesla at 5 K while the sign of the polarization is opposite to that of DMSs. The circular polarization of the CdSe QDs coupled with the CdMnSe QDs
is larger than that of the CdSe QDs coupled with CdZnMnSe QDs, probably due to the thinner ZnSe spacer
layer and due to the closer bandgap match between the
CdSe QDs and the DMS QDs.
Figure 2 shows the PL spectra of the CdSe QDs in
the CdSe/CdZnMnSe structure at 10 K for excitation
wavelengths of 496.5 nm and 514.5 nm. As seen, the
PL peak energies are located at 2.30 eV for 496.5 nm
and 2.32 eV for 514.5 nm, regardless of the excitation
power. For other excitation wavelengths, such as the 325
nm from a HeCd laser, the PL peak energy remained at
2.30 eV as for 496.5 nm. Note the peculiar asymmetric
line-shape of the PL peak with the 514.5 nm excitation.
Since the PL peak energy of 2.32 eV corresponds to an
excitation energy of 2.410 eV (514.5 nm) minus three
time of the LO phonon energy (31 meV) of ZnSe, the
shift of the PL peak energy for an excitation wavelength
of 514.5 nm appears to be due to a resonance excitation
condition. The origin of the PL peak shift needs to be
further investigated.
Figure 3 shows the thermal quenching of the PL intensities for the CdSe QDs in the CdSe/CdZnMnSe struc-
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Fig. 2. PL spectra of the CdSe QDs from the CdSe/ CdZnMnSe structure at 10 K at various excitation powers, for the
excitation wavelengths of 496.5 nm and 514.5 nm from an Ar
laser. The inset shows the linear increase of the PL intensity
with increasing excitation power.

Fig. 4. (a) PL lifetime and (b) PL intensity of the CdSe
QDs from the three structures with increasing temperature.
This gure demonstrates the correlation between the lifetime
and the PL intensity.

Fig. 3. Normalized PL intensity of the CdSe QDs from the
CdSe/CdZnMnSe structure as a function of temperature for
the excitation wavelengths of 442 and 325 nm from a HeCd
laser.

ture for excitation wavelengths of 442 and 325 nm. For
the excitation wavelength of 442 nm (2.805 eV), the PL
intensity slightly increased with increasing temperature
before it started thermal quenching.
We reported an unusual temperature dependence of
the PL shift for the CdSe QDs earlier; the PL peak position of the CdSe QDs showed a redshift with increasing
temperature T, followed by a region where the PL leveled o and nally by a continuation of the redshift [7].
This was explained by the localization of carriers via lateral transfer below 100 K and delocalization above 200
K due to the short carrier lifetime. One may speculate
that the slight increase of the PL intensity with increas-

ing temperature in Figure 3 is associated with the lateral
transfer and the localization of carriers. However, for an
excitation wavelength of 325 nm, far from the resonance
condition, the abnormal thermal quenching behavior was
not noticeable. In order to show that the di erence in the
thermal quenching is due to the excitation wavelengths,
rather than to the excitation power, we plotted the normalized PL intensity for various excitation powers. Since
the abnormal behavior is only observed for an excitation
energy close to the ZnSe bandgap at low temperatures,
we suggest that this is due to an increase of carriers in
the ZnSe matrix caused by resonant excitation at around
50 K.
We compared the PL lifetimes of the CdSe QDs in
the two double-layer structures, as well as in the single
layer structure as functions of the temperature in Figure 4(a). The PL lifetime of the CdSe QDs was found
to be shorter for higher photon energies at lower temperatures due to the localization process [7]. In the gure, we plotted the lifetimes at the PL peak energies to
compare the lifetimes of the three structures. The PL
lifetime of the CdSe QDs in the CdSe/CdZnMnSe increased slightly with increasing temperature at low temperatures, but decreased above 150 K. Somewhat similar
behavior is observed in the single-layer CdSe QD structure [10], but its PL lifetime was shorter than that of
the CdSe/CdZnMnSe. The slight increase of the life-
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time with increasing temperature is probably due to an
increase of the radiative recombination lifetime and the
relatively rapid drop of the lifetime is ascribed to the
non-radiative lifetime, which typically plays an important role at high temperatures. One may suspect that
the larger lifetime of the CdSe/CdZnMnSe is due to the
vertical coupling e ect, but the carrier lifetime of the
CdSe/CdMnSe was shorter than that of the single-layer
CdSe structure. These results indicate that the variation
of the temperature dependence of the PL lifetime is signi cantly a ected by non-radiative recombination rather
than by the coupling.
In Figure 4(b), we compared the thermal quenching of
the cw-PL intensities for the CdSe QDs from the three
structures, taken at a 325 nm excitation wavelength. The
PL intensity from the CdSe/CdZnMnSe structure was
strongest and the thermal quenching was slower with
increasing temperatures whereas the PL intensity was
weaker and quickly dropped with increasing temperature for the CdSe/CdMnSe. The correlation between the
temperature dependences of the PL lifetime and the PL
intensity suggests that the thermal quenching of the PL
intensity in the CdSe QDs is mainly determined by the
non-radiative recombination associated with structural
and point defects at high temperatures, rather than by
the di erence in the vertical coupling structure. Our results demonstrate that the temperature-dependent PL
intensity is strongly in uenced by the carrier lifetime of
the CdSe QDs.

IV. CONCLUDING REMARKS

We studied the carrier dynamics of the CdSe QDs
in vertically coupled structures. These structures provided interesting possibility for studying the in uences
of the carrier dynamics of lateral transport within the
layers and of the vertical interaction between the QDs
in adjacent layers. We observed a peculiar PL peak
shift at an excitation wavelength close to the bandgap
of the CdSe QDs and an abnormal increase of the PL in-
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tensity with increasing temperature for excitation wavelengths very close to the bandgap of ZnSe. These results
were attributed to a resonant excitation condition. The
temperature-dependent carrier lifetimes were strongly
correlated with the temperature-dependent PL intensities, as well as the PL peak energies.
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