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We have performed photoluminescence (PL) experiments on CdSe and CdZnSe self-assembled
quantum dot (QD) systems in single- and double-layer geometries. The QDs were formed by using
molecular beam epitaxy to deposit three monolayers (ML) of either CdSe or CdZnSe. The ZnSe
barrier thickness separating the QD layers in the double layer geometry was 20 monolayers (MLs).
Strong photoluminescence (PL) peaks were observed for CdSe and CdZnSe QDs in both single- and
double-layer QD systems. The intensities of the PL peaks from the QDs exhibited a systematic
decrease with increasing temperature. The temperature dependence of the integrated PL revealed
that the activation energy of CdSe QDs for PL quenching was significantly different between the two
geometries. The observed difference in the activation energies of the CdSe QDs was discussed based
on the effective carrier delocalization via neighboring higher-energy CdZnSe QDs in the double-layer
QD system.
PACS numbers: 78.66.Hf, 68.65.+g, 78.55.-m
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I. INTRODUCTION

Semiconductor self-assembled quantum dot (QD)
structures have received a great deal of attention because of their promising applications in electronic, optoelectronic, and spintronic devices, such as single electron transistors [1], lasers [2], photodetectors [3], and
spin quantum bits [4]. The QD systems based on II-VI
materials have special implications in device applications
because of their device potential in the short-wavelength
visible range of the electromagnetic spectrum. The bestknown example of a II-VI-based self-assembled QD system is CdSe QDs formed in a ZnSe matrix [5]. Many
fundamental properties arising form zero dimensionality
were studied using the CdSe/ZnSe QD system in the
single layer geometry [6–9]. In contrast to the extensive
studies done on CdSe QDs in a single-layer form, considerably less is known about the physical properties of the
double-layer QD system.
One of the important fundamental properties of the
QD system is the carrier delocalization process when the
temperature increases. This phenomenon has been studied very much for single-layer and multi-layer QD systems [10, 12]. However, the influence of one QD layer
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on the activation energy of an other QD layer could not
be addressed due to the indistinguishable PL energy in
multilayer QD systems in which all QD layers consist of
the same material.
In order to explore how one layer of QDs affects the activation energy of an other QD layer in coupled QD systems, we have fabricated asymmetric double layers of QD
structures consisting of CdSe and CdZnSe dots in a ZnSe
matrix. Recently, similar asymmetrically-coupled QD
systems were fabricated using the same material combination. However, only the spin interaction between
the carriers in the pair of QDs was investigated [12,13].
In this study, we have performed a systematic study on
the optical properties of CdSe and CdZnSe QDs in single
and double-layer geometries. Based on the temperature
behavior of the PL intensity, we were able to obtain the
activation energies of the CdSe and the CdZnSe QDs
for the two different geometries, from which the effect
of the neighboring QDs on the activation energy of the
double-layer system was identified.

II. EXPERIMENTS
The self-assembled QDs were grown by using the
molecular beam epitaxy (MBE) technique with a Riber
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Table 1. Characteristic parameters for the CdSe and the
CdZnSe self-assembled QDs in the single-and double-layer geometries.
Sample
geometry
SLQD
DLQD

QD
material
CdSe
CdZnSe
CdSe
CdZnSe

PL
Energy
2.24 eV
2.50 eV
2.30 eV
2.50 eV

FWHM
49
20
60
22

meV
meV
meV
meV

EA
44.5 ± 2.7
23.5 ± 2.3
21.2 ± 1.2
24.4 ± 1.5

meV
meV
meV
meV

an argon ion laser, and the signal was analyzed by using
a SPEX spectrometer equipped with a liquid-nitrogencooled charge-coupled device (CCD) multi-channel detector.

III. RESULTS AND DISCUSSION

Fig. 1. Photoluminescence (PL) spectra of the CdSe and
the CdZnSe QDs for the single layer (top panel) and the
double-layer (bottom panel) geometries. Different PL intensities between CdSe and CdZnSe QDs are clearly seen in the
double-layer geometry.

32 R&D machine equipped with Zn, Cd and Se elemental sources. Prior to growth of CdSe QDs, a ZnSe
buffer layer was first grown at 300 ◦ C on (100) GaAs
substrates to a thickness of approximately 1 µm. The
single-layer QDs (SLQD) were formed on the ZnSe surface by depositing 3 monolayers (ML) of either CdSe
or Cd0.8 Zn0.2 Se, followed by a growth interruption for
about 2 sec in a Se flux. For the growth of an asymmetric
double layer of QDs (DLQD), we sequentially deposited
3 ML of CdSe, 20 ML of ZnSe and 3 ML of Cd0.8 Zn0.2 Se
under the identical growth conditions as for the growth
of single-layer QDs. A capping layer of 200 ML of ZnSe
was deposited after forming QDs in both systems. While
the high-energy electron diffraction (RHEED) pattern
exhibited a streaky pattern during the deposition of the
ZnSe buffer, spacer and capping layers, it showed a clear
spotty RHEED pattern, indicative of the transition from
a 2D to a 3D growth mode, during the deposition of the
QD layers (i.e., the CdSe and the CdZnSe layers).
The temperature-dependent photoluminescence (PL)
was measured in a variable temperature cryostat, in
which the temperature could vary from 10 to 300 K.
The samples were excited by using the 548-nm line of

Figure 1 shows PL spectra obtained from the CdSe
and the CdZnSe QDs at 10 K under the same excitation
power of 20 mW/cm2 . The top and the bottom panels
represent spectra obtained in the single- and the doublelayer geometries, respectively. The PL peak emitted by
CdSe QDs in the single layer geometry is centered around
2.25 eV, which is a typical PL energy position for CdSe
QDs embedded in a ZnSe matrix [5, 14]. The PL peak
of the CdZnSe QDs appeared around 2.5 eV, which is
about 250 meV higher than that of CdSe QDs, indicating incorporation of Zn in the quantum-dot system. The
double-layer QD (DLQD) structure shows two PL peaks
well separated in the spectra, as seen in the bottom panel
of Figure 1. The lower (around 2.3 eV) and the higher
(around 2.5 eV) energy PL emissions correspond to the
CdSe and the CdZnSe QDs, respectively, in the doublelayer system. The full widths at half maximum (FWHM)
of the QDs measured at 10 K for the QD systems range
from 20 meV to 60 meV. The broad linewidth of the
PL for QDs is known to be caused by inhomogeneous
broadening due to size non-uniformity occurring in the
self-assembling process for island formation [8,11]. The
peak positions and the FWHM of the PL lines are summarized in Table 1 for the CdSe and the CdZnSe QDs in
the two geometries.
As noted, the observed similarity of PL energy positions between CdSe and CdZnSe QDs in single- and in
double-layer geometries indicates that the formation of
self-assembled QDs was not seriously affected by the consecutive growth of CdSe and CdZnSe QDs layers. Nevertheless, a distinct difference in optical properties exists between the single- and double-layer QD geometries.
While the intensities of PL for CdSe and CdZnSe QDs
are almost the same in the single-layer geometry, they are
significantly different in the double-layer system. The
intensity of PL from CdZnSe QDs at higher energy is
significantly weaker than that from CdSe QDs at lower
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Fig. 2. Photoluminescence (PL) spectra taken at several
different temperatures. The top and the bottom panels represent the spectra from the single-layer and the double-layer
geometries, respectively.

energy. Since the PL intensity reflects the number of
carriers in the QDs at the time of recombination, the
observed difference in the PL intensities of the two QD
layers indicates an uneven distribution of carriers in the
two QD layers. This clearly indicates that the relaxation
of carriers excited in the ZnSe barrier in the double-layer
QD system is, indeed, different from that in the single
layer QD system.
In order to study the effect of neighboring dots on
the activation energy of QDs, we performed systematic
temperature-dependent PL measurements. The spectra
obtained at several different temperatures for QDs are
shown in Figure 2. It is clear from the spectra that the
PL intensities of all QD systems monotonically decrease
with increasing temperature. Though the decrease in the
PL intensity with increasing temperature is a common
feature in both the single- and double-layer QD systems,
the detailed temperature behavior of the PL intensity is
slightly different, which, indeed, bears important information on the carrier activation process.
The quantitative value of the activation energy for
QDs can be obtained by analyzing the temperature behavior of the integrated PL intensity. Figure 3 shows
the Arrhenius plots of the integrated intensity as a func-

Fig. 3. Spectrally-integrated intensities as a function of
inverse temperature plotted for (a) CdSe and (b) CdZnSe
QDs in the single-layer geometry and for (c) CdSe and (d)
CdZnSe QDs in the double-layer geometry. The solid symbols
are experimental data, and the solid curves are fit to the data
with Eq. (1).

tion of inverse temperature observed from all four QD
structures in two different geometries. These intensity
behaviors can be fitted using an equation expressing the
standard activated behavior [15],
I(T ) = I0 [1 + C exp(−EA /kT )]−1 ,

(1)

where EA is the activation energy for a broad emission
state, and C is a constant reflecting the optical collection
efficiency. In the fitting process, EA can be treated as
a fitting parameter. The best fitting results are plotted
as solid lines on top of the corresponding experimental data in Figure 3. The activation energies obtained
from such a fitting process are summarized in Table 1.
In the case of single-layer systems, the activation energy for CdSe QDs was 44.5 meV, which is very close
to the value found in the literature (42 meV) [1]. The
activation energy obtained for the CdZnSe QD sample
in the single-layer form, however, shows a much smaller
value (23.5 meV) of activation energy. The observation
of this small activation energy for CdZnSe QDs is rea-
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sonable because the CdZnSe/ZnSe combination provides
a much shallower potential well compared to the pure
CdSe/ZnSe system.
The activation energy for CdZnSe QDs in the doublelayer geometry was very close to the value observed in
the single-layer system (i.e., 23.5 meV and 24.4 meV,
respectively, for the single and the double-layer geometries). This is because of the similar energy states of
CdZnSe QDs in both geometries, as indentified by the
same PL energy position at 2.5 eV (see Figure 1 and
Figure 2). Since the CdZnSe QDs in both geometries
have the same potential barrier due to ZnSe, the activation energies of the CdZnSe QDs in the two geometries
should be very close, as observed in the experiment.
However, the activation energy for CdSe QDs in the
double layer geometry shows a behavior different from
that in the single layer system. The observed activation
energy of 21.2 meV for CdSe QDs in the double-layer
geometry is significantly smaller than that observed in
the single-layer geometry. This is a rather surprising observation based on the fact that there are no significant
differences in the PL energy and the line width for CdSe
QDs in the two geometries as seen in Figure 1. It was
found by others that in the case of II-VI QDs, the activation energy for PL quenching can be different, depending
on the dot size. However, the similar PL energy position
observed from CdSe QDs in both single-and double-layer
geometries indicates similar sizes of QDs in the two geometries. Therefore, the effect of QD size fluctuation can
be excluded for the observed decrease in the activation
energy of CdSe QDs in double layer system.
The diffusion of carriers into the outside of QDs is
known to be the primary mechanism responsible for the
PL decay [16, 17]. The activation energy obtained in
our observation is quite consistent with this picture. For
example, the larger activation energy for CdSe QDs than
for CdZnSe QDs in the single-layer QD system implies
that the carriers in CdSe QDs need more energy to escape
from the QDs to the ZnSe barriers. This is reasonable
because ZnSe acts as a higher potential barrier for the
CdSe QDs than for the CdZnSe QDs. The significant
reduction in the activation energy for the CdSe QDs in
the double-layer geometry can also be understood based
on a similar carrier activation mechanism from QDs to
neighbored higher energy states.
While the carriers in the CdSe QDs escape only to
the ZnSe barrier in the case of the single-layer geometry [18], there are also neighboring QDs states, to which
carriers can move, in the case of our asymmetric doublelayer QD system [19]. Since the CdZnSe QDs states are
at a much lower energy than the ZnSe barriers, carriers
in the CdSe QDs can easily activate to CdZnSe QDs,
which leads to a much smaller activation energy for the
CdSe QDs in the double-layer geometry than that in the
single-layer geometry. Once the carriers move into the
CdZnSe QDs, they will follow the activation process of
the CdZnSe QDs, which have similar activation energies
in both the single- and the double- geometries. This
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two-step activation process of carriers in the asymmetric double-layer geometry is, indeed, manifested in the
activation energies themselves in the system. The sum
of the two activation energies in the asymmetric doublelayer geometry (i.e., 21.2 meV and 24.5 meV) is very
close to the activation energy of 44.5 meV observed from
CdSe QD in the single-layer geometry. Therefore, the
observed smaller activation energy of CdSe QDs in the
asymmetric double-layer geometry reveals that the carrier activation can be significantly affected by the existence of neighboring higher-energy QDs.

IV. SUMMARY
In summary, we have grown and performed PL studies
on a set of CdSe and CdZnSe QD samples in the form
of single- and double-layer geometries. Unlike the CdSe
and CdZnSe QDs in the single-layer geometry, we have
observed a significant difference in the relative PL intensity between the CdSe and the CdZnSe QDs in the
double-layer geometry. Furthermore, an analysis of the
temperature dependence of the integrated PL intensity
has revealed that CdSe QDs have a much smaller activation energy in the double-layer geometry than in the
single-layer geometry. These two phenomena can be understood in terms of carrier transfer between the two QD
layers. The observed facts, in turn, suggest that significant differences in the carrier relaxation and activation
energy can be made by properly designing asymmetric
double-layer QD systems.
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