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Abstract

ZnCdSe quantum dot (QD) structures have been fabricated under the Stranski–Krastanow (S–K) mode on GaAs

substrates by the metal-organic chemical vapor deposition (MOCVD) technique. Prior to the fabrication, the critical

thickness of the ZnCdSe/GaAs structure, which plays a crucial role during the formation of the QD, was numerically

calculated based on the theory of strain relaxation, and the QD was then prepared in terms of the calculated results. The

formation of the QD was confirmed by atomic force microscopy (AFM) and photoluminescence (PL) measurements.

By investigating the optical properties of the QD structures with different ZnCdSe thicknesses, the two-dimensional

(2D) to 3D transition during the QD formation process was clearly observed, which confirms that the ZnCdSe QD was

formed under S–K mode.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

II–VI wide band gap semiconductors, especially
ZnSe-based compounds, have been long studied
for their potential applications to optoelectronic
devices [1,2]. For example, laser diodes based on
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ZnCdSe have been successfully demonstrated to
operate under a continuous-wave mode at room
temperature [3]. Quantum dots, which have 3D
confinement to electrons and holes, can produce
higher quantum efficiency than 2D quantum wells
and 1D quantum wires [4]. Therefore, the study of
QD is of great current interest. Among several
state-of-the-art preparation methods of QD,
growth under the Stranski–Krastanow (S–K)
d.
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mode offers promise for the preparation of high-
quality QD structures [5–7]. The basic idea of the
S–K mode is to first deposit a thin film layer by
layer, 3D islands then form on the 2D film when a
certain critical thickness is reached. It is generally
accepted that this growth mode needs a relatively
large lattice mismatch between the epilayer and
substrate, so most attention has been focused on
III–V systems, particularly, InAs embedded in
GaAs [8,9], which has a lattice mismatch of B7%.
The reports on II–VI materials have been mainly
focused on the CdSe/ZnSe system. In terms of the
strain relationship, the CdSe/ZnSe system is
identical to the InAs/GaAs system. However, with
a room temperature band gap of 1.67 eV, the
CdSe/ZnSe system can only cover the spectral
range from red to green, and it is unable to operate
in the blue and ultraviolet region. As is well
known, ZnxCd1�xSe can be used to extend its
spectrum through the whole visible range by
varying the x value. Therefore, the fabrication of
ZnCdSe QDs is necessary for many optoelectronic
applications. Additionally, the realization of laser
diodes based on ZnCdSe with long-lifetime makes
the study of ZnCdSe QD even more attractive.
Zhang et al. have prepared ZnCdSe QD on ZnSe
(1 1 0) by molecular-beam epitaxy (MBE) [10–12].
They grew a ZnSe layer under conditions that
could not lead to layer-by-layer growth. This ZnSe
layer inevitably resulted in a high degree of surface
roughness. By depositing several monolayers of
ZnCdSe, they obtained ZnCdSe QD. Therefore,
their growth was not performed under the S–K
mode.
In this paper, ZnCdSe QD was fabricated on

GaAs substrate under the S–K mode by low-
pressure MOCVD. The lattice mismatch between
ZnCdSe and GaAs is smaller than the more
commonly investigated CdSe/ZnSe system, and
this relatively small mismatch will extend the 2D
layer-by-layer growth region under the S–K mode.
Thus, it is seemly for fabrication ZnCdSe QD by
MOCVD technique, since it is difficult to control
the thickness of the epilayer very precisely for this
technique. In addition, the critical thickness, which
is essential for the formation of QD under the S–K
mode [13], is usually empirical in previous studies,
which is adverse for accurate control of the size
and density of the dots. In this study, the critical
thickness was numerically calculated based on the
strain relaxation model, and the growth was
guided by the calculated results. Furthermore, to
overcome the inconveniences caused by the ab-
sence of in-situ monitoring techniques, the PL
measurements were performed on the ZnCdSe/
ZnSe quantum structures with different ZnCdSe
thicknesses, and more details of the formation
process of the dots were revealed by the PL
experiments.
2. Experiment

Samples were grown on GaAs (1 0 0) substrates
by MOCVD equipment at 310�C with the growth
pressure fixed at 24mmHg. Dimethylzinc
(DMZn), dimethylcadmium (DMCd), and hydro-
gen selenide (H2Se) were used as precursors. The
flow rates of the three precursors, which were
controlled by three separate mass-flow-controllers,
were kept at 1.6� 10�6, 4.3� 10�7 and
5.5� 10�6mol/min, respectively. High-purity hy-
drogen was used as the carrier gas to transport the
reactants into the reaction chamber. To avoid pre-
reaction, the precursors were mixed just before
reaching the substrate. The typical growth
rates of the ZnCdSe and ZnSe layers were 0.6
and 0.7 (A/s. The topology of the QD samples
was examined by a Digital Instrument nanoscope
IIIa AFM system. These measurements were
performed in air after the temperature of the
growth chamber is cooled to room temperature,
and the samples are removed from the growth
chamber. PL measurements were carried out
using a JY-630 micro-Raman spectrometer, and
the 488-nm line of an Ar+ laser was typically
used as the excitation source if it is not otherwise
stated.
3. Results and discussion

In the S–K growth mode, the islands are self-
formed on a 2D wetting layer after a critical
thickness is reached [14,15]. The critical thickness,
according to People and Bean [16], can be
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Table 1

Values of lattice constant and Poisson’s ratio of ZnSe, CdSe and GaAs

ZnSe CdSe Zn0.56Cd0.44Se GaAs

Lattice constant a0 ( (A) 5.6676 [31] 6.05 [31] 5.8359 5.6531 [31]

Poisson’s ratio n 0.38 [32] 0.492 [33] 0.429
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Fig. 1. Plot of the critical thickness of Zn0.56Cd0.44Se/GaAs

system. Here line A denotes z ¼ hc=15:1255; while line B is the

representation of z ¼ lnðhc=4:008Þ: The abscissa of intersection

yields the value of the critical thickness.

C.X. Shan et al. / Journal of Crystal Growth 265 (2004) 541–547 543
expressed by the following formula:
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where hc denotes the critical thickness, b is
Burger’s vector, n is Poisson’s ratio, and aðxÞ is
the bulk lattice constant of ZnxCd1�xSe in our
experiment. The lattice mismatch component, f ; in
the above formula is defined below [17]:

f ¼
aZnCdSe � aGaAs

aGaAs
; ð2Þ

where aZnCdSe and aGaAs are the lattice constants of
ZnCdSe and GaAs. Table 1 shows the lattice
constants and Poisson’s ratios of the compounds
involved in this paper. Note that the values for
Zn0.56Cd0.44Se in our experiment are obtained by a
linear interpolation between the corresponding
values of ZnSe and CdSe. Using the lattice
constants of Zn0.56Cd0.44Se and GaAs in Eq. (2),
one can obtain the lattice mismatch value for f to
be 0.032. It should be noted that this value is much
smaller than the 7% lattice mismatch for more
commonly studied systems. The Burger’s vector of
b is usually taken as 4.008 (A [17]. Eq. (1) can then
be rewritten as follows after taking all the relevant
parameters into account:

hc ¼ 15:1255 ln
hc

4:008

� �
: ð3Þ

Defining variable z as

z ¼
hc

15:1255
ð4Þ

one can plot Eqs. (3) and (4) in one graph, as
shown in Fig. 1. The intersection of the two lines
indicates the critical thickness of the
Zn0.56Cd0.44Se/GaAs system. The critical thickness
of this system is about 3.1 nm as indicated by the
dotted line in Fig. 1. It is obvious that the
thickness is significantly larger than that of
CdSe/ZnSe system, which is estimated empirically
to be B3 monolayers. This thicker critical thick-
ness will extend the 2D layer-by-layer stage during
the formation of QD, and it is advantageous for
operating in an MOCVD system due to the
difficulty in precisely controlling the epilayer
thickness.
The QD was prepared under the guidance of the

above-depicted calculation. The QD used for
AFM measurements was deposited directly onto
a GaAs substrate without any buffer layer. The
QD samples for PL measurements were fabricated
in the following way: the GaAs wafer was first
covered by a 170-nm ZnSe buffer layer followed
by a 5-period ZnCdSe/ZnSe deposition. The
thicknesses of the ZnCdSe and ZnSe layers in this
experiment were 3 and 14 nm, respectively. Subse-
quently, a 42-nm ZnSe layer was used to cap the
structure.
The AFM image taken after deposition of a

Zn0.56Cd0.44Se layer with 3.0-nm thickness onto a



ARTICLE IN PRESS

10 nm

1 µm

Fig. 2. AFM topology of ZnCdSe QD on GaAs substrates.
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Fig. 3. Temperature dependence of the PL integrated-intensity

of a typical ZnCdSe QD sample. The inset shows a

representative PL spectrum of the QD sample at 10K.
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GaAs substrate is shown in Fig. 2. As can be seen
from the figure, there appear to be some dome-
shaped islands on the substrate. The average base
diameter and height of the islands are B60 and
7 nm, and the density is about 8� 109 cm�2.
The temperature dependence of the PL intensity

of a typical ZnSe-buried QD sample is shown in
Fig. 3, in which a dotted line is used to connect the
data points. This PL measurement was performed
in a variable temperature cryostat in the tempera-
ture range of 10–90K under the excitation of the
337.1-nm line of an NRG-90 N2 laser. The signals
were collected by a R955 photomultiplier tube.
The inset of Fig. 3 shows the PL spectrum of the
investigated sample at 10K, Two emission peaks
appear in the spectrum, and they are labeled as
peak I and peak II. Given the positions and full-
width-at-half-maximum data of the two peaks,
peak I is attributed to the emission from the 3D
dot layer, while peak II is thought to be the
emission from the 2D wetting layer. The most
prominent feature in the temperature-dependent
luminescent intensity of the QD sample is that the
intensity increases with temperature below 20K
and decreases rapidly as the temperature increases
above 20K. This observation agrees with that
observed for CdSe [6,18–20] and CdTe [21] QD
systems, and it can be recognized as a fingerprint
of the QD luminescence [21].
Since the formation process of QD is a fast

process, the MBE equipment employed to the
preparation of QD structures is usually equipped
with a reflection high-energy electron diffraction
(RHEED), which can reveal the transition in
growth mode in the initial stage of QD formation.
However, RHEED cannot be applied to MOCVD
technique for low vacuum level in this technique.
Therefore, researchers usually remove the QD
sample from the growth chamber when the
temperature is cooled to about room temperature,
then the QD sample was investigated by ex-situ
AFM [22,23]. This cooling process will take about
1 h. Thus, the initial formation stage of the QD
cannot be studied in this way. Furthermore, after
being taken out of the growth chamber, the QD
sample will be exposed to air, which may change
the component of the sample due to the oxidation
process [24,25]. Yang et al. introduced a slow
surface diffusion process to equalize the cooling
stage of the QD sample, and in this way, they
observed the formation of QD by AFM [26]. This
method overcomes the first inconvenience men-
tioned above, but is helpless to the second short-
coming of AFM measurement. Some groups
equipped their MOCVD with in-situ AFM equip-
ment [27]. However, equipment process is not only
complicated but also costly. In the following
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paragraph, in terms of the idea that the different
formation stages of QD have different PL char-
acters, we investigate the formation process of
ZnCdSe QD by PL measurements. The PL
measurements, on one hand, can cover the initial
formation stage of QD; on the other hand, the dot
was taken out of the growth chamber for PL
measurements after they are covered by ZnSe cap
layer, which insures that the QD is not affected by
the air.
In our experiment, a series of samples with

different Zn0.56Cd0.44Se thicknesses were prepared
according to the growth procedure of the above-
mentioned ZnSe-buried structures. Note that after
ZnCdSe was deposited, a 60-s interruption was
introduced for the forming and ripening of the
QD. Fig. 4 shows the PL spectra of the series of
samples. The ZnCdSe thickness in samples A, B,
C, D and E are 1.8, 2.1, 2.5, 3.0 and 3.6 nm,
respectively, and the PL intensities are all normal-
ized in intensity for simplicity. The PL spectra of
samples A and B show an approximately Gaussian
line-shape, sample C shows an asymmetry one,
and samples D and E show clearly two emission
peaks. The peaks on the low-energy side for
samples C, D and E are labeled as peak I, and
those on the high-energy side are labeled as peak
II. As indicated above, 3D dots form on the 2D
wetting layer when a certain critical thickness is
reached. The ZnCdSe thicknesses for samples A
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Fig. 4. PL spectra of ZnCdSe/ZnSe quantum structure with

different ZnCdSe thicknesses at room temperature. The

ZnCdSe thicknesses are (a) 1.8 nm, (b) 2.1 nm, (c) 2.5 nm, (d)

3.0 nm, (e) 3.6 nm.
and B are well below the above-calculated critical
thickness of about 3.1 nm. Therefore, the emission
peaks for samples A and B come from the 2D
ZnCdSe layer, which indicates that the QD in our
experiment progresses initially in a 2D mode. By
increasing the ZnCdSe thickness from 1.8 to
2.1 nm, the emission peak shows a clear redshift,
and this shift is due to the elimination of the
quantum confinement effect in the ZnCdSe/ZnSe
quantum structure. The asymmetric PL line-shape
for sample C can be well fitted by two Gaussian
lines, as indicated by the dotted lines in the figure.
We believe that the two lines are related to 3D dot
and 2D wetting layer for the following reasons:
According to our previous result, surface diffusion
plays an important role during the formation of
the QD [28]. The 2.5 nm layer is below the critical
thickness, and the surface diffusion, which is a
slow process compared to the formation process of
QD, can lead to significant fluctuations on the
ZnCdSe surface. As a result, some areas reach or
exceed the critical thickness, and the QD begins to
form there within the 60-s growth interruption.
Therefore, peak I in sample C is thought to
originate from the 3D dot, while peak II is
attributed to the 2D wetting layer. It is noticeable
that the emission from the 2D wetting layer has
almost the same width as that from the 3D dot
layer, which may result from either the poor layer-
by-layer characteristics of our samples or the
surface fluctuations caused by mass transfer
during the formation of the dots. The assignment
is supported by sample D, in which the ZnCdSe
layer is almost equal to the calculated critical
thickness. Two distinct peaks appear in sample D.
Peak I is on the low energy side of that for sample
C, while peak II is on the high energy side of the
counterpart for sample C. Furthermore, the
intensity ratio of peak I to peak II is enhanced
for sample D. The above-mentioned observations
can be well understood based on the formation
process. Once the 3D dots appear, significant mass
transfer from the 2D wetting layer to the QD
occurs [29,30]; consequently, the size of the 3D
dots increases at the cost of the 2D wetting layer.
Therefore, the emission peak of 3D dot redshifts,
while that of the 2D wetting layer shifts to the high
energy side due to the attenuation of the wetting
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layer. This may also be the reason for the slight
blueshift of peak II for sample C compared to the
emission peak for Sample B. As for the relative
variation in emission intensity of peak I and peak
II for the different samples, it is due to the change
in quantity of the 2D wetting layer and the 3D dot
layer resulted from the mass transfer. The appear-
ance of a distinct emission peak from the 3D dots
for sample D verifies with the validity of the
calculated critical thickness. When the ZnCdSe
thickness is increased further, for instance, to
3.6 nm, peak I shows slight redshift, while peak II
redshifts drastically in comparison with that for
sample D. By comparing the emission peak of the
QD for sample D with that for sample E, one can
deduce that the increase in dot size is very small
when the additional 0.6 nm of ZnCdSe was
delivered, and most of the excrescent ZnCdSe
materials is used to increase the thickness of the
wetting layer. As a result, the emission peak from
the 2D wetting layer redshifts drastically, while
that from the 3D dot layer show negligible
redshift. In addition, the intensity ratio of peak I
to peak II for sample E decreases as compared to
that for sample D.
According to the above depictions, the dot

formation process, which was usually studied by
AFM in previous literatures, was investigated in
detail by PL measurements.
4. Conclusions

In conclusion, we have prepared ZnCdSe QD on
GaAs substrates under the S–K mode by low-
pressure MOCVD. The critical thickness was
numerically calculated using a strain relaxation
model. AFM images and the appearance of an
inflection point in the temperature-dependent PL
intensity demonstrate the formation of QD in our
samples. Optical studies of the formation process
of the QD reveal that the growth progresses layer-
by-layer initially, and then there is a significant
mass transfer from the 2D layer to 3D dot once the
critical thickness is reached. This confirms that the
formation of the QD in our experiment is under
the S–K mode. The formation of ZnCdSe QD on
GaAs opens a way for preparing QD on substrates
with relatively small mismatch under the S–K
mode.
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