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ZnCdSe quantum dot&QDs) were fabricated successfully under Stranski—Krastanow mode by
metalorganic chemical vapor deposition. Prior to growth, the critical thickness was first calculated
in terms of strain relaxation and the growth was then performed with the help of the calculation. The
evolution of the QDs was also studied by atomic force microscopy and spectroscopy. Two kinds of
variations in the QDs appeared over time, the Ostwald ripening process and dot-formation process.
Moreover, the shape of the dots changed from pyramidlike to domelike, with the transition
explained by the theory of crystal growth. By analyzing photoluminescence spectra, two emission
mechanisms were revealed and were thought to be zero-dimengd@ahnd 2D-like excitons.

With increasing growth interruptions, the luminescence intensity ratio of the OD to 2D-like excitons
increased, which gave further evidence of the evolution of QDs.2002 American Vacuum
Society. [DOI: 10.1116/1.1481870

[. INTRODUCTION tively small mismatch(~3%) carried out by metalorganic
chemical vapor depositiotMOCVD). The decrease in epi-
trf\xial mismatch increases the two-dimensiof(@D) layer-
%y-layer regiorf Thus, it is likely for the growth by
?VIOCVD, in which it is difficult to control the growth rate
\{ery precisely. Previous to the growth, the critical thickness
?¥vas calculated, then the growth of ZnCdSe QDs proceeded
under the guidance of the calculated critical thickness. In
ddition, the QDs were monitored constantly by atomic force
microscopy(AFM) after growth. In this way, the formation
rocess of the QDs, which has rarely been reported, was seen
learly. The ripening process and the shape transition of the
QDs was also observed by AFM measurement. Microphoto-

Quantum dot(QD) structures have been a field of active
research for the last few years because they are not only
basic physical interest but also of fundamental importanc
for many optoelectronic applicatiodsuch as lasers and de-
tectors. Thus, the study of the growth of QDs becomes n
only interesting but also important. Several state-of-the-a
methods have been applied to fabricate QD structures. Tw
important methods are high-resolution lithography combine
with dry or wet etching®and growth on masked substrafes.
Unfortunately, such processes inevitably deteriorate the qual
ity of the crystal. Recent reports on the growth under
S.transk|—.Krastanow mode offer p053|b|l!t|es fof grOWIngIuminescenc&émicro-PL) spectra were employed to study the
high-quality QD structures. However, since this growth .

. . . evolution, as well.
mode needs a relatlvel)}{sluarge lattice mismatch, most atten-
tion has focused on Gefsand group IlI-V systems, in par-
ticular, InAs embedded in GaAswhich has a lattice mis- Il. EXPERIMENT
match of ~7%. The reports on group Il-VI systems are The QD structures studied were prepared on GEAX)
mainly focused on the CdSe/ZnSe system, which is, in term§ubstrates by low-pressure MOCVD at 310 °C, with the
of strain relationships, identical to the well-established groug@rowth pressure fixed at 24 Torr. The GaAs wafers were first
11—V systems mentioned above. cleaned by ultrasonator with a sequence of trichloroethylene,

Zhanget al. have grown ZnCdSe QDs on Zn$EL0Q) by ~ acetone, and ethanol for 5 min each. The substrates were
molecular-beam epitaxy systerhsThey grew a zZnSe/ then chemically polished in 3$0,:H,0,:H,0=3:1:1 at
ZnCdSe/ZnSe heterostructure under growth conditions thet0 °C, and boiled in hydrochloric acid. After being loaded
could not lead to layer-by-layer growth of ZnSe. This ZnSeinto the reaction chamber, the substrates were annealed at
layer inevitably resulted in surface roughness and th&00 °C in hydrogen ambient for 10 min to avoid gallium and
ZnCdSe QDs then formed there. Therefore, in one sense, tfgsenic oxide layers. DimethylzinDMZn), dimethylcad-
growth was not done under SK mode. In this article, wemium (DMCd), and hydrogen selenidél,Se) were used as
discuss the growth of ZnCdSe QDs on substrates with relgPrecursors. The flow rates of the three precursors, which

were controlled by separate mass-flow controllers, were kept

-6 —7 -6 :
dauthor to whom correspondence should be addressed; electronic maifit 1.6 ]_-0 , 4:3>< 10", and 5.5 10 ° mol /mm’ respec-
shen@public.cc.jl.cn tively. High purity hydrogen was used as carrier gas to carry
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Fic. 1. Plot of the critical thickness of the gpCd, ,.Se/GaAs system. The < i >
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the reactants into the reaction chamber. To avoid prereaction,
the precursors were just mixed before the substrate. The typi-
cal growth rates for the ZnCdSe and ZnSe layers were 0.6
and 0.7 A/s.

Two kinds of structures have been grown in our experi-
ment: buried dots and exposed dots. For the buried dots, the
ZnCdSe QDs were grown directly onto GaAs substrates. The
exposed dots were intended for AFM studies. The buried
dots contained a ZnSe buffer layer with a thickness of 170
nm. Following this is a five-period ZnCdSe/ZnSe system.
The thicknesses of the ZnCdSe and ZnSe layers in this sys-
tem were 3 and 14 nm, respectively. Finally, a 42 nm ZnSe
cap layer terminates the structure. The buried dots are in-
tended for photoluminescence measurement. Because the lat- < Tpm >
tice mismatch of the CdSe/GaAs combination is 7%, which (b)
is close to that of the CdSe/ZnSe systé&rB%, the strain- _ o
induced self-organized QDs should be similar in both gaseéél)e\;ezrége';“;ttg]‘éoéﬁizr%m%ilcgsl‘zgzizg)’zﬂ?swm if;g?”ﬁtzzggdse
Therefore, one can expect the exposed dots grown directly,,
on the GaAs surface to be similar to the buried ones grown
on ZnSe buffer layers.

For surface analysis, the exposed samples were monitored
constantly at the same area by a Digital Instrument nanol? Which azncgse and agaas are the lattice constants of
scope llla system after being cooled down and taken out ofNCdSe and GaAs. Using the known constants of ZnSe,
the growth chamber. For PL measurement, the buried dot§dSe, and GaA$and making a linear interpolation between
were excited by the 488 nm line of an Adaser, and the ZnSe and CdSe, we find the lattice constant of £8d, 425€
signals were measured by a Jobin-Yvon 630 micro-Ramaif Our experiment to be 5.8359 A. Based on E), one can

spectrograph. get f=0.032. Poisson’s ratios of CdSe and ZnSe are 0.492
(Ref. 12 and 0.38"® respectively. The Poisson’s ratio of
I1l. RESULTS AND DISCUSSION Zno_56Cd0_44Se, using the linear interpolation method, is
found to bevy,cqs—0.429. As for the Burgers vector, it can
A. Calculation of critical thickness usually be taken ab=4.008 A Bringing all the known

According to People and Bedrthe critical layer thick- values into Eq(1), one can get the following expression:
ness ofh; vs lattice mismatch can be expressed by the fol-

: h
lowing formula: — c
he 15.1255In<4.008). 3)
1-v 1 b2 1 he
he~\ T 1672) a0 ]| | 12 Il 5] | (1) Provide a variable, so that
where v is Poisson’s ratiop is Bergers vectora(x) is the _ he 4
bulk lattice constant of the Zn,Cd,Se layer, and is the = 15.1255 )

misfit parameter defined belotf:
One can plot Eq(3) as shown in Fig. 1. From Fig. 1, we

_ 8zncdse” dcans (2) obtain the critical thickness of the ZnCdSe layer grown on
Acaas GaAs is about 3.1 nm.

f
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Fic. 3. AFM images of sample B at different postgrowth times:60; (b) 90; (c) 110; (d) 120; (e) 130; (f) 140; (g) 150; and(h) 180 min after growth.

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002

Downloaded 11 Oct 2012 to 159.226.100.224. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



1105 Shan et al.: Growth and evolution of ZnCdSe quantum dots 1105

Is
m_
L] L
1804 ;:’ T T T T T T T '2s
~~
p 2
3 ‘D "
S0, 100 §
& : T T 1 T T T M
- 3s
£ 504
T T M T T T T T T T T T T
04 1.9 2.0 2.1 2.2 23 24 25 2.6
. Photon energy (eV)
L] v T N T T T T

————r .
19 20 21 22 23 24 25 . .
Fic. 5. Microphotoluminescence spectra taken at room temperature on a

Phontmenergy(eV) series of Zgs{Cdy4.Se/ZnSe QD samples with different growth interrup-
tions. The dotted lines are the Gaussian simulations of the broad lumines-

Fic. 4. Typical PL spectrum of ZnCdSe QD structure with 3 nm coveragecence.
and 300 s interruption at room temperature.

fore, the size of the dots grows, but the density decreases
B. AFM studies of dot evolution with time. Besides the two above-mentioned processes, an

interesting phenomenon in dot shapes with time occurs. In

After the growth of several monolayers of ZnCdSe, theye initial stage, the shape of the dots appears pyramid-like,

exposed samples were taken out of the growth chamber anghereas in the final stage, the dots are shaped dome-like.
monitored by AFM. Flgure 2 shows the topologies of the tWOAccording to the theory of crystal growifithe surface of a
ZnCdSe QD samples with a ZnCdSe coverage of 2.5 and 3yncave area possesses lower surface vapor predsgher
nm. Note that both samples are below the calculated critical,,iface binding energyand the surface of a convex area
thickness, and t_)oth of thg imgges were taken at 120 min afteﬂossesses higher surface vapor presgaveer surface bind-
growth. What is surprising is that dots formed on bothjng energy. Therefore, individual atoms or molecules con-
samples. Another phenomenon to note is that the density Qfa1ly migrate from the convex area to the concave area or
sample A is much smaller than that of sample B. By calCUjggg convex area. Moreover, as atoms arrive on the surface
lating the number of dots in a typicalgm X 1 um scanned  4ng diffuse to the island, they tend to stick to the concave

area, the average density in Fi9§a)23”d 2b) can be esti- 4165 Consequently, the dots become less acicular over time.
mated to be about 20 and 1@0n~ <, respectively. The above

phenomenon can be explained by the theory of surfaceé . . .
diffusion* When the coverage of the substrate is below the™ Spectroscopic studies of dot evolution
critical thickness, the diffusion of the surface atoms may Figure 4 shows the typical PL spectrum of a ZnCdSe QD
result in parts of the sample surface reaching or exceedingtructure with 3 nm coverage and 300 s interruption between
the critical thickness, and then strain releases to form QDsdot formation and capping at room temperature. As one can
As for the density of the dots, the thicker the ZnCdSe cov-see, the full width at half-maximuniFWHM) of ZnCdSe
erage, the larger the strain energy, and therefore, more do@Ds is about 120 meV, which is much larger than that of
per unit area are required to release the strain ertérgy,CdSe QDs, which are reported to be about 80 meV by sev-
as shown in Fig. 2. eral groups®2° The broadening of the FWHM in our
The exposed dots in the same area were also monitored sample is largely due either to the size distribution of quan-
air after being taken out of the growth chamber. Figure 3tum dots or to the fluctuation in the ZnCdSe alloy. To study
displays such a sequence of AFM images of sample B. As ithe evolution of the QDs by spectroscopy, we have also pre-
clear from the figures, the size of the dots increases mongared three other buried samples with the growth-
tonically, whereas the density varies in two stages. The firsinterruption time ranging from 1 to 3 s. The micro-PL spectra
stage is from Figs. @) to 3(d), and the second stage is from of these samples recorded at room temperature are shown in
Figs. 3e) to 3(h). In the first stage, the density increasesFig. 5. The most remarkable feature in the spectra is the
from about 3<10° to 8xX 10° cm 2, whereas in the second asymmetry of the broad PL lines. We can model the lumi-
one, the density of the dots decreases gradually. We believeescence spectra as a superposition of two Gaussian lines.
that the above phenomena are the combined effect of OsBotted curves in Fig. 5 show two-line fits to the data, which
wald ripenind® and the formation of the dots led by diffu- provide a good description of the PL line shape observed in
sion. The formation of dots dominates the evolution in theour samples. According to Kirat al.?* the line shape on the
first stage, so both the size and the density of the dots inew-energy side is associated with QDs or zero-dimensional
crease as time progresses. In the second stage, the Ostwalktitons, whereas the line shape on the high-energy side is
ripening process prevails over the formation process. Therghe emission from more-extended regions that are two-
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