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CdSe semiconductor colloidal nanocrystals have attracted great
attention due to their unique photoabsorption and emission
characteristics.1-5 They show specific quantum confinement effects
and thus reveal visible range light emission depending upon each
particle size. To improve quantum efficiency, CdSe nanocrystal
core is often passivated by another semiconductor shell with a high-
energy band gap, such as ZnS, ZnSe, and CdS.6-8 On the other
hand, Han and Knoll9-11 prepared solid-solution nanocrystals, such
as Cd1-xZnxSe and Cd1-xZnxS, by heat treatment of CdSe/ZnSe
and CdS/ZnS core/shell nanocrystals, respectively. Their results
reveal that solid-solution nanocrystals possess color-tunable light
emission depending upon their chemical compositions and narrow
light emission spectral width of 14 nm, which is comparable to the
homogeneous line width of single CdSe nanocrystals. However,
sometimes solid-solution treatment of two semiconductors with
different constituent atoms is incomplete, and thus the solid-solution
effect on light emission is not predictable. Also, the formation
mechanism of Cd1-xZnxSe and Cd1-xZnxS solid-solutions via heat
treatment of core/shell nanocrystals is still unknown. In this study,
for the first time, a kinetic equation for the solid-solution formation
was established in core/shell nanocrystals as a function of temper-
ature and time, and the solid-solution formation mechanism was
elucidated based upon the activation energy.

Most details of the synthesizing methods for CdSe/ZnSe core/
shell nanocrystals were similar to those reported in the literatures.8

Inductively coupled plasma (ICP) analysis on the CdSe/ZnSe
nanocrystals revealed the atomic ratio of Cd:Zn:Se was 55:45:100.
The synthesized CdSe/ZnSe nanocrystals in chloroform were
isothermally heated for the solid-solution treatments at 315, 330,
345, and 360°C, respectively, for different time periods. The lattice
parameter of thea-axis (4.153 Å) in Cd0.55Zn0.45Se, estimated from
the Vegard’s law, was used as a measure of complete solid-solution
formation.

Figure 1 shows the XRD patterns of CdSe/ZnSe nanocrystals
heat treated at different temperatures for different time periods.
JCPDS data of CdSe and ZnSe in the Wurtzite structure were
indicated at the top and bottom axes as references for comparison.
In this kinetic analysis, two important assumptions were employed.
First, the ZnSe shell is presumed to be XRD invisible, not giving
any change in the CdSe diffraction peaks due to its very small
crystallite size. Second, the CdSe core is completely crystalline as
prepared, and thus all CdSe in a core can be detected by XRD.
Thus, the possibility of the crystallinity increase occurring during
the solid-solution heat treatment was excluded. Both of the
assumptions were certainly supported by XRD and high-resolution
transmission electron microscopy (HRTEM) analyses, respectively.

With an increase of heat treatment time, the XRD peak positions
from CdSe core crystals showed apparent shifts to high 2θ angles,
indicating the lattice parameter decrease due to the progression of
solid-solution formation of Cd1-xZnxSe. The lattice parameter
variation was monitored with heat treatment time period and
temperature (see Supporting Information for details). The samples

heat treated at a high temperature showed rapid decrease in the
lattice parameter possibly due to the high mobility of diffusing ions.
The degree of solid-solution formation (x) was determined using
the Vegard’s law, and its variation was also monitored with heat
treatment time period and temperature (see Supporting Information
for details). The samples heat treated at high temperatures showed
a higher rate of solid-solution formation compared to those heat
treated at low temperatures, and the result revealed typical sigmoidal
variation curves, indicating that a parabolic kinetics is governing
the solid-solution formation reactions. The degree of solid-solution
formation (x) was used in the Jander analysis12 to analyze the solid-
solution formation mechanism in the CdSe/ZnSe system.

Jander analysis, based upon a parabolic kinetics, has been widely
used for the kinetic analysis of chemical reactions occurring in
spherical-shaped particles and employed for this study as the
following:

Here,x is the degree of solid-solution formation,k is the reaction
rate constant, andt is the heat treatment time. The Jander plots in
Figure 1a showed high linearity until 12 min heat treatment. The
reason that the y-intercept values are not approaching exactly zero,
especially for 360°C, is that the solid-solution formation has already
progressed during heating the CdSe/ZnSe nanocrystals in chloro-
form from room temperature up to the corresponding heat treatment
temperatures. Thus, the kinetics data even at 1 min can be
considered as those at the early stage of solid-solution formation
reaction. From the slopes of each linear curve,k values were
determined with temperature, and thek values following Arrhenius-
type analysis were applied to obtain activation energy for the
Cd1-xZnxSe solid-solution formation:

Figure 1. X-ray diffraction (XRD) patterns of CdSe/ZnSe nanocrystals
heat treated at (a) 315, (b) 330, (c) 345, and (d) 360°C for 1, 15, 30, 60,
and 120 min, respectively.
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Here,ko is a constant,R is the gas constant in J/mol‚K, Q is the
activation energy for solid-solution formation, andT is the heat
treatment temperature. From the slope of the Arrhenius plot shown
in Figure 2b, the activation energy for the solid-solution formation
was determined as∼152 kJ/mol. This activation energy value is
slightly higher than the bond strength of Zn2+-Se2-, 136 kJ/mol,
and much lower than that of Cd2+-Se2-, 310 kJ/mol. Thus, it can
be concluded that the mechanism of Cd1-xZnxSe solid-solution
formation via heat treatment of CdSe/ZnSe core/shell nanocrystals
is the diffusion of Zn2+ ions by dissociation of bonds between Zn2+

and Se2- ions. The slightly higher activation energy values would
arise from the activation energy required for the diffusion of Zn2+

ions in CdSe matrices since total activation energy for diffusion-
controlled reactions is the summation of the dissociation energy of
ions and the energy for diffusion through the matrices. Thus, using
the Arrhenius analysis results, the Jander equation for the solid-
solution formation was completed as follows:

One can use this completed Jander equation to estimate the degree
of solid-solution formation (x), and thus to design Cd1-xZnxSe solid-
solution nanocrystals showing a specific wavelength light emission
without performing experiments.

In contrast to the previous research results, in this study, partial
solid-solution formation was achieved though the controlled heat
treatment of CdSe/ZnSe core/shell nanocrystals at a certain tem-
perature within a reasonable time period. In reality, another core/
shell-type Cd1-xZnxSe/ZnSe nanocrystals were obtained in this
study. Due to this incomplete solid-solution formation, the surface
passivation of the Cd1-xZnxSe core can be achieved by the unreacted
ZnSe shell. Our PL results showed that the partially solid-solution-

treated Cd1-xZnxSe/ZnSe nanocrystals had higher PL emission
intensity than almost completely solid-solution-treated Cd1-xZnxSe
nanocrystals. The energy band gap of ZnSe is larger than that of
Cd1-xZnxSe, thus the quantum well structure is still maintained.

It has been known that Ostwald ripening can be prevented once
the solid-solution formation reaction initiates, and thus a narrow
size distribution can be maintained during solid-solution heat
treatments. HRTEM images in Figure 3a and b show the high
crystallinity and the narrow size distribution of CdSe/ZnSe and
Cd1-xZnxSe/ZnSe nanocrystals, respectively. Furthermore, only
slight size increase was detected during heat treatments for the solid-
solution formation.

From this study, a kinetics equation for the solid-solution
formation was established for CdSe/ZnSe, and the solid-solution
formation mechanism was determined as Zn2+ ion diffusion in
Cd2+-Se2- matrices. This kinetic analysis approach can be applied
to the derivation of kinetics equations for other solid-solution
formation reactions of II-VI and III-V semiconductor nano-
crystals, and it can supply a key not only to estimate but also to
control the wavelength of possible light emission from each solid-
solution nanocrystal.
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Figure 2. Jander plots of solid-solution formation reaction in CdSe/ZnSe
nanocrystals (a) and Arrhenius plot of solid-solution formation reaction in
CdSe/ZnSe nanocrystals (b).
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Figure 3. High-resolution transmission electron microscopy (HRTEM)
images of (a) as-prepared and (b) heat treated CdSe/ZnSe nanocrystals.
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