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   Quantum dots of CdS with hexagonal phase were prepared at relatively low temperature and short time compared to the other methods 
reported in the literature by micro-emulsion (O/W) under ultrasound. This study was focused on the particle size distribution and the 
growth kinetics. The particle size distribution obtained from the optical absorption edge. It was relatively symmetrical with sonication time. 
In addition, an agreement was observed with the size distribution obtained from the TEM images of the sample under ultrasound. The 
growth kinetics was monitored by the red-shift in UV-Visible absorbance peaks. The cubed average particle radius showed an emergence 
of linear regions at longer times. This indicates that the increase of particle size at longer time can be attributed to the diffusion-limited 
coarsening process. The rate constant for the coarsening increases with increasing the temperature. The Arrhenius-type plot was created by 
using the slopes of Lifshitz-Slyozov-Wagner (LSW) curves. The activation energy was 71.72 kJ mol-1 for the ripening process. In fact, the 
acoustic cavitation strongly increases the diffusion of surface atoms. 
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INTRODUCTION 
   
 Semiconductor quantum dots (QDs) have been widely 
studied in recent years owing to their size dependent 
properties and the wide range of potential applications [1-3]. 
Among the II–VI semiconductors, CdS is a fascinating 
material with ideal band gap energy (2.4 eV). Various 
techniques have been successfully developed for the 
synthesis of CdS nano-crystals. The important methods used 
are electrochemical methods [4], gamma-irradiation [5], 
solvo-hydrothermal [6], thermal evaporation [7], microwave 
[8], microemulsion[ 9] and ultrasonic method [10].  
   Among different methods, the preparation of uniform 
nanoparticles with ultrasound is easy and more effective 
under mild conditions [11-14]. During the irradiation of 
liquids with ultrasound, the extreme and transient local 
conditions caused by acoustic cavitation (5000 K, 500 bar) 
[15] not only decompose organometallic precursors to form 
nanometer-sized inorganic particles [16-18], but also 
facilitate  the  crystallization of the semiconductors [19,20].  
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Additionally, acoustic cavitation produced by ultrasonic 
waves can strongly increase the surface area and the mass 
transfer between the two phases [21,22]. Our recent works 
confirmed that the synthesis of nanocrystal is easier with 
ultrasound than other methods [23,24]. These works also 
showed that the combination of ultrasound and micro-
emulsion is suitable for the synthesis of CdS nano-particles 
and this combination is useful for controlling crystal phase, 
morphology, and the size of the nano-particles. The 
electrical and optical properties of semiconductor nano-
crystals are often size dependent. In semiconductors with 
very small size, quantum confinement modulates the band 
structure of nano-particles and increases the band gap 
[25,26]. The control of nanoparticles’ properties is 
significant for many technological applications such as 
light-emitting diodes [27], biological labels [28], lasers [29], 
and microcavities [30]. Hence, it is essential to understand 
the details of nucleation and growth and how they influence 
the evolution of the particle size [2,26,31-34]. The particle 
size is dependent on the kinetics of nucleation and growth 
from a supersaturated solution as well as processes such as 
coarsening   [35,36,26],  oriented   attachment   [37,38]  and  
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aggregation. In synthesis inside the solution, processes such 
as coarsening and aggregation can compete with nucleation 
and growth in modifying the particle size distribution in the 
system. A detailed understanding of the growth behavior of 
these systems is essential for the control of particle sizes and 
hence optical properties.  
  Despite many reports on the synthesis and 
characterization of quantum size particles, there are 
relatively few reports on the growth kinetics of these kinds 
of particles. Searson et al. reported the detail ripening 
kinetics of nanocrystals such as ZnO, TiO2, CdSe, etc. 
[26,33,34,39-42] and they used Lifshitz-Slyozov-Wagner 
(LSW ) theory [35,36] for the ripening kinetics of the 
nanocrystals. The same work was observed by Sung et al. 
[2]. Also, Searson et al. reported the relationship between 
absorbance spectra and particle size distributions for 
quantum-sized nanocrystals [26,34,43]. Yadav et al. 
confirm the growth of nanoparticles occurs via two 
processes with the deviation in the linear relation in between 
cube of radius and time of ultrasonic irradiation (diffusion 
process and the reaction at the surface) [44]. 
   There is relatively rare reports on the growth process 
under ultrasound [44]. To the best of our knowledge, no 
detailed studies of the growth process under ultrasound has 
been reported by the particle size distribution obtained from 
the optical absorption edge. The shape of the absorbance 
edge of semicounductor quantum dots is influenced by the 
electronic transition and the distribution of band gaps. In 
this paper, this relationship has been confirmed by 
comparing the particle size distribution obtained from 
analysis of the absorption edge with the size distribution 
obtained from analysis of TEM images in the presence of 
ultrasound. In this paper it is shown that the growth of the 
CdS particles under ultrasound is diffusion-dependent and 
follows Ostwald ripening kinetics according to LSW theory. 
The time and temperature dependence of the primary 
particle size are analyzed quantitatively and calculated  the 
activation energy.  
 
EXPERIMENTAL 
 
Materials  
 Ethylenediamine, sulfur, p-xylen, CTAB and 1-butanol 
from Merck and CdCl2, 2H2O from Fluka  have  been  used  

 
 
without further purification. De-ionized water was used for 
the sample preparation. 
 
Procedure 
 Synthesis of nanoparticles. The synthesis of 
nanoparticles has been done in our laboratory through the 
combination of ultrasound and microemulsion [23]. First, 
1000 mg of sulfur was dissolved in 50 ml of p-xylen at 
about 313 K. Then, a quaternary oil-in-water micro-
emulsion formed by CTAB/1-butanol/p-xylen/water 
(3.310%, 6.610%, 1.978%, 88.102% ) with an aprppriate 
ratio was used as a reaction medium for CdS nano-particles 
preparation. The composite of micro-emulsion was set with 
weight ratio between oil and CTAB, water and oil, co-
surfactant and surfactant at 0.6, 44, and 2, respectively. The 
micro-emulsion was prepared in two separate parts (A = 
80% and B = 20% w/w). The A portion contained sulfur 
(37.8 mg) in oil phase and the B portion contained cadmium 
chloride (0.025 M) and ethylenediamine (0.41 M) in the 
aqueous phase of the micro-emulsion. The clear micro-
emulsion of B was added slowly into the clear micro-
emulsion of A and was irradiated with ultrasound (20 kHz 
Sonifier W-450, output acoustic power 45.5W, horn with 
1.9 cm diameter) for 45 min in a given temperature (40oC). 
 Absorption spectra. Absorption spectra were recorded 
by UV-Visible spectroscopy (Unico 2800). About 0.2 ml 
aliquots of the suspension were withdrawn at predetermined 
time intervals and diluted into micro-emulsion (4 ml). To 
quench any further reaction, the samples were immediately 
placed in ice water and stored under ice until the spectra 
were taken, usually within 20 min. A blank solution of 
micro-emulsion was used as the reference. Standard quartz 
cells with a 10 mm path-length were used and rinsed with 
micro-emulsion after each run. The experiments were 
performed in 45 min at 40, 48, and 60  ºC, respectively.  
 Sample Analysis. The structure and morphology of the 
final products have been studied in our recent work [23] by 
transmission electron microscopy (HRTEM, Hi-TEM is 
Hitachi 300 kV H-9500 TEM with accelerate voltage 100-
300 kV and resolution 0.1 nm for the crystal lattice and 0.18 
for point to point), and X-ray diffraction (XRD, the patterns 
were recorded in a wide angle range (2Ө = 10º-70º) by 
Bruker-axs, D8 Advance in scanning step of 0.02o/sec, with 
monochromatized CuKα radiation λ = 1.5406 Aº).  
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RESULTS AND DISCUSSION 
 
 The results of optical, HRTEM and XRD measurements 
confirm that the size of nanoparticles are under 5 nm which 
means the formation of QDs [23]. The UV-Vis spectra of 
the samples at different interval times under constant 
temperature at 48 ºC are shown in Fig. 1. The absorbance 
onset is significantly blue-shifted from the value for the 
bulk of CdS which is about 515 nm (2.4 eV) and this is due 
to the quantum confinement of the particles [45]. 
  By optical measurements, it is possible to determine the 
band gap which is sensitive to the presence of defects and 
contaminations. The optical absorption edge energies of 
crystalline species were obtained from UV-Vis absorption 
spectra. It is defined as the minimum photon energy 
required for exciting an electron from the top of the valence 
band to the bottom of the conduction band. In fact, the 
fundamental absorption is related to the band-to-band or to 
the exciton transition, that these transitions are classified 
according to the band structure of material, directly and 
indirectly [46]. Close to the absorption edge, the optical 
absorption coefficient (α) of the colloidal solution of QDs 
under Beer’s law, is related to its band gap energy. This 
empirical relation is known as the Tauc-Lorentz plot (Eq. 
(1)) [47-49]: 
 
 (αhν)2 = β( hν - E*)                                                        (1) 
 
where α is the absorption coefficient, β and E* are constant 
and the band gap of the nanoparticle, respectively. The 
direct band gap can be estimated from the region where a 
steep increase of the adsorption was observed. In this 
region, band-to-band transition is characteristic and the 
particle band gap (E*) can be determined by using Eq. (1) 
and extrapolating the linear portion of the plot to the energy 
axis at αhν = 0 (Figs. 2a, b, c) [50]. 
   The value of the absorption coefficient can be calculated 
by Eq. (2) [49,51,52]: 
 

 
e

A
de

I
I

d

t

log
1

log

log1



                                                (2) 

 
where d is the thickness of the cuvette, It and Io are the 
intensities  of  transmitted and  incident  light  and  A  is  the 

 
 

 
Fig. 1. The UV-Vis spectra of sample at different  interval  
             times at  48 ºC :  0.5 min,  2 min,   
             3 min,   5 min,   7 min,   10 min,  

  15 min,  30 min,  45 min. 
 

 
absorbance of the sample. 
 Figure 2 shows that the band gap shifts to the lower 
energies very fast at the beginning of sonication and then 
changes with time slowly.  
 
Growth Kinetics 
 To study the kinetics of the growth process, it is 
necessary to determine the particle size and particle size 
distribution as a function of time at different temperatures. 
In this study, two models have been used for estimating the 
nanoparticle size from band gap values: tight binding (TB) 
(Eq. (3)) [53] and the effective mass approximation (EMA) 
models [54].  
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where E* is the ban dgap of nanoparticle and Eg

bulk for a 
bulk. The constants of a, b, and c are 0.1278 nm-2 eV-1, 
0.1018 nm-1 eV-1, and 0.1821 eV-1 for CdS, respevtively.  D 
is the particle diameter [53]. 
 For CdS nanoparticles with sizes less that 5 nm, the tight 
binding (TB) method has been shown a better fit to the 
experimental values [55]. However, in this work, Fig. 3 
shows that the EMA method has a better fit  for  estimating 
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Fig. 3. Average particle radius vs.  Time  for the growth of  
            CdS particles: tight  binding (  40 °C,  48 °C,  

             60 °C)) and the  effective  mass  model (  40 
             °C,  48 °C,  60 °C). 
 
 
 
the nanoparticle size with increasing temperature. In 
addition, a better agreement was observed between the size 
obtaind from the TEM images [23] and EMA than TB 
model. Therefore,  in this study EMA model was selected 
for calculating the particle size (Eq. (4)). 
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where E* is the ban dgap of nanoparticle and Eg

bulk for the 
bulk, ħ = h/2π where h is the Planck’s constant, r is the 
particle radius, 

em  is the effective mass of electrons (0.19 
me in CdS) , 

hm  is the effective mass of holes (0.8 me in 

CdS), e is the charge on an electron, ε0 is the permittivity of 
free space, and ε is the relative permittivity. The simplified 
expression for the energy E* in the case of CdS 
nanoparticles with radius r is shown in Eq. (5) (Eg = 2.4 eV, 
and ε = 5.7)  [56]: 
 
      

rr
E 3031.0446.24.2 2                                                (5)   

                                                                                         
 Figure 3 shows the time dependence of the average 
particle at different temperatures. It is clearly shown that the 
growth of the particles is dependent on temperature and 
time. In all cases, the size of nanocrystalline increases 
continuously with time. In addition, the particle size 
increases at any time with increasing the temperature. Based  
on Fig. 4, the red shift in the absorbance onset with time is 
related to the decrease in band gap associated with particle 
growth. The growth kinetics can be described and fitted by 
Ostwald Ripening (OR) model. After nucleation and 
growth, the particle size continues to further increase in size 
by coarsening model. This model involves the growth of 
larger crystals by the expense of smaller ones. For 
sufficiently large particles and by assuming diffusion-
limited coarsening, the coarsening kinetics based on LSW 
model is given in Eq. (6) [35,36,33,39] and the plot are 
shown in Fig. 5. 

 
   Fig. 2. Plot of (αhν)2 vs. (hν) at  different temperatures:  (a) 40 °C:  0.5 min,  1 min,  2 min,  3 min,  7 min,  15   
               min,  30 min,  45 min. (b) 48 °C:  0.5 min,  2 min,  3 min,  5 min,  7 min,  10 min,  15 min,  30  

                  min,  45 min. (c) 60 °C:  0.5 min,  1 min,  2 min,  5 min,  10 min,  30 min,  45 min. 
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Fig. 4. Size   dependence     of     the   band gap   for   CdS       
            nanoparticles at 48 ºC (particle radius from Eq. (4)). 
 
 

 
Fig. 5. LSW plot showing ripening of CdS quantum dots      

              (results from Fig. 3 were replotted as  vs. time)  
              (  40 ºC,  48 ºC ,  60 ºC. 

 
 
 
 ktrrav  33


                                                                (6) 

 
where rav is the average particle radius after ripening occurs, 
ro is the average initial particle radius before ripening 
occurs, t is time and k is the ripening rate constant.  
 Figure 5  shows  the  growth based on the data from Fig. 

 
 
3. It is replotted as 3

r  vs. time at different temperatures. 
This figure shows the emergence of linear regions after 
about 15 min. This indicates an increase in particle size at 
longer times which is related to the diffusion-limited 
coarsening.  
 
Evolution of Particle Size Distribution 
  The particle size distribution can be obtained from 
analysis of the absorption edge by taking the derivative of 
A(r) with respect to the particle radius from (Eq. (7)) 
[26,34,43]: 
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where n(r) and A(r) are the particle size distribution and the 
absorbance, respectively. As the effective mass 
approximation can be used to connect the band gap to the 
particle radius (Eqs. (4) and (5)), it is possible to determine 
the particle size distribution from the absorption edge. In 
fact, the particle size distribution can be related to the local 
slope of the absorbance spectrum at the absorption edge. 
Hence, first the absorption edge is extracted from the 
absorption spectrum (the exciton peak). Next the 
wavelength axis of the absorbtion spectrum is converted to 
energy and then to radius using the effective mass 
approximation. Finally, a suitable fitting method is used to 
obtain the slope (dA(r)/dr)) at each radius and then divided 
by the particle volume at that radius to obtain n(r) 
[26,34,43]. 
 Figure 6 shows the size distribution obtained from 
analysis of the absorption edge with the size distribution 
obtained from analysis of TEM images in the presence and 
absence ultrasound. In contrast to the classical method, there 
is a good agreement between the size obtained from analysis 
of the absorption edge and the TEM images in the presence 
of ultrasound. In the classical method, the absorbance edge 
is not clear which is due to the weak crystallite 
nanoparticles [23]. 
 The maximum distribution obtained from analysis of the 
absorbance spectra can be considered as an average particle 
size. It is observed that in the presence of ultrasound, the 
maximum peak of the distribution is located  at  the  size of  
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Fig. 6: TEM images of the prepared CdS: (a) stirring, 30 min (b) sonication, 30 min (Reprinted with permision from      
            Ref. [23 ]. Copyright (2011) Elsivier), Size  distribution  histograms  obtained from TEM images  and size  
           distributions calculated from absorbance spectra  after 30 min of  growth  at 60 ºC,  (c) ultrasound, (d)  

              classical method. 
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1.55 nm, while the measurement of the size of the same 
nanoparticles from the transmission spectra results in 1.32 
nm. In addition, the distributions obtained from the 
absorbance are sharper than those obtained from TEM 
images. This might be concerned to the difficulty in 
obtaining precise measurements of smaller particles from 
TEM images [26]. These measurements have shown a 
reasonable estimate of the particle size distribution for CdS 
QDs from analysis of the absorbance spectra. 
  Figure 7 shows the size distributions of the particles 
obtained from analysis of the absorbance spectra with time 
for nanocrystals at 60 ºC. The distributions appear relatively 
symmetrical with time and the radius at the maximum of 
distributions increases with time. Initially, a large number of 
particles nucleate and grow until the concentration of the 
solute  dropps to the saturation level. The maximum peak is 
obtained at 5 min indicating that growth from 
supersaturation is completed at this time and coarsen at later 
times by Ostwald ripening.  
 
Activation Energy 
 The rate constant k can be obtained from the slopes of 
the linear regions of the plots of 3

r  vs. time according to 

Eq. (6) at different temperatures and then uses for the 
kinetics analysis. The temperature dependence of the rate 
constant can be written as Eq. (8), the Arrhenius-type 
equation [2,26,39]. 
 

 

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
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RT
Ekk aexp

                                                        (8) 

 
Here, k0 is a constant and Ea is the activation energy for 
ripening. By obtaining the k values from LSW plot in Fig. 5, 
the Arrhenius plot can be obtained as shown in Fig. 8. From 
the slope of the line, the activation energy for the ripening 
was found to 71.72 kJ mol-1. Hence, by substituting Eq. (8) 
into Eq. (6), the ripening kinetics can be rewritten as Eq. 
(9): 
 
 t
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 The effect of temperature is an important factor on the 
nanoparticle’s growth and the final size of the nanoparticles. 
An increase in temperature leads to  a  higher  mass  transfer  

 
 

 
Fig. 7. Size distributions calculated from absorbance spectra  
           with time  at  60 ºC (Fig. 7  from ref. [23]),  0.5  
          min,  1 min,   2 min,   5 min,   10  

           min,  30 min,  45 min. 
 

 

 
Fig. 8. Arrhenius plot of CdS nanocrystal quantum dots for  

             the Ostwald ripening. 
 

 
 
between two phases and enhances the growth rate. 
Additionally, acoustic cavitation produced by ultrasonic 
waves can strongly increase the mass transfer. Therefore, 
cavitatoin can increase the rate coarsening more than 
conventional methods [2,26,32,34].  
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CONCLUSIONS 
 
 Quantum dots of CdS with hexagonal phase have been 
prepared at relatively low temperature (60 ºC) and short 
time in micro-emulsion (O/W) under ultrasound. The 
nanoparticles have uniform spherical morphology with very 
small size (≈ 2 nm). The absorbance onset is significantly 
blue-shifted which is due to the quantum confinement of the 
particles. In this work, a detailed studies of the growth 
process under ultrasound are reported for the first time. It is 
clearly shown that the growth of the particles is dependent 
on temperature and time. The growth law for nanometer size 
of CdS particles is in consistent with Ostwald ripening 
kinetics model. The cubed average particle radius presents a 
linear region at longer times under different applied 
temperatures. This indicates that the increase of the particle 
size at longer times is related to the diffusion-limited 
coarsening. The rate constant for coarsening increases with 
temperature. Arrhenius-type plot was created by using the 
slopes of the LSW curves for the CdS nanocrystals and the 
activation energy for the ripening was evaluated to 71.72 kJ 
mol-1. These results suggest that cavitatoin lowers the 
activation energy for the coarsening process. In fact, 
acoustic cavitation is responsible for mixing the phase 
reactions which increases the interfacial area and the mass 
transfer between two phases and therefore, the diffusion is 
rather easier under ultrasound than conventional method. 
Furthermore,the measurement results from analysis of the 
absorbance spectra have shown a reasonable estimate of the 
particle size distribution for CdS nanoparticles.The 
distributions appear relatively symmetrical with time and 
the radius at the maximum in the distributions increases 
with time.  
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