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CdS quantum dots of face centered cubic (fcc) and hexagonal close packed (hcp) 
structures were synthesized from sulphur source of sodium sulphide and thioacetamide 
respectively via microwave-hydrothermal method. The synthesized quantum dots were 
characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM) 
and UV-visible spectrophotometry. The average particle size in the range 8.5 - 12.5 nm 
increases with the increase of microwave exposure time from 10 to 40 min. Particles with 
hcp structure are larger than those with the fcc structure. The band gap in the range 2.54 - 
2.65 eV decreases with the increase of microwave exposure time and the particles with the 
hcp structure have larger band gap than those with the fcc structure.  The band gap of the 
CdS quantum dots were also derived from time independent Schrodinger equations for 
CdS system and calculated using the density functional theory (DFT). There is good 
agreement between the measured and calculated band gap values. The results also reveal 
that the band gap decreases with the increase of particle size due to the quantum size 
effects. 
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1. Introduction 

 
II–IV binary compound semiconductors, including cadmium sulfide (CdS) quantum dots 

(QDs) have traditionally shown remarkable fundamental optical and electrical properties. CdS is a 
well-known direct band gap semiconductor having both zincblende and wurtzite crystal structures.  
In recent years, the progress of new synthesis methods intended for demonstrating quantum size 
effects of nanoscale CdS has attracted considerable attention because of unique optoelectronic, 
photochemical, and photocatalytic properties that are dramatically different from their bulk 
counterparts [1]. CdS quantum dots exhibit unique size-tunable optical and electronic properties 
such as band gap widening, change of electrochemical potential of band edge, and enhancement of 
photocatalytic activities with decreasing crystallite size [2-10]. These properties are due to a large 
number of surface atoms and three-dimensional confinement electrons [11-12]. Hence, the study 
of the quantum confinement in this semiconductor has been a subject of intense research. The 
increase of the band gap upon a decrease of particle size is one of the characteristics which can be 
observed by optical absorption spectroscopy. Upon a decrease of the particle radius, the onset of 
the absorption shifts towards higher energy.  

To compute a band gap of quantum dots theoretically, it is easier to calculate of optical 
absorption energy of electronic transitions between the valence and conduction bands of quantum 
dots. The transitions happen when incident photons strike the quantum dots and the valence band 
electrons of Cd atoms absorbed photons and excited to higher energy level of the conduction band 
of S atoms. Since, the band gap energy of quantum dots is dependent on particle size and lattice 
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structure, to understand the transitions between the electronic states requires a quantum theory 
treatment. An approach based on the density functional theory (DFT) should enable physicists to 
simulate the electronic transitions for determining the band gap of quantum dots. Several 
theoretical approaches have been proposed to compute electronic structure of quantum dots and 
most of them are identical to the ones used to study atoms and molecules. Quantum dots based on 
atomic structure have three-dimensional electronic confinement of the energy level degeneracy, 
orbital structure and spin correlation [13-17].  

In view of the fact that breakthrough in nanoscience is becoming progressively dependent 
on simulation and modeling, the present article is dedicated to the measurement and computation 
of optical band gaps of different size CdS quantum dots having the lattice structure of face 
centered cubic (fcc) and hexagonal close packed (hcp). Microwave irradiation method was used to 
synthesis CdS nanoparticles with different size and different crystal structures. The size of CdS 
nanoparticles was dictated by changing in microwave irradiation time from 10 to 40 min and the 
control over crystal structure of nanoparticles was performed by changing in sulfur source. Sodium 
sulphide (Na2S) and thioacetamide (C2H5NS) were used as sulfur sources to obtain cubic and 
hexagonal structure CdS nanoparticles, respectively [18]. The experimental band gaps are 
therefore compared with the theoretical band gaps. 

 
2. Materials and methods 

 
2.1 Experimental  
 
The starting materials for the synthesis of CdS nanoparticles were cadmium chloride 

(Acros Organics) as cadmium source, sodium sulphide (R & M Chemical) and thioacetamide 
(Sigma-Aldrich) as sulfur sources and distilled water as solvent. All chemicals were analytical 
grade products and used without further purification.  

In a typical synthesis, 0.005 M of cadmium chloride and 0.006 M of sulfur source (sodium 
sulphide for fcc structure or thioacetamide for hcp structure) were added into 100-ml glass beakers 
containing 20 ml of distilled water and stirred with 500 rpm for 30 min. The beakers were placed 
in a high power microwave oven (1100 W) operated using a pulse regime with 20% power for 
different irradiation time from 10 to 40 min. The precipitates were centrifuged (3500 rpm, 10 min) 
and washed several times with distilled water and absolute ethanol. The yellow products were 
dried in air at 60oC for 24 h under control environment. The products were characterized by X-ray 
diffraction (XRD) at a scanning rate of  5o/min in the 2θ range 20–70◦ using a Philips X-ray 
diffractometer (7602 EA Almelo) with Cu Kα radiation (λ = 0.1542 nm). The particle size and size 
distribution were determined from the transmission electron microscopy (TEM) micrographs 
(HTACHI H-7100 TEM). The TEM characterization was carried out at 100 keV. The optical 
properties of ZnS nanoparticles were characterized using UV–visible absorption spectroscopy 
(UV-1650PC SHIMADZU). 

 
2.2 Theoretical 
 
The band gaps of the CdS quantum dots of different crystal structures were calculated 

according to our previous work [19]. The quantum dots were considered an isolated spherical 
nanoparticle containing N atoms confined in a face-centered cubic structure or in a hexagonal 
lattice structure. When light strikes CdS nanoparticle, electrons at the valence band state of Cd 
absorbed photon energy and excited to the conduction band state of S. The total functional energy 
may take in the form: 
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The Euler equation (1) may be presented in terms of functional derivatives: 
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where r is the displacement coordinate of the electrons from the centre of a sphere and is 
dependent on the quantum numbers n , l , and s. For a completely degenerate electron gas at 
absolute zero temperature, & is the Fermi energy, and �	
� = ��	
�� + ��	
��			is the summation 
of nuclear potentials of each atomic element of the QDs. We found that the density of conduction 
electrons ρ (r) of an atom is a function of atomic number Z and absorption ((r). Since both ρ(r) 
and ((r) are continuous functions, the transformation of the density functional energy E to the 
absorption functional energy E [ρ] can be made by algebraically substituting the electron density 
function with the absorption function in the Euler-Lagrangian equation (2). The absorption 
function (	
� was derived in terms of the electronic density �	
�. Taking the wavelength of 
electrons in the valence band to conduction band transition as ) and the absorption (	
�, the total 
energy functional Euler-Lagrange equation can then be written in terms of (	)� as a function of ) 
with the boundary conditions (* = 0 and (, = 0. For a numerical calculation, ) and (	)�may be 
discretized into (- and )-, where . = 0, 1, 2, … ,2, and 2 is the number of atoms that made up the 
QD size. The final Euler–Lagrange equation can be expressed in finite differences, and the 
multivariable equation can be solved. For QDs, the highly occupied state orbital electrons in the 
valence band absorb photons and transit to the higher energies of unoccupied state orbital in the 
conduction band. Hence, the coordinate 
 of the electron is dependent on the principle quantum 
number n , angular quantum number l, and spin quantum number s.  
 

3. Results and discussion 

 
The formation of CdS nanoparticles can be observed by changing in color of solution from 

colorless to yellow and confirmed by powder X-ray difraction studies. Fig. 1 shows the XRD 
patterns of CdS nanoparticles synthesized with sodium sulphide and thioacetamide as sulfur 
sources. In this figure the peaks observed in the XRD patterns of CdS nanoparticles synrhesized in 
sodium sulphide at 2θ values of 26.4, 43.8, 51.9 and 71.2, matched perfectly with the (111), (220), 
(311) and (331) crystalline planes of the face centered cubic structure of CdS (ICDD PDF 89-
0440) with the crystal lattice parameter of 5.8 Ao and the cell volume of 198.2 Ao3. For CdS 
nanoparticles synthesized with thioacetamide, the peaks observed in the XRD patterns at 2θ values 
of 24.8, 26.5, 28.2, 36.6, 43.7, 47.8, 51.8, 67.1 and 75.9 matching perfectly with the (100), (002), 
(101), (102), (110), (103), (112), (203) and (204) crystalline planes of the hexagonal structure of 
CdS (ICDD PDF 77-2306) with the crystal lattice parameters of 4.1, 4.1 and 6.7 Ao and the cell 
volume of 99.4 Ao3. 

 
Fig. 1. XRD pattern of the CdS nanoparticles synthesized with (a) sodium sulphide for cubic  

structure and (b) thioacetamide for hexagonal structure. 
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Fig. 2 and Fig. 3 show the TEM images and corresponding size distribution histograms of 
CdS nanoparticles synthesized in 20 min irradiation time with sodium sulphide and thioacetamide, 
respectively. The figures indicate that CdS nanoparticles prepared with sodium sulphide are 
spherical in shape with sizes from 7 to 15 nm that are agglomerated. CdS nanoparticles 
synthesized with thioacetamide, on the other hand, are approximately monodispersed and have 
slightly larger sizes, estimated to be 8 to 16 nm. 
 

 
Fig. 2. TEM images and particle size distribution of CdS nanoparticles synthesized using 

sodium sulphide as sulfur source at 20 min irradiation time. 
 

 
 

Fig. 3. TEM images and particle size distribution of CdS nanoparticles synthesized using 
 thioacetamide as sulfur source at 20 min irradiation time. 
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Fig. 4 and Fig. 5 show the UV-Vis absorption spectra of CdS nanoparticles prepared in 
different irradiation times using sodium sulphide and thioacetamide as sulfur sources, respectively. 
The samples show a blue shift of the absorption edge compared to bulk CdS which is clearly 
explained by the quantum confinement effect.  

 
Fig. 4. UV-Visible spectra of CdS nanoparticles synthesized using sodium sulphide as 

sulfur source at (a) 10, (b) 20, (c) 30 and (d)40 min  irradiation time. 
 

 
Fig. 5. UV-Visible spectra of CdS nanoparticles synthesized using thioacetamide as sulfur 

source at (a) 15, (b) 20, (c) 25 and (d) 40 min irradiation time. 
 

The optical band gap of CdS nanoparticles can be determined from the absorption spectra. In Tauc 
region (high absorption region) the absorption is due to interband transition among extended states 
in both valence and conduction bands and the absorption coefficient depends on optical band gap, 
given by:  

α(v) = K(hv – Eg)
n/hv                                                          (3) 

 
where Eg represents the optical band gap, K is a constant, and n depends on the nature of the 
transition which has values of 1/2, 3/2, 2, and 3 for allowed direct transitions, forbidden direct 
transitions, allowed indirect transitions, and forbidden indirect transitions, respectively [20-21]. 
The energy of band gap (Eg) can be evaluated from the UV-Vis spectra by plot of 
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)(/))(( ννα hdhLnd  versus (hv) which shows the discontinuity position assigned to the band gap 
value (at hv - Eg = 0) according to [22-23]: 

)/()(/))(( gEhnhdhLnd −= νννα                      (4) 

 
The )(/))(( ννα hdhLnd  versus (hv) plots of CdS nanoparticles prepared with sodium 

sulphide and thioacetamide are shown in Fig. 6 and Fig. 7, respectively. Although the figures show 
peak instead discontinuity position which is due to our instrument limitation range over to measure 
absorbance, but still the band gap energy can be evaluated from the peak position. The values of 
estimated energy band gaps are listed in Table. 1. 

 
Fig. 6.  d(ln(αhυ))/d(hυ) vs. hυ plots for the CdS nanoparticles synthesized using sodium 

sulphide as sulfur source at different irradiation time. 
 
 

 
Fig. 7. d(ln(αhυ))/d(hυ) vs. hυ plots for the CdS nanoparticles synthesized using thioacetamide  

as sulfur source at different irradiation time. 
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Table. 1. Optical band gaps of CdS quantum dots estimated from the theory and experiment. 
 

Sample 
No 

Sulfur 
source 

Structure 
Irradiation 
time (min) 

Particle size 
from  

TEM (nm) 

Band gap 
from 

experiment 
(eV) 

Band gap 
from theory 

(eV) 

1 Na2S fcc 10 8.5 2.61 2.62 
2 Na2S fcc 20 10 2.58 2.58 
3 Na2S fcc 30 11 2.56 2.55 
4 Na2S fcc 40 12 2.54 2.53 
5 TAA* hcp 15 10 2.65 2.62 
6 TAA hcp 20 11 2.64 2.60 
7 TAA hcp 25 11.5 2.63 2.58 
8 TAA hcp 40 12.5 2.62 2.57 

*TAA: thioacetamide 
 

The calculated absorption spectra were computed in terms of absorbance versus 
wavelength for both fcc and hcp CdS quantum dots at different particle sizes to determine the 
optical band gaps and as listed in Table 1. The absorption spectra display a red shift with 
increasing particle diameter due to the quantum size effects. For fcc structure, the absorption peaks 
of CdS QDs with particle size of 8.5, 10, 11, and 12 nm appear at the visible bands of 473, 480, 
486, and 490 nm which correspond to the band gap of 2.62, 2.58, 2.55, and 2.53 eV respectively. 
For hcp structure, the absorption peaks of CdS QDs with particle size of 10, 11, 11.5 and 12.5 nm 
appear at the visible bands of 473, 476, 480 and 482 nm which correspond to the band gap of 2.62, 
2.60, 2.58 and 2.57 eV, respectively. 

 
4. Conclusions 

 
CdS quantum dots with the particle size in the range 8.5–12.5 nm have been synthesized 

by microwave-hydrothermal method and resulted in face centered cubic and hexagonal close 
packed structures from using sodium sulphide and thioacetamide as sulphur source respectively. 
The band gap in the range 2.54–2.65 eV decreases with the increase of microwave exposure time 
and the particles with hexagonal structure have larger band gap than those particles with cubic 
structure.  The calculated band gaps derived from time independent Schrodinger equations using 
the DFT method were found to agree fairly well with the experimental results.  By increasing 
particle diameter from 8.5 to 12 nm for cubic structure of CdS quantum dots, a nonlinear red-shift 
of the energy band gap was observed from 2.62 to 2.53 eV in theory and from 2.61 to 2.54 eV in 
experimental results. Such red-shift of energy band gap was also detected for hexagonal structure 
of CdS quantum dots from 2.62 to 2.57 eV in theory and from 2.65 to 2.62eV in experimental 
results when particle diameter increases from 10 to 12.5 nm. 
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