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Abstract Mono-dispersed and spherical cadmium sulfide

(CdS) nanoparticles and cadmium sulfide/zinc sulfide

(CdS/ZnS) nanoparticles, 4–5 nm in diameter, were syn-

thesized in a heptane-AOT-water microemulsion system.

The heat treatment of CdS and CdS/ZnS nanoparticles was

annealed at 570 �C under the air atmosphere. The heat-

treated nanoparticles were of variable large sizes and had

enhanced crystallinity. UV–Vis spectra of heat-treated CdS

and CdS/ZnS nanoparticles revealed a flat shape similar to

that of bulk CdS compounds. The difference between the

PL emission bands of organic-coated nanoparticles and

heat-treated nanoparticles was small. The PL emission

energy of heat-treated nanoparticles was improved by

about 2–3 times compared with that of organic-coated

nanoparticles.

Introduction

Nanometer-sized inorganic semiconductor compounds

have attracted considerable attention due to their novel

size-dependent characteristics [1–3] and different physico-

chemical and optoelectronic properties compared with the

corresponding bulk compounds. The synthesis methods for

the nanometer-sized inorganic semiconductor have been

studied, and applications have been developed in which to

utilize the novel physical and chemical properties of

nanometer-sized semiconductors, such as photovoltaic and

light emitting devices [4–7].

The band gap of II–VI semiconductor nanoparticles such

as CdSe [8, 9], CdS [10–13], and ZnS [14] can be varied by

quantum effects that depend on the sizes of II–VI semicon-

ductor nanoparticles. Many techniques, such as micro-

emulsion methods and chemical vapor deposition, have been

developed to synthesize mono-dispersed II–VI semicon-

ductor nanoparticles. The microemulsion synthesis methods

for nanoparticles were previously reported in several studies

[9–11, 15]. In the microemulsion system, changing the

reaction conditions such as the concentration of precursors

and the ratio of water to surfactant allows easy control of the

size and distribution of the colloidal crystallites [16].

There are several methods, such as luminescent ion

doping, optical annealing, and shell compound coating, that

are effected to increase the luminescence of II–VI semi-

conductor nanoparticles. Doping of luminescent ions into

semiconductor materials is one method to obtain a desired

emission wavelength. In nanoparticles doped with lumi-

nescent ions, efficient energy transfer occurs from host to

luminescent ions [17]. Tm- and Li-codoped, Mn-doped,

and Sm-doped ZnS semiconductors emit blue, orange, and

red light, respectively [18–20]. Optical annealing reduces

the severe non-radiative recombination due to polymeri-

zation and photo-oxidation and enhances the crystal quality

of the nanoparticles [21, 22]. Core/shell-type nanoparticles

over-coated with higher band-gap inorganic materials

exhibit high PL quantum yield compared with uncoated

dots, due to elimination of surface non-radiative recombi-

nation defects. The improvement of emission energy in

core/shell structures such as CdSe/CdS [23, 24] and CdSe/

ZnS [25] have previously been reported in several studies.

However, heat treatment of II–VI group semiconductor

nanoparticles synthesized microemulsion method was not
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investigated as an enhancer of luminescent properties. Heat

treatment is a reasonable method to enhance the lumines-

cent properties through removal of organic or surface

oxidation particles, etc. This study was designed to inves-

tigate the effect of heat treatment on CdS nanoparticles and

CdS/ZnS nanoparticles that were synthesized by a general

microemulsion method.

Mono-dispersed and spherical cadmium sulfide (CdS)

and cadmium sulfide/zinc sulfide (CdS/ZnS) nanoparti-

cles, 4–5 nm in diameter, were synthesized from aqueous

cadmium acetate dehydrate, zinc acetate dehydrate, and

sodium sulfide nonahydrate. The effect of heat treatment on

CdS nanoparticles and CdS/ZnS nanoparticles was inves-

tigated and the changes in the properties of CdS nanopar-

ticles and CdS/ZnS nanoparticles following heat treatment

were characterized.

Experiments

To synthesize CdS nanoparticles, 10 mL of aqueous 0.01 M

cadmium acetate dehydrate [Cd(CH3COO)2 � 2H2O] solu-

tion and 100 mL of 0.1 M AOT (dioctyl sulfosuccinate

sodium salt) in heptane were mixed for 1 h. Dodecanethiol

(0.25 mL) was added and mixed for 30 min. Ten milliliters

of aqueous 0.01 M sodium sulfide nonahydrate (Na2S �
9H2O) solution was added slowly and the microemulsion

solution was stirred for 1 h to complete the reaction. The

solvent was removed using a rotary evaporator. The

resulting sample was rinsed in ethanol to precipitate

the nanoparticles and to remove the adsorbed AOT, thiol,

and byproducts. After filtering through filter paper, the

nanoparticles were dispersed in ethanol and THF. To syn-

thesize CdS/ZnS nanoparticles, 10 mL of aqueous 0.01 M

zinc acetate dehydrate [Zn(CH3COO)2 � 2H2O] solution

was added to the CdS nanoparticles solution, which was

synthesized with Cd and S precursors as explained above;

the microemulsion solution was then mixed for 30 min. Ten

milliliters of aqueous 0.01 M Na2S � 9H2O solution was

added slowly and stirred for 1 h. After purification by

evaporation and filtering, the nanoparticles were dispersed

in ethanol and THF.

Heat treatment of CdS nanoparticles and CdS/ZnS

nanoparticles was performed in air. The CdS nanoparticles

and CdS/ZnS nanoparticles were heat treated at 570 �C for

2 h to remove organic materials. The heat-treated nano-

particles were then cooled to room temperature and dis-

persed in ethanol or THF. The CdS nanoparticles and CdS/

ZnS nanoparticles were analyzed by Fourier transform

infrared spectroscopy (FT-IR), thermo-gravimetric analysis

(TGA), transmission electron microscopy (TEM), X-ray

diffraction (XRD), ultraviolet/visible light (UV–Vis) spec-

troscopy, and photo-luminescence (PL).

Results and discussion

Figure 1 shows the FT-IR spectra of the CdS nanoparticles

(a), CdS/ZnS nanoparticles (b), heat-treated CdS nanopar-

ticles (c), heat-treated CdS/ZnS nanoparticles (d), and pure

AOT (e). The FT-IR bands for related Cd2? and Zn2?

compounds are listed in Table 1. In Fig. 1, the FT-IR bands

of CdS nanoparticles (a) and CdS/ZnS nanoparticles (b)

consist of CdS (620, 1120, and 3440 cm-1), ZnS (680,

1120, and 3440 cm-1), and AOT (1400–1500 and 2800–

2900 cm-1). The FT-IR bands indicate that AOT-capped

CdS nanoparticles and CdS/ZnS nanoparticles were suc-

cessfully synthesized. In the FT-IR of heat-treated CdS

nanoparticles (c) and CdS/ZnS nanoparticles (d), the bands

related to AOT (2800–2900 cm-1) are smaller than those

in (a) and (b) due to the removal of organic materials by

heat treatment. The sulfate compound bands (600–650 and

1100–1200 cm-1) are larger than those before heat treat-

ment because of the formation of sulfate compounds like

CdSO4 and ZnSO4 by oxidation at high temperature in air.

Fig. 1 FT-IR spectra of CdS nanoparticles (a), CdS/ZnS nanoparti-

cles (b), heat-treated CdS nanoparticles (c), heat-treated CdS/ZnS

nanoparticles (d), and pure AOT (e)

Table 1 FT-IR bands for related Cd2? and Zn2? compounds

Compound Band position (cm-1)

Sulfide compound CdS 620, 1120, 1610, 3440

ZnS 630, 1110, 1620, 3440

Sulfate compound CdSO4 585, 620, 680, 990, 1120, 1610, 1740

ZnSO4 630, 735, 1100, 1150, 1630, 2210

Oxide compound CdO 725

ZnO 725, 1350
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Figure 2 shows the TGA graphs for CdS nanoparticles

(a) and CdS/ZnS nanoparticles (b) analyzed under nitrogen

atmosphere condition. The heating rate for TGA was

10 �C/min. The TGA graphs for both CdS and CdS/ZnS

nanoparticles in Fig. 2 consist of two weight reduction

sections. The first weight reduction from 220 to 380 �C is

due to removal of organic materials. These results corre-

spond with the decrease in bands related to AOT (2800–

2900 cm-1) in the heat-treated nanoparticles in Fig. 1. The

inorganic weight portions of the CdS nanoparticles and

CdS/ZnS nanoparticles, as estimated from the TGA graph

in Fig. 2, are 61 and 58%, respectively. The second weight

reduction above 650 �C may be the effect of inorganic

compound sublimation. Because the intermolecular force

of the nanoparticles was weaker than that of the bulk

compounds, the CdS nanoparticles and CdS/ZnS nanopar-

ticles sublimated at lower temperature than the bulk CdS

(900 �C) and ZnS (1,185 �C) under nitrogen. The weight

reduction rate of CdS/ZnS nanoparticles was slower than

that of CdS nanoparticles because ZnS has a higher sub-

limation point than CdS. Figure 3 shows the TGA graphs

for the CdS nanoparticles (a) and the CdS/ZnS nanoparti-

cles (b) analyzed under air atmosphere condition. The TGA

graphs for both CdS and CdS/ZnS nanoparticles in Fig. 3

consist one weight reduction section without weight

reduction above 650 �C. The weight reduction from 220 to

380 �C is due to removal of organic materials like Fig. 2.

The inorganic weight portions of the CdS and CdS/ZnS

nanoparticles heat treated under air, as estimated from the

TGA graph in Fig. 3, are 64 and 61%, respectively. The

inorganic weight portions of the heat-treated nanoparticles

under air is little higher than ones under nitrogen due to the

formation of the sulfate under air. The most important

discrepancy between TGA graph of nanoparticles analyzed

under nitrogen and air atmosphere condition is that absence

of weight reduction by sublimation above 650 �C. This

phenomenon is the effect of the formation of the sulfate by

reaction between sulfur in nanoparticles and oxygen in air.

Figure 4 shows the TEM images of CdS nanoparticles

(a), CdS/ZnS nanoparticles (b), heat-treated CdS nanopar-

ticles (c), and heat-treated CdS/ZnS nanoparticles (d). The

TEM samples were prepared by drying carbon-coated

copper grid dipped in nanoparticles dispersed in ethanol.

Figure 4a and b confirms that mono-dispersed and almost

spherical CdS nanoparticles and CdS/ZnS nanoparticles,

4–5 nm in diameter, were synthesized. This result indicates

that the ZnS layer coated on the CdS core is very thin. The

thin ZnS layer corresponds to values calculated from

physical properties of the products such as density, molec-

ular weight, etc. These images also show that the CdS and

CdS/ZnS nanoparticles maintain their size without aggre-

gation. However, the nanoparticles also appear to contain

trapped solvent such as heptane in Fig. 4a and b. The heat-

treated CdS and CdS/ZnS nanoparticles have variable

shapes and sizes, from a few tens to hundreds of nano-

meters with aggregation and the trapped solvent disap-

peared as shown in Fig. 4c and d.

Figure 5 shows the XRD patterns of the CdS nanopar-

ticles (a) and CdS/ZnS nanoparticles (b). The diffraction

pattern of the CdS nanoparticles shows three structured

peaks at 25–30�, 42–45�, and 50–55�. The broadening of

the diffraction peaks is due to the finite size of the nano-

particles. The peak at 25–30� might be due to the convo-

lution of the three peaks corresponding to (100), (002), and

(101) of the hexagonal CdS phase, as shown by the vertical

bar of CdS in Fig. 5. The peak of 42–45� is effect of (110)

peak of the hexagonal CdS phase and the peak of 50–55� is

effect of convolution of (200), (112), and (201) peaks. The

diffraction pattern of the CdS/ZnS nanoparticles shows two

structured peaks at 25–30� and 42–55�. The peak at 25–30�

Fig. 2 TGA graph of CdS nanoparticles (a) and CdS/ZnS nanopar-

ticles (b) under nitrogen condition (heating rate: 10 �C/min)
Fig. 3 TGA graph of CdS nanoparticles (a) and CdS/ZnS nanopar-

ticles (b) under air condition (heating rate: 10 �C/min)
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of CdS/ZnS nanoparticles is broader than it of CdS nano-

particles due to the convolution of the peak of the CdS

nanoparticles and (008) peak of ZnS. And the flat-type

peak at 42–55� might be due to the convolution of the peak

at 42–45� and 50–55� of the CdS nanoparticles and (110)

peak of ZnS.

Figure 6 shows the XRD patterns of the heat-treated

CdS nanoparticles (a) and heat-treated CdS/ZnS nanopar-

ticles (b). The XRD patterns of the heat-treated CdS

nanoparticles are much shaper than organic-coated CdS

nanoparticles and correspond with the XRD patterns of

hexagonal CdS. The shaper XRD patterns mean that the

size of the CdS nanoparticles was increased and the crys-

tallinity of the CdS nanoparticles was enhanced by heat

treatment like TEM image of the heat-treated CdS nano-

particles in Fig. 4c. The XRD patterns of the heat-treated

CdS/ZnS showed same phenomenon with CdS nanoparti-

cles and correspond with XRD patterns of the mixture of

hexagonal CdS and ZnS.

Figure 7 shows UV–Vis spectra of CdS nanoparticles (a),

CdS/ZnS nanoparticles (b), heat-treated CdS (c), and heat-

treated CdS/ZnS nanoparticles (d). In Figure 7a and b, the

absorption edge of CdS nanoparticles and CdS/ZnS nano-

particles occurs at ca. 380 nm. In Fig. 4c and d, UV–Vis

spectra of heat-treated CdS nanoparticles and CdS/ZnS

nanoparticles are a flat type, similar to bulk CdS compounds.

Fig. 4 TEM images of CdS

nanoparticles (a), CdS/ZnS

nanoparticles (b), heat-treated

CdS nanoparticles (c), and heat-

treated CdS/ZnS nanoparticles

(d). All nanoparticles were

dispersed in ethanol

Fig. 5 The XRD patterns of CdS nanoparticles (a) and CdS/ZnS

nanoparticles (b) were synthesized in a heptane-AOT-water micro-

emulsion system (reference: JCPDS 06-0314(CdS) and JCPDS 39-

1363(ZnS))
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As a result, it is difficult to define the absorption peak of

heat-treated CdS and CdS/ZnS nanoparticles. These results

show the effect of heat treatment on particle growth as

shown in Fig. 4c and d.

Figure 8 shows the PL spectra of CdS nanoparticles (a),

CdS/ZnS nanoparticles (b), heat-treated CdS (c), and heat-

treated CdS/ZnS nanoparticles (d) exited by 325 nm He–Cd

laser. In the PL spectra of CdS nanoparticles (a), the emis-

sion band is seen near 410 nm. The PL emission energy of

CdS/ZnS nanoparticles is greater than that of CdS

nanoparticles at ca. 410 nm. The PL enhancement of CdS/

ZnS nanoparticles is due to passivation, which means that

surface atoms are bound to the shell material that has both

similar lattice constant and larger band gap [25]. In Fig. 8c

and d, the PL emission band of the heat-treated CdS and

CdS/ZnS nanoparticles shifted to a wavelength about 20 nm

longer than that of the organic-coated CdS and CdS/ZnS

nanoparticles due to particle growth following heat treat-

ment. The PL emission energy of the heat-treated CdS

nanoparticles improves by about 2 times that of the organic-

coated nanoparticles, while the PL emission energy of the

heat-treated CdS/ZnS nanoparticles improved by about

3 times. The increases in the PL emission energy of the

nanoparticles are due to the enhanced crystallinity and the

formation of a sulfate-compound shell following heat

treatment. The heat treatment helps improving the crystal-

linity of nanoparticles as shown in Figs. 4, 5, and 6.

Heat treatment in air can also induce the oxidation of

nanoparticles.

If the nanoparticle sizes are variable and large, as shown

in Fig. 4c and d, it is not possible for the PL spectra of

nanoparticles to be narrow with high emission energy as

shown in Fig. 8c and d. The luminescent particles of

organic-coated nanoparticles and heat-treated nanoparticles

are similar because the difference between PL emission

bands of organic-coated nanoparticles and ones of the heat-

treated nanoparticle is little. Thus, we think that structure

of heat-treated nanoparticles is such that luminescent par-

ticles, such as CdS and CdS/ZnS nanoparticles, are dis-

persed homogenously in sulfate compounds.

Fig. 6 The XRD patterns of CdS nanoparticles (a) and CdS/ZnS

nanoparticles (b) were heat-treated in air (reference: JCPDS 06-

0314(CdS) and JCPDS 39-1363(ZnS))

Fig. 7 UV–Vis spectra of CdS

nanoparticles (a), CdS/ZnS

nanoparticles (b), heat-treated

CdS nanoparticles (c), and heat-

treated CdS/ZnS nanoparticles

(d). All nanoparticles were

dispersed in THF (inset: UV–

Vis spectra of heat-treated CdS

nanoparticles (c), and heat-

treated CdS/ZnS nanoparticles

over a wide range of

wavelengths)
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Conclusion

Mono-dispersed and spherical CdS and CdS/ZnS nano-

particles, 4–5 nm in diameter, were synthesized success-

fully in a heptane-AOT-water microemulsion system. The

effects of heat treatment on the nanoparticles were char-

acterized by FT-IR, TGA, TEM, XRD, UV–Vis absorption,

and PL spectra. Sulfate compounds were formed by oxi-

dation at high temperature in air. The UV–Vis spectra of

heat-treated CdS and CdS/ZnS nanoparticles reveal a flat

type, similar to bulk CdS compounds. The difference

between the PL emission bands of organic-coated nano-

particles and heat-treated nanoparticles is small. The PL

emission energy of heat-treated nanoparticles improves by

2–3 times compared to that of organic-coated nanoparti-

cles; this increase is due to the enhanced crystallinity and

the formation of the sulfate shell.
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