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Abstract: The observation of efficient blue, green, orange and red luminescence from CdS nanocrystals made by using a reverse 
micelle method was reported. The blue luminescence about 480 nm is attributed to the radiative recombination of electron-hole pairs. 
The red luminescence around 650 nm is due to the radiative recombination of the exciton trapped in the nanocrystal surface defect 
states. The combination of different portion of band-edge emission and surface trap state emission results in green and orange 
luminescence for the nanocrystals. The CdS nanocrystals with efficient multicolored luminescence may find potential application in 
full color displays and biolabelings. 
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1 Introduction 
 

Semiconductor nanocrystals show unique size- or 
shape-dependent optical properties due to the quantum 
confinement effects, thus may find a wide range of 
applications in optoelectronic devices, photocatalysis, 
solar energy conversion and biological imaging and 
labeling[1−3]. For various aims of applications, the 
optical properties of semiconductor nanocrystals are 
required to be controllable and tailored. The tunability of 
optical properties of semiconductor nanocrystals is of 
key importance and would be beneficial to their 
applicability. 

The II-VI semiconductor nanocrystals, such as 
CdSe, CdTe and CdS nanocrystals, are the group of 
nanostructures that have been mostly investigated[4−8] 
because of their high luminescence efficiency and easily 
adjustable luminescence from ultraviolet to near infrared 
region by nanocrystals sizes showing the prospective for 
optoelectronic devices and biological imaging and 
labeling applications. The synthesis of high quality CdTe 
and CdSe nanocrystals has been continuously reported, 
and their tunable emissions covering almost all visible 
regions have been achieved successfully. While for the  

CdS nanocrystals, due to the hardness for controlling 
their surface situation, in most cases, the visible emission 
around orange region arised from the recombination of 
CdS nanocrystal surface trap states is inevitably observed, 
and their bandgap emission at blue region is hardly 
realized because of the trap states abundant on the 
nanocrystal surfaces. Recently, PENG et al[5] have 
reported the synthesis of high quality CdS nanocrystals, 
however the nanocrystals tend to give deep-trap 
luminescence. BAWENDI et al[4] has achieved the blue 
luminescence, however in order to realize it, inorganic 
ZnS shells are used to modify CdS cores to form a 
CdS/ZnS core-shell nanostructures. The blue 
luminescence was found that it came from CdS nano- 
crystalspolymer composites[9]. The direct realization of 
blue or even multicolored luminescence from pure CdS 
materials is still a challenge. 

As a direct wide bandgap (2.42 eV) semiconductor, 
CdS nanocrystals may be potentially used in 
optoelectronics of nonlinear optics and light emitting 
diodes. It is also found CdS nanocrystals show 
electronically driven laser properties, which may open a 
pathway for using CdS nanocrystals in 
telecommunications and data storage areas[1]. Recently, 
a new simulated emission of CdS nanostructures has been 
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observed by several groups[10−12], and their stimulated 
emission properties are largely related to the surface 
situation and crystallization of nanocrystals. Therefore 
the controlling and tuning of band-edge emission and 
surface trap state emission of CdS nanocrystals are 
obviously very important to realize the tunable optical 
properties, and laser emission. 

Previously we have reported a novel quaternary 
reverse micelle method for obtaining blue emitting CdS 
nanocrystals[13]. The method was facile and available 
for obtaining size tunable CdS nanocrystals. However, 
we did not realize tunable emission in all visible range, 
and the insight mechanism of emission was not fully 
presented. In this work, we found that by adjusting the 
reactant concentration and post-treatment of the obtained 
CdS nanocrystals, the band-edge emission and surface 
trap state emission of CdS nanocrystals can be leveraged, 
resulting in the different emissions in blue, green, orange 
and red colors. The proportions of band-edge emission 
and surface trap state emission according to surface 
situation and crystallization are the key factors affecting 
the emission properties of CdS nanocrystals. The results 
preliminarily show the possibility of controlling and 
tuning CdS nanocrystal luminescence properties. 
 
2 Experimental 
 
2.1 Preparation of CdS nanocrystals 

The synthesis of multicolored luminescent CdS 
nanocrystals follows a simple reverse micelle method 
developed by our group. The preparative procedures are 
described as follows. Typically, two of reverse micelles 
were prepared. One contains cetyltrimethyl ammonium 
bromide(CTAB), hexanol, heptane and Cd(NO3)2, and 
the other consists of CTAB, hexanol, heptane and Na2S, 
according to the amount of each composition listed in 
Table 1. Then one reverse micelle was dropwise added 
into the other reverse micelle at room temperature with 
continuous stirring. The reaction could take place upon 
the mixing of the two micelles with the solution turned 
into yellow within several seconds indicating the 
formation of CdS nanocrystals. The formed nanocrystals 
show different emitting colors of orange and red with 
wavelength at 605 and 650 nm respectively due to the 
difference of reactant concentrations. Then the refluxing 

post-treatment for promoting the crystallization and 
removing the surface trap states was performed under 
protection of nitrogen by diluting the formed CdS 
reverse micelle solution one time using the same 
composition reverse micelles but with water instead of 
reactant aqueous. The CdS nanocrystals exhibiting 
orange emitting color changed into blue emitting color 
after 5 h refluxing post-treatment, while for the CdS 
nanocrystals showing red emitting color converted into 
green emitting color after 8 h refluxing post-treatment. 
 
2.2 Characterization 

The size and morphology of the CdS nanocrystals 
were characterized by transmission electron microscopy 
(TEM, 9000-NAR, Hitachi, Japan) operating at 200 kV 
accelerating voltage. Dry powder samples were used for 
the XRD (Rigaku, Dmax−2000, CuKR radiation) 
structural measurements. The optical property of the 
samples was investigated by Uv-Visible Spectroscopy 
(UV−3010, Hitachi, Japan) and Fluorescent 
Spectroscopy, (F−4500, Hitachi, Japan). X-ray 
photoelectron spectroscopy(XPS, ESCALab5) was used 
to characterize the surface structure, composition and the 
surface state. Fourier Transform Infrared spectrometry 
(FT-IR, Nicolet Magna-IR 750) was adopted to study the 
capping agent exchange mechanism. 
 
3 Results and discussion 
 
3.1 Optical property of multicolored luminescent CdS 

nanocrystals 
Fig.1 shows the Uv-visible absorption spectra of 

multicolored luminescent CdS nanocrystals. The 
as-prepared CdS nanocrystals obtained at lower original 
reactant [Cd2+] or [S2−] concentration (8.45×10−4) have 
absorption onset around 450 nm (Fig.1(a)), while the 
CdS nanocrystals made at larger original reactant [Cd2+] 
or [S2−] concentration (4.23×10−3) show a absorption 
feature around 475 nm due to the CdS first (1s−1s) 
transition[14]. The relatively sharp absorption peak 
indicates narrow size distribution of the nanocrystals. 
The larger concentration causes the fast growth of 
particle sizes, resulting in different absorption onsets. We 
performed the reflux treatment for the CdS nanocrystals 
made at both concentrations. After the reflux treatment,  

 
Table 1 Reaction conditions for preparing different emitting colored CdS nanocrystals 

m(CTAB)/ 
g 

V(Hexanol)/ 
mL 

V(Heptant)/ 
mL 

Reactant Cd(NO3)2 
and Na2S 

[Cd2+] or [S2−] original 
concentration/(mol·L−1)

Reflux treatment 
time/h Emitting color

0.5 0.9 5.6 0.6 mL, 0.02 mol/L 8.45×10−4 0 Orange 

0.5 0.9 5.6 0.6 mL, 0.02 mol/L 8.45×10−4 5 Blue 

0.5 0.9 5.6 0.6 mL, 0.1 mol/L 4.23×10−3 0 Red 

0.5 0.9 5.6 0.6 mL, 0.1 mol/L 4.23×10−3 8 Green  
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Fig.1 Uv-visible optical absorption spectra of orange (a), blue 
(b), red (c) and green (d) emitting CdS nanocrystals 
 
the absorption onsets of CdS nanocrystals obtained at 
both concentrations show a quite large red shift. The 
absorption onsets shift to 475 nm and 550 nm for orange 
and red luminescent CdS nanocrystals respectively. The 
red shift may be attributed to the nanocrystal growing 
larger under reflux treatment condition. 

Fig.2 shows the room temperature 
photoluminescence of multicolored luminescent CdS 
nanocrystals. The as-prepared CdS nanocrystals at lower 
original reactant [Cd2+] or [S2−] concentration (8.45× 

10−4) without reflux treatment show a strong emission 
peak around 605 nm, giving a deep orange color 
luminescence (Fig.2(a)). This emission peak is normally 
observed and derived from the recombination of the 
exaction trapped in the defect states localized on the 
nanocrystals surfaces[15−17]. A relatively small 
emission peak around 456 nm corresponding to blue 
emission is also observed. This blue emission is due to 
radiative recombination of an electron-hole pair as 
referred to band edge emission[14]. The band edge 
emission is much weaker than surface trap state emission, 
thus the blue emission is totally covered by the orange 
emission. The same case happens to the CdS 
nanocrystals prepared at larger original reactant [Cd2+] or 
[S2−] concentration (4.23×10−3). The red emission with 
peak centered around 650 nm is evidenced, while a 
relatively small blue emission is observed as well 
(Fig.2(c)). As the orange and red emissions of CdS 
nanocrystals are attributed to the abundant trap states on 
nanocrystals surfaces, which results in poor 
crystallization, and in turn competes with the band edge 
emission. If one can control the crystallization and the 
trap state of the nanocrystals, i.e., the relative ratio of 
surface trap state emission and recombination 
luminescence of electron and hole pair, it may be 
possible to modulate the luminescent colors of the 
nanocrystals. Thus, we tried to leverage the band edge 
emission and surface trap state emission of CdS for 

obtain multicolor luminescence by conducting the 
post-treatment by refluxing the as-prepared orange and 
red luminescent CdS nanocrystals. The reflux time can 
be controlled to obtain the CdS nanocrystals with 
different crystallization and trap states, which shows 
different proportion of band edge emission and surface 
trap state emission. The orange emitting CdS 
nanocrystals show the blue luminescence with emission 
peak at 480 nm after 5 h reflux post-treatment. The red 
emitting CdS nanocrystals have a green luminescence, 
which is composed of different proportion of blue 
emission and red emission. Therefore in this case it is 
possible for us to modulate the luminescent colors by 
combining different proportion of band edge emission 
and surface trap state emission to get multicolored 
luminescent CdS nanocrystals. The luminescence of CdS 
nanocrystals is brightly eye-viewable under UV 
irradiation, as shown in Fig.3. The quantum yield of the 
blue emission of CdS nanocrystals could be up to about 
11%[13]. 
 

 
Fig.2 Room temperature photoluminescence of orange (a), blue 
(b), red (c) and green (d) luminescent CdS nanocrystals 
 

 
Fig.3 Blue(a), green(b) and red(c) luminescence of 
multicolored CdS nanocrystals prepared by reverse micelle 
method under different reaction conditions 
 
3.2 Luminescent color modulation mechanism 

The reflux post-treatment was carried out by 
diluting the fresh orange and red CdS nanocrystals 
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reverse micelle solution one time by a same composition 
reverse micelle but replacing the reactant aqueous by 
H2O. It has been reported that reflux treatment may 
improve the crystallization and eliminate the surface 
states[18−19], which causes the luminescence of 
nanocrystals changed. Normally, when reverse micelle is 
used for making CdS nanocrystals, the reverse micelle 
droplets may have the effects on confinement of CdS 
nanocrystal size. However, after the CdS nanocrystals 
formed, a small amount of water still exists inside the 
droplet. Reflux treatment may remove the water, 
ensuring the direct interaction of surface capping agents 
with nanocrystals. This makes the surface modification 
of CdS nanocrystals more effective[13]. As the small 
molecule of cosurfactant of hexanol has a much stronger 
interaction with nanocrystals in comparison with CTAB 
of cationic surfactant[20], by reflux treatment, the 
hexanol may partially replace the CTAB on nanocrystals 
surfaces and make the surface modification compact. 
This may eliminate surface trap states, causing the 
effective modification of CdS nanocrystals and better 
promotion of the crystallization. The above modification 
mechanism is proved by the XRD, FT-IR, and XPS. 
Fig.4 shows the XRD patterns of orange luminescent 
CdS nanocrystals before and after reflux treatment. It is 
suggested that after the reflux treatment the diffraction 
peaks of (110) and (103) of CdS nanocrystals are 
enhanced, and the diffraction overlap due to the peak 
broadening of nanoscale materials is partially eliminated. 
The enhancement of (100) diffraction peak at 27˚ moves 
to lower angle. All these changes are due to the 
crystallization improvement of CdS nanocrystals after 
the reflux treatment, which may cause the change of their 
luminescence. 

Fig.5 shows the FT-IR spectra of CdS nanocrystals 
before and after reflux treatment, indicating the surface 
capping agent replacement process. It can be seen from 
 

 
Fig.4 XRD patterns of CdS nanocrystals before reflux (orange 
emitting) (a) and after reflux (blue emitting) (b) 

 

 
Fig.5 FT-IR spectra of orange (a), blue emitting CdS 
nanocrystals (b), CTAB (c) and hexanol (d), showing surfactant 
exchange mechanism 
 
Fig.5 that the CTAB and hexanol coexist on both CdS 
nanocrystal surfaces before and after the reflux treatment, 
as the characteristic stretch vibration peaks of both 
CTAB and hexanol are observed in all samples. However, 
the wavelength and shape of IR peaks are obviously 
different before and after the reflux treatment. Before the 
reflux treatment, the IR peaks of CdS nanocrystals are 
mostly the same as those of CTAB in the middle IR 
wavelength region. The IR peaks at 2 852 and 2 923 
cm−1 are indexed to the symmetry and asymmetry stretch 
vibration of CH2 of CTAB molecule. After the reflux 
treatment, the wavelength and peaks of IR peaks of CdS 
nanocrystals are fitted well with those of hexanol 
molecules. The IR peaks at 2 853, 2 869, 2 923 and    
2 955 cm−1 can be indexed to the symmetry and 
asymmetry stretch vibration of CH2 and CH3 of hexanol 
molecule. The changes of IR peaks of CdS nanocrystals 
before and after reflux treatment suggest the surface 
capping agent partial replacement of CTAB by hexanol, 
which results in the effective surface modification and 
better crystallization. Moreover, the far IR spectra of 
CdS nanocrystals before and after reflux treatment also 
prove this mechanism, as shown in Fig.6. After reflux 
treatment, the stretch vibration of Cd-S bond of CdS 
nanocrystals moves to longer wavelength, implying the 
weakening of Cd-S interaction. This is due to the fact 
that hexanol has stronger interaction with Cd2+ in 
comparison with CTAB, and after the reflux treatment, 
the hexanol molecules partially replace the CTAB 
molecules on CdS nanocrystal surfaces, resulting in 
strong interaction of surface capping agent with Cd2+, 
which in turn weaken the Cd-S interaction. This evidence 
further confirms the surface capping agent replacement 
modification mechanism. In addition, during the reflux 
treatment, a small amount of CTAB separating out on the 
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vessel wall also indirectly proves this mechanism. The 
surface capping agent replacement modification 
dominates the surface state situation, thus finally results 
in the luminescence discrepancy. 
 

 
Fig.6 FT-IR spectra of CdS nanocrystals before reflux (orange 
emitting) and after reflux (blue emitting) 
 

Fig.7 shows the difference of surface situation 
before and after reflux treatment. The accumulation of 
peak area indicates the molar ratio of Cd to S on 
nanocrystals surface is around 11׃. The binding energy of 
Cd 3d3/2 and Cd 3d5/2 shifts a little to higher energy, 
which is normally attributed to the oxidation of CdS 
nanocrystals or nanocrystals surface state changes. In our 
experiment, the reflux treatment was conducted under 
the nitrogen protection and there are surface capping 
agents on nanocrystals surfaces, so the binding energy 
may not be due to the oxidation, but because of the 
surface state changes of the nanocrystals, which was 
caused by enhanced modification come from hexanol 
partially replacing CTAB [20]. 

In summary, the luminescence changes of CdS 
 

 
Fig.7 XPS spectra of CdS nanocrystals before reflux (orange 
emitting) and after reflux (blue emitting) 

nanocrystals are ascribed to the changes of surface state 
situation and crystallization of CdS nanocrystals after 
reflux treatment. The surface state situation is largely 
associated with the surface capping agents. Therefore, by 
changing the surface capping situation, it is possible to 
leverage the band-edge emission and surface trap state 
emission of CdS nanocrystals to achieve multicolor 
luminescence covering from blue to red wavelength 
region. 
 
4 Conclusions 
 

1) A series of CdS nanocrystals with blue, green, 
orange and red luminescence were prepared via a reverse 
micelle method. 

2) The luminescence of CdS nanocrystals is largely 
affected by the reactant concentration and post-treatment. 
The blue luminescence achieved by reflux treatment of 
orange luminescent CdS nanocrystals is attributed to the 
band-edge emission with a 32 nm blue shift in 
comparison with its bulk materials due to quantum effect 
confinement; while the green luminescence achieved by 
reflux treatment of red luminescent CdS nanocrystals are 
the combination of different portions of surface trap state 
emission and band edge emission. 

3) The modulation of multicolor luminescence of 
CdS nanocrystals is due to surface capping agent 
replacement mechanism and crystallization improvement 
during the reflux treatment 

4) This study may provide a feasible way for 
making multicolored CdS nanocrystals potential for full 
color displays and biolabelings applications. 
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