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Ag-doped ZnS nanocrystals were synthesized by hydrothermal method in propanetriol
solutions. X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX),
transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) characterizations were used to determine the structure and
morphology of ZnS: Ag nanocrystals. The as-prepared nanoparticles are approximately
spherical with average size around 20~30nm and have a cubic zinc blended structure. The
quantum-confined effect of the Ag-doped ZnS nanocrystals is confirmed by the
ultraviolet-visible (UV-vis) spectra. The optical properties of ZnS: Ag nanocrystals were
investigated by using photoluminescence (PL) spectra, which showed that the products
exhibited good optical properties with maximum emission peak at about 460nm, and the
intensity of luminescence increased with the increase of concentration of Ag ions.
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1. Introduction

Over the last decades, nanometer-sized doped semi-conductors have received much
attention due to their novel optical and electrical properties arising from their unique
quantum-confined nature [1-4]. ZnS is an important type of II-VI semiconductor with direct and
wide band gap of 3.66ev and widely used in flat-panel displays, photovoltaic devices, solar cells,
field emission devices (FED), which is an attractive host for the formation of doped nanocrystals
[5-8]. Comparing with undoped ZnS nanocrystals, the doping ions act as recombination centres for
the excited electron-hole pairs and result in different optical properties [9]. Among these doped
ZnS nanocrystals, ZnS: Mn, ZnS: Cu and ZnS: Ni have attracted considerable attention because of
their relatively easy synthesis, unique properties and application in photoluminescence (PL) and
electroluminescence (EL) fields [1-4, 10-13]. There have been very few studies on Ag-doped ZnS
nanocrystals because the solubility of Ag,S is much smaller than that of ZnS
[K(Ag:S)<<K,,(ZnS)], which makes it difficult for Ag" and Zn*" ions to co-precipitation [2,
14-16].

Many methods have been developed for the synthesis of doped ZnS nanocrystals, such as
organometallic precursor method [17], sol-gel method [18], chemical co-precipitation [3],
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micro-assisted method [16] and chemical vapor deposition [13] etc. However, these techniques
need high reaction temperature, toxic organic solvents or high cost of equipment and usually suffer
some problems including poor crystallinity, particle agglomeration which significantly hinder their
potential applications. Compared with conventional methods, hydrothermal synthesis has the
advantage of rapid formation the crystal nuclei, narrow size distribution, and the reaction system is
closed, which can effectively avoid oxidation phenomena and environmental pollution [2, 14, 19].

In this paper, we adopt hydrothermal method to synthesis Ag-doped ZnS nanocrystals by
using propanetriol as capping agent. The optical properties of product were characterized by
UV-vis adsorption and photoluminescence (PL) spectra. X-ray diffraction (XRD) and transmission
electron microscopy (TEM) have also been carried out to study the structure and morphology of
the Ag-doped ZnS nanocrystals.

2. Experimental
2.1 Synthesis of Ag-doped ZnS nanocrystals

Analytical grade Zn(NOs),*6H,0, AgNOs, thioacetamide (TAA) and propanetriol were
purchased from Sinopharm Chemical Regent Co., Ltd., P. R. China. Water used in all synthesis
procedures was high purity grade with a conductivity of 18.2 MQecm'.

ZnS: Ag nanocrystals with different Ag ions concentrations were synthesis in water with
propanetriol as capping agent. In a typical experiment, 0.02mol zinc nitrate, calculated amount of
silver nitrate, 0.02mol TAA were dissolved in 50mL of 2% propanetriol solution. The pH of the
mixed solution was adjusted to 9.6 with 4molsL"' NaOH solution and N, was bubbled through the
solution to remove dissolved oxygen. The mixed solution was further magnetically stirred for 0.5h
and the colour gradually from colourless to dark brown. The reaction solution was added into a
Teflon-lined autoclave of 80mL capacity. The autoclave was heated and maintained at 160°C for
18h. After being cooled to room temperature, the solid-state products was collected by high speed
centrifuging at 10,000rpm and washed several times with de-ionized water and ethanol, then dried
in a vacuum for 36h.

2.2 Characterization of Ag-doped ZnS nanocrystals

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance X-ray
powder diffractometer with graphite monochromatized CuKo radiation (1=0.15406nm). A
scanning rate of 0.05deges” was applied to record the XRD pattern in the 26 range of 20~70°.
TEM and HRTEM measurements were carried out on a JEOL JEL-2010 transmission electron
microscope with acceleration voltage of 100kV. A Shimadzu UV-2550 spectrophotometer was
used to determine optical absorbance; samples were placed in quartz cuvettes (1cm path length).
The photoluminescence (PL) spectra were performed at room temperature on a Hitachi F-7000 FL
spectrophotometer with a 450 W xenon lamp as excitation source. All the optical measurements
were performed at room temperature under ambient conditions.
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3. Results and discussion
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Fig. 1 XRD patterns of undoped ZnS (a) and Ag-doped ZnS nanocrystals (b: 0.5%, c: 1%, d: 2%)
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Fig. 2 EDX spectrum of as prepared Ag-doped ZnS nanocrystals.

Fig. 1 shows the XRD patterns of undoped ZnS and Ag-doped ZnS nanocrystals (molar
ratio of Ag: Zn=0.5%, 1%, 2%) prepared in propanetriol solution by hydrothermal method. XRD
pattern of samples exhibit peaks centred at 27.62°, 47.53° and 57.47°, which correspond to cubic
phase structure of ZnS with three preferred orientations along with {111}, {220} and {311} planes.
The peaks are well matched with standard PDF card for cubic ZnS (JCPDS NO. 05-0566). It is
clear that the peaks are relatively broad, indicating that the nanoparticles have the small size. The
nanocrystalline size is estimated according to the Debey-Scherrer equation:

kA
pcosf

)

where D is the mean grain size, k the constant (shape factor, approximately 0.9), A the X-ray
wavelength (0.15406nm for CuKa), f the full width at half maximum (FWHM) of the diffraction
peak and 6 the Bragg diffraction angle. The average size calculated for samples are 6.47nm,
6.79nm, 7.41nm and 7.96nm, while the corresponding molar ratio of Ag: Zn is 0, 0.5%, 1% and
2%. It can be seen that average size of nanocrystals increases as the doping percentage Ag ions is
increased. The increase in particle size is also clear from the decrease in the FWHM of the XRD
peaks. The energy dispersive X-ray (EDX) spectroscopy analysis showed that the nanocrystals
contain Zn, Ag, and S, as illustrated in Fig. 2.
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nanoparticles; (d) HRTEM image of 2% Ag doped ZnS nanoparticles
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Fig. 4 Size distribution of (a) undoped ZnS, (b) 1% Ag doped ZnS nanoparticles;
(¢c) 2% Ag doped ZnS nanoparticles.

Fig. 3 shows the TEM and HRTEM images of undoped ZnS and Ag-doped ZnS
nanocrystals from the typical experiments. From the TEM figures, these nanoparticles are
approximately spherical in shape and obviously well dispersed. Fig. 4 shows the size distribution
of undoped and Ag-doped ZnS nanocrystals, the average diameter of samples are 20.32+0.1497nm
(undoped ZnS), 24.04+0.1333nm (Ag: Zn=1%), 25.70+£0.1221nm (Ag: Zn=2%). It is becoming
clear that the larger nanoparticles are associated with greater amounts of Ag dopant, which is in
good agreement with the results of XRD characterization. The size of nanoparticles estimated from
the TEM pictures is much larger than that of XRD results, which suggests that the obtained
products are polycrystalline particles and also confirmed by HRTEM as shown Fig. 4d. The

HRTEM image exhibits lattice fringes with d spacing of 0.314nm, indicating the formation of the
cubic structure.
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Fig. 5 UV-vis spectra of (a) undoped ZnS; (b) 1% Ag doped ZnS nanoparticles;
(c) 2% Ag doped ZnS nanoparticles.

The optical band gap of semiconductor nanocrystals increases with decreasing particle size
due to quantum confinement effects. Fig. 5 shows the UV-vis absorption spectra of undoped and
Ag-doped ZnS nanocrystals. The UV-vis spectra show a broad absorption peak without maximum
appears in the range of 300~550nm. These optical spectra can be used to calculate the band gap
from equation:

o (hv) ~ (hv-Ep)" (2)

where a is absorption coefficient, / is Planck’s constant and E, is the optical band gap. The band
gaps calculated for samples are 4.03ev, 3.89ev and 3.84ev, while the molar ratio of Ag: Zn are 0, 1%
and 2%, respectively, which are higher than that of bulk ZnS (3.66ev) due to quantum size effect.
The red shift in the absorption spectra edge is also found with increasing the content of Ag ions in
the ZnS nanocrystals. This results obtained from the UV-vis spectra are consistent with the XRD
results.
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Fig. 6 PL spectra of (a) undoped ZnS,; (b) 0.5% Ag doped ZnS nanoparticles; (c) 1% Ag doped ZnS
nanoparticles; (d) 2% Ag doped ZnS nanoparticles.



446

Room temperature photoluminescence (PL) spectra of ZnS nanocrystals with different
amount of Ag ions (0, 0.5%, 1% and 2%) are shown in Fig. 6. The measurements were performed
at an excitation wavelength of 350nm. The undoped ZnS nanocrystals exhibit an asymmetric
emission feature at about 440nm. When ZnS was doped with silver, the PL emission peak shows at
about 460nm which presents a red shift compared to the undoped ZnS nanocrystals. As the
concentration of doped Ag ions increased from 0.5% to 2%, the PL peak intensity of the doped
ZnS nanocrystals also increased significantly. It is well established that in semiconductor
nanocrystals the emission occurs by the recombination of electrons and holes, which are the photo
excited carriers, via various paths [15]. The PL spectra of ZnS nanocrystals are observed to be
asymmetric and occurred at a lower energy value than that corresponding to the excitonic band. So
it can be attributed to the recombination of the charge carrier trapped in the surface states. In our
case, the emission can be assigned to the presence of sulphur vacancies. The increase of particle
size with increase of Ag ions concentration results in the decrease of nanocrystals band gap energy,
which may contribute to the red-shift of the PL emission peak. When Ag ions were incorporated
into ZnS lattice, a great number of Ag ions would be present in the form of Ag,S phase. Sulphur
vacancies may be formed in the attachment region between the Ag,S and ZnS phase. On the other
hand, the Ag ions incorporated into ZnS lattice as an acceptor defect (Ag centres) also result in the
enhancement of PL intensity of nanocrystals.

4. Conclusion

In conclusion, we reported the optical properties of Ag-doped ZnS nanocrystals prepared
by hydrothermal method. XRD, TEM and UV-vis characterization show the increase in particle
size with increasing doping concentration. The incorporation of silver in ZnS nanoparticles results
in a different PL emission peak, which was enhanced significantly comparing with the undoped
one. Due to good optical properties, the Ag-doped ZnS nanocrystals are expected to open up many
opportunities for further fundamental studies and nanoscale optical applications.
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