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Abstract ZnS Nanostructures, including nanoparticles

and nanospheres, were synthesized through solvothermal

process. The size and crystallinity of the ZnS nanostruc-

tures were easily controlled by the precursor source and the

solvents. The photoluminescence (PL) in the range of

400–650 nm has been observed and the broad band is

peaked at about 525 nm. The PL intensity reduced greatly

with increasing the nanoparticle size of the as-prepared

samples and the ratio of zinc and sulfur sources in the

preparation process. Spectral examinations and analyses

reveal that the 525 nm emission peak indeed originates

from the electronic states determined by the zinc vacancies.

Introduction

As one of the most important II–VI group semiconductors,

zinc sulfide (ZnS) with a wide direct band gap of

3.6–3.8 eV has been extensively investigated and used in

luminescent devices, flat panel displays, infrared windows,

sensors, and lasers [1, 2]. During the past few years, many

ZnS nanostructures, including nanowires (nanorods),

nanotubes, nanodiskettes, and nanoribbons (nanobelts)

have been successfully synthesized and their photolumi-

nescence (PL) properties have been explored [3–11].

However, the PL origin is currently still unclear and con-

troversial due to its sensitivity to surface states, mirror

changes of electronic configurations, and preparation con-

ditions. Generally, ZnS nanostructures show a broad PL

band centered in the range of 420–450 nm and a near band

gap PL band at 340 nm [3, 4]. Another often observed

emission band is located at 500–550 nm. This green

emission band was frequently attributed to originate from

growth-related Au impurities or elemental sulfur species on

the ZnS surface [5, 6]. However, controversy remains

regarding the assignment of the origin of this green emis-

sion from ZnS nanostructures. For examples, Dunstan et al.

[7] systematically studied the photochemistry of ZnS col-

loids, and assigned a green PL band at 560 nm to elemental

S species on the surface of ZnS particles. Jiang et al. [8]

proposed that the green band from their ZnS nanobelts

came from some defect states. However, they provided no

more evidence supporting their assignment. Qi et al. [9]

and Zhao et al. [10] ascribed the green PL band to co-

doping with copper and aluminum. Recently, Tsuruoka

et al. [11] studied the green emission properties of ZnS

nanobelts and found that the emission is related to line or

planar defects of the ZnS nanobelts, but the defect nature is

still unknown. Therefore, more investigations, concerning

compositional, structural, and optical properties of nano-

structural ZnS are imperative for researchers to acquaint

further insight on the origins of the green PL band.

In this article, ZnS nanoparticles and nanospheres with

different sizes and crystallinity have been successfully

fabricated via solvothermal method. The authors carefully

examine the green PL properties of the ZnS nanoparticles

and nanospheres in the range of 400–650 nm and infer

experimentally that the green PL is closely related to zinc

vacancies. Combining with the structure analysis the

authors conclude that the green band originates from an

optical transition between energy levels produced by a

combined zinc-vacancy defect. This study presents a
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possible origin of the green PL band in various ZnS

nanostructures.

Experiments

ZnS nanostructures with different sizes were synthesized

by solvothermal process. A closed cylindrical Teflon-lined

stainless steel chamber with 50 ml capacity was used for

the synthesis. All the chemicals were of analytical grade

and were used without any further purification. An appro-

priate amount of zinc acetate [Zn(CH3COO)2] and sodium

sulfide (Na2S) were used as the zinc source and sulfur

source. And the as-prepared sample is marked as sample

A0. The as-prepared sample with zinc nitrate [Zn(NO3)2]

and sodium sulfide (Na2S) used as the zinc and sulfur

source is marked as sample B0. In order to analyze the

influence from sulfur source, another group sample with

zinc acetate and thiourea [SC(NH2)2] as zinc and sulfur

source, respectively, was also made (marked as sample C0).

The zinc and sulfur source were taken in 1:1.2 M ratios in

the Teflon-lined chamber and was then filled with a chosen

solvent up to 60% of its volume. After stirring for a few

minutes, the closed chamber was placed inside a box fur-

nace maintained at 160 �C for 12 h and then cooled down

to room temperature. The resulting white precipitates were

filtered off and washed several times using DI water and

ethanol. The white powder was obtained after dried in

vacuum at 60 �C for 8 h. It is noticed that the size and

crystallinity of the ZnS nanostructures were dependent on

many parameters such as the amount of precursor source,

nature of the solvents, and reaction temperature. Most

importantly, the difference in solubility of the precursor

sources in a particular solvent was the significant factor

determining the size of ZnS nanostructures. In this reaction

process, the experimental parameters were tuned to get ZnS

nanostructures with desired size and crystallinity.

The X-ray diffraction patterns of the products were

measured on a German Bruker AXS D8 ADVANCE X-ray

diffractometer with Cu Ka radiation (k = 0.154 nm) and a

scanning speed of 0.02 s-1. PL studies were carried out

using a Britain Renishaw Invia micro-Raman spectropho-

tometer at room temperature with a 325 nm line of He–Cd

laser as the excitation light source. Field emission scanning

electronic microscope (FESEM) images were taken on a

Japan Hitachi S-4800 FESEM.

Results and discussion

Figure 1 shows the XRD patterns of as-made samples. As

one can see, all the diffraction peaks can be indexed well to

those of a cubic zinc blende-structured ZnS crystal with

lattice constants a = 0.5406 nm [Joint Committee Powder

Diffraction Standard (JCPDS) data file Card (No 05-

0566)]. No characteristic peak associated with other crys-

talline forms was detected in the XRD patterns. It suggests

that the products are of pure crystalline phase of ZnS and

other phases should be below the detection limit of the

XRD. The XRD pattern shows the ZnS samples have a

strongest (111) plane diffraction. It can be seen that the

samples A0 and B0 show a stronger XRD intensity than the

sample C0, while the sample C0 shows the broadest

reflection peaks. The difference can be understood if the

authors consider the reaction mechanism. As it was men-

tioned in the experiment part, the samples A0 and B0 are

directly nucleated through the reaction between the Zn ion

and the free S radicals in an aqueous medium, while the

sample C0 are nucleated through medial process. In the

experiments, the free sulfur radicals are released through

the hydrolysis of thiourea in an aqueous medium in the

Teflon cup. Then the free S radicals react with the Zn2?

ions to form ZnS nuclei [12], which leads to a poor crys-

tallinity and more defects in sample C0. The broadest

reflection peak for sample C0 in the three samples also

indicates the smallest particle size. The as-prepared ZnS

nanoparticle size can be calculated by Scherrer equation:

Dhkl ¼ kk
bhkl cos hhkl

, where Dhkl represents particle size (unit

nm) as measured perpendicular to the reflecting plane (hkl).

bhkl is the full width at half maximum (FWHM) of X-ray

diffraction peaks in radians. hhkl is diffraction angle. k is

the wavelength of the X-ray, where it is 0.154 nm. K is

0.89 when hhkl takes the half of the broadening of the

diffract peak. The particle sizes corresponding to the (111),

(200), and (220) diffract peaks were calculated, and the

average sizes of samples A0, B0, and C0 are 27.6, 22.0, and

6.0 nm, respectively. Based on the calculated results, it can

be seen that the sample C0 has a smaller particle size than
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Fig. 1 XRD patterns of samples A0, B0, and C0
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the others, which implies that there may exist more growth

defects and grain boundaries [13].

To investigate the surface morphology of ZnS samples,

the authors took a small part of the samples and coated

them on the conductive adhesive to perform the SEM

observation. It is found that the samples A0 and B0 grown

from different zinc source have nearly the same morphol-

ogies, as displayed in Fig. 2a and b. Both samples show

densely distributed nanoparticles with rough surfaces. The

average particle sizes measured from SEM images are

about 40 and 50 nm for the samples A0 and B0, respec-

tively. While perfectly sphere-like shapes with the diame-

ters in the range of 2–3 lm were found on the surface of

sample C0 (Fig. 2c). It is worth noting that the size deter-

mined by SEM is much larger than the calculated results by

the Scherrer equation. The remarkably difference indicates

that the spheres are the aggregation of the initially formed

ZnS nanocrystals [14, 15]. This is not the case for the

samples A0 and B0, where the particle sizes from the SEM

are just lightly larger than those calculated by the Scherrer

equation. It is important to realize that the Scherrer equa-

tion provides a lower bound on the particle size, because a

variety of factors can contribute to the width of a diffrac-

tion peak, such as inhomogeneous strain, instrumental

effects, and the lattice imperfection in the crystal.

It is well known that ZnS nanostructures are promising

for light-emitting applications due to their efficient visible

luminescence in the 2–4 eV region. The room temperature

PL spectra of the as-prepared ZnS nanostructures taken

under excitation with the 325 nm line of the He–Cd laser

are displayed in Fig. 3. The PL spectra for the three sam-

ples all show a broad emission band ranging from 400 to

650 nm. It can be seen that the PL peak positions are

constant at 525 nm for the three, and the emission intensity

changes greatly. It implies that the PL originates from the

same defect center and there exists a great difference in the

defect contents. Previously, Bol and Meijerink[16] reported

that the nanocrystalline ZnS doped with Cu2? and Mn2?,

or other rare earth ions can show a visible region emission

from blue to green. However, it is unlikely that the emis-

sion of the present ZnS nanostructures is related to donor

impurity levels in view of its high-purity ZnS reagents

used. Energy dispersive X-ray spectrum (EDS) (Fig. 3b)

from the products show detailed information about the

chemical compositions. The presence of sulfur, zinc, and

silicon were identified. The signal of silicon comes from

the Si substrate. Recently, Tsuruoka et al. [11] ascribed the

green emission band located around 535 nm to the line or

planar defects of the ZnS nanobelts. In the experiments, the

as-prepared samples, both nanoparticles and nanospheres

are of polycrystalline phase, where no similar line and

planar defects existing as those in the nanobelts. Therefore,

the line and planar defects are excluded as the origin of the

green band. Ye et al. [17] and Shen et al. [18] concluded

that the elemental S species on the surface of the ZnS

nanobelts (nanowires) contribute to the green PL band.

However, it is noteworthy that the PL position is not very

sensitive to the change of the surface structure (nanopar-

ticles and nanospheres). So, there should be another reason

for the observed green band. Becher et al. [19] calculated

the band structure of ZnS and predicted that many self-

activated point defects such as Zn vacancies within the

band gap. In this experiment, the green PL intensity

decreased greatly with increasing the nanoparticles size of

the as-prepared samples. Combined with the preparation

processing of the three samples, it is reasonable to believe

that the PL band centered at 525 nm in the ZnS nano-

structures originates from the zinc vacancies. In fact, it is

very likely to introduce vacancies-related defects for the

experiments were carried out at a relatively low tempera-

ture. Hence, more zinc vacancies exist in the products,

as proved by many theoretical and experimental reports
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Fig. 2 SEM images of a sample A0, b sample B0, and c sample C0

J Mater Sci (2011) 46:2715–2719 2717

123



[20–23]. As for the great change in intensity of PL from

samples A0, B0, and C0, it is because that the reduced size

leads to an exceptionally high surface area and creates a

remarkable increase in the zinc vacancies near the surface.

In the experiments, the average particle size values of

sample A0, B0, and C0 are 27.6, 22.0, and 6.0 nm. More-

over, it should be noted that the PL is very sensitive to the

change of surface morphology. In this experiment, the

authors did not observe any visible change in the PL

spectra for the nanoparticle and sphere-like ZnS nano-

structures, which further supports the defect related origin

of the green emission.

To confirm the inference about the positions of zinc

vacancies, the authors synthesized more samples with

different ratios (1.2:1, 1:1, 1:1.2, 1:1.5) of zinc and sulfur

using zinc acetate as the zinc source and thiourea as the

sulfur source and then examined their PL spectra, as shown

in Fig. 4. If the zinc vacancies in the samples of the ZnS

nanostructures are indeed responsible for the green PL

band, the intensity of this band should decrease with

increasing the zinc contents, which was successfully

proved by the experimental results. One can see that the PL

intensity in Fig. 4 obviously decreases with increasing the

Zn:S ratio. On the basis of these results, the authors can

conclude that the self-activated zinc vacancies point

defects of the ZnS nanostructures do contribute to the green

PL band. The luminescence centers are formed when zinc

vacancies are introduced into the ZnS nanostructures,

which lead to the detected green emission from the ZnS

nanostructures. It also can be seen that there is a little shift

in the PL peak positions. It is because that the different

ratios of the zinc and sulfur will cause a little change in the

size of the four samples. For the quantum confinement

effects, the different sizes will bring an impact on the band

gap of the samples and cause a little shift in the PL peak

positions [24].

Conclusions

In conclusion, the authors have solvothermally fabricated

ZnS nanoparticles and nanospheres for clarifying the origin

of the green PL band. The PL intensity reduced greatly

with increasing the nanoparticle size and the ratio of zinc

and sulfur sources in the preparation process. Spectral

examinations and analyses reveal that the green emission

band from ZnS nanostructures indeed originates from the

self-activated zinc vacancies points of the ZnS nanostruc-

tures. This experiments and results will be beneficial to the

understanding of light-emitting mechanisms in various ZnS

nanostructures.
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excitation with a 325 nm line of He–Cd laser. b Energy dispersive
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