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Abstract 
This study reports a novel solid-state-hydrothermal hybrid strategy for synthesizing 
phase-pure cubic ZnS. Starting with the high-temperature solid-state synthesis of 
K2Zn3S4 precursor, subsequent hydrothermal deintercalation yielded ZnS powders 
with cubic zinc-blende structure. Optical characterization revealed a direct bandgap of 
3.50 eV and prominent red emission at 620 nm (2.0 eV) under 365 nm excitation, which 
can be attributed to de-trapping recombination between sulfur vacancies and zinc 
vacancies. This work establishes a dopant-free pathway for engineering ZnS 
luminescence through intrinsic defect control. 
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1. Introduction 

Phosphors, as one of the critical classes of luminescent materials, play a pivotal role in modern 
optoelectronic technology. They are widely used in lighting, display devices, biological imaging, and 
sensors due to their efficient photoluminescence properties[1, 2]. Their fundamental working 
principle involves absorbing energy at specific wavelengths and subsequently re-emitting photons at 
different wavelengths, thereby achieving energy conversion and photon re-emission[3]. Common 
phosphor materials include oxides, sulfides, and nitrides[4, 5]. 

Among the various phosphor materials, ZnS has become a research hotspot due to its direct bandgap 
properties and tunable optical characteristics[6-8]. ZnS is a typical II-VI semiconductor with a direct 
bandgap structure, possessing a bandgap energy of approximately 3.6-3.8 eV[9]. This wide bandgap 
allows ZnS to exhibit strong absorption in the ultraviolet region and excellent luminescence 
performance in the visible light range. By doping ZnS with different activators, such as copper (Cu) 
or manganese (Mn), multicolor emissions in the visible light range can be achieved[10-12]. For 
instance, The luminescence mechanism in Cu-doped ZnS predominantly arises from donor-acceptor 
trap-assisted electron-hole recombination processes[13]. 

Various synthesis methods have been developed for ZnS-based phosphors, including mechanical ball 
milling[14, 15], low eutectic flux methods, and ultrasonic techniques[16-18]. These methods enable 
the tuning of ZnS luminescence properties by altering the microstructure of material and the 
distribution of activators. Research has shown that fabrication techniques significantly influence 
phosphor performance, and uniform distribution of activators within the ZnS matrix is critical for 
enhancing luminescence efficiency[19, 20]. 

In recent years, nanostructured ZnS phosphors have attracted extensive interest due to their unique 
optical properties and potential applications[21, 22]. Particularly, the synthesis methods and 
luminescent properties of Mn-doped ZnS nanophosphors have been intensively investigated, 
demonstrating promising applications in biological labeling and display technologies[23]. The 
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luminescent performance of ZnS-based phosphors is also influenced by factors such as crystal 
structure, particle size, and surface defects[24-26]. By optimizing fabrication processes and doping 
strategies, precise control over ZnS luminescence characteristics can be achieved[27]. This defect 
engineering strategy has been successfully implemented in optical anti-counterfeiting systems, where 
ZnS-based tags exhibit excitation-dependent chromaticity shifts responsive to UV/IR stimulation[28]. 

Despite these advancements, the intrinsic photophysics of undoped ZnS remain insufficiently 
explored. In-depth investigations into the luminescence mechanisms and fabrication processes of ZnS 
are essential for developing high-performance luminescent materials. In this study, cubic-phase ZnS 
was synthesized via a sequential approach: K2Zn3S4 was first prepared by high-temperature solid-
state reaction, followed by hydrothermal deintercalation to obtain the phase-pure cubic ZnS. The 
resulting material exhibits red emission at 620 nm under UV excitation. These findings provide 
valuable insights into the structural and optical properties of ZnS, laying a foundation for its 
application in optoelectronic devices such as LEDs and displays. 

2. Experimental 

2.1 Synthesis 

The cubic-phase ZnS was prepared through a hybrid approach involving solid-state synthesis 
followed by hydrothermal treatment. The zinc powder (99.99%, Aladdin) and sulfur powder (99.5%, 
Alfa Aesar) were mixed in a molar ratio of 3:4, thoroughly ground and homogenized in an agate 
mortar. The mixture was pressed to pellets, accurately weighed, and transferred into a high-purity 
alumina crucible. The required amount of potassium metal S (99.5%, Alfa Aesar) was calculated 
based on the stoichiometric requirements and added to the crucible. The reaction system was sealed 
using vacuum-sealed quartz tube encapsulation technology. The encapsulated sample was placed in 
a muffle furnace, heated gradually to 1020 °C, and annealed for 60 h before cooling to room 
temperature, ultimately yielding K2Zn3S4 single crystals. For the hydrothermal reaction, 0.1 g of 
sodium hydroxide and 0.4 g of thiourea were added to a 25 mL telfon liner containing 5 mL of 
deionized water. After allowing the solution to stand until complete dissolution of the reagents, the 
as-synthesized K2Zn3S4 crystals were transferred to the PTFE liner, ensuring full immersion in the 
reaction solution. The liner was tightly sealed within a stainless-steel autoclave and subjected to 
hydrothermal treatment at 120 °C for 12 h. After cooling to room temperature, the autoclave was 
opened, and the precipitate was collected. The final product was washed repeatedly with deionized 
water and vacuum-dried at room temperature. 

2.2 Characterization 

Powder X-ray diffraction (PXRD) data were collected on a Bruker D8 Focus X-ray diffractometer 
using Cu Kα radiation. The morphology and composition of the ZnS samples were analyzed using a 
Regulus 8100 scanning electron microscope (SEM) and an energy-dispersive X-ray spectroscopy 
(EDS) instrument manufactured by Hitachi in Japan. The photoluminescence excitation (PLE) and 
emission (PL) spectra, and time-gated photoluminescence decay curves of the ZnS samples were 
acquired using a Fluorescence Spectrophotometer Fluorolog-3 instrument manufactured by HORIBA 
Instruments Incorporated, USA. UV-Vis-NIR absorption spectra were acquired using a SHIMADZU 
UV-3600 Plus spectrophotometer in diffuse reflectance mode with BaSO₄ as reference standard. 

3. Results and Discussion 

3.1 Morphology and Structure Analysis 

Fig. 1 shows the XRD pattern of ZnS synthesized via hydrothermal deintercalation. The peaks of the 
prepared ZnS sample prepared were confirmed to coincide with the F-43m space group of cubic phase 
ZnS, where four diffraction peaks at 28.56°, 33.09°, 47.52°, and 56.29°which correspond to the (1 1 
1), (0 0 2), (2 2 0), and (3 1 1) plane (JCPDS cards No. 05-0566, a = 5.406 Å). The diffraction peaks 
of all the samples match the positions of the standard card.  
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Fig. 1 XRD patterns of ZnS synthesized via hydrothermal deintercalation. 

 

As shown in Fig. 2, the SEM images of ZnS synthesized via hydrothermal deintercalation. The 
surface morphology and microstructure of the samples were systematically characterized using 
scanning electron microscopy (SEM), coupled with energy-dispersive X-ray spectroscopy (EDS) for 
quantitative elemental analysis. The ZnS powder synthesized via chemical deintercalation exhibits 
an irregular polyhedral morphology under SEM observation, with crystal dimensions reaching up to 
10 μm. EDS elemental mapping confirms homogeneous distribution of zinc and sulfur throughout 
the sample, with no detectable elemental segregation or localized enrichment. Quantitative EDS 
measurements (Table 1) reveal a near-stoichiometric Zn and S atomic ratio of approximately 1:1, 
consistent with the ideal composition of ZnS. 

 

 
Fig. 2 SEM images and EDS-element mapping of ZnS synthesized via hydrothermal 

deintercalation. 
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Table 1. Atomic percent of the ZnS sample and the Zn/S ratio 
Sample EDS (atomic%) 

Zinc Sulphur Zn/S 
ZnS 50.009 49.991 1 

3.2 The Optical Characteristics 

Fig. 3 shows the UV–vis absorption characteristics of the prepared ZnS synthesized via hydrothermal 
deintercalation. The characteristic absorption peak of the ZnS particle appears in the wavelength 
range of 320– 400 nm, and the peak position reflects the band gap of the particles. Corresponding to 
the fundamental absorption of the electrons from the valence band excitation to the conduction band, 
it can be used to determine the properties and values of the optical bandgap of the prepared ZnS. In 
order to obtain absorption characteristics for all samples, the transmittance (T) was first measured at 
different wavelengths (), and then the absorption coefficient () at the corresponding wavelength  
was calculated using the Beer–Lambert's relation[29] (Eq. (1)). 
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Where d is the path length. The following relation gives the relationship between the incident photon 
energy (h) and the absorption coefficient () (Eq. (2)). 
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Where the exponential m depends on the type of transition and c is a constant and Eg is the band gap 

of the material. For the direct transition m =
2

1
, direct forbidden transition m =

2

3
, and for the indirect 

transition m = 2. The optical band gap was determined using Tauc plot methodology for direct 
bandgap semiconductors. by plotting the diagram (h)2versus h, and then extrapolating its linear 
portion of its intersection with the horizontal axis, the hvalue corresponding to the intersection is 
the optical band gap of the material. Fig. 4 shows that the band gaps for ZnS is 3.50 eV. 

 

 
Fig. 3 UV–vis absorption characteristics of the prepared ZnS. 
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Fig. 4 The optical band gap was calculated by UV-visible absorption/transmission spectroscopy. 

 

It is generally believed that there were four types of point defects (schematically shown in Fig. 5) in 
ZnS that serve as the main luminescent sites: sulfur vacancies (Vs), interstitial sulfur (Is), zinc 
vacancies (VZn), and interstitial zinc (IZn)[30]. These defects can be classified into two categories 
based on their unique electronic properties and energy levels. Sulfur vacancies and interstitial zinc 
atoms are equivalent localized donor states, while zinc vacancies and interstitial sulfur atoms are 
equivalent acceptor states[31], Denzler et al[32]. reported that the interstitial sulfur states should be 
closer to the valence band edge than the interstitial zinc states, while the sulfur vacancies should be 
closer to the conduction band edge than the zinc vacancies. Moreover, the energy levels of the 
vacancies are deeper than the energy levels of the interstitial states. Specific defects were identified 
by performing photoluminescence testing. Fig. 6 shows the excitation and emission spectra of ZnS 
synthesized via hydrothermal deintercalation. The ZnS sample photoluminescence spectrum at 365 
nm shows emission peaks at 620 nm. The red emission at 620 nm was attributed to the de-trap 
recombination process between sulfur vacancies and zinc vacancies[30, 31]. In the ZnS sample, the 
energy level difference between sulfur vacancies (Vs) and zinc vacancies (VZn) is small, and the 
electrons are localized between these defect centers. When the ZnS sample is excited, the electrons 
are captured from the sulfur vacancy (Vs), and after the localization process, they may jump to the 
zinc vacancy (VZn), eventually recombined between the two defects, leading to red light emission. 

 

 
Fig. 5 Schematic representation of possible point defects in pure ZnS. 
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Fig. 6 The excitation and emission spectra of ZnS samples. 

 

The decay behavior of the ZnS samples were tested at 320 nm excitation as shown in Fig.7. The curve 
can be well fitted by the second-order exponential decay formula[33] (Eq. (3)) 

 

           )/exp()/(exp 2211  tAtAI                          (3) 

 

Where I is the luminescence intensity, A1 and A2 denote amplitude coefficients, t is the time, and 1 
and 2 represent characteristic lifetimes associated with distinct radiative decay channels. The average 
fluorescence lifetime of the ZnS can be calculated 3.82 ns. 

 

 
Fig. 7 Decay curves of ZnS synthesized via hydrothermal deintercalation. 

4. Conclusion 

This work establishes a dopant-free strategy for engineering the luminescent properties of cubic ZnS 
through controlled defect generation, achieved via a novel solid-state precursor-hydrothermal 
deintercalation synthesis route. By precisely regulating the deintercalation kinetics of K2Zn3S4, phase-
pure ZnS with zinc blende structure and near-stoichiometric composition (Zn:S ≈1:1) was 
successfully synthesized, as validated by XRD and EDS mapping. The material exhibits distinctive 
red emission at 620 nm under UV excitation, attributed to detrapping recombination between sulfur 
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vacancies and zinc vacancies, with a fluorescence lifetime of 3.82 ns confirming defect-mediated 
carrier dynamics. These findings provide an alternative way to engineer the luminescence properties 
of ZnS. 
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