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RESUMO 
 

“SULFETOS METÁLICOS: PROPRIEDADES FOTOLUMINESCENTES E 

FOTOCATALÍTICAS”. Neste trabalho relata-se um estudo teórico e experimental da 

atividade fotoluminescente (FL) e fotocatalítica de sulfetos metálicos puros e em 

sistemas decorados preparados por intermédio do método solvotérmico assistido por 

micro-ondas. O modelo teórico do sistema decorado foi criado de forma a analisar a 

transição eletrônica, principalmente nas suas interfaces. Os resultados mostram que 

a interface do sistema decorado (core-shell) produz uma transferência de carga do 

elétron do sulfeto de cádmio (CdS) para os buracos do sulfeto de zinco (ZnS), o que 

ajuda a aumentar a atividade fotoluminescente e fotocatalítica do sistema. Para os 

sistemas puros, observou-se a eficácia do método de síntese empregado, sendo 

verificado que o processo de obtenção do ZnS e sulfeto de cálcio (CaS) foi de 

extrema importância. Por intermédio dos modelos teóricos foi possível avaliar a 

influência causada pelo método. A variação nos parâmetros de síntese mostra uma 

influência direta nas propriedades FL dos sulfetos obtidos que pode ser atribuída a 

organização estrutural. O modelo teórico mostra como essa ordem e desordem do 

sistema podem afetar essas propriedades dos materiais obtidos. 
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ABSTRACT 
 

“METAL SULFIDES: PHOTOLUMINESCENCE AND 

PHOTOCATALYTIC PROPERTIES”. In this work we report an experimental and 

theoretical study of photoluminescence (PL) and photocatalytic activity of pure metal 

sulfides and systems furnished prepared by microwave assisted solvothermal (MAS) 

method. The theoretical model of the decorated system was created in order to 

analyze the electronic transition, especially in their interfaces. The results show that 

the system interface decorated (core-shell) produces an electron charge transfer of 

holes from cadmium sulfide (CdS) to zinc sulfide (ZnS), which helps increase the PL 

and photocatalytic activity of the system. For the pure systems, was observed the 

efficacy of the method synthesis employed verified that the process for obtaining the 

ZnS and calcium sulfide (CaS) was extremely important. Through the theoretical 

models was possible to evaluate the influence caused by the solvothermal influence 

caused by the MAS method. The variation in the synthesis parameters shows a 

direct influence on the PL properties of sulfides obtained which can be attributed to 

structural organization. The theoretical results how this order and disorder of the 

system can affect these properties of the obtained materials. 
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1. INTRODUCTION 

In recent decades, nanostructured materials have been the focus of 

attention of researchers. The synthesis, characterization and applications of 

nanoparticles are among the most important sections in nanotechnology. The 

transition from microparticles to nanoparticles can lead to significant changes in 

physical and chemical properties. Some of the important characteristics of these 

materials are: the small size of the particles, which leads to a atoms surface area of 

the nanoparticles (the increase in the surface area relative to volume) and as a result, 

the prevalence of quantum effects. This is mainly happen, due to the excess energy 

stored in the interfaces which are regions with high density of defects. This fact 

allows the preparation of a new range of materials with different properties. However, 

no technological application is possible if these factors are not well controlled in order 

to allow reproducibility [1-3]. 

In a quite comprehensively way the synthesis of these particles may be 

prepared according to a bottom-up approach (smallest to highest), which consists in 

producing nanoparticles from individual molecules or through the top-down procedure 

(highest to lowest), which consists in producing nano material from the coarse and 

fine scale. The top-down procedure has the main problem the surface imperfections 

in the structure and, beyond that, it is common to have a low particle size 

homogeneity. These imperfections can cause significant differences in the physical 

properties and the surface of the nanomaterial. But the bottom-up method is shown a 

route where there produce particles  smaller than the top-down route [4-5]. 

Inside the class of materials, semiconductors are known to possess 

electrical properties which are intermediate between the electrical conductors and 

insulators. These materials allow the initiation of integrated circuits that revolutionized 

electronic devices like the computer industry. Semiconductors are known to have 

empty states adjacent to the valence band partially unavailable. The electrons, 

therefore, need to cross a gap separating the valence band to the conduction band to 

produce conduction. For this it is necessary to provide the electron energy difference 

between these two states is approximately equal to the energy spacing between the 
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bands [6]. The importance of these semiconductor materials is precisely by fact of 

their electrical conductivity can be changed by external stimuli such as magnetic field 

and electromagnetic field. 

Among these materials, semiconductor nanostructures have attracted 

considerable interest over the last few years due to its properties are different 

materials micrometer. Among these properties, the modification of the gap’s energy is 

the most interesting for semiconductors. Controlling this energy (through the shape, 

structural defects, etc.) can be observed different properties of the same material. 

These types of semiconductors have a large number of applications such as flat 

screen displays, optical sensors, electroluminescent devices, lasers and catalysts [7-

8]. 

Zinc sulfide (ZnS) and cadmium sulfide (CdS) were among the oldest 

semiconductors studied. These present materials fundamental properties and 

remarkable versatility. The ZnS has always been widely used in photoluminescent, 

electroluminescent and catodoluminescente devices thanks to its better stability 

compared with other chalcogenides [9]. Member of the group semiconductor II-VI, the 

ZnS has two main forms, Cubic (also known as zinc blende, or sphalerite) and 

hexagonal phase (known as the less stable wurtzite and cubic). The transition from 

cubic to hexagonal phase occurs around 1017°C (bulk). The two phases exhibit an 

energy gap of 3.72 eV for the cubic phase and 3.77 eV for the hexagonal phase at 

27ºC in bulks [10-11]. In both cases the coordination sphere is equal to 4. 

Through many work with different methods of synthesis of zinc sulfide 

nanocrystals, it can be found a wide variety of morphologies. These nanostructures 

have attracted much interest due to their fascinating properties correlated with these 

differences. Therefore, different methods can produce different ZnS particles, both in 

respect of their shape, size and density of defects which can cause large differences 

in material properties [10, 12-14]. 

Among the many synthesis methods ZnS, it is very common to use 

agents to control the size and shape of the particles, called leveling agents capped or 

size. These agents act in order to prevent agglomeration and coalescence between 



3 

 

primary particles so electrostatic or steric impediment. Electrostatic stabilization 

involves the creation of an electrical double layer due to ions adsorbed on the surface 

thus generating repulsion between particles of the same charge. Already steric 

hindrance is caused due to approximation by preventing the large particles adsorbed 

on the surface [13-14]. 

Sulfides from II family elements are considered excellent 

phosphorescent materials. According to the literature calcium sulfide has four 

crystalline phases. Three such phases assigned to the zinc blende phase and 

wurtzite phase (B1, B2, B3 - zinc blende) and (B4 - wurtzite) [15-17]. Luo et. al. [17] 

performed an experimental study on the structural and electronic properties of CaS. 

The authors analyzed the phase transformations of the compound diffraction 

measurements using X-ray energy dispersive. The results show the existence of 

more than one phase to CaS. The temperature CaS crystallized NaCl structure, 

however, under pressure up to 40 GPa, CaS undergoes a change in structure to the 

CsCl type phase [17]. Recently Chen and colleagues studied theoretically the 

electronic and structural properties of CaS considering the four phases of the 

compound. Their studies showed that single phase B2 of CaS has an indirect band 

gap, while the other stages have a direct band gap [15]. In two other studies, the 

authors performed experimental studies using optical absorption spectra indicated 

that the B1 phase as having with indirect band gap between 4.43   [18] eV and 4,52 

eV [16]. The calcium sulfide exhibits luminescence in different wavelengths, 

ultraviolet and visible light. The calcium sulfide exhibits luminescence in different 

wavelengths, ultraviolet and visible light. The preparation of these sulfides requires 

some care. The calcium sulfide, for example, is unstable in water and require 

precautions during preparation [19]. The calcium sulfide is hard to be prepared in 

aqueous solutions due to their hydrolysis therefore the commercial calcium sulfide is 

prepared at high temperatures (~ 1200 ° C). 

Several methods have been used to overcome the problem such as 

synthesis stream [19], solvothermal [20], alkoxides [21], sol-gel [22]. Recently Wu et 

al synthesized calcium sulfide doped with iron by means of co-precipitation method 

[23]. Adhikary et al synthesized CaS solid diffusion method, and verified the 
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thermoluminescent properties [24]. The sulfides formed by the members of the family 

of alkaline earth metal are known as semiconductor with high band gap (for example, 

CaS 3.4 to 4.4 eV [25], MgS 5,2 – 5,4 eV [26] and SrS 4,3 eV [27]. 

Among the aforementioned methods for obtaining the calcium sulfide, 

solvothermal method has proven to be a very versatile method for the synthesis of 

nanomaterials. It is similar to hydrothermal method the only difference being the 

solvent used. For the hydrothermal system the solvent is water, while for the 

solvothermal system has the versatility to use different solvents (ethylene glycol, 

ethanol etc.). The reactions solvothermal have indicated advantages for the synthesis 

of crystals, for example, obtaining pure phase at low temperatures, in addition to 

precise control of several factors involved in the synthesis as cation concentrations, 

pH, temperature, heating rate and counter ions present in the reaction. Moreover, in 

most cases has relatively long time for obtaining the pure material. This disadvantage 

of slow kinetics of the reaction was resolved using microwaves as the heating source 

system. 

Microwaves are electromagnetic waves comprising a range of 

wavelengths from 1mm to 1m. The most common operating range is 12 cm 

corresponding to 2.45 GHz frequency, used in household appliances. The use of new 

synthetic methods, and among these new methodologies, the microwave-assisted 

hydrothermal method (Microwave Assisted Hydrothermal or MAH) has been 

highlighted. In 1986 Fischer [28] employed the combination microwave and 

hydrothermal techniques to solubilize certain types of geological materials (minerals 

and rocks) for chemical analysis. Komaeneni el al [29] were pioneers in studies of the 

effect on crystallization kinetics using this method. These authors analyzed several 

parameters in hydrothermal reactions assisted by microwave (MAH) such as the 

concentration of chemical species, temperature and time of crystallization, which 

resulted in obtaining various oxides.  

The effect of the microwave synthesis of materials is still controversial 

and not well understood. This is due to the fact that the phenomena involved are 

difficult to be clearly defined and explained. One of the primary aspects is the ability 

of the compound (solvent or reagent) to absorb the energy of microwave radiation 
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and convert it into heat. In general, this effect arises from the direct coupling of 

molecules of solvent with the electromagnetic field in the region of microwaves of 

2.45 GHz. Therefore, microwave irradiation induces a rotation due to molecular 

dipole alignment of solvent (polar) with the external oscillating electric field [30-32]. 

The dielectric constant of the medium as well as the dielectric loss 

factor shows the efficiency of the interaction of microwaves and heat through. This is 

based on energy absorption per unit volume, Equation (1): 

′′ ′      1.1 

where E is the magnitude of the internal magnetic field, ′′   is the factor electric field 

relative,  is the electric permittivity in vacuum, f is the microwave frequency, s is the 

total effect of conductivity, ′  'is the relative dielectric constant, and tan δ is the loss 

of power required to provide a given amount of energy. In this equation, the dielectric 

properties assume an important role in the degree of energy absorbed by the 

material. The majority of the microwave energy absorbed is converted into heat within 

the material as shown in Equation (2): 

′′         1.2 

 

where T is the temperature, t is the time, ρ is the density, Cp is the heat capacity. 

Note that there are no structural parameters (atomic, structural or otherwise) in this 

equation. Structural features that are assumed to charges in dielectric properties 

( ,  e tan δ) [31-32]. 

Different from conventional thermal processing, where the energy is 

transferred to the material by convection, conduction and radiation to heat the 

surface of the material, the microwave energy is transmitted directly to the material 

through molecular interactions with the electromagnetic field. Thus, the energy 

transfer does not depend on diffusion of heat through the surface of the material 

being possible to achieve quick heating and even in thick materials. 

As previously mentioned, nanostructured materials can exhibit various 

properties, for example, optical and catalytic properties. Optical phenomena able to 
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convert some types of energy in electromagnetic radiation always have been 

extensively studied. This type of phenomenon when has electromagnetic radiation 

emission in the visible region, is called "luminescence". This ability of materials in 

emit light arouses great interest worldwide. Furthermore, the luminescence is a great 

tool for the study of structural materials, it is directly related to their atomic structures 

and electronic states [33]. 

The luminescence is classified according to the type of excitation 

energy used. Some types of excitement possible generate chemiluminescence, 

cathodoluminescence, electroluminescence and photoluminescence. 

Chemiluminescence is produced when a chemical reaction provides an electronically 

excited species that emits light when it returns to the ground state, or transfers its 

energy to other species, which then produces emissions, the cathodoluminescence 

results from a beam of high energy electrons or Cathode ray, the 

electroluminescence is caused by a voltage applied to the luminescent substance, 

and the photoluminescence is characterized as photons visible or ultraviolet light is 

used for excitation [34]. 

The phenomenon "photoluminescence" includes fluorescence and 

phosphorescence. The fluorescence of phosphorescence differs in the fact that the 

electronic transitions responsible for the fluorescence energy do not involve a change 

in electron spin. As a result, the fluorescence decay time is short, ceasing almost 

immediately (<10-5s). In contrast, a change in electron spin accompanying 

phosphorescent emissions making radiation which is able to last for a long easily time 

detected after the end of irradiation, often several seconds or more [34]. 

Photocatalytic materials use light energy to catalyze a chemical 

reaction. Photocatalytic applications include decomposition of water into hydrogen 

and oxygen and the complete oxidation of organic contaminants in aqueous 

environments. Most studies of photocatalysis using TiO2 as a photocatalyst synthetic 

or commercial. In recent years, many catalysts such as TiO2, WO3, ZrO2, CdS, ZnS 

and other has been employed for the oxidation of environmental contaminants in 

water [35]. Composite materials have recently attracted much attention, especially in 

the coating structure on a nanometer scale, where the coating is simply the act of 
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decorating a material at the nanoscale, on the other stuff. Studies of surfaces and 

interfaces are expanding the areas of scientific research and technological 

innovation. Accordingly, the development of new heterostructure is still a difficult 

subject. Continuous research suggest that semiconductor/semiconductor 

(heterostructures) nanocrystals have a significant impact on photocatalytic properties 

due to the elimination of surface defects nonradiative recombination [36-38]. There 

are studies with particles decorated with metallic sulfides which show improvements 

in their optical properties and photocatalytic [39-42]. 

Within this context in this paper it is reported a theoretical and 

experimental study of photoluminescence and photocatalytic activity of pure metal 

sulfides and systems furnished prepared by solvothermal method assisted by 

microwave. The theoretical model of the decorated system was created in order to 

analyze the electronic transition, especially in their interfaces. 
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An intense red-green photoluminescence (PL) emission was 

observed, at room temperature, in a CdS@ZnS core–shell system. 

The PL intensity emission of CdS@ZnS core–shell was strongly 

superior from that observed in individual CdS and ZnS 

nanoparticles. In this sense, we reported a comprehensive 

experimental and theoretical study of the optical behavior of CdS 

and ZnS nanoparticles (NPs), and CdS@ZnS core–shell system in 

the light the structural order–disorder conception. We also propose 

a model were the core and shell interface leads to favorable 

condition that triggers PL emission in CdS@ZnS core–shell. 

2012 Elsevier B.V. All rights reserved. 
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Introduction 
Wurtzite, CdS and ZnS, are a direct band gap semiconductors with gap 

energy of 2.42 and 3.7 eV at 300 K, respectively. CdS and ZnS, were one of the first 

discovered semiconductors [1] and has promising applications in photochemical 

catalysis [2], gas sensor [3], and optical material [4,5]. The synthesis of CdS and ZnS 

NPs semiconductors has been the focus of recent scientific research due to their 

important nonlinear optical properties, luminescent properties, quantum size effect 

and other important physical and chemical properties [6,7]. These NPs bridge the 

gap between CdS and ZnS, there by offering the opportunity to study the evolution of 

interface properties [8,9]. Continuous researches suggest that 

semiconductor/semiconductor (called as heterostructures) nanocrystals confer a 

noticeable enhancement in the luminescence and conductive properties due to 

elimination of surface non-radiative recombination defects [5,10]. Therefore, the 

design and preparation of composite materials, such as CdSe/ZnS, CdSe/CdS, 

ZnO/ZnS and CdS/ZnS have been attracted much more research interests [1,5,11]. 

The study of surfaces and interfaces are expanding areas of scientific studies and 

technological innovations. In this sense, the development of new heterostructures is 

still a challenging subject [12]. In the case of this work, the modulation of the 

properties by tailoring the nucleation of one phase on the surface of other is a critical 

step. Studies in nanostructured materials indicate that the PL property is not only 

derived from the bulk structure but also controlled by the surface chemical bonds and 

optical transition in the surface/interface region [13–15]. Several studies performed 

by our group pointed out the effect of structural order–disorder in the modulation of 

the PL emission [16–18]. 

The surface modification of a wide band gap semiconducting shell 

around a narrow band gap core can alter the charge, functionality, and reactivity of 

the materials and consequently enhance the functional properties due to localization 

of the electron–hole pairs [1,19,20]. In this Letter, we report a comprehensive 

experimental and theoretical study of the PL emission of CdS or ZnS nanocrystals 

and CdS@ZnS core–shell system. Experimentally, the samples were characterized 

by X-ray Diffraction (XRD), UV–Vis spectra, Transmission Electron Microscopy (TEM) 
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and PL spectroscopy. Theoretically, first principle calculations were used in sense to 

investigate the interface between CdS and ZnS that renders the enhanced PL 

emission. In the light of these results a model of electronic charge and whole 

transference between the interfaces of CdS@ZnS system is proposed. 

Methods 
CdS and ZnS samples (denoted as SAM01 and SAM02, respectively), 

were synthesized using microwave-assisted solvothermal method, at 453 K during 32 

min as described previously [20]. CdS@ZnS (SAM03) core–shell was synthesized 

using 0.017 mol of CdS powders dispersed in 25 ml of Ethylene Glycol (EG) (solution 

01). Separately 0.017 mol zinc ions and 0.03 mol of thiourea were dissolved in 75 ml 

of EG (solution 02). Then solutions 01 and 02 were mixture in a 120 ml Teflon 

autoclave and put in the microwave system during 32 min at 453 K. The resulting 

solution was washed with ethanol several times to neutralize the solution pH (7), and 

the precipitates were finally collected, and dried at 373 K (5 h). The powders obtained 

were characterized by XRD collected from 10º to 70º in the 2θ range using Cu Ka 

radiation (Rigaku-Max/2500PC) and TEM JEOL JEM 2100 microscopy, operating at 

200 KV. UV–Vis spectra were taken using a spectrophotometer of Varian, model 

Cary 5G (USA) in diffuse reflection mode. PL spectra were collected with a Thermal 

Jarrel Ash Monospec monochromator and a Hamamatsu R446 Photomultiplier.  The 

350.7 nm (2.57 eV) exciting wavelength of a krypton ion laser (Coherent Innova) was 

used with the output of the laser kept at 200 mW. All measurements were taken at 

room temperature. 

Results and discussion 

XRD patterns were collected for each sample to check the crystalline 

phase. The XRD (see Supporting Information – S.I.) patterns for the SAM01 could be 

indexed to CdS crystalline hexagonal in agreement with the respective JCPDS card 

65-3414. For the SAM02, the crystalline phase of the as obtained powder could be 

indexed to ZnS crystalline hexagonal in agreement with the respective JCPDS card 

32-1450 [21],  The existence of a cubic ZnS phase from XRD patterns alone cannot 

be excluded due to the large similarity between cubic  and hexagonal ZnS structures. 

Thus, these results indicate that ZnS powders processed in a microwave 
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solvothermal system are crystalline, pure and ordered at long range. Interest to note, 

that for the SAM03 the mainly peak diffractions observed was related to CdS 

crystalline phase. Wurtzite has space group P63mc, where each Zn or Cd atom is 

surrounded by four S atoms at the corners of tetrahedron. Periodic DFT calculations 

with the B3LYP hybrid functional [22], were performed using the CRYSTAL09 

computer code [23]. The atomic centers have been described by an all electron basis 

set Zn_86-411d31G [24], for Zn and S_86-311G S [25]. For CdS, the atomic centers 

have been described by Gaussian basis sets of double zeta valence polarized 

(DZVP) [26]. It was modified to be used in CRYSTAL09 code (see S.I.). 

As a first step, the optimization of the exponents for the outer- most sp 

and d shells was carried out to minimize the total energy of the structure at 

experimental parameters. The optimized external exponents are αsp(Zn) = 

0.14349998, αd(Zn) = 0.73000001 and αsp(S) = 0.38000002. The Powel algorithm 

[27], method was used to perform all basis sets of the optimization procedure. From 

these optimized exponents, a new optimization procedure of lattice parameters a, c 

and u = (1/3)*(a/c)2 + (1/4) was performed. The calculated and experimental values 

(given in parentheses) are a = 4.30 (4.14) Å, c = 6.96 (6.71) Å [28]   and u = 0.377 

(0.376) for CdS and a = 3.84 (3.85) Å, c = 6.26 (6.29) Å and u = 0.379 (0.375) for 

ZnS. Our results are in good agreement with other theoretical and experimental data 

[29]. 

Two  periodic models were built from these optimized parameters to  

represent the ordered  ZnS_o  or  CdS_o  models and disordered  ZnS_d  or  CdS_d  

models, displacing the  Zn  or  Cd  atom, 0.3 Å, in the z-direction, respectively. These 

models can be useful to represent different degrees of order–disorder in the material, 

as well as structural defects resulting from Zn to Cd displacements. 

Figure 1 presents the TEM images of SAM03.  In fact, an expanded 

image of regions A, in Figure 1a, shows that the SAM03 was formed by a 

polycrystalline core, Figure 1b.  Analyzing an expanded view of region A, inset of 

Figure 1b, is possible to observe the presence of lattice parameter with about 0.32 

nm. This distance is consistent with the (101) plane of the CdS structure, in good 

agreement with XRD patterns. Additionally, Figure 1c presents an expanded view of 
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region B in Figure 1a suggesting that the observed layer covering the polycrystalline 

core can be attributed to amorphous ZnS particles, since XRD for SAM03 presents 

only the CdS crystalline phase (see S.I.). 

PL spectra recorded with a 350.7 nm excitation wavelength for the as 

obtained samples are shown in Figure 2. The PL spectrum of the SAM01 (CdS) 

shows a red maximum emission around 655 nm and a greenish maximum emission 

for SAM02 (ZnS) around 532 nm. The PL spectrum of for the SAM03 presents the 

maximum emission around 590 nm. The  blue shift observed for  the SAM03 

compared to SAM01 could be  explained for the possible presence of  the ZnS 

disordered shell coated on  the surface  CdS  core, as observed by  XRD (see S.I.) 

and HRTEM  images, Figure 1b and c. [30]. Another interesting effect in PL spectra is 

the enhancement in the emission for the SAM03, that can be associated with an 

inter-band connection between the interface of CdS core and ZnS disordered shell, 

where ZnS confines the photogenerated electron–hole pairs to the CdS core 

interface whose is modified by the quantum confinement effect, leading to the 

passivation of non-radiative transitions, thus enhancing the luminescence intensity 

[13,19,31]. Thus, the core–shell interface can be monitored directly by PL. 

It is well known that the physical and chemical properties of materials 

are strongly correlated with some structural factors, mainly, the structural order (o) 

disorder (d) in the lattice. The materials can be described in terms of the packing of 

the constituent clusters of the atoms which can be considered the structural motifs. In 

a typical semiconductor, the intercluster (intermediary range) and intracluster (local 

range) interaction can occurs as a consequence of tree different sources: orientation, 

induction and dispersion interactions [32]. The orientation interaction results from the 

correlation between the rotation motion of the permanent moments in different 

[CdS4]o….[ZnS4]d clusters (intermediate range). The induction interaction occurs 

due to the polarization of [CdS4]o clusters by the permanent moment of another 

[ZnS4]d cluster (short range). The dispersion interaction arises from the motion 

correlation of electrons in neighboring of [CdS4]o and [ZnS4]d clusters (long  range). 

Breaking symmetry process of these clusters, such as distortions, breathings and 

tilts, create a huge number of different structures and subsequently different materials 
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properties, and this phenomenon can be related to local (short), intermediate and 

long-range structural order–disorder [33]. 

Theoretical results point out that a breaking symmetry process in the 

structure of various semiconductor, associated to order–disorder effects, is a 

necessary condition for the presence of intermediate levels in the forbidden band gap 

[34]. These structural changes can be related to the charge polarization in different 

ranges that are, at least, manifestations of quantum confinement, when they occurs 

at short and intermediate range undependably of the particle size. The main point for 

quantum confinement occurs is the presences of discrete levels in the band gap, fact 

that are not possible with the crystal ore defect are periodic (dispersion interaction) 

[32]. 

 

Figure 1 – (a) TEM image of SAM03 (CdS@ZnS); (b) HRTEM image of region A; (c) 

HRTEM image of region B. 
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Figure 2 – PL emission spectrum of ZnS, CdS and CdS@ZnS core-shell. 

Table 1 depicts the experimental and theoretical calculated band gap 

and Fermi energy for the CdS and ZnS ordered and disordered models. The optical 

experimental band gap is related to the absorbance and the photon energy by the 

following Eq. (1): 

2/1)( gapEhh -µ nna             (1) 

where α is the absorbance, h is the Planck constant, n  is the frequency and  Egap is 

the optical band gap [35]. The band gap values of CdS, ZnS and CdS@ZnS were 

evaluated by extrapolating the linear portion of the curve (Supplement material). The 

entire sample presents a well defined inter-band transition with a quasi vertical 

absorption front which is typical of semiconductor crystalline materials. The 

CdS@ZnS core–shell system has two absorption regions, 2.4 and 3.8 eV, which are 

linked to CdS core and ZnS shell, respectively. The comparison with theoretical 

results shows a very good concordance between experimental and theoretical 

results. 

Based on both experimental and theoretical findings, we propose a 

model were the driving force of this dynamic process is the order–disordered effects 

at intermediate range. In this way we are considering that the core and the shell are 

neutral and they have the same relevance in terms of electronic structure. This effect 
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can only appears when the intermediate range order–disorder between interfaces, as 

in this case, core and shell are present. 

Figure 3 illustrates an electronic model of CdS ordered core and ZnS 

disordered shell and CdS@ZnS core–shell interface before the photon arrival. The 

model is closely related to the alignment of energy levels of CdS ordered core and 

ZnS disordered shell. In a first step, electrons split from the electron shell Fermi level 

(EFe)S to the core electron Fermi level (EFe)C and holes split from the core-shell  

Fermi level (EFh)C to the hole shell Fermi level (EFh)S. These can also be termed 

dynamic Fermi levels and are a spontaneous process as the electronic core and shell 

structure has the electron and whole Fermi energy locates at different Fermi energy 

but in the same Brillouin zone. The consequence of this dynamic process is the 

electron population of the valence band (VB) of CdS ordered core and holes 

migration to shell ZnS conduction band (CB). The final electronic configuration 

between CdS and ZnS interfaces is interconnected band structures were the core 

has more electrons and the shell more holes (see S.I.). 

During the excitation process, there is a cluster to cluster charge 

transfer (CCCT) [32,33] of electrons from CdS electron populated clusters to ZnS 

holes populated clusters. The structural and electronic reconstruction of all the 

possible combinations of clusters in a crystal are essential for the understanding the 

CCCT process and at least the PL phenomenon. 

Table 1 – Experimental and Theoretical band Gap energy and Fermi energy of 

ordered (o) and disordered (d) CdS and ZnS periodic models. 

          Theoretical Experimental  

 CdS_o CdS_d ZnS_o ZnS_d CdS ZnS CdS@ZnS 

Gap (G-G) (eV) 2.66 2.26 3.88 3.42 2.4 3.8 2.4 and 3.8 

Fermi Energy (eV) -6.31 -5.96 -5.84 -5.50    
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Figure 3 – (a) Electronic models of CdS@ZnS core-shell interface before the photon 

arrival (b) illustration of model of CdS@ZnS core-shell. 

There exist such photo induced electron-transfer processes where an 

electron is promoted from an occupied level of the cluster donor to a vacant level of 

the cluster acceptor. The formation of isolated energy levels and the presence of 

[CdS 3 .V
·
] or [ZnS 3 .V

·
] disordered clusters leads to a substantial recombination 

between the photoexited electron and hole during the excitation process. Probably, 

the ordered [ZnS4 ]
x - [CdS4 ]

x

cluster activated during the excitation process changing 

their symmetry going to singlet or triplet excited states, as demonstrated by Gracia et 

al. [17,36] in perovskite and scheelite structures. In this way, similarly studies have to 

be done for wurtzite materials to confirm this fact. 

Conclusions 

In summary, CdS@ZnS core–shell system was prepared by an efficient 

microwave-assisted solvothermal technique and their optical properties were carefully 

investigated. The XRD patterns and HRTEM images reveal a disordered ZnS layer in 

the shell and the polycrystalline CdS core. In the light of first principle calculations we 

propose a model were the unfused layers between core and shell interface renders 

the favorable condition that triggers PL emission in CdS@ZnS core–shell. 

It is clear that controlling the particle size and morphology promotes 

modulation of advanced properties in heterostructureted materials that can be used 

in future novel technologies. Such novel technologies can in principle explore 
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materials which are not available in the bulk single crystal form, but their figure of 

merit is dramatically dependent on the surface interface defect states. We believe 

that the strategy may also be applicable to other materials. 
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This paper reports a theoretical and experimental study of the 

heterostructure photocatalytic activity in a CdS or ZnS and 

CdS@ZnS decorated system prepared by a microwave assisted 

solvothermal (MAS) method. A theoretical model of the 

decorated system was created in order to analyze the electronic 

transition mainly in their interface. The results show that CdS 

and ZnS interfaces produce an electron charge transfer from 

the CdS electron-populated clusters to the ZnS hole-populated 

clusters which helps to enhance the photocatalytic activity of the 

CdS@ZnS decorated system. 
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Introduction 

Photocatalytic materials use the photon energy of light to catalyze 

a chemical reaction. The applications of photocatalysts include the 

decomposition of water into hydrogen and oxygen and the complete oxidation 

of organic contaminant in aqueous environments. Advanced oxidation 

processes are of current interest for the effective oxidation of a wide variety of 

organics and dyes,1 and semiconductor assisted photocatalytic degradation 

has high priority.1–3 Most photocatalytic studies use either synthetic or 

commercial TiO2 as the photocatalyst.4–6 Over the past few years, many  

catalysts such   as TiO2,  ZnO, WO3, SnO2, ZrO2, CeO2, CdS and ZnS have been 

employed for photocatalytic oxidation of environmental water 

contaminants,1,3,5–9 and recently metallic sulfides have attracted 

considerable interest due to their photocatalytic activity.8 ZnS and CdS are  wide 

band gap II–VI group semiconductor materials with a gap energy of 3.7 and 2.4 

eV at 300 K, respectively.10 CdS and ZnS are two of the initial semiconductors 

with promising applications in photochemical catalysis,11 gas sensors12 

and optical materials.13–15 Studies of surfaces and interfaces are expanding 

areas of scientific research and technological innovations. In this sense, the 

development of new heterostructures is still a challenging subject.16,17 

Research suggests that semiconductor/semiconductor (heterostructures) 

nanocrystals have a significant impact on photocatalytic, luminescence and 

conductive properties due to the elimination of surface non-radiative 

recombination defects.14,18,19 

Theoretical calculations and computer simulations can complement 

experimental methods and have revealed new insights into medium-range 

order and dynamic changes in the local structure.20,21 By these methods it 

is possible to obtain a better understanding of the relationship between the 

structural disorder in complex clusters with an intermediate-range interaction 

(interaction between two clusters) and the resulting electronic defects that are 

generated.22 
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In this paper we report a theoretical and experimental study of the 

photocatalytic activity of CdS or ZnS and CdS@ZnS decorated system prepared 

by the microwave-assisted solvothermal method. The origin of the 

photocatalytic activity was investigated by electronic structure calculations 

carried out within the framework of semi-empirical periodic quantum 

mechanical techniques and by comparing the measured degradation of 

Rhodamine B (RhB) under UV radiation. The results point out that CdS and 

ZnS interfaces produce an electron charge transfer from the CdS electron 

populated clusters to the ZnS hole populated clusters which helps to enhance 

the photocatalytic activity of the CdS@ZnS decorated system. 

 

Methods 

Synthesis of CdS@ZnS 

The preparation of the CdS@ZnS decorated system was achieved 

via a two step solvothermal process. All reagents were of analytical grade and 

were used without further purification. The samples were synthesized using the 

MAS method as described previously.23,24 Briefly the CdS@ZnS decorated 

system was synthesized using 0.017 mol of CdS powder dispersed in 25 mL of 

ethylene glycol (EG) (solution 1). Separately, 0.017 mol of zinc ions and 0.03 

mol of thiourea were dissolved in 75 mL of EG (solution 2). Then solutions 1 

and 2 were mixed in a 120 mL Teflon autoclave and put in a microwave system for 

32 min at 453 K. The resulting solution was washed with ethanol several times 

to neutralize the solution pH (≈ 7), and the precipitate was finally collected and 

dried at 373 K (5 h). Pure ZnS and pure CdS were also synthesized and used as 

the reference in the degradation test. 

 

Powder characterization 

The powders obtained were characterized by XRD data from 10° to 75° 

in the 2θ range using Cu Kα radiation (Rigaku-DMax/2500PC). UV-Vis spectra were 

taken using a Varian spectrophotometer (Model Cary 5G, USA) in the diffuse 

reflection mode. All measurements were taken at room temperature. 

 

 



22 

 

Photocatalytic activity 

The photocatalytic activity of samples for the oxidation of RhB dye 

with the molecular formula [C28H31ClN2O3] (99.5% purity, Mallinckrodt) in an 

aqueous solution was tested using UV-light illumination. 50 mg of catalyst 

crystals and 50 mL of an RhB solution (1×10−4mol L−1) with pH = 4 were 

placed in a 250mL beaker. These suspensions were ultrasonicated for 10 min 

in a Branson (Model 1510) ultrasonic cleaner with a frequency of 42 kHz before 

illumination and were then stored in the dark for 10 min to facilitate saturated 

adsorption of RhB on the catalyst. Then the beaker was placed in a photoreactor 

at 20 °C and illuminated by six UV lamps (TUV Philips) at 15 W with a 

maximum intensity at 254 nm.  The power light was measured by a Coherent 

Power Max (Model No. PM10); the optical energy density value was 20 mW.cm−2.  

A 3 mL aliquot of these suspensions was removed and centrifuged at 30 min 

intervals at 9000 rpm for 5 min to remove suspended crystals. Finally, 

variations of the absorption band maximum of supernatant solutions were 

monitored by UV-Vis absorbance spectra measurements using a double-beam 

spectrophotometer with a double monochromator and a photomultiplier tube 

detector (JASCO, Model V-660, USA). 

 

Theoretical calculations 

Periodic density function theory (DFT) calculations with the B3LYP 

hybrid functional25 were taken using the CRYSTAL09 computer code.26 Atomic 

centers have been described by an all electron basis set Zn_86-411d31G27 for 

Zn and S_86-311G*S.28 For CdS, the atomic centers have been described by 

Gaussian basis sets of double zeta valence polarized (DZVP)29 which were 

modified for use in the CRYSTAL09 code. As a first step, the optimization of the 

exponents for the outermost sp and d shells was carried out to minimize the 

total energy of the structure at experimental parameters. The optimized 

external exponents are αsp(Zn) = 0.14349998, αd(Zn) = 0.73000001 and αsp(S) 

= 0.38000002. The Powel algorithm30 method was used to perform all basis 

sets of the optimization procedure. From these optimized exponents, a new 

optimization procedure of lattice parameters a, c and u = (1/3)*(a/c)2 + (1/4) was 
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constructed. The calculated and experimental values (in parentheses) are a = 

4.30 (4.14) Å, c = 6.96 (6.71) Å31 and u = 0.377 (0.376) for CdS and a = 3.84 

(3.85) Å, c = 6.26 (6.29) Å and u = 0.379 (0.375) for ZnS. Our results are in 

good agreement with other theoretical and experimental data.32 

Two periodic models were built from these optimized parameters 

to represent the ordered ZnS_o or CdS_o models and disordered ZnS_d or 

CdS_d models, displacing the Zn or Cd atom, 0.3 Å, in the z-direction, 

respectively. These models can be useful in representing different degrees of 

order–disorder in the material as well as structural defects resulting from Zn to 

Cd displacements. 

 

Results and discussion 

Fig. 1(a) illustrates XRD patterns and lattice parameter values of 

the ZnS, CdS and CdS@ZnS decorated system processed in a MAS system at 

453 K for 32 min. The ZnS sample is crystalline with a hexagonal structure 

which is in agreement with the respective Joint Committee on Powder 

Diffraction Standards (JCPDS) card nº. 36-1450.33 A cubic ZnS phase from XRD 

patterns alone cannot be excluded due to the large similarity between cubic and 

hexagonal ZnS structures.22 CdS pure and CdS@ZnS samples can be indexed 

to the hexagonal structure with a space group of P63mc which is in agreement 

with the respective JCPDS card nº. 65-3414. Peaks related to the ZnS phase of the 

CdS@ZnS sample are not visible, but clearly there is a broadening of the 

peaks mainly in the (101) direction which verifies this phase. 

The optical properties of the ZnS, CdS and CdS@ZnS decorated 

system were measured using UV-Vis absorption; UV-Vis absorption spectra of 

the samples are shown in Fig. 1(b). The optical experimental band gap is 

related to the absorbance and photon energy by equation (1): 

2/1)( gapEhh -µ nna
   (1) 

where α is the  absorbance, h is Planck’s constant, ν is the frequency and Egap 

is the optical band gap.34 The band gap values of the CdS, ZnS and CdS@ZnS 

decorated system were evaluated by extrapolating the linear portion of the 

curve. The entire sample has a well defined interband transition with a quasi 
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vertical absorption front which is typical of semiconductor crystalline materials. 

For pure CdS and ZnS samples, the obtained band gaps were 2.5 and 3.8 eV, 

respectively. The CdS@ZnS decorated system has two absorption bands at 3.8 

eV and at 2.4 eV which correspond to the ZnS and CdS phases, respectively. 

These results identify ZnS in the synthesized decorated system using the MAS 

method. 

 

FIG. 1 – (a) XRD patterns of sulfide samples and (b) UV-Vis spectrum of the CdS 

pure, ZnS pure and CdS@ZnS decorated system synthesized at 453 K for 32 min in 

MAS. 
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FIG. 2 - (a) Kinetics of photocatalytic degradation of RhB with the synthesized CdS, 

ZnS pure and CdS@ZnS decorated system and (b) mechanism of the 

photodegradation for the CdS@ZnS sample. 

Fig. 2(a) shows the RhB aqueous solution degradation rate by the 

ZnS, CdS and CdS@ZnS decorated system synthesized at 453 K for 32 min, 

which was obtained by monitoring UV-Vis absorbance spectra temporal 

changes in the aqueous dye solution. Blank experiments conducted in a RhB 

solution containing the dye and the sample verified the occurrence of negligible 

degradation of the dye upon UV photolysis. Experiments with the sample in the 

dark were also conducted. The photodegradation of RhB dye occurs due to an 

oxidative attack by one of the active oxygen species on the N-ethyl group.35 Fig. 

2(a) verifies the high efficiency of CdS@ZnS for the degradation of RhB dye in 

comparison with pure ZnS and pure CdS samples. 
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S  d 

The Fig. 2(b) shows a possible mechanism for the 

photodegradation of the decorated system. The simplified mechanism consists 

of the formation of OH* and O2H* radicals which react with the organic 

compound and promote their oxidation. 

The physical and chemical properties of materials are strongly 

related to structural factors, mainly the structural order (o)–disorder (d) in the 

lattice. These materials can be identified in terms of the constituent cluster 

packing of the atoms as structural motifs. Effective charge  separation requires 

an  electric  field (core) with the  shell,  and  this  interaction generates electron–

hole (e′–h˙) pairs which  play a key role in the photocatalytic process.2,36 

In a typical semiconductor, the intercluster (intermediary range) 

and intracluster (local range) interactions can occur as a consequence of three 

different sources: orientation, induction and dispersion interactions.2 The 

orientation interaction results from the correlation between the rotation motion 

of the permanent moments in different [CdS4]’o…[ZnS3VS
∙]d clusters 

(intermediate range). The induction interaction occurs due to the polarization of 

[CdS4]′o  clusters by the permanent moment of another [ZnS3V•] cluster (short  

range). The dispersion interaction arises from the motion correlation of electrons 

in neighboring [CdS4]′o and [ZnS3V•] clusters (long range).37 This phenomenon 

can be associated with an inter-band connection between the CdS core 

interface and the ZnS disordered shell where ZnS confines the 

photogenerated electron hole pairs   to the CdS core interface.  This interface is 

modified by the quantum confinement effect and results in the passivation of 

non-radiative transitions which thus enhance the photocatalytic process.19 

Theoretical results show that a symmetry breaking process in the 

structure of various semiconductors associated with order–disorder effects is a 

necessary condition for intermediate levels in the forbidden gap.23,38 These  

structural  changes can  be  related  to  the  charge  polarization in  different  

ranges that are (at the  very least) manifestations of quantum confinement 

when they occur at short  and intermediate ranges  which are independent  of  

the particle size. The main  point of quantum  confinement occurs  at  discrete  

levels  in  the  band gap energy which  is impossible when  the  crystal core 
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defect is periodic (a dispersion interaction).39 Previous calculations showed  

that  the  band gaps for CdS_o and  ZnS_d are  in  accordance with  the  

experimental optically measured gaps of 2.4 eV and 3.8 eV, respectively.23 

According to the proposed model, a decorated system with an 

organized CdS (CdS_o) as the  core and  a disorganized ZnS (ZnS_d) as  the  

shell  simulates  the  density  of states  (DOS) of both  structures. For the 

CdS_o, Fig. 3 shows the valence band (VB) derives from 3px, 3py, 3pz sulfur 

orbitals as well as a small contribution from transition-metal cadmium 5s, Eg 

and T2g atomic orbitals. These orbitals are separated by a direct band gap 

from the conduction band (CB) which is composed of two different kinds of 

energy states: cadmium 5s atomic orbitals and 4px, 4py, 4pz cadmium orbitals. 

For the ZnS_d (see Fig. 4), the VB is globally composed of S 3px, 3py, 3pz 

character states as well as a minor contribution from 4s orbitals of displaced 

zinc.  The CB is composed  of 4s zinc orbitals, 3px and 3py dislocated zinc 

orbitals and 3pz non-dislocated zinc orbitals in addition to a small  contribution  

of 3px, 3py, 3pz sulfur orbitals. 

Table 1 presents the Mulliken charges results of the simulation which 

verifies the interaction of structures. 

 

FIG.3 – Density of states (DOS) for CdS_o. 
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FIG. 4 – Density of states (DOS) for ZnS_d. 

Table 1 – Mulliken Charge Distribution (|e|) for CdS_o and ZnS_d Models.a 
 

 CdS_o ZnS_d 
Cd1 0.650 - 
Cd2 0.650 - 
Zn1 - 0.533 
Zn2 - 0.531 
S3 -0.650 -0.456 
S4 -0.650 -0.608 

[Cd1S4] -1.950 - 

[Cd2S4] -1.950 - 

[Zn1S4] - -1.747 
[Zn2S4] - -1.445 

a The  charges for  the  clusters  were  calculated using  the  expressions: Charge  for  the  
clusters   [Cd1S4]  = Cd1  +  S3  + 3.S4.  Charge for the clusters [Cd2S4] = Cd2 + 3.S3 + S4. 
Charge for the clusters [Zn1S4]  = Zn1 + S3 + 3.S4. Charge for the clusters [Zn2S4] = Zn2 + 3.S3 
+ S4. 
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FIG. 5 – Projected spin density map of the CdS ordered and ZnS disordered. 

Regarding individual atom charges, it is impossible to find large 

differences in the electronic distribution; however, an analysis of the cluster 

charges for [Cd1S4], [Cd2S4], [Zn1S4] and [Zn2S4] reveals small changes. In 

general, [Zn1S4] and [Zn2S4] clusters have a lower charge in the ZnS_d model. 

With the displacement of the Zn1 atom, an alteration occurs in [Zn1S4] 

and [Zn2S4] cluster charges. Therefore, disordered structures have an 

asymmetry which results in a charge difference between these clusters and suggest 

a polarization which also may be apparent for the electron density map (see 

Fig. 5). 

Based on both experimental and theoretical results, we propose a model   

where the driving force of this dynamic process is the ordered–disordered and 

quantum confinement effects at the intermediate range. Thus, the core and the shell 

are neutral and have the same relevance in terms of the electronic structure. 

However, the ordered and disordered core phase interface and shell generate an 

increase in the effect. 

Fig. 6 illustrates an electronic model of the CdS ordered, the ZnS 

disordered and the CdS@ZnS decorated system interface before the O2 and H2O 

interaction. The model is close to the energy level alignment of the ordered and 

disordered CdS. In the first step, electrons split from the [ZnS4]′ shell to the [CdS4
]×  

and  holes split from the [CdS3VS
• ] to the [ZnS3VS

x]. 
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FIG. 6 – Mechanism models of the CdS@ZnS decorated system interface in the 

photodegradation process. 

The consequence of this dynamic process is the electron population of 

the CdS ordered core VB and the hole migration to the ZnS disordered shell CB. The 

final electronic configuration between CdS and ZnS interfaces has an interconnected 

band structure where the core has more holes. The nature of the superoxide or 

hydroxyl radicals can be described using a complex cluster charge transfer 

(CCCT)2,37 model where the electron or hole transfer from the surface to the 

adsorbed oxygen or water occurs.36,40,41 During the photocatalytic process, a cluster-

to-cluster charge transfer of electrons from the CdS electron-populated clusters to 

the ZnS hole-populated clusters occurs. The structural and electronic 

reconstruction of all possible combinations of clusters in a crystal is essential to 

understand the CCCT process and at least the photocatalytic phenomenon. 

In fact, if they are not recombined, e’-h∙ can be trapped as [ZnS3VS
∙] or 

[ZnS3VS
∙∙] defect sites of the CdS@ZnS with the oxidative species (e.g., O2 or H2O). 

Due to their high oxidizing potential, these reactions generate OH* or O2H* radicals 

which oxidize organic compounds until complete mineralization occurs. 

Consequently, the surface effect should be considered in terms of the following 

reactions: 

  ]b + s ® ]b + s      (2) 

 

Where b= bulk and s= surface. 
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The molecular oxygen relativity with n-type CdS@ZnS system results in 

the formation of a chemisorbed species and the subsequent oxygen incorporation 

into the decorated system: 

 

  s + O2  s ∙∙∙ O2(ads)        (3) 

  s ∙∙∙ O2(ads) ®  ∙∙∙ O2’(ads)       (4) 

  

The clusters formed by the complex interact with the water which 

separates into its hydroxyl radicals and hydrogen ion according to the following 

reactions: 

 

  s + H2O ® s ∙∙∙ OH2(ads)         (5) 

  s ∙∙∙ H2O(ads) ®  ∙∙∙ OH*(ads) + H∙      (6) 

 

The primary reaction (cathodic) is the formation of superoxide species 

 ∙∙∙O’2(ads). These species then react with hydrogen ion to produce the 

formation of hydrogen peroxide radicals (O2H*), according the following reactions: 

 

  s ∙∙∙ O’2(ads) + H∙
® s ∙∙∙ O2H*(ads)      (7) 

 

Studies of crystal samples confirm that structures of bulk and 

defective surfaces are well understood and reveal surfaces that contain large 

numbers of oxygen vacancies associated with higher optical properties. Most 

available experimental evidence from crystal studies suggests a higher activity 

associated with vacancy sites as compared with no vacancy sites (polarization). 

These reaction mechanisms involving oxygen and water adsorption, the formation of 

an active complex cluster, and its decomposition desorption of the final products and 

the electron-hole recombination process have an important role in photocatalytic 

effects [37, 43]. 

Conclusions 

In summary, the CdS@ZnS decorated system was prepared by an 

efficient MAS technique, and its photocatalytic properties were carefully investigated. 

The results indicate a considerable increase in the degradation rate in the decorated 
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system as compared with pure ZnS and CdS. We propose a model based on 

experimental and theoretical results to explain these alterations in their properties. 

CdS and ZnS interfaces produce an electron charge transfer from the CdS electron 

populated clusters to ZnS hole-populated clusters. 
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The photoluminescence (PL) emission from zinc sulfide (ZnS) 

synthesized by the microwave-assisted solvothermal method in the 

presence/absence of a capping agent was examined to understand 

the key role of its PL activity. In addition, we also investigated the 

electronic structure using a first-principle calculation based on density 

functional theory (DFT) applied to periodic models at B3LYP level. 

Two models were selected to simulate the effects of structural 

deformation on the electronic structure; the ordered o-ZnS model 

and the disordered d-ZnS model, dislocating the Zn atom, 0.1 Å, in 

the z-direction. The PL emission in the visible region showed 

different peak positions and intensities in capped and uncapped ZnS. 

The PL emission was linked to distinct distortions in lattices and the 

emission of two colors, green in the capped and blue in the 

uncapped, was also examined in the light of favorable structural and 

electronic conditions. The computational simulations indicate that the 

electronic behavior can be associated with the new electronic levels 

above the valence band. 

© 2011 American Institute of Physics. [doi:10.1063/1.3666070] 
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INTRODUCTION 

Semiconductor nanostructures are a class of material that have been 

extensively investigated due to their significance in fundamental research and their 

high potential for technological applications.1 Compound semiconductors such as 

ZnS, CdS, PbS, ZnSe, etc., are important materials for a variety of applications, and 

their versatility for their chemical tuning of composition and structure. Zinc sulfide 

(ZnS) is an important II-VI semiconductor material with a wide band gap (3.72 eV for 

the cubic zinc blende phase, and 3.77 eV for the wurtzite phase at 300 K in bulk 

materials).2 

It has a wide range of applications for flat-panel displays, optical 

sensors, IR windows, catalysts, lasers, etc.3–5 Shape and structure are crucial 

factors in determining the chemical, optical, and electrical properties of these 

materials.6,7 Thus, one of the most important goals of modern materials research is 

the development of simple  chemical methods for large scale synthesis of 

nanomaterials with full control of defects and morphology and, in this context, a 

considerable variety of methods has been reported for the synthesis of ZnS 

nanocrystals.8–14 Some of these methods employ the use of capping agents for 

the passivation of these nanoscrystals or to activate desired morphologies.15–17 

Several reports in the literature describe the conditions required for PL.18–21 In this 

paper, we present a comparative study of an intense and broad PL at room 

temperature for ZnS nanocrystals synthesized by an efficient microwave-assisted 

solvothermal method,22–24 for different times to clarify the roles capping agents 

play in the enhanced PL activity of ZnS. The origin of the intense PL bands was 

investigated by electronic structure calculations carried out within the framework of 

ab initio periodic quantum-mechanical techniques. Evolutions of order–disorder in the 

network former, Zn, and the different colors of PL emission, are also discussed in 

light of the complex cluster concept. 

 

 

 

 

 



36 

 

EXPERIMENT 

ZnS powders were synthesized by the efficient microwave assisted 

solvothermal method for different times. The typical procedure is described as 

follows: 3.67 mmol of anhydrous ZnCl2  was dissolved in 25 ml of ethylene glycol 

(EG), and subsequently 22.3 mmol of tetramethylammonium hydroxide (TMAH) was 

added (solution 1); 3.67 mmol of thiourea was separately dissolved into another 25 

mL of EG (solution 2). Under vigorous magnetic stirring, solution 2 was then 

quickly injected into solution 1. The same procedure previously described was 

conducted without the use of TMAH. In this sequence, the solution was transferred 

into a Teflon autoclave, which was sealed and placed inside a domestic 

microwave-solvothermal system (2.45 GHz, maxi- mum power of 800 W). The 

microwave-solvothermal processing was performed at 413 K for different times (1, 

2, and 4 min). The resulting solution was washed with deionized water and 

ethanol several times to neutralize the solution pH ( @7), and the precipitates were 

finally collected and dried at 333 K (24 h). 

The powders obtained were characterized by X-ray diffraction (XRD) 

collected from 10º to 110º in the 2θ range using Cu Kα radiation (Rigaku-

DMax/2500PC). Morphological characterizations were performed by field emission 

scanning electron microscopy (FEG-SEM) (Supra 35-VP, Carl Zeiss), and 

transmission electron microscopy (TEM) (Tecnai G2TF20, FEI). Ultraviolet–visible 

(UV–vis) spectroscopy for the optical reflectance spectra of ZnS powders was taken 

using Cary 5 G equipment. The PL spectra were collected with a Thermal Jarrel-

Ash Monospec monochromator and a Hamamatsu R446 photomultiplier. The 350.7 

nm (2.57 eV) exciting wavelength of a krypton ion laser (Coherent Innova) was used 

with the output of the laser kept at 200 mW. This excitation wavelength was chosen 

because it is on the order of the calculated band gap of the material and also to 

minimize the radioactive transitions near the conduction band. All measurements 

were taken at room temperature. 
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THEORETICAL STUDIES 

The thermodynamically stable phase wurtzite (under normal conditions) 

was studied. It belongs to the space group P63mc, and each Zn atom is surrounded 

by four S atoms at the corners of the tetrahedron. Periodic DFT calculations with the 

B3LYP hybrid functional, 25 were performed using the CRYSTAL06 computer code, 

26 which has been successfully employed for studies of the electronic and structural 

properties of diverse compounds.27–30 The atomic centers have been described by 

an all electron basis set, Zn_86-411d31 G, 31 for Zn and S_86-311 G* S, 32 atoms. 

As a first step, the optimization of the exponents for the outermost 

sp and d shells was carried out to minimize the total energy of the structure at 

experimental parameters. The optimized external exponents are αsp(Zn) = 

0.14349998, αd(Zn) = 0.73000001 and αsp(S) = 0.38000002. The Powel algorithm33 

method was used to perform all basis sets of the optimization procedure. From 

these optimized exponents, a new optimization procedure of lattice parameters a, c, 

and u was performed. The calculated and experimental values (given in 

parentheses) are a = 3.83 (3.84)Å, c = 6.26 (6.29)Å, and u = 0.379 (0.375). Our 

results are in good agreement with other theoretical and experimental data.34 

Two periodic models were built from these optimized parameters to 

represent the ordered o-ZnS model and the disordered d-ZnS model, dislocating the 

Zn atom, 0.1 Å, in the z-direction. These models can be useful to represent different 

degrees of order-disorder in the material, along with the structural defects resulting 

from Zn displacements. Band structures were obtained for 80 K points along 

appropriate high-symmetry paths of the adequate Brillouin zone. Diagrams of the 

density of states (DOS) were calculated for an analysis of the corresponding 

electronic structure. The XcrysDen program 35 was used for the design of a band 

structure diagram. It should be noted that our models are not meant to represent the 

exact reality of disordered structures but to offer a simple scheme serving to shed 

light on the effects of structural deformation on the network former and on the 

electronic structure without completely suppressing the geometry of the cell, which 

is useful for periodic calculations. 
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RESULTS AND DISCUSSION 

In Fig. 1, XRD patterns revealed that all diffraction peaks of ZnS 

powders can be indexed to the hexagonal structure in agreement with the respective 

JCPDS card 67–453.36 The diffraction peaks are significantly broadened because of 

the very small crystallite size that is more evident in samples where TMAH is used 

(Fig. 1(b)).  

 

 

FIG. 1 – The XRD patterns of ZnS powders processed in a microwave-solvothermal 

system at 413 K for different times; (a) capped ZnS, and (b) ZnS. The vertical dashed 

lines indicate the position and relative intensity of JCPDS card 36-1450. 
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The existence of a cubic ZnS phase from XRD patterns alone 

cannot be excluded due to the large similarity between the cubic and hexagonal 

ZnS structures. Thus, these results indicate that ZnS powders processed in a 

microwave-solvothermal system are crystalline, pure, and ordered at long range. 

These results are in very good agreement with other experimental studies.14 Using 

the following Debye–Scherer formula,37 the average crystallite size (CS) of the 

materials was calculated from the full width at half maximum (FWHM) of the 

diffraction peaks, 

 

CS = kλ/β cos θ ,       (1) 

 

where, k = constant,  λ = wavelength  of  the  x-rays  in  nm,  β = FWHM of the major 

peak in radians, as calculated from the data of the XRD peaks, and θ = diffraction 

angle. By using the experimental values, the CS was calculated (Fig. 1). 

It is important to note that we obtained pure crystalline powders in 

relatively low temperatures (413 K) in a short time (1 min) which proves the 

efficiency of the method employed. Table I shows a comparison of other researcher’s 

solvothermal syntheses data, where the wurtzite phase was obtained. 

 

TABLE I.  Comparison among synthesis methods. 

Synthesis employed Reaction time (min) Temperature (K) 

Hydrothermala 300-1320 353-413 

Hydrothermalb 60-600 433 

Solvothermalc 5760 443 

Solvothermald 720 403-503 

Microwave assisted single 

source methode 

5 283 

This work 1-4 413 
aReference 47. bReference 48.  cReference 49. dReference 50. eReference 51. 

 

Figure 2 and 3 show FEG-SEM and TEM images for uncapped and 

capped ZnS nanocrystals, respectively. For uncapped nanocrystals, crystallites 

agglomerate and form particles with diameters of 110 nm for a synthesis of 1min, and 

there is a greater variation in size with increasing synthesis time (Fig. 2). 
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For capped samples, the crystallites do not show specific morphologies, 

and form small agglomerates (Fig. 3(a)). In these agglomerates it is difficult to 

define the crystallites edges and this is because it appears to be amorphous (Fig. 

3(b)). Therefore, it is not possible to do a count- statistic on the size of the 

crystallites. Corresponding FFT images indicated the presence of hexagonal and 

cubic phases (Figs. 3(d) and 3(c), respectively), as was expected from the XRD 

diffraction. 

 

FIG. 2 – The FEG-SEM image of 1 min uncapped ZnS. 
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FIG. 3 – The FEG-TEM images of 1 min capped ZnS. (a) The crystallites 

agglomerated, (b) crystallite with amorphous edges, (c) crystallites with cubic and 

hexagonal phases, (d) hexagonal phase FFT, and (e) cubic phase FFT. 

 

Figure 4 shows the absorbance spectral dependence for the processed 

ZnS powders. The equation proposed by Wood and Tauc38 was used to estimate 

the optical band gap. According to these authors, the optical band gap energy is 

related to the absorbance and photon energy by Eq. (2), 

 

                                           ,                                                          (2) 

  

where a is the absorbance, h is Planck’s constant, is the frequency, Eg is the optical 

band gap, and n is a constant associated with the different types of electronic 

transitions (n = 1/2, 2, 3/2 or 3 for direct allowed, indirect allowed, direct forbidden 

and indirect forbidden transitions, respectively). The literature39 reports that the 

hexagonal ZnS have a typical optical absorption process governed by direct 

transitions. In fact, considering this information, the Eg values of the ZnS powders 
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were calculated using n = 2 in Eq. (2) and extrapolating the linear portion of the 

curve or tail. The band gap in the materials is related to the absorbance and photon 

energy. Therefore, the combination of the absorbance and photoluminescence 

measurements allows for discovering the energy levels in the materials and the 

optical band gap value. 

 

FIG.  4 – The UV-vis spectrum of ZnS powders; (a) capped ZnS and (b) 

Uncapped ZnS. 

 

The UV–vis measurements on the six samples showed a typical band 

gap value of approximately 3.1and 3.6 eV for capped and uncapped nanocrystals, 

respectively (see Fig. 4). The exponential optical absorption edge and hence, the 

optical band gap are controlled by the degree of structural order disorder on the ZnS 

lattice. The decrease in the band gap can be directly related to the increase in 

defects in the ZnS lattice; in the present case, dislocations of the network former, 

Zn, raise the intermediary levels within the band gap region, reducing the optically 

measured band gap. The observed optical band gap indicates only the presence of 

defects; hence, localized electronic levels in the forbidden band gap, nevertheless, 

do not specifically indicate the structural defects that may be linked to them. 

FIG. 5 exhibits the PL spectra of capped and uncapped ZnS 

nanoparticles measured at room temperature and excited at 350.7 nm. 
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FIG. 5 – The PL spectrum of ZnS powders at room temperature. 

 

The profile of the emission band is typical of a multiphonon and 

multilevel process, i.e., a system in which relaxation occurs by several paths, 

involving the participation of numerous states within the band gap of the material. 

However, the origin of this PL emission has been quite controversial. Kasaii et al.40 

attributed the blue emission (430 and 450 nm) both to Zn and S vacancies. 

Uchida et al.41 made the correlation with the off stoichiometry of the Zn and S, 

and concluded that samples with both zinc and sulfur excess emitted in the blue 

range. Murase et al.42 conducted fluorescence and EPR studies of Mn doped ZnS, 

and the EPR measurements proved the existence of hole centers, such as Zn 

vacancies, and attributed the blue emission (450 nm) to Zn vacancies. Zhang et 

al.19 attributed the blue emission to defects related to sulfur vacancies. Jun et al.18 

associated the blue emission (479 nm) in ZnS solid nanospheres to Zn 

vacancies. In addition, in hollow nanospheres they observed a strong green 

emission band centered at 509 nm and justified this emission to self-activated 

centers, vacancy states, or interstitial states associated with that peculiar 

nanostructure. 



44 

 

More recently, Chen et al.43 explained the green emission of the ZnS 

nanostructures as being due to self-activated zinc vacancy points. Yunchao et al.44 

conducted a study comparing the PL of cubic and hexagonal ZnS structures. For 

cubic ones they attributed the peak at 322 nm to excitonic emission, the peak at 

420 nm to Zn or S vacancies, and the 460 nm peak to the trapped surface states 

emission. For the hexagonal structure, they again attributed the 322 nm peak to 

excitonic emission and the peaks at 360 and 375 nm to interstitial sulfur emission 

and interstitial zinc emission, respectively. Theoretical results have shown that the 

symmetry break process (an effect of order-disorder) in the structure of various 

semiconductors is a condition necessary for the existence of intermediary energy 

levels within the forbidden band gap.45 As shown in Figs. 5(a)–5(f), the evolution of 

the PL spectra was obviously different. During the growth of capped and uncapped 

ZnS, the peak correlating to the defect states was quenched in the initial 1 min 

(Figs. 5(a) and 5(d)). However, during the growth process, the peak correlating to 

the defect states slightly decreased and remained practically constant during the 

period from 2 to 4 min (Figs. 5(b), 5(c), 5(e), and 5(f)). The strong defect-induced 

luminescence of the initial particles could mainly be attributed to the internal lattice 

defects that arise from the fast deposition during the initial nucleation process. After 

2 min, most of the internal defects from the nucleation process had disappeared. 

Thus, with the size increased the amount of internal defects and surface defects 

correspondingly decreased. Since the internal and surface defects are different 

during different synthetic periods, difficulties arise in the investigation of the relation- 

ship between the luminescence properties and the defects states. 

This behavior is related to the structural disorder of ZnS and indicates 

the presence of additional electronic levels in the forbidden band gap of the material 

(see Fig. 6). The capped samples presented a maximum emission at 513 nm in the 

green region of the visible spectra, while the uncapped ones presented a maximum 

emission at 478 nm in the blue region of the visible spectra. The Stokes shift can 

be related to the difference between the excitation and the emission maximum and 

represents the strength of the electron-phonon interaction. For the uncapped 

samples the Stokes shift was 127.3 nm. The capped nanoparticles have a 

greater Stokes shift of 162.3 nm, indicating a dependence of the electron-phonon 

interaction on the excitation wavelength and the degree of disorder in the lattice. 
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This rearrangement of the lattice can be attributed to the crystallization process of 

the capped and uncapped nanoparticles. 

 

FIG. 6 – Wide-band model, indicating the intermediary levels in the 

forbidden area. 

 

Thus, we can understand the materials structures on a length scale. 

This understanding is relevant in shedding light on several outstanding issues in 

materials science, clarifying the relationships existing between local, intermediate, 

and long range structures and the properties of the materials. The theory allied to 

careful experiments, modeling, and simulations will be required to determine their 

origins. Experimental probes can provide more structural information on short- and 

long-range orders in materials; however, their structures over the intermediate 

range are still little under- stood. Theoretical calculations and computer simulations 

can complement experimental methods and have revealed new insights into 

medium-range order and dynamic changes in the local structure.46 To 

understand the relationship between the structural disorder in complex clusters with 

an intermediate-range interaction (interaction between two clusters) and the 

resulting electronic defects that are generated, a detailed theoretical study was 

made of the electronic structure of the ordered o-ZnS model and of the disordered 

d-ZnS periodic models. To appreciate the differences in the electronic structure, it is 

important to make reference to quantities such as the band structures and density 

of states (DOS), which can be compared to each other independent of the 

crystalline space group. 
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FIG. 7 – Band structures for (a) o-ZnS, and (b) d-ZnS. 

 

FIG. 7 represents the band structure of the bulk o-ZnS and d-ZnS 

models. For the o-ZnS and d-ZnS models the top of the valence band (VB), is 

located at the C point. The band gap is direct; 3.88 eV and 3.80 eV, 

respectively. The calculated band gap for o-ZnS is in accordance with the 

experimental optically measured gap (3.77 eV).2 An analysis of the projected 

density of state (DOS-p) for the S atoms of the o-ZnS model, shown in Fig. 8 (a), 

indicate that the VB consists mainly of 3px, 3py, and 3pz levels. The main 

contribution of conduction band (CB) comes from minor contributions of the 3px, 

3py, and 3pz levels with a lower contribution of 3s levels of S atoms. The DOS-p 

for Zn atoms of the o-ZnS model, shown in Fig. 9(a), show that the VB is made from 

4px, 4py, and 4pz orbitals with a minor contribution of 4s levels; the 3d levels have a 

lower influence. The presences of the 3d states in the VB in the two models reveal 

a strong bonding character between S and Zn. The same behavior is observed for 

the CB. 

Quantum mechanical calculations of dislocated ZnS complex clusters 

indicate that localized states generated in the band gap reduce the gap energies. 

When the structural order increases, the gap energy increases. These findings 

confirm the fact that the PL is directly associated with the localized states existing in 

the band gap. Distorted clusters cause local lattice distortion that propagates 

throughout the material, pushing the surrounding clusters away from their ideal 

positions. Thus, distorted clusters must move for these properties to occur, 

changing the electronic distribution along the network of these polar clusters. This 

electronic structure dictates both optical and electrical transport properties and plays 
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a major role in determining reactivity and stability. However, these movements can 

be induced within the crystal lattice by the PL measurements and these anisotropic 

cooperative movements lead to these properties. 

 

FIG. 8 – Total and p-DOS calculation on S atoms for (a) o-ZnS, and 

(b) d-ZnS models. 

 

The band gap of capped ZnS is comparatively smaller than that of 

uncapped ZnS. Therefore, the excitation wave- length of 350.7 nm is able to excite 

different populations of electrons in the band gap of the two structures. Here, each 

color represents a different type of electronic transition and is linked to a specific 

structural arrangement. In the case of capped ZnS, the recombination of electrons 

and holes gives rise to a strong green light emission and in the case of uncapped 

ZnS, to blue light emission. In our model, the wide-band model,45 the most 

important events occur before excitation, i.e., before the photon arrives. The deep 

(a) 

(b) 
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and shallow defects generated by the complex clusters give rise to localized 

states in the band gap and inhomogeneous charge distribution in the cell, allowing 

electrons to become trapped. The localized levels are energetically distributed so 

that various energies are able to excite the trapped electrons. These structural 

changes can be related to the charge polarization in different ranges that are, at 

least, a manifestation of the quantum confinement, when they occur at short and 

intermediate range independent of the particle size. 

 

FIG. 9 – Total and p-DOS calculation on Zn atoms for (a) and (b) o-ZnS 

and (c) and (d) d-ZnS models. 

 

In this paper, we have shown that distinct structures and different 

orders/disorders in the lattice produce different types of PL emission. The complex 

clusters already existing in the ground state facilitate the emission process and lead 

to PL, i.e., radiative recombination. Thus, the distortions of complex clusters are 

crucial for an understanding of the properties of materials. The study presented 

here offers a conceptual framework to understand, discuss, and optimize electronic 

material properties on the basis of their lattice distortions. However, the 

mechanistic pathway of the PL emission is still not completely understood. 

Understanding it may provide information about how clustered molecules 
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‘‘communicate’’ with one another in physical and chemical processes. 

CONCLUSION 

The ZnS nanoparticles were successfully synthesized by the 

microwave-assisted solvothermal method in low temperature and short time 

synthesis (1 min). The PL measurements indicate an intense green light emission in 

capped ZnS and a less intense blue light emission in uncapped ZnS. The PL results 

can be attributed to distortions in the materials lattice. The different electronic levels 

appearing in the band gap of capped and uncapped ZnS are able to create different 

colors emissions in the visible spectra of light. This effect was con- firmed by first-

principles calculations based on the B3LYP density functional theory using disorder 

models of the lattice. 
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Abstract 

The shift in the photoluminescence (PL) emission in calcium sulfide 

(CaS) synthesized for the first time by the microwave-assisted solvothermal (MAS) 

method was examined to understand the key role of its PL activity. The PL emission 

in the visible region showed a blue shift with the variation of synthesis time. In 

addition, we also investigated the electronic structure using first-principle calculation 

based on density functional theory (DFT) applied to periodic models at B3LYP level. 

Two models were selected to simulate the effects of structural deformation on the 

electronic structure; the ordered o-CaS model and the disordered d-CaS model. This 

PL emission shift was linked to distortions and defects generate modifications in the 

electronic states and provide the possibility of numerous decay transactions to the 

valence band. 
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Introduction 

Alkaline earth sulfide (AES) has received an interesting amount of 

attention over the past decades [1-3]. Sulfide phosphors such as ZnS, SrS and CaS 

have interesting properties useful for practical application, i.e. television screens, 

fluorescence lamps, thermoluminescence dosimetry, X-ray imaging screens and high 

pressure mercury lamps [4-8]. Members of this group also are known as wide band-

gap semiconductors (e.g., CaS 3.4 – 4.4 eV, MgS 5.27 – 5.47 eV and SrS 4.3 eV). 

Among these, CaS has been actively studied [9,10]. CaS is known as an afterglow 

phosphor with high luminescence efficiency and multiple luminescence centers. The 

CaS exhibits luminescence under irradiation at various wavelengths of light, X-rays, 

ultraviolet and visible light [11-13].  

Calcium sulfide can crystallize in four different structures: NaCl-type 

(B1); CsCl-type (B2); zinc-blende (B3); and wurtzite (B4) [14-15]. At room 

temperature CaS crystallizes in NaCl structure, also called rock-salt. This structure is 

cubic (Fm-3m), which atoms occupy octahedral sites. Calcium cations are arranged 

in an FCC (face-centered cubic) pattern, and the sulfur anions reside in the 

octahedral holes, as shown in Figure 1. Each atom, calcium or sulfur, is surrounded 

by six of the opposite kind, resulting in a coordination expressed as (6:6). 

 

Figure 1 – Arrangement of calcium and sulfur atoms in the CaS structure. 
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The structure, morphology and density of defects are crucial factors in 

determining the optical and electronic properties of these materials [16-17]. Thus, 

one of the most important goals in modern materials research is the development of 

simple and low cost methods for large scale synthesis, as well as understanding of 

the structure, shape and density of defects generated by the method employed. 

In this scenario, a few of works have been reported on the preparation 

of CaS nanoparticles with and without dopants, such as co-precipitation for 

CaS:Eu2+, alkoxides method for CaS [2,18], solvothermal method for CaS and SrS [9] 

and microwave heating method for CaS [19]. Recently, an alternative method using 

microwave heating, the MAS method, has emerged in the field of powder 

preparation. Some benefits of this method are: kinetic enhancement, low reaction 

temperature and time reduction [20-22].  

The present work focuses on links between the structure and the 

photoluminescent behavior of calcium sulfide. We investigate the role of microwave 

processing on the PL properties of CaS nanoparticles. The main objective is to 

investigate the impact of order–disorder on the PL emission. This research involves 

two steps: (1) synthesis of powders in different times and (2) revealing the 

relationships between structural disorder and the PL property. The purpose is to join 

both the experimental and theoretical results to explain the responses of PL emission 

at room temperature and de structure by using a structural disorder motif. To this 

end, we have used different experimental techniques and calculations based on the 

DFT to carry out a comprehensive investigation of the corresponding structures and 

electronic properties. 

Methods 
Preparation of calcium sulfide crystals 

The 4mmol Na2S.9 H2O (99%, Synth) were dissolved in 75mL ethanol. 

The 300mL/min N2 gas for 30 min was insufflated into this solution (solution 1). 

Separately CaCl2 (99.90%, Synth) were dissolved in 75 mL of ethanol (solution 02). 

Then solutions 01 and 02 were mixture in a 120 mL Teflon autoclave and after 10 

min the precipitate was put in the microwave system at 110ºC under different times 

(4-64 min). The resulting solution was washed with tetrahydrofuran (THF) (99.5% 

Merck) several times to neutralize the solution pH (≈ 7), and the precipitates were 

finally collected, and dried at 70ºC (5 h).  



55 

 

Characterization 

The powders obtained were structurally characterized by X-ray 

diffraction (XRD) patterns using a D/Max-2500PC diffractometer Rigaku (Japan) with 

Cu Ka radiation (l= 1.5406 Å) in the 2q range from 20° to 75° in the normal routine 

with a scanning velocity of 2°/min and from 10° to 110° with a scanning velocity of 

1°/min. The shapes and sizes of these CaS crystals were observed with a field-

emission scanning electron microscope (FE-SEM), Zeiss model Supra TM 35 

operated at 10kV. UV-VIS spectra were taken using a Varian spectrophotometer 

(model Cary 5G) in a diffuse-reflectance mode. PL measurements were performed 

through a Monospec 27 monochromator (Thermal Jarrel Ash) coupled to a R446 

photomultiplier (Hamamatsu Photonics, Japan). A Kr-ion laser (Coherent Innova 90K; 

l = 350.0nm) was used as the excitation source; with an output power maintained at 

500mW. The laser beam was passed through an optical chopper and its maximum 

powder on the sample was maintained at 40mW. All measurements were taken at 

room temperature. 

Computational method and periodic model of CaS crystals 

The simulation was performed using a periodic approximation as 

implemented in the CRYSTAL09 computer code [23]. The computational method is 

based on DFT in conjunction with Becke’s three-parameter hybrid non-local 

exchange functional [24], combined with the Lee Yang Parr gradient-corrected 

correlation functional, B3LYP [25]. The atomic centers for Ca and S atoms have been 

described by all electron basis sets Ca_86-511d3G and S_86-311G*, respectively, 

provided by the CRYSTAL basis sets library [26]. 

As a first step, an optimization procedure of the lattice parameter a from 

the experimental value, 5.65 Å, was carried out, yielding a value of 5.76 Å. From 

these optimized parameters, periodic models with a 16-atoms supercell CaS (Ca8S8) 

were built: 1) the orderly CaS (o-CaS) model and 2) the disorderly CaS (d-CaS) 

model where S atom was displaced, simulating some defects in the structure that can 

occur experimentally, for the purpose of explain observed differences in the band gap 

of experimental samples.  

Results and discussion 

Figure 2 shows XRD patterns for CaS crystals prepared by MAS 

method for different times. In the Figure 2, XRD patterns indicate that all CaS 
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crystals have a cubic structure without any deleterious phases with a space group 

of Fm-3m (225). These crystals have sharp and well-defined diffraction peaks, 

which indicate a reasonable degree of structural order and crystallinity at long 

range. Moreover, all diffraction peaks are in good agreement with the respective 

Inorganic Crystal Structure Data (ICSD) base nº 41956 [27]. These results are in 

very good agreement with other experimental studies [6, 28].  
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Figure 2 – XRD patterns of CaS crystals synthesized by MAS method for different 

times. The vertical lines indicate the position and relative intensity of the ICSD card 

nº 41956 for the cubic CaS phase. 

Table 1 – Lattice parameters, Unit cell volume, R values obtained by Rietveld 
Refinement Data for the CaS crystals. 

Calcium Sulfide (CaS); space group Fm-3m (225) ICSD - 41956, cubic;  z = 

1, a = b = c = 5.689 Å, a = b = g = 90o - V = 184.12 Å3 

 Parameters 

Sample a=b=c (Å) V (Å3) χ
2 R(F**2) (%) wRp (%) Rp (%) 

CaS – 4 min 5.647 180.0 2.480 0.03 0.07 0.05 

CaS – 8 min 5.648 180.1 3.162 0.04 0.09 0.06 

CaS – 16 min 5.647 180.0 2.434 0.02 0.07 0.05 

CaS – 32 min 5.646 179.9 3.811 0.04 0.09 0.06 

CaS – 64 min 5.645 179.9 3.299 0.03 0.08 0.06 
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According to Chen [15], the CaS crystals can exhibit polymorphism: this 

sulfide can have different structure NaCl; CsCl, zinc blende; Wurtzite. NaCl structure 

is stable at ambient conditions; CsCl structure is stable above 45 GPa [27]. The 

structural refinement using the Rietveld Method [29] was performed to confirm the 

cubic structure for CaS crystals [27]. 

The Rietveld refinement was performed based on the CaS phase with a 

cubic structure using better approximation and indexing of the crystallographic 

information file (CIF) and employing CIF 41956. Figure 3 illustrate a good agreement 

between experimentally observed XRD patters and theoretically fitted result, which 

indicates the success of the Rietveld refinement method (see Table 1). 

 

Figure 3 – Rietveld refinement plot of CaS crystals prepared by MAS for (a) 4, (b) 8, 

(c) 16, (d) 32 and (e) 64 min. 
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The optical band-gap energy (Egap) was calculated by method proposed 

by Kubelka and Munk-Aussing [30]. This methodology is based on the transformation 

of diffuse-reflectance measurements to estimate Egap values with good accuracy 

within the limits of assumptions when modeled in three dimensions [32]. The 

Kubelka-Munk equation for any wavelength is described as 

   ∞

∞

∞

               (1) 

where ∞  is the Kubelka-Munk function or the absolute reflectance of the sample. 

∞ ∞ is the reflectance when the sample is infinitely thick), k  is  

the molar absorption coefficient, and s is the scattering coefficient. In a parabolic 

band structure, the optical band gap and absorption coefficient of semiconductor [32] 

can be calculated by the following equation: 

           (2) 

where  is the linear absorption coefficient of the material is,  is the photon energy, 

 is a proportionality constant,  is the optical band gap, and n is a constant 

associated with different kinds of electronic transitions (n = 0.5 for a direct allowed 

and n = 2 for an indirect allowed). Chen et.al [15] performed a theoretical study about 

the structural and electronic properties of CaS compound considering the four phase 

(B1, B2, B3 and B4). Their theoretical studies shown that B1 phase of CaS has an 

direct band gap. However, Kaneco et al [33] studies claim that the band gap of CaS 

B1 phases is governed by indirect transitions between the valence and conductions 

bands due to the lower transition energy with values of 4.4 eV. Our theoretical 

models, based on the experimental data, showed that CaS has a direct electronic 

transition occurring at the Γ point of Brillouin zone. Thus,  values of CaS crystals 

were calculated using the eq. 2 for direct allowed transition. 

Change carriers produced by MAS synthesis in the CaS form localized 

polaronic states, due to bond distortion, interface intrinsic defects and sulfur 

vacancies. These polarons can undergo different trapping or recombination process. 

This excited state favours the population of intermediary energy levels within band 

gap. The displacement of the sulfur related to the Ca, modulates these different 

species of trapped electron and holes. 
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Fig 4 shows the optical band gap values for the structure studied 

experimental and theoretically: o-CaS and d-CaS with displacement in z-axis: 0.1, 

0.3 and 0.5 Å. The increase of the defect caused by the displacement of sulfur atom 

in the axes decreases the   values. The decrease in the  values obtained 

experimentally can be explained according with the time that solution remained in the 

microwave system. Into the system, parts of the material can dissolve, crystallize and 

recrystallize several times. Therefore, the different time in microwave, occurs the 

modification of the structural order which is directly linked to electronic levels of the 

material. It is the reason in breaking the tendency of variation of estimated band gap 

after a long time in microwave (64 min). 

  

Figure 4: (a) Experimental and (b) theoretical band gap values (eV) for CaS. 

 

(a)                                                                                     (b) 
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(c)                                                                                     (d) 

 

Figure 5: Partial DOS and Total DOS projected in: o-CaS (a), d-CaS: (b) (0.0 0.0 

0.1), (c) (0.0 0.0 0.3) and (d) (0.0 0.0 0.5). 

For CaS in B1 phases, we have found a direct band gap between the 

top of S 3p valence bands occurring at the Γ point and the bottom of the Ca 3d bands 

occurring at the same point, confirming the previously found results by Chen et 

al.[44], and in contradiction to the results obtained by others[45-46]. 

The total density of states (TDOS) and partial density of states (PDOS) 

obtained by first-principles calculations for the o-CaS and d-CaS, are shown in Fig. 

5. The TDOS and PDOS are very useful to verify different transition levels 

locations and band compositions. Comparing the TDOS, the displacement of 

sulfur atom in the system generated a considerable modification of the profile.  

Analysis of the PDOS projected on the atoms indicates that the valence 

band (VB) maximum is derived mainly from S (3p orbitals) with a minor contribution 

of Ca (3p orbitals). For the conduction band region (CB), the PDOS show that this 

band is predominant derived from Ca (3d orbitals) with a minor contribution of S (3d 

orbitals). Quantum-mechanical calculations of d-CaS indicate that localized states 

generated reduce the band gap energies. These findings confirm the disorganization 

of the lattice, which it’s possible to note the news states in the PDOS. This 

displacement induces the structural distortions in the octahedron, which directly 

affect both the conduction and valence regions at the same time. 
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The FE-SEM image in Fig. 6 illustrated agglomerated CaS crystals in 

different forms and morphologies. When submitted to solvothermal processing at 

110ºC for different times, there is a change in the sample aspect. The more abrupt 

change occurs at 32 min (Fig. 6(d)) where looks like needles with different sizes 

forming a larger crystal. 

 

Figure 6: The FEG-SEM image of CaS synthesized by MAS of the (a) 4 (b) 8 (c) 16 

(d) 32 and (e) 64 min. 



62 

 

Fig. 7 illustrates the PL evolutions of CaS samples synthesized by a 

MAS method under different times. The profiles have a typical behavior for 

multiphonon or multilevel process, i.e., a solid system where the relaxation occurs by 

several pathways, which involve the participation of numerous energy states within 

the band gap[12, 47] originating from intrinsic defects of the material. In the 

photoluminescence response for the CaS samples with a 350.7 nm excitation source, 

it can be seen that the luminescence behavior is composed of a broad luminescence 

band in the range of 350–650 nm which was centered around 450 nm in the blue-

green region of visible spectra with two shoulders after and before the maximum 

emission. In general, PL emission spectra of calcium sulfide (CaS) is frequently 

decomposed into blue and green light components. In the literature, the blue, green 

or red shift is resultant of field splitting and the Stoke shift of the dopants and 

incorporation of the anion (Cl-, Na+) addition in the material [20, 48]. In this work, the 

PL behavior is explained by photogenerated electron-hole pair (excitons) processes 

and in terms of the electronic transition between the valence band (3p levels of S 

atoms) and the conduction band (3d levels of Ca atoms). 

These results confirm that structural defects in the calcium sulfide 

nanocrystals lattice are responsible for the appearance of intermediate levels 

between the valence band and conduction bands, which are favorable to intense PL 

emission properties at room temperature. With crystallization evolution, the atomic 

crystalline design renders a better electronic configuration that promotes PL 

emission. 

 

Figure 7: PL emission spectrum of CaS synthesized by MAS for different times. 
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First principles quantum mechanical calculations have shown that the 

break in lattice symmetry due to structural disorder is responsible for the presence of 

electronic states in the band gap and reveal that this disordered structure leads to 

local polarization and a charge gradient in the structure. New levels are formed 

above the valence band below the conduction band and are associated with specific 

CaS structural disorder [12-13, 47, 49]. 

The wide band model illustrated in Fig. 8(a) provides the three 

necessary steps for a PL emission to occur: (i) in the first step, the excitation source, 

, corresponds to the energy to promote a photon absorption from S 3p states at the 

valence up to Ca 3d states inside the forbidden band gap; (ii) after excitation, the 

recombination process occurs among the excited 3d states closer to the conduction 

band; and (iii) a wide band PL emission due to allowed 3d→3p transitions, 

associated with a multiple  energy, can be measured. 

During the excitation process, the cluster to cluster charge transfer in a 

crystal containing more than one kind of cluster is characterized by excitations 

involving electronic transitions from one cluster to another cluster. Here there are two 

types of coordination for Ca or S atoms. Sulfur vacancies in a disordered structure 

with [ ′ /  complex clusters are electron-trapping or hole trapping centers, 

according to the following equations: 

[ ′      (3) 

[ ′    (4) 

where a [  donor,  is a donor/acceptor and  is an acceptor. It 

is assumed that charge redistribution may lead to electron-hole recombination of 

localized excitons. The structural and electronic reconstructions of all possible 

combinations of cluster belonging to a specific crystal are essential for the 

understanding of the complex cluster charge transfer (CCCT) process and its 

influences on the PL phenomenon [37]. This series of equations represents complex 

clusters in structural disordered solids and illustrates the sulfur vacancy occurrences 

that facilitate the interaction between interclusters. 
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Figure 8: (a) Wide band model to illustrate the three steps of PL emissions and (b) 

theoretical model of CaS. 

The theoretical model in Figure 7(b) it’s based on wide band model to 

explain the creation of intermediate levels with decrease of band gap value. This 

model can be linked with the wide band model (Figure 7a) because the different 

kinds of defects changed the profile of the bands, creating new intermediate levels in 

the forbidden region. 

Fig. 9 shows electron density maps for the CaS crystal along the 

exposed (100) plane. The contour plot reveals that bonding between Ca and S has 

an ionic bonding nature. It’s observed that there is not isoline common between Ca 

and S atoms, namely, isoline that contour both atoms. The S atom displacement 

generated a difference in the charge density of the lattice as expected. By 

displacement of chemical bond CaS exists the formation of a hole-electron in the 

region surrounding the defect. The electron is self-trapped by sulfur and the hole is 

self-trapped by calcium, associated with the polaronic distortion. This fact it is pointed 

out when analyzing the atomic orbitals of the out when analyzing the atomic orbitals 

of the atoms localized in the region of the defect. These show that the electronic 

density is located in the X and Y orbitals (region of the electron) and the orbital w and 

x has lower density electronics (region of the hole). These displacements result in a 

kind of sulfur vacancies. Thus, more than one kind of cluster will exist in the structure, 

as [  and .   
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Figure 9: Electron density maps for the CaS crystal with vertical plane (100): o-CaS 

(a), d-CaS: (b) (0.0 0.0 0.1), (c) (0.0 0.0 0.3) and (d) (0.0 0.0 0.5). 

It was found that annealing time and temperature played an important 

role in determining the photoluminescence properties of the nanoparticles. The 

nanoparticle prepared by microwave process has a high photoluminescence intensity 

achieved by annealing the nanoparticles. The better photoluminescence properties 

were obtained after 32 min of the synthesis. Varying annealing time the CaS 

nanoparticles some shifts in the photoluminescence spectra were observed, 

indicating that the emission wavelength of the nanoparticles could be adjusted by 

changing the time of the synthesis. 

To discuss the PL profile of Fig. 7, the luminescence spectra are broken 

up into three peaks and each was fitted to a symmetric Gaussian function.  Fig. 10 

depicts the typical peak-resolution results, showing that three Gaussian curves 

constitute the overall luminescence in the visible region from approximately 350-650 

nm.  
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Figure 10: Deconvoluted PL bands in three curves, centered in 443 nm, 490 

nm and 549 nm, and their contributions. 

Fig. 10 shows the contribution of each deconvoluted curve and its 

variation. On deconvolution three curves were chosen to describe the emissions, 443 

nm, 490 nm (blue components) and 549 nm (green component). In addition, in Fig. 

10 the contribution of each of the above peaks as a function of time is presented. 

With the increase of time synthesis, the contribution of green region decreases and 

the blue region increases until 32 min. It was observed in the sample of 64 min a low 

shift to the red direction that can be related to the new defects created by the MAS 

method.    

The contribution each peak measured by their corresponding area can 

be separated into three different behaviors. The peak correspondent for blue 

component (443 nm) increase from 18% to 50%, while the peak correspondent of the 

green component (549 nm) an opposite behavior is sensed, decreasing from 34% to 

23%. The same behaviour occurs with the component blue (490 nm). Even that the 

estimated band gap by Wood-Tauc method did not show the same behavior in 

relation of the PL shift, it can not be used to explain all the electron transitions 

responsible by the wide luminescent band. As seen in the wide band theory, the 

distortions and defects generate modifications in the electronic states and provide the 

possibility of numerous decay transitions to the valence band. For this reason, the 
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result is a wide band of luminescence (contribution of a large amount of wavelengths) 

[37]. 

Conclusions 

In summary, CaS were successfully synthesized for the first time by the 

MAS method in low temperature and short time (4min). XRD patterns showed that 

the CaS crystals have a NaCl-type cubic structure with space group m3Fm
-

. FE-SEM 

images showed the formation of aggregated large crystal with different sizes and 

morphology. The different  values were attributed to the existence of localized 

electronic levels within the forbidden band gap caused by defects in the structure. 

The theoretical calculation indicated that the band structures of all CaS models are 

characterized by direct electronic transitions. According to the TDOS and PDOS 

analyzes, the energy states in the VB is constituted from S (3p) orbitals, while in the 

CB is from Ca (3d) orbitals with a little contribution of S (3d) orbitals. Increasing time 

of synthesis until 32 min, there was a blue shift of the maximum PL emission that can 

be attributed to the structural organization. As seen in the theoretical results, the 

organized model (o-CaS) showed a higher band gap than the other (d-CaS) 

disorganized models that can be correlated with experimental results: increasing 

synthesis time there is an organization of the system. 
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3. GENERAL CONCLUSIONS 

The synthesis, characterization and application of the materials 

obtained are of great value in the framework of nanoscience. Control in obtaining the 

materials leads to huge variations in physical and chemical properties. 

In summary, it was possible to obtain the CaS for the first time using the 

microwave-assisted solvothermal system, influencing the order and disorder of the 

system and creating intermediate states in the band gap, directly influencing the 

photoluminescent properties of this material. The same can be seen in obtaining zinc 

sulfide with capped and uncapped agent. 

Studies have been performed on systems furnished by evaluating the 

surface and interface. Based on both experimental and theoretical findings, we 

Propose a model were the driving force of this dynamic process is the order-

disordered effects at intermediate range. In this way we are considering of the core 

and the shell are neutral and the same. They have relevance in terms of electronic 

structure. This effect can only Appears When the intermediate range order-disorder 

between interfaces, as in this case, core and shell are present. 

The theoretical model illustrates in a simple way as defect densities 

influence on the optical properties and Electronic, creating different intermediate 

levels in the band gap. 

Particularly the case of the materials obtained. The system used in this 

work shows the range of possibilities for different synthetic materials, as well as the 

influence of this method in the photoluminescent properties and photocatalytic. Was 

possible through the system solvothermal assisted by microwave, control and 

optimize important parameters of synthesis, such as temperature and time. 
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