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A chalcogenide-based phosphor: 

Europium-doped ZnS nanocrystalline thin 

films with a strong blue PL 
 

 

 

Chalcogenides-based phosphors have played an important role in alternating current-

driven electroluminescent (EL) devices. The host semiconductor (ZnS) and the 

dopants as color centers (europium) have to be compatible (host lattice interactions) 

to secure the light emission in an EL device.  

 

This chapter describes the synthesis of europium-based ZnS thin films deposited by 

the pyrosol method from solution-based sources. It presents crystallographic, 

morphological, and optical characterization of a strong blue-emitting phosphor, 

namely ZnS:Eu2+. Additionally, it unveils the film formation and the in-situ 

reduction of Eu3+ to Eu2+ during the synthesis. Furthermore, it gives a general 

understanding of how the Eu2+ ion affects the surrounding of the host material, which 

explains the origin of the blue emission by proposing a simplified energy band and 

energy levels diagram for Eu2+ ions incorporated in ZnS as thin films. 

 

 

 

 

 

 

This chapter is based mainly on the publication RCS Adv., 2016, 6, 107613-107621 with the 

incorporation of the crystal field splitting and neuphelauxetic effect theory adapted from our 

recent publication Mater. Res. Express, 2021, 8, 036406. 
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2.1 Introduction  

 

Rare-earth doped phosphors have been of significant importance in developing a 

wide variety of modern luminescent devices. By incorporating ions of europium and 

cerium into a host semiconductor, it is possible to make activated inorganic 

phosphors that emit through the whole visible spectrum.[1] For example, divalent 

europium has been intensively investigated as a blue-green-emitting activator in a 

wide variety of host materials in the form of powders, nanoparticles or nanocrystals, 

and thin films; however, the origin of its blue-emission is still under study.[2-12]  

 

The nature of the broadband photoluminescence (PL) of Eu2+ ion is due to parity 

allowed electric dipole transition between 4f65d1 excited states and 4f7 ground states. 

The energy of its first transition is around 4.2 eV (295 nm or 33871 cm-1). However, 

when a crystalline host surrounds Eu2+, its energy is perturbed. The 

photoluminescence spectral tuning is because the excited 5d orbitals are strongly 

affected by the surrounding anion ligands, whereas the well-shielded 4f levels are 

barely altered. In fact, an extensive compilation has been done for Eu2+ in more than 

300 inorganic host lattices, reporting emissions in the whole visible spectrum.[13] 

Surprisingly, this compilation excludes a very well-known host semiconductor, 

namely ZnS, despite that 35 Eu-doped sulfide compounds were studied, and pioneer 

investigations on Eu-doped ZnS were already published.[14–16] These previous reports 

indicated the presence of Eu2+ in single crystals of wurtzite through spin resonance 

(ESR), suggesting that a direct substitution of Eu2+ to Zn2+ has taken place; hence, 

no charge compensation was required.   

 

All these previous reports motivated us to study the PL characteristics of the 

ZnS:Eu2+ system in a wide variety of nanocrystals, nanoparticles, and nanowires. 
[9,17,26,18–25] These nanostructures may present green-to-blue emission (or a mixture 

of thereof), depending on many factors, such as the methods employed to synthesize 

the nanostructures and post-synthesis treatments. Nonetheless, most of the synthesis 

techniques involve long and complicated processes and post-synthesis treatments. 

Moreover, a reductant agent for the Eu ion is commonly required.  
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Here we report the strong blue photoluminescence from ZnS:Eu2+ thin films 

synthesized by a simple, fast and, cheap ultrasonic spray pyrolysis method. These 

films have potential applications for the development of high-intensity miniature 

electroluminescent displays. 

 

2.2 Experimental section  

2.2.1 Preparation of the thin films  

 

The ZnS:Eu2+ films were deposited on glass substrates by the ultrasonic spray 

pyrolysis technique at atmospheric pressure. The starting precursor solution was 

prepared by mixing in solids 3.3 mmol of zinc acetate dihydrate, 5 mmol of 1,3-

dimethyl-2-thiourea, and 0.10 mmol of europium chloride hexahydrate. The solid 

mixture was dissolved in anhydrous methanol (three parts), deionized water (one 

part), and acetic acid (5%). The substrate temperature was 450 ˚C. The carrier and 

directing gas used was air at constant flow rates fixed at 1.5 L min-1 and 0.3 L min-1, 

respectively. Under these deposition conditions, 550 nm thick ZnS:Eu2+ films were 

produced. All reagents were purchased from Sigma Aldrich and used as received 

without further purification. The air used during the deposition of the films was 

provided from an oil-free air compressor. Un-doped ZnS films were deposited under 

the same conditions.  

 

2.2.2 Characterization of the thin films  

 

The thermogravimetric analyses (TGA) were performed for all precursors salts, 

using a TGA Q50000 V3.15 equipment from TA Instruments. Two heating constant 

rates were used, 10˚ C min-1 for 1,3-dimethyl-2-thiourea and zinc acetate and 20˚ C 

min-1 for europium (III) chloride. The TGA were carried out using air as the chamber 

gas.  

 

The crystalline structure of the films was characterized by X-ray diffraction 

(XRD) using a Bragg-Brentano Rigaku ULTIMA IV diffractometer with an X-ray 
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source of Cu Kα line (0.15406 nm), at a grazing beam configuration (incidence angle 

of 1°). 

 

The morphology of the films was investigated by scanning electron microscopy 

(SEM) using a JEOL 7600 F field-emission scanning electron microscope with 

operating voltages of 2 kV and 3 kV for planar view, and angular view 

measurements, respectively.  

 

The steady-state PL characteristics, namely excitation and emission spectra, were 

recorded at room temperature using a Spex Fluoromax spectrofluorometer (200 to 

850 nm) using a xenon lamp as the excitation source. Additionally, some PL spectra 

were also obtained through a Kimmon He-Cd laser using a 325 nm unfocused beam 

at fixed power of 25mW coupled with an optical fiber to the spectrofluorometer.  

 

Electron spin resonance (ESR) measurements for detecting Eu2+, in the ZnS:Eu2+ 

films, were performed through a JEOL (JES-RE3X) ESR-X-spectrometer, equipped 

with a rectangular cavity and a gas flow cryostat with a working temperature range 

of 110 to 300 K. The Eu2+ ESR spectrum was obtained at 113 K (- 160 °C) using a 

resonance frequency of 9.1 GHz and a magnetic field centered at 330 mT. For the 

ESR measurements, the ZnS:Eu2+ films were deposited on KCl single crystalline 

substrates to avoid the presence of spurious ESR signals due to the paramagnetic 

impurities (mainly Mn2+ and Fe2+) contained in the glass substrates. 

 

2.3 Results and discussion  

2.3.1 Film growth  

 

One of the key parameters for depositing chalcogenides-based thin films is the 

temperature of the substrate. The pyrosol technique requires an optimal temperature 

where the salt precursors are decomposed to subsequently react, forming the desired 

compound. Thermogravimetric analyses (TGA), namely percentage in weight loss 

(TG) and its derivate (DTG) were performed to determine the optimal temperature 

for the substrate. The obtained TGA curves are shown figure 2.1 
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The TGA curve in figure 2.1(a) shows a one-step thermal decomposition of 1,3-

dimethyl-2-thiourea. A constant weight loss begins at 100 ˚C and ends at  235 ˚C, 

where it completely decomposed. Zinc acetate dihydrate decomposes in two steps. 

The first mass loss corresponds to two water molecules of hydration; the remaining 

step corresponds to the decomposition of the molecule at  250 °C. It is noteworthy 

that 1,3-dimethyl-2-thiourea is commonly used as the source of sulfur-based 

precursor salts for sulfide compounds deposited as thin films using the ultrasonic 

Figure 2.1 TG-DTG curves for the (a) 1,3-Dimethyl-2-thiourea; (b) zinc acetate 

dihydrate and (c) europium (III) chloride hexahydrate precursors, evaluated at 10 and 

20 °C/min heating rate for a,b and c, respectively. The measurements were carried out 

in a dry air atmosphere. 
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spray pyrolysis technique. It was proposed as the source of hydrogen sulfide as it is 

released by its acidic hydrolysis at high temperatures avoiding the precipitation of 

zinc and europium sulfides in the solution. The driving force for the hydrolysis is the 

difference between the C=S (ΔfH°298= 573 kJ/mol) and C=O (ΔfH°298= 789 kJ/mol) 

bond enthalpies.  

 

Europium chloride has a rather complex behavior in comparison with the 

previous precursor salts as depict in figure 2.1 (c). First, it undergoes stepwise 

dehydration to EuCl3∙H2O (25 % mass loss); later, complex hydrolytic reactions 

occur resulting in the formation of different mixed chloride hydroxide special until 

EuCl2OH is formed (further 11 % mass loss). The final product at 475 °C is the solid 

EuOCl, which can be recovered from the crucible after the thermal analysis. This is 

in agreement with previously observed results.[27,28] 

 

When the precursor solution aerosol droplets arrive at the heated substrate, 

several complex hydrolytic and pyrolytic processes and reactions occur, producing 

many different Zn, S, and Eu species giving rise to the film formation. Based on 

related literature, we propose the following path to film formation of ZnS:Eu2+. 

 

 
[CH3NH ]

2
C=S  + H2O 

heat
→ [CH3NH ]

2
C=O + H2S 

(1) 

 

 
Zn[CH3CO2]2∙ 2H2O  +  H2S 

heat
→  ZnS + 2[CH3COOH] + 2H2O 

(2) 

 

 
EuCl3 ∙ 6 H2O 

heat
→  EuOCl + 2HCl + 5H2O 

(3) 

 

 6EuOCl+7H2S 
heat
→ 6EuS+ 6 HCl + 4H2O + SO2 (4) 

 

In the first step, the hydrolysis of the 1,3-dimethyl-2-thiourea produces 

H2S  which reacts with Zn[CH3CO2]2 and EuOCl forming the resulting ZnS:Eu2+ 

film. The europium atoms are incorporated in the ZnS framework as a substitutional 

impurity. An interesting event occurs during the synthesis of ZnS:Eu2+ as thin films. 

Although, we start from europium in the oxidation state III and the deposition of the 
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films requires a certain amount of heat, plus the presence of air, the europium gets 

reduced to its divalent state. This is highly counterintuitive. The exact mechanism of 

this behavior is, however, unclear. Nonetheless, it was recently demonstrate that 

from the aqueous solutions of praseodymium (III) iodine and thiourea, crystallizes 

an adduct of  PrI3∙9H2O∙0.5  thiourea. Furthermore, the thiourea has no interaction 

with the metal ion but rather forms hydrogen bonds with the coordinated water 

molecules.[29] In acidic aqueous solutions of EuCl3, the europium ions form a similar 

hydrated cation –Eu(H2O)6
3+ and thus, direct interaction of the Eu3+ ions with 

thiourea, in the starting solution, can be discarded. On the other hand, reduction of 

Eu2O3 to EuS under H2S atmosphere can be achieved; however, a temperature of 

1150 ̊ C is needed. In this reaction, H2S also acts as the reducing agent, and elemental 

sulfur is formed, but if this reaction is performed at 600 °C, Eu2S3 and water are the 

only by-products.[30] The thermal process involving H2S generated from thiourea has 

been recently used to reduce aromatic nitro - to aminocompounds. Thus, we 

proposed that Eu3+, most likely, in the form of EuOCl is reduced by H2S to Eu2+, 

forming EuS. Due to the reaction conditions, during the reduction, H2S is probably 

oxidized directly to SO2. To the best of our knowledge, this is the first example of a 

direct thermal reduction of Eu3+ to Eu2+ during the synthesis of ZnS under aerobic 

conditions. 

 

2.3.2 Structure, morphology and chemical composition 

Figure 2.2 shows the XRD patterns for ZnS:Eu2+ and ZnS (un-doped) thin films. 

These indicate that both are polycrystalline with a preferential orientation at 

2θ=28.54°, and a secondary diffraction peak at 2θ=51.8°, which correspond to the 

(002) and (103) planes, respectively, of the hexagonal wurtzite ZnS crystalline 

structure (JCPDS card no. 80-0007). All the other smaller XRD peaks also 

correspond to the hexagonal phase of ZnS. The average crystallite size (D) of each 

film was assessed using the Debye-Scherrer formula for (002), as well as the lattice 

parameters for the hexagonal structure (a and c). These were found to be: D =24 nm, 

a=3.862 Å, c=6.225 Å and D =24.8 nm, a=3.830 Å, c=6.240 Å, for the ZnS:Eu2+ and 

ZnS films, respectively. The structure of the ZnS:Eu2+ film is consistent with 

previously reported investigations, which argued that Eu enters in the hexagonal 

wurtzite lattice of ZnS bulk crystals, as Eu2+, substituting Zn2+.[9,15,24,26] 
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Figure 2.2 X-ray diffraction patterns for the ZnS and ZnS:Eu2+ films, as deposited 

by ultrasonic spray pyrolysis, at substrate temperature of 450 °C. 

 

The variations in the lattice parameters are expected since the ionic radius of Eu2+ 

(0.95 Å) is larger than that of Zn2+  ion (0.74 Å),[31,32] and when the Eu2+  ions replace 

the Zn2+ ions, a lattice distortion in the structure is produced.[24] However, the small 

variations in these parameters indicate that the amount of Eu2+ ions incorporated in 

the ZnS matrix is rather small.  

 

Figure 2.3 depicts the FE-SEM micrographs for the ZnS and ZnS:Eu2+ films with 

planar surface and angled views. ZnS thin films consist of well-packed hexagonal-

shaped bars with diameters ranging from 100 to 300 nm, mainly oriented on the z-

axis, perpendicular to the substrate as shown in the planar (a) and angled (b) views 

of figure 2.3. Similarly, ZnS:Eu2+ films grow in the form of hexagonal bars but with 

smaller diameters (50-200 nm). The micrographs corresponding to these films are 
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shown in figure 2.3 (c) and (d). The regular and highly oriented hexagonal structures 

observed in the FE-SEM images are in good agreement with the wurtzite phase and 

preferential orientation observed in the XRD diffractograms. Thus, both films are 

comprised of crystalline grains aggregates given rise to the formation of hexagonal 

bars with preferential growth perpendicular to the substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 SEM micrographs for the ZnS and ZnS:Eu2+ films deposited by 

USP. Top row: ZnS film (a) planar view and (b) cross view with a rotation of 

188.4° and 6.1° of inclination. Bottom row: ZnS:Eu2+ film (c) planar view and 

(d) cross view with a rotation of 94.6° and 8.0° of inclination. 

 

An attempt was made to detect the Eu atoms incorporated the ZnS:Eu2+ films by 

techniques such as X-ray photoelectron spectroscopy and energy dispersive 

spectroscopy. However, the absence of any signal related to Eu in the spectra 

obtained for the analyzed films, indicated that the amount of Eu incorporated in the 
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ZnS matrix of the films was below the limit of detection ( 1 at.% ) of the equipment 

utilized for these analyses. The low concentration of Eu in our ZnS:Eu2+ films is also 

consistent with the low limit of solubility reported for Eu in ZnS single crystals.[15] 

In order to confirm the existence of trace amounts of Eu2+ in the ZnS:Eu2+ films, 

ESR measurements were carried out. 

 

The presence of Eu2+ ions was confirmed as depict in figure 2.4. The main signal 

is located at 325.2 mT with a g-value of 2.0, which is consistent with related studies 

of substituting Zn2+ sites, in the wurtzite phase of ZnS lattice, for Eu2+ sites. [15,22] As 

it is known, any ESR signal associated with europium is originated from Eu2+ ions 

in the 4f 7 [7S7/2] ground state configuration.[33]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Electron spin resonance (ESR) spectrum of the ZnS:Eu2+ film obtained at 

113 K (-160 °C) using a resonance frequency of 9.1 GHz and a magnetic field centered 

at 330 mT. The ESR line of Eu2+ is observed at 325.2 mT. 
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2.3.3 Optical properties  

The optical properties of both un-doped ZnS and ZnS:Eu2+ are shown in figure 2.5. 

The absorbance spectra for both films are depicted in panel (a). The sharp peaks 

located at 330 nm are assigned to interband or band-edge absorption of the host ZnS. 

In other words, photons with an energy of around 3.75 eV excite the electrons from 

the valance band (VB) to the conduction band (CB). Rather small variations have 

been observed for bulk ZnS crystals with a direct band gap of 3.68-3.77 eV.[34–37] 

Nonetheless, the ZnS:Eu2+ peak is slightly broaden compared to the un-doped ZnS. 

After resolving the peak by subtracting both spectra (inset), an unknown feature 

appears. We assumed that after the incorporation of Eu2+ ions, new energy levels are 

created within the gap. Recently, it was observed that when Eu2+ ions are 

incorporated in compounds with charge (II) cations, they remain stable on the 

divalent site and the energy of the lowest Eu2+ 4f65d level is always below the 

bottom of the conduction band of the compound.[13][38] Additionally, our XRD and 

ESR results corroborate the presence of Eu2+ ions in the ZnS films, which are 

occupying the divalent Zn2+ sites. Therefore, we can assess the broadening to the 

absorption of photons that generate transitions of electrons from the valence band of 

the ZnS matrix to the Eu2+ 4f
6
5d levels located 0.19 eV below the bottom of the 

conduction band of the ZnS compound.  

 

Additionally, for the undoped-thin film, a second peak with a lower energy of 

3.37 eV (367 nm) is attributed to the VB – localized donor states absorption. These 

donor sites tend to reside below the conduction band; they are originated by 

vacancies of sulfur or interstitial atoms of zinc.  

 

The effect of Eu when doping ZnS is clearly observable with the naked eye as 

depicted in figure 2.5 (b) and (c). The films were excited under UV irradiation of 

254 nm in a bright room and in a dark room. As can be seen, the ZnS:Eu2+ shows a 

strong blue emission even with ambient light, whereas the ZnS film only reflects 

and/or scatters light. 
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Figure 2.5 Optical characteristics of ZnS:Eu2+ and ZnS. (a) UV-vis absorbance spectra. 

The inset shows the absorbance spectrum for Eu2+. (b,c) Photographs of ZnS and 

ZnS:Eu2+thin films being excited with a UV radiation of 254 nm, in a bright and dark room, 

respectively. (d) Steady-state PL for both films with an excitation wavelength of 325 nm. The 

inset shows a close-up for the ZnS film. (e) Steady-state PL for ZnS:Eu2+ at different 

excitation energies and PLE with λem of 455 nm is displayed in the inset.  

 

The steady-state PL spectra of both films are shown in figure 2.5 (d). The PL of 

ZnS:Eu2+ is 185-times fold higher compared to ZnS. The intensity is considerably 

high that superimposed the broad emission located at 527 nm, which is observed for 

the ZnS (inset). This green broad-band can be assigned to the radiative electron 

transfer from sulfur vacancies to interstitial sulfur states.[9,39] The strong blue PL 

from the ZnS:Eu2+ films consists of a broad emission centered at 455 nm, with a full-

width at half-maximum (FWHM) of approximately 94 nm. We performed additional 
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PL measurements [figure 2.5 (e)] at different excitation wavelengths, as expected the 

PL intensity increases as the excitation wavelength rises from 250 to 332 nm. It 

worth mentioning, that the position of the peak is maintained around 455 nm (2.73 

eV). The excitation spectrum (PLE) was recorded at a emission wavelength of 455 

nm is depicted in the inset of figure 2.5 (e). It corroborates that the maximum 

intensity of the PL peak at 455 nm is obtained for the excitation wavelength of 

λexc=332 nm. This excitation wavelength corresponds to photons with energy equal 

to 3.75 eV, i.e., the band gap of the ZnS:Eu2+. Therefore, we concluded that band-

to-band absorption from the VB to the CB of the host lattice of ZnS first takes place 

to later efficiently be transferred to the Eu2+ activator.[40] 

 

According to the compilation made by P. Dorenbos on the d-f emission spectra 

of Eu2+ in inorganic compounds, there are three distinguishable emissions for Eu2+. 

Namely, (1) normal broad band dipole and spin allowed d-f emission, (2) ff narrow, 

and (3) “anomalous” Eu2+ emission.[13] To determinate the governing mechanism of 

our system ZnS:Eu2+, a quantitative study was recently performed. The full study 

can be found elsewhere.[41] Our findings suggest the emission of Eu2+ mainly arises 

from 5d →4f transitions. As the 5d electronic level is not shielded from the 

surrounding ligands, its energy is reduced by the combined effect of the centroid 

shift and the crystal field splitting of the 5d states. The centroid shift by 

nephelauxetic effect is the lowering of the 5d states average energy compared to a 

free ion. The centroid shift is large when Eu is coordinated by S ions because the S2- 

ligands are at the end of the nephelauxetic series and have better tendency for 

covalent bonds. We found that the total redshift of the gap energy between 5d and 4f 

levels with respect to those of the free Eu2+ in vacuum (Eg=4.2 eV) is owing to the 

crystal effect (0.32 eV), nephelauxetic (0.65eV), and stoke shift (0.5 eV). These 

results support the blue PL emission at 2.73 eV, derivate from Eu2+ ions when are 

incorporated in a host matrix of ZnS films. Based on the experimental results and 

our calculations, we built the simplified energy band and energy levels diagram 

depicted in figure 2.6, which helps to model the excitation-emission mechanisms of 

the luminescence of the Eu2+ ions incorporated in the ZnS films. 
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 Figure 2.6 Simplified energy band and energy levels diagram for Eu2+ ions 

incorporated in ZnS films. 

 

2.4 Conclusions 

ZnS:Eu2+ thin films with an intense blue PL at room temperature have been 

successfully synthesized by a simple and fast ultrasonic spray pyrolysis method. The 

as-deposited ZnS:Eu2+ films are composed of hexagonal wurtzite nanocrystals with 

an average size of  28 nm, which agglomerate to form hexagonal facet nanobars. 

The incorporation of the Eu dopant atoms in the valence state Eu2+ was confirmed 

by ESR measurements. These measurements along with the absorption and PL 

characteristics of the films indicate that the efficient blue luminescent comes from 

intra-ion transitions of Eu2+ ions incorporated in the wurtzite ZnS matrix. The high 

intensity and the emitting color of these ZnS:Eu2+ films, deposited by this relatively 

simple and cheap pyrosol technique, ensures their potential application as ideal 

candidates for modern flat panel electroluminescent displays. 
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