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Photoluminescence of zinc sulfide doped with Mn2+ and Eu3+ ions

in dodecane medium
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Photoluminescence (PL) of zinc sulfide powder synthesized and doped with Mn2+ and Eu3+ ions by the method

of emerging reagents in a dodecane medium was investigated. In the absorption and excitation spectra of the PL

samples ZnS and ZnS :Mn2+(Eu3+), bands corresponding to the transitions of electrons from the valence band to

the conduction band and to the levels of structural defects of ZnS, as well as bands of transition of 4 f -electrons
of Eu3+ ions from the ground 7F0 to excited electronic states were recorded. A wide band associated with

recombination processes at the energy levels of defects on the surface of ZnS particles is observed in the PL

spectra. Narrow bands of PL are attributed to 5D0 →
7Fj and

4T1 →
6A1 electronic transitions in Eu3+ and Mn2+

ions. They are associated with the intra-zone glow centers formed by these ions in the ZnS structure. Energy

transfer from ZnS defect levels to excited energy levels of Eu3+ ions was registered. Assumptions are made about

the mutual influence of ZnS and alloying ions, as well as about the influence of synthesis conditions on the spectral

properties of substances.

Keywords: non-aqueous synthesis, dodecane, zinc sulfide, alloying, manganese (II) ions, europium (III) ions,

photoluminescence.

DOI: 10.21883/SC.2022.06.53541.9820

1. Introduction

In recent decades, researchers are involved in the develop-

ment of complex nanometer chemical structures [1–4]. One

of the promising semiconductor components and matrices of

optical compounds is zinc sulfide [5–7]. Bulky ZnS is well-

studied and is used in optical instrument-making as electro-

and photoluminescent phosphors [8–10]. Its luminescence

is determined by crystal defectiveness. Luminous intensity

reaches the maximum in case of a double excess of sulfur

ions over zinc ions [11]. The luminescence spectrum is

affected by doping with metal ions, state of particle surface,

external factors [8,12–16]. As a whole, they define the

structure and morphology, as well as the energy diagram

which is plotted using the Schen-Klasens and Lambe–Klick

schemes.

Thanks to the unique optical properties, lanthanide

ions are indispensable components of luminescent mate-

rials [17]. In semiconductor matrices they form structural

defects that participate in recombination processes. Ln3+

also form intraband centers of narrow-band luminescence

caused by intra-configuration 5D0 →
7Fj transitions of

4 f -electrons [18–22]. Luminescence intensity increases

when energy, absorbed by a semiconductor, is transferred

to excited levels of Ln3+ [21,22]. Moreover, there is a

back transfer of energy, which enhances recombination

luminescence. Simultaneous occurrence of these processes,

if they are not separated by excitation conditions, adversely

affects the structures’ optical properties.

Mn2+ ions, like Ln3+ ions, are embedded into

semiconductor matrices as optical and magnetic modi-

fiers [10,21,22]. The PL spectra have a band of 4T1 →
6A1

electronic transition [9,10,23]. It overlaps the bands of ZnS

recombination PL. When concentrations of Mn2+ ions are

low, a mechanism based on resonance transfer of semicon-

ductor matrix energy to the excited levels of Mn2+ ions

is implemented. When concentration of Mn2+ increases,

the
”
electronic“ mechanism becomes predominant. It is

related to electron transitions between the
”
intrinsic“ energy

levels of Mn2+ ions [10]. Only the band of
”
manganese“

luminescence is observed in the spectra of ZnS :Mn2+ under

selective excitation to the absorption bands of Mn2+ ions

(390, 435, 470, 496 and 535 nm) [24]. Moreover, Mn2+ ions

embed into the semiconductor matrix structure and create

defects there, whose levels are involved in recombination

processes.

Optical properties of semiconductor structures are formed

during synthesis and depend on its conditions [1,2,9].
Structures are synthesized using sol-gel technologies, the

deposition method, hydrothermal methods [1,5,24–31],
films are obtained by different variants of the Langmuir–
Blodgett method [1,32]. Synthesis is chiefly carried out in

water medium. Sulfidizers are hydrogen sulfide, sodium

sulfide and organic sulfur-containing compounds. Supply

of gaseous hydrogen sulfide to the reaction medium is not

technology-savvy and not environmentally friendly. When

sodium sulfide is used, synthesis results to a great extent

depend on medium acidity. Hydroxoforms of synthesis

products and water molecules quench luminescence and
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sometimes suppress it completely (Nd, Eu, Er, Yb). More-

over, the formation of amorphous or partially crystalline

phases deteriorates the products’ structural homogeneity.

When organic sulfur-containing compounds are used as sul-

fidizers, the product composition to a great extent depends

on complexing reactions. The influence of complexes is

ambiguous. They deteriorate the state of particle surface,

hinder predictability of their size and dimensional disper-

sion [33]. On the other hand, within compounds they supply

additional excitation energy, absorbed by chromophoric

groups within ligands.

Several problems could be solved by synthesis in organic

media [27,33–38]. The papers [39–42] describe synthesis

of transition metal chalcogenides in the medium of high-

boiling saturated hydrocarbons in the presence of elemental

sulfur. The authors give the results of identification and

an estimation of product yield, but their optical properties,

possibilities to apply this doping method for making opto-

electronic structures were not studied [39–41].

Based on this, our goal was to study photoluminescence

of the powder of zinc sulfide synthesized and doped with

Mn2+ and Eu3+ ions in dodecane medium, under excitation

of recombination and intraband PL on the particle surfaces.

2. Description of research objects
and experimental procedure

Zinc sulfide powder was synthesized by interaction of

zinc acetate (chemically pure qualification) with hydrogen

sulfide in boiling dodecane (chemically pure qualification)
by the method of emerging reagents as per the procedure

outlined in [40]. H2S formed as a result of interaction

between elemental sulfur (extra pure) and dodecane during

boiling. The process scheme and conditions are given

in [40,42]. Doping of ZnS with Mn2+ and Eu3+ ions

was combined with its synthesis. Weighed portions of zinc

and europium or zinc and manganese acetates, as well as

elemental sulfur were simultaneously added to dodecane.

The solution was boiled for 4 h with constant agitation. The

weighed portions of manganese and europium acetates were

calculated so that the synthesis products had a concentration

of Mn2+ ions equal to 0.15, 1.5 and 3.0 at%, while that of

Eu3+ ions — 0.5 and 1.0 at% in relation to the concentration

of Zn2+ ions. The products were separated by filtering,

washed with hot hexane and dried at 80◦C. Powders were

obtained as a result. The doped powders are colored. Their

coloring intensified when the concentration of doping ions

increased. The coloring typical for manganese and europium

sulfides is associated with an increased concentration of

doping ions on the surface of ZnS particles.

The products were identified by X-ray phase analysis

using the XRD-6000 unit. The obtained results confirmed

the formation of zinc sulfide, which agrees with the data

in [39,40]. The doped samples featured a distortion of

the crystal lattice parameters of hexagonal ZnS (space

group P63mc , structural type of wurtzite), which con-

firms embedding of Mn2+ and Eu3+ ions into its crystal

lattice. An amorphous phase was not recorded. The

inhomogeneous broadening of reflections is associated with

the predominant change of the structure on the particle

surface, which corresponds to a change in powder col-

oring after doping. The electronic spectra of absorption,

photoluminescence and photoluminescence excitation of

the products were recorded using a Shimadzu RF-5301PC

spectrofluorimeter at room temperature.

3. Experimental results and discussion

The photoluminescence spectrum of ZnS under excitation

by 360 nm-wavelength radiation has a wide complex band

with the maximum in the region of 420−470 nm (Fig. 1,
spectrum 1). Based on its position in the spectrum and

the data given in [21,22], it is associated with processes of

charge recombination at the level of ZnS crystal structure

defects. The increased intensity of this band in the

spectra of the ZnS :Mn2+ samples, concentration of Mn2+

ions being up to 1.5 at%, is due to the growing number

of
”
manganese“ defects. Participation of

”
manganese“

defects in recombination processes can be confirmed by

an increased intensity of the descending band branch at

wavelengths of > 480 nm (Fig. 1, spectra 2, 3, 5). The

decreased intensity of the band (Fig. 1, spectrum 4) upon an

increase in Mn2+ ion concentration to 3.0 at% is associated

with the growing concentration of MnS, which absorbs the

excitation source radiation, on the particle surface. Under

excitation by radiation in the region of the absorption band

of Mn2 ions (395 nm), a low-intensity band of 4T1 →
6A1

electronic transition (570 nm) was registered in the PL

spectrum (Fig. 1, spectrum 5). Its low intensity is due to

the predominant location of Mn2+ ions in the near-surface

layer and on the surface of ZnS particles in the form of

manganese sulfide. A change in the position and contour

of the ascending PL band branch (Fig. 1, spectrum 5,
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Figure 1. PL spectra (λem = 360 nm) of ZnS (1) and ZnS :Mn2+

for the Mn2+ ion concentration equal to, at%: 0.15 (2), 1.5 (3),
3.0 (4), as well as for 1.5 at% at λem = 395 nm (5).
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Figure 2. PL excitation spectra (λem = 469 nm) of ZnS (1) and

ZnS :Mn2+ for Mn2+ ion concentration equal to, at%: 1.5 (2),
3.0 (3), as well as for 1.5 at% at λem = 452 nm (4).

Wavelength, nm

500 400 350
0

0.1

0.2

0.3

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s

250

274 nm

1

2

3

4

1

2

3

4

0.5

450 300

0.4

Figure 3. Diffuse reflection spectra of ZnS (1), ZnS :Mn2+

samples for Mn2+ ion concentration, at%: 1.5 (2) and 3.0 (3),
and ZnS : Eu3+ sample, CEu = 1.0 at% (4).

< 420 nm) is associated with the excitation conditions

(λem = 395 nm). The observed changes agree with the

concepts of influence of Mn2+ ions on the PL spectrum

of ZnS [9,10,19–22].
The PL excitation spectra for ZnS and ZnS :Mn2+ (Fig. 2)

have a band with the maximum in the 350−360 nm range.

It is associated with electron transition from the valence

band to ZnS defect levels. Its position corresponds to

the band position in the powders’ diffuse reflection spectra

in the wavelength range of 300−400 nm (Fig. 3). The

band intensity (Fig. 3) is significantly lower than that of

the band which corresponds to interband electron transition

and is located at wavelengths of < 340 nm (Eg = 3.68 eV).
The low band intensity is due to the state of the particle

surface which forms under the chosen synthesis conditions

in dodecane. The change of its intensity in relation to

the band of undoped ZnS (Fig. 3, spectra 1−3) confirms

the predominant location of Mn2+ ions on the surface of

ZnS particles. The decreased intensity of the ZnS : Eu3+

band (Fig. 3, spectrum 4) is explained by the lower

concentration of
”
europium“ defects in the surface structure

of particles upon a decrease of their concentration in the

reaction mixture. The absence of Mn2+ and Eu3+ ions in the

intrinsic band spectra is explained by the low concentration

of doping ions in the samples at their typical low absorption

coefficients.

The wide band in the PL spectra of the ZnS : Eu3+

samples in the wavelength interval of 380−500 nm (Fig. 4)
is associated with recombination processes at structural

defect levels. They are formed both by matrix ions and by

Eu3+ ions. The band contour in its short-wave part depends

on excitation radiation wavelength (Fig. 4, spectra 1 and 3,

λem = 360 nm; spectra 2 and 4, λem = 395 nm). The

growing band intensity (Fig. 4, spectra 2 and 4), in

relation to spectra 1 and 3 (Fig. 4), corresponds to defect

concentration increase in case of a twofold increase of the

Eu3+ ion concentration. The narrow spectral bands at

the wavelengths of > 580 nm are typical for Eu3+ ions.

They are associated with intra-configuration 5D0 →
7Fj

transitions of 4 f -electrons. The position of these bands

is virtually independent of matrix type. The bands are

heterogeneously broadened, particularly in the base, due

to the non-equivalence of Eu3+ ions’ environment. In this

respect, the Stark structure of the bands is mild. The low

symmetry of Eu3+ ions’ environment is confirmed by a

greater intensity of the band of electrodipole 5D0 →
7F2

electronic transition (616 nm), which depends on the sym-

metry of Eu3+ ions’ environment, in relation to intensity of

the band of magnetic-dipole 5D0 →
7F1 electronic transition

(593 nm), which is virtually independent of the Eu3+

environment symmetry. An increase of the ratio of band

intensities in the maxima (I616 : I593) from 1.9 (Fig. 4,

spectra 1 and 3) to 2.3 (Fig. 4, spectra 2 and 4) at an

increase in the excitation radiation wavelength from 360 nm

to 395 nm is explained by a change in the predominant

mechanism of Eu3+ ion luminescence excitation. Under

excitation by 395 nm-wavelength radiation, which matches

the most intensive intrinsic absorption band of Eu3+ ions

(7F0 →
5L6 electronic transition), the excitation process

corresponds to the transition of 4 f -electrons via a level

systems in the intraband luminescence centers. The

presence of a wide recombination luminescence band in the

spectrum under such excitation (395 nm) is explained by an

overlap of the absorption bands related to electron transition

from the valence band to ZnS defect levels (Fig. 1 and 2),
and the band of intrinsic absorption transition of Eu3+ ions

(Fig. 5). The presence of Eu3+ ions in the spectra of the

intensive luminescence bands under excitation to the matrix

absorption band (360 nm) may indicate an energy transfer

from levels of ZnS structure defects to excited levels of

Eu3+ ions, which corresponds to the data in [21,22]. The

increased intensity of the luminescence bands of Eu3+ ions

in spectra 2 and 4 (Fig. 4) in relation to the bands in
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Figure 4. PL spectra of ZnS : Eu3+ samples under excitation with 360 nm-wavelength radiation (1 and 3) and 395 nm (2 and 4),
concentration of Eu3+ ions 0.5 at% — spectra 1 and 2, 1.0 at% — spectra 3 and 4.
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Figure 5. PL excitation spectra of ZnS : Eu3+ samples for PL of 594 nm (1 and 2), 616 nm (3 and 4) and 452 nm (5). Concentration of

Eu3+ ions, at%: 0.5 — spectra 1 and 3, 1.0 — 2, 4 and 5.

spectra 1 and 3 (Fig. 4) corresponds to an increase of Eu3+

content in the corresponding specimens from 0.5 to 1.0 at%.

A set of bands having different widths and intensities was

observed in the PL excitation spectra of the ZnS : Eu3+

samples (Fig. 5), recorded for the PL wavelengths as-

sociated with Eu3+ ions (594 nm, spectra 1 and 2 and

616 nm, spectra 3 and 4) and with a semiconductor

matrix (452 nm, spectrum 5). The bands associated with

electronic transitions of 4 f -electrons of Eu3+ ions, prevail

in spectra 1−4 (Fig. 5, λem = 594 nm and λem = 616 nm).
Their position coincides with the bands’ position in the eu-

ropium (III) absorption spectrum. Band intensity increases

as concentration of Eu3+ ions increases. An increase of

the background in the 330−360 nm region (spectrum 4,

λem = 616 nm) and broadening of the intrinsic excitation

bands of Eu3+ ions at wavelengths of < 390 nm (Fig. 5)
confirms the energy transfer to their excited levels from

energy levels of matrix defects.

4. Conclusion

We give the PL study results for zinc sulfide, synthesized

and doped with Mn2+ and Eu3+ ions in dodecane, by

interaction of metal acetates with H2S which forms directly

in the reaction medium when elemental sulfur interacts

with dodecane at the boiling temperature. A conclusion

on predominant doping of the structure on the surface of

ZnS particles with Mn2+ and Eu3+ ions is made based on

the analysis of the absorption, excitation and PL spectra. PL

Semiconductors, 2022, Vol. 56, No. 6
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of the ZnS :Mn2+ and ZnS : Eu3+ samples is associated with

recombination processes at the energy levels of intrinsic

defects and defects generated by doping ions, as well as

with intra-configuration electron transition in the intraband

luminescence centers formed by Eu3+ and Mn2+ ions. It is

shown the intraband luminescence is most efficient in case

of absorption and emission in the samples doped with Eu3+

ions. PL excitation is associated with electron transition

from the valence band to ZnS defect levels, as well as

under intrinsic absorption of energy by doping ions. We

have registered an energy transfer from ZnS defect levels to

excited levels of doping ions (Eu3+).
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