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Abstract 
A series of Eu2+/Mn2+ co-activated Ba1.98-xSrxZnS3 red 

emission phosphors was synthesized using the 
polymerizable complex method. The excitation spectra of 
the materials contain two wide bands centered at 345nm 
and 445nm, implicating their possible use for white LED 
lighting applications. In addition, substitution of Sr for Ba 
by 20% (x=0.4) improved drastically the emission intensity 
as well as the internal quantum efficiency compared to 
those for Sr-free Ba2ZnS3:Eu2+/Mn2+ phosphor. 

 
 

1. Introduction 
 

In recent years, solid state lighting applications, 
which are based on the combination of light emitting 
diodes (LED) and conversion phosphors, are 
becoming increasingly important for everyday use [1]. 
Most of such light sources are built of the InGaN-
LED chip, which produces a blue light, and the 
Y3Al5O12:Ce3+ (YAG) conversion phosphor, which 
emits a strong yellow light when excited by the blue 
light from the InGaN-LED. In this way, the 
combination of blue and yellow colors is perceived by 
human eyes as a white light. However, compared to 
the natural white light such a conventional LED based 
light source has deficiency in the cyan blue and 
orange-red regions of the visible spectrum [1]. As a 
result, development of new orange-red emission 
phosphors, which can be excited by a blue light, is 
important for the white LED lighting applications 
because such phosphors will improve the overall color 
rendering of currently existing white LEDs [1].  

In this work we examined the effect of Sr 
substitution for Ba in Ba2-xSrxZnS3:Eu2+/Mn2+ red 
phosphors on their fluorescence properties. This series 
of sulfide phosphors was synthesized by a two step 

technique [2-4]. In the first step, a solution-based 
synthesis employing the polymerizable complex (PC) 
method [5] was used to obtain a highly homogeneous 
Eu/Mn-doped Ba1-xSrxS phase. In the second step, a 
series of Ba2-xSrxZnS3:Eu2+/Mn2+ materials was 
synthesized by a solid state reaction between Ba1-

xSrxS: Eu2+/Mn2+ and ZnS powders in evacuated 
quartz ampoules [6].  

 
 

2. Experimental  
 

The chemical reagents used for synthesis of 
(Ba,Sr)2ZnS3:Eu2+/Mn2+ phosphors include BaCO3, 
SrCO3, MnCO3, ZnS, Eu2O3, citric acid (CA), 
propylene glycol (PG) and a gas mixture of 
H2S(10%)-Ar(90%). 

The first step is to prepare Ba1-xSrxS:Eu2+/Mn2+ 
materials without Zn components by the PC method. 
First, Eu2O3 was dissolved in a small amount of HNO3 
(61%), followed by complete evaporation of solvent 
on a hot plate set at 80oC to crystallize europium 
nitrate. After drying, the crystallized europium nitrate 
was re-dissolved in pure water, and MnCO3 was 
introduced into this solution. Subsequently, CA and 
PG were added and the system was kept with 
continuous stirring at 60oC for ~30 min. After 
complete dissolution of CA, both BaCO3 and SrCO3 
were added. Just after the solution became transparent, 
the hot plate temperature was increased up to 130oC to 
promote polyesterification reaction between CA and 
PG. The amounts of the reagents for the synthesis 
were calculated based on the stoichiometry 
requirements. The final [Ba + Sr + Eu + Mn] : CA : 
PG molar ratio was set to 1 : 4 : 10. The solution 
temperature was further increased gradually to 200oC, 
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and after continuous stirring for 6h on the hot plate, a 
viscous resin was obtained. This gel-like resin matter 
was subjected to pyrolysis at 450oC for 4h to yield a 
fine powder consisting mainly of carbonates. This 
powder was heat treated at 800oC for 5h to accomplish 
oxidation and removal of organic compounds. The 
powder precursor thus prepared was annealed in H2S 
(10%)-Ar (90%) atmosphere at 950oC for 10h with a 
gas flow rate of 20 ml/min to obtain 
(Ba,Sr)S:En2+/Mn2+ intermediate products. 
 The second step is to prepare the target materials of 

(Ba, Sr)2ZnS3:Eu2+/Mn2+ through solid state reactions 
between the intermediate products of (Ba,Sr)S:En2+, 
Mn2+ and ZnS. Powders of (Ba,Sr)S:En2+, Mn2+ were 
mixed with ZnS in a glove box with the relative 
humidity below 1% at room temperature. The 
thoroughly mixed powder was pressed into a pellet 
and sealed into an evacuated quartz ampoule. The 
ampoules with samples were annealed at 900oC for 
10h. The final materials thus prepared were 
characterized by X-ray powder diffraction and 
fluorescence spectroscopy. 

 
 

3. Results and discussion 
 

 XRD patterns of the powders after sulfurization of 
the powder precursors (not shown) revealed formation 
of BaS type compounds, and the diffraction peaks 
were systematically shifted to higher angles with an 
increase of strontium concentration indicating 
formation of (Ba, Sr)S solid solutions. No peaks due 
to impurity phases could be found in these XRD 
patterns. It means that Mn and Eu ions are involved 
into the single sulfide phase and that compositionally 
uniform sulfide precursors of (Ba, Sr)2ZnS3:Eu2+/Mn2+ 

were obtained. After mixing these sulfide precursors 
with ZnS followed by annealing in evacuated 
ampoules, the powders with rich orange colors were 
obtained. XRD patterns of the Ba2-xSrxZnS3: Mn0.01, 
Eu0.01 (x = 0, 0.2, 0.4 and 0.6) materials are 
presented in Figure 1. remarkable feature, which is 
clearly seen in Fig.1, is related to the radical change of 
the powder pattern when the Sr concentration jumps 
from x = 0 to x = 0.2 or x = 0.4/0.6. As expected, the 
peak positions for the x = 0 sample correspond to 
Ba2ZnS3 phase (JCPDS card number 33-0189). 
However, the XRD pattern of the x = 0.2 sample 
cannot be assigned to Ba2ZnS3 phase any more, while 
peaks position and intensities distribution cannot be 
explained only in terms of substitution of Sr for Ba 
and the consequent contraction of the lattice. This 
observation indicates that the Sr doping into Ba2ZnS3 

lattice results in a phase transformation from 
“Ba2ZnS3” to Ba2MnS3” structural type.   
 

Fig. 2 compares fluorescent spectra of the Sr-free 
Ba2ZnS3:Eu2+/Mn2+ (x = 0) and 
Ba1.6Sr0.4ZnS3:Eu2+/Mn2+ (optimized with x = 0.4 with 
respect to the photoluminescent characteristic in this 
system) phosphors. One may find out that the 
observed drastic improvement of the emission 
intensity as a result of Sr substitution is accompanied 
by a red shift of the emission maximum from 645 nm 
to 670 nm. Even though the Sr doped material emits 
light in the region of lower sensitivity of human eye, 
the intensity improvement overweights a possible 
consequence of the observed emission shift to the less 
favorable region. The second very important change 

Fig.1 XRD patterns of Ba2-xSrxZnS3:0.01Eu2+/Mn2+

samples, where x equals (a) 0; (b) 0.2; (c) 0.4 and 
(d)0.6. 

Fig.2 Excitation and emission spectra of (a)
Ba1.98ZnS3:0.01Eu2+/Mn2+ and (b) 
Ba1.59Sr0.4ZnS3:0.01Eu2+/Mn2+. 
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of the material properties can be noticed from 
comparison of excitation spectra (Fig. 1) of the x = 0 
and the Sr substituted x = 0.4 samples. The absorption 
of light by the activator ions significantly improved 
for Sr doped materials, and what is the most important, 
the excitation maximum is located at 440 nm, which is 
close to the wavelength of the light produced by the 
blue InGaN LED. Therefore, the combination of these 
two factors (enhanced emission intensity and 
excitation maximum near the wavelength provided by 
blue LED) makes the developed Ba2-xSrxZnS3: 
Eu2+/Mn2+ materials very promising red emission 
phosphors for applications in the LED lightning. 

 
 

4. Summary 
 

The solid solutions with the general composition of 
Ba2-xSrxZnS3: 0.01Eu2+/Mn2+ (x = 0, 0.2, 0.4 and 0.6) 
were prepared by use of the original three step method, 
which involved i) the synthesis of barium-strontium 
carbonates doped with Eu and Mn by the 
polymerizable complex method, ii) sulfurization of 
the carbonates in H2S-Ar atmosphere to obtain the 
intermediate (Ba,Sr)S:Eu2+/Mn2+ compounds, and iii) 
the solid-state reaction between the intermediate 
(Ba,Sr)S:Eu/Mn and ZnS in the evacuated quartz 
ampoule to obtain the final target material. The 
phosphors thus obtained can be excited by a visible 
light with the wavelength of 450 nm and show 
promise for LED-based lightning applications. Sr 
substitution into Ba site results in the structure 
transformation from Ba2ZnS3 into Ba2MnS3 structure 
type. At the same, a drastic enhancement of the 
emission intensity accompanied with a red shift of the 
emission maximum from 645 nm to 670 nm on going 
from x = 0 to x = 0.4 was observed. 
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