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Abstract – In this paper are presented the results 

of a study of a photoluminescence (PL) and radi-

cal-recombination luminescence (RRL) of the solid 

surface ZnS–Mn (2.5%) excited by hydrogen at-

oms and Zn2SiO4–Mn by oxygen atoms. At early 

studios of excitation ZnS–Mn (2.5%) in RRL spec-

tra orange band with λmax = 595 nm dominates. An 

interaction between ZnS–Mn phosphor and hydro-

gen atoms leads to quenching the orange band and 

producing the red one with λmax = 700 nm. There 

are no such bands in ZnS–Мn (2.5%) PL spectra. 

Green band with λmax = 525 nm dominate in spec-

tra PL Zn2SiO4–Mn and spectra RRL Zn2SiO4–Mn 

red band with λmax = 650 nm dominate. The trans-

formation of spectrum under action of hydrogen 

atoms is due to increasing concentration of manga-

nese in phosphor surface area and corresponding 

increasing the number of red luminescent centers 

and decreasing number of orange ones.  

Analysis of literary data and results obtained by 

the authors leads to assumption that the radiation 

of ZnS–Mn RRL spectrum red region is stipulated 

by associative surface luminescent centers, at any 

rate, of two types: Мn
2+

 ions in octahedral envi-

ronment and Мn
2+

 double and triple associates. 

Formation of those centers inside surface layers of 

crystalline phosphors is more preferable than in-

side volume layers. 

1. Introduction 

Manganese activated zinc sulfide is considered as a 

luminous system with inner-center luminescence. It is 

not needed the charge compensation when alloying 
ZnS by manganese because the last in small quantities 

substitutes zinc in isomorphic way producing non-

associated luminous centers Mn2+ [1], which induce 

the orange luminescent band with λmax = 580 nm.  

At high manganese concentration (more than 
1 mol %) in ZnS–Mn phosphors photo luminescent 

(PL) and electro luminescent (EL) spectra, the red and 

even infrared bands (in wavelength range 630–

800 nm) are observed [2–6] depending on phosphor 

manufacturing method. At the moment, these bands 

are of great interest. It is due to applying of ZnS–Mn 
as effective semiconductor component of MDM struc-

tures, which are widely used in light-indicator screens. 

  The red band in ZnS–Mn phosphor luminescence 

spectra (concentration less then 1%) has been ob-

served while excitation by hydrogen atoms (radical 

recombination luminescence (RRL) [7]. It was found 

that the red band intensity depended on manufacturing 

and excitation method and manganese concentration. 
  The present investigation is continuation of our 

early experiments of ZnS–Mn RRL. The red bands of 

ZnS–Mn RRL and PL when the activator concentra-

tion is high are being discussed.  

2. Samples and experimental methods  

The samples under investigation are synthesized in 

vacuum quartz ampoules at temperature 1173 K in a 

NaCl flux medium. The manganese activation is 

achieved by introducing MnSO4 in quantities suffi-

cient to provide the activator concentration of 2.5%. 
The excitation of RRL is provided by hydrogen atoms 

produced by non-electrode HF discharge in molecular 

hydrogen medium.  

The hydrogen gas is manufactured by electrolyzes 

and purified by passing through a heated palladium 
membrane. Oxygen is produced by thermic decompo-

sition of chemically clean KMnO4 with subsequent 

incandescence in vacuum upon a molecular 13X sieve. 

  The luminescence spectra are controlled by spec-

trograph ISP-51 combined with photoelectric device 

PED-1 and automatically registered by potentiometer 
PT1-02. The photoelectric multiplier PEM-79 is used 

as the radiation receiver. While analyzing experimen-

tal data, the luminescence spectra are corrected taking 

into account the system spectral sensibility, and nor-
malized.  

The excitation of PL is produced by the spectral 

line 313 nm of HgL-220 lamp.  

3. Experimental data and discussion 

Figure 1 shows the ZnS–Mn (2.5%) RRL spectra 

(curves 1–4). 

The spectra are got at different period of interac-

tion between atoms of hydrogen and those of the sam-

ple. At the initial stage of excitation the orange line 
(λmax = 595 nm) dominates. But with increasing inter-

action time (between hydrogen atoms and the surface 

of a ZnS–Mn phosphor) the portion of the red band 

increases.  

When the exposition time is more than 5 h, the red 

band (λmax = 700 nm) dominates.  
In opposite way, PL spectra do not depend on in-

teraction time and there is only an orange line with 

λmax = 590 nm (Fig. 1, curve 5).  
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Fig. 1. The ZnS–2.5 Mn RRL (1–4) and PL (5) spectra after  

  30 min (1), 1.5 (2), 3 (3), and 5 h 

It appeared that the red band intensity depended 
strongly on previous training of samples and on gas 

phase state (hydrogen atoms concentration, humidity, 

and so on). For example at temperature 295 K and 

15 min after atomic hydrogen source been switched 

in, the RRL spectrum consists practically from a sin-

gle orange band (Fig. 2, curve 1). 
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Fig. 2. The ZnS–2.5 Mn RRL spectra after 15 min excitation 

(1) and after temperature training in atomic hydrogen (2–4): 

1, 4 – at 195 K in damp hydrogen; 2 – at 295 K, and 3 – 

  400 K in dry hydrogen 

Having been trained in the atomic hydrogen me-
dium during 20 min at temperature 400 K, the RRL 

spectrum includes (at 295 K) orange and red lines 

(Fig. 2, curves 2 and 4), the red band intensity being 

appreciatory larger then that one of the orange band. 

The RRL red band becomes especially strong while 

making excitation in dry hydrogen (Fig. 2, curve 2). 
And in opposite, when in a gas phase there is mois-

ture, the orange band is more intensive in comparison 

with the orange band excited in a dry hydrogen me-

dium (Fig. 2, curves 2 and 4). 

 The temperature response of ZnS–Mn RRL or-

ange and red bands is quite different. At high tempera-
ture the intensity of the orange band dominates 

(Fig. 2, curves 2 and 3). 

The depth of photo-excitation of ZnS phosphors is 

rather great (up to 1 μm) [8]. Hence, the PL orange 
band is generated by volume distributed luminescent 

centers. The absence of the red band proves that there 

are no (or its relative concentration is too small) corre-

spondent luminescent centers. But our experiments 

show that the red luminescent center concentration is 
sufficient for excitation by hydrogen atoms. So, we 

can assume that the red centers are located inside a 

thin surface layer (several lattice parameters) or just 

on the surface of a ZnS–Mn crystalline phosphor. That 

assumption is also confirmed by the high concentra-

tion of activator, gas phase state, training conditions, 
and the time interval of interaction between red cen-

ters and hydrogen atoms.  

In spite of wide-scale investigations of ZnS–Mn 

red luminescence, the origin of red band centers is still 

unclear. In [2, 3] it is supposed that double and triple 

Mn2+ associations are responsible for the red band.  
In opposite way in [4, 5] it is assumed that a coordi-

nate group consisting of Mn2+ ion and neighbor anions 

produces the manganese center luminescence. Assum-

ing that neighbor anions affect strongly the manganese 

ion radiation, the authors [4, 5] associate the red cen-

ters inside ZnS–Mn with Mn2+ ions, which are in oc-
tahedral or mixed tetra-octahedral environment. The 

octahedron field in vicinity of Mn2+ ion is 9/4 of tetra-

hedron field. Thus in accordance with [4], octahedral 

environment of manganese ion produces stronger 

splitting of Mn2+ levels than tetrahedral one and leads 
to changing the optical d–d transition energy. 

The ZnS–Mn RRL red band is very wide (half 

width is about 120 nm). It proves that its structure is 

complex: at least two or even three types of lumines-

cent centers are involved. We suppose that the short 

wave spectrum region in accordance with [4] is due to 
radiation of the octahedral model red centers; the long 

wave region in accordance with [2] being produced by 

double and triple Mn2+ associates. It is possible also 

that the red band is produced by H2–Mn2+, centers, 

which are generated in the process of hydrogen atoms 

recombination, its energy being different then that one 
of the volume luminescent centers [9]. 

The presence “red centers” of phosphors activated 

by manganese in thin surface layers is confirmed by 

the fact that in Zn2SiO4–Mn RRLO spectra (excited  

by atoms of oxygen there is an additional (in compari-

son with PL spectra) complex line with λmax = 660 nm  

[9, 10] (Fig. 3).  
 We have not found like change in crystal phos-

phors activated (in nitrogen) by manganese. It is due to 

the fact, that Mn2+ ion almost does not adsorb nitrogen. 

  RRL produced by hydrogen and oxygen atoms 

[11] is due mostly to the energy librated by recombi-

nation of atoms from the gas phase at the surface of 
phosphors, i.e., in accordance with the Ridil-Ili 

mechanisms. 

We also assume that the probability of the recom-

bination energy transmission in the crystal volume is 

negligible. In RRL, the recombination energy trans-
mission to the volumetric light centers is possible only 

while the hole migration. Thus, while exciting the red 

band, a direct red band excitation mechanism through 

neutral form of chemisorption dominates.  
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Fig. 3. The Zn2S–SiO4–Mn spectra PHL (1) and RRLO (2) 

  at temperature 350 K 

The red band excitation is due to a strike recombi-
nation with adsorbed neutral atoms producing oscillate 

excited H2 and O2 molecules. The oscillation energy 

transmission to the light centers is in accordance with 

a multi quanta oscillation transmission [9, 11]. When 

the multi quanta excitation mechanism is true, relaxa-

tion of luminescence of the oscillate excited molecule 
(dipole or quadruple) can be accompanied by an elec-

tron transition in the light center caused by the absorp-

tion of oscillate quanta energy. This transition is pos-

sible in the first order decomposition of the multi pole 

bond moment through the internuclear displacements 

according the enharmonic oscillation. The vibration – 
electronic and vibration-vibration mechanisms are 

most effective at the excitation of a solid by light at-

oms (H, C, O) or, else in the presence of such atoms in 

the newly formed bonds. 

We also assume that partial excitation of the red 

band is a result of adsorption and recombination on 
the orange centers of hydrogen and oxygen with for-

mation of excited molecules H2 and O2 with following 

energy transmission to the red centers. The coinci-

dence of the red and orange bands of PL ZnS–Mn 

confirms it [6].  

4. Conclusion  

The luminescent centers of ZnS–Mn RRL red band 

are located inside thin surface layers of a crystalline 

phosphor or just on its surface. The centers are repre-

sented by Mn2+ double or triple associates because the 
 

surface impurity concentration is greater than volume 

impurity concentration of a crystal. We assume that 
generation of red centers is due to penetration of Mn2+ 

ions onto phosphor surface in the process of interac-

tion between atoms of crystal and hydrogen and enter-

ing the field different to that one inside crystal volume. 

  It is possible that the red centers generation is due 

to withdrawal of manganese ions while interactions 
with hydrogen. The red band excitation is caused by 

the strike recombination with neutral atoms. The ex-

cited molecule oscillation energy is transmitted to the 

light centers in accordance with oscillation multi 

quantum mechanism [9, 12]. 
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