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We observed a decrease of the number of effective emission centers Mn2+ in the aged 
ZnS:Mn electroluminescence (EL) devices compared to the fresh EL devices using the 
electron-paramagnetic-resonance technique. Such phenomena can take place during the operation of 
the EL device; since the isolated Mn can easily diffuse into another site and forming cluster. Another 
possible explanation is that Mn”+ changes into Mnt+ or Mn3+ by transferring the electronic charge 
of the isolated Mn2+ to the neighboring Mn ions via sulfur and/or sulfur vacancy. As a result, 
luminance is lowered due to the decrease in the number of efficient emission centers of isolated 
Mr?‘. Q 1995 American Institute of Physics. 

1. INTRODUCTION 

Reports on aged electroluminescent (EL) devices (ELD) 
have concentrated on the aging characteristics and mecha- 
nism as well as the process modification to improve 
performance’-4 of ZnS:Mn ELD. These have been concen- 
trated on mostly change of characteristics of the phosphor- 
insulator interface as a function of operating time. However, 
none of those works has investigated any change of the emis- 
sion center itself even though the luminescent properties 
such as luminance intensity, emission wavelength, and decay 
time could be controlled by the properties of the emission 
center Mn. Recently, Muller reported an experimental result 
showing that the decrease of the concentration of the active 
dopants is one of the specific degradation mechanisms of the 
alkaline-earth sulfide-based color ELD.’ Therefore, it is in- 
teresting to investigate the change of the active dopants or 
the emission centers associated with the aging phenomena 
which influence the luminance and efficiency of ZnS:Mn 
ELD. Recently, it has been recognized that the properties of 
the emission center can be obtained from electron- 
pammagnetic-resonance (EPR) measurements of powder or 
thin-film phosphor? 

In the present work we report the behavior of the emit- 
ting center Mn’+ in the aged ZnS:Mn ELD. We consider that 
this study is unique in the sense that the aging characteristics 
are evaluated in terms of the change of the isolated Mn”+ 
emission centers using EPR and photoluminescence (PL). 
EPR spectrum of the S-state ion Mn2+ has provided a wealth 
of information about the local atomic environment of Mn in 
EL host material. This is because the spectrum is readily 
observable even at room temperature and reveals information 
about both the fine structure, which is determined by the 
magnitude and symmetry of the local electric field, and the 
covalent bonding with surrounding atoms, which is very sen- 
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sitive to the changes in wave functions of 3d electrons of 
MI?+. In this stud; EPR and PL experiments have been mea- 
sured on the fresh and the aged Mn-doped ZnS ELD. Finally, 
the relationship between the change of the site symmetry and 
the number of isolated emission centers in both cases is dis- 
cussed to understand a possible origin of the aging phenom- 
ena. 

II. EXPERIMENTAL PROCEDURE 

Mn(O.5 wt %)-doped ZnS powder was prepared from 
finely ground mixtures of high-purity (99.999%) ZnS pow- 
der and a trace of MnCl,. The doping concentration was kept 
at 0.5 wt % to avoid line broadening due to the dipole- 
dipole interaction as well as to obtain maximum luminance 
of the ELD. The mixtures were placed in an alumina crucible 
and tired for 1 h at a temperature about 1000 “C under N2 
flow of the rate of 5 Elmin. The fired powder was pressed 
into the pellets to deposit ZnS:Mn thin films by electron- 
beam evaporation. We used a Hoya NA-40 glass substrate 
and the substrate temperature during the deposition was 
180-220 “C. The upper insulator was deposited by the rf 
magnetron sputtering using 3 in. hot-pressed ceramic target 
(99.9% purity, Cerac Co.) under 10 mTorr of Ar+25% Nz or 
Oz at room temperature. Annealing was performed at 450 “C 
for 1 h in another vacuum chamber before the deposition of 
the upper insulator. Cautions were taken to avoid any extrin- 
sic effects, i.e., adsorption of moisture, O,, or C02. The 
resulting ac thin-film ELD consists of an evaporated ZnS:Mn 
active layer sandwiched between the sputtered BaTaz06 in- 
sulator and S&N, interlayer. Aluminum- and Sn-doped In,O, 
(ITO) electrodes were employed as row and column elec- 
trodes for matrix driving. The experiment was performed 
using ELD with X-Y matrix-type pixels. The aging duration 
in this test was chosen 200 h using the 5 kHz sine wave form 
with a voltage of Vtieshold+40 as a driving source. 

We have measured EPR signal of Mn center, and PL 
emission, and excitation spectrum. The equipment used for 
the EPR measurements was a Bruker X-band EPR spectrom- 
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FIG. 1. EPR spectra of 55h4n in ZnS:Mn: (a) the fresh ELD; (b) the aged 
ELD. 

eter (ESP 300) with a TEio2 rectangular cavity. The micro- 
wave frequency counter was calibrated by observing the 
DPPH signal. The excitation source for PL experiment was 
150 W  xenon arc lamp (Oriel). 

III. EXPERIMENTAL RESULTS 

A. EPR measurement 

We have measured EPR spectra of the fresh ZnS:Mn 
ELD at room temperature. In that case, the hyperfine signal 
of “Mn corresponding to I=512 and 100% natural abun- 
dance was obtained with high intensity as shown in Fig. l(a). 
The observed EPR signal consists of six equally spaced 
lines. The average linewidth AB,, between the first deriva- 
tive peaks is about 2.1 G. The resonance fields obtained at 
room temperature showed no angular dependence. 

Mn2+ has the 3d5 electron configuration and is an 
S-state ion. The hyperfine structure results from the interac- 
tion between the nuclear spin of 55Mn and its electronic spin. 
The experimental results of the resonance fields can be ana- 
lyzed with the usual spin Hamiltonian 

H=PgB.S+AS.I, (1) 
where the first and second terms are the Zeeman interaction 
and the hypertie interaction, respectively. /3 is the Bohr 
magneton, B is the external magnetic field vector, g is the 
spectroscopic splitting constant, S is the effective spin vector, 
I is the nuclear spin vector, and A describes the hyperfine 
interaction. 

The normal hyperfine interaction constant A can be ob- 
tained by the first-order perturbation of the Zeeman term. 
The A and g factor are found to be 74.7X10e4 cm-’ and 
2.005 at 300 K, respectively. These values are similar to 
those of the Mn2+ ion in previous work on the cubic ZnS:Mn 
thin film.5 Since the spectrum of the Mn in the ZnS:Mn thin 
film shows six typical hyperfine lines due to 55Mn nuclear 
spin, it is generally accepted that divalent M.n2+ are located 
at Zn’+ sites but they are isolated from one another. 

In the aged ELD, the result exhibited quite interesting 
features regarding Mn’+. As can be seen from Fig. l(b), the 
line intensity was significantly decreased under the same 
measurement condition as that of the fresh ELD. Reproduc- 

ibility of the EPR spectrum on the aged ELD was very good 
between measurements. GeneralIy, EPR signal intensity is 
proportional to the number of resonance centers because the 
EPR signal arises only from the impurity ions with no simi- 
lar species less than a critical distance. Therefore, we can 
confirm that the number of the isolated MI? centers de- 
creased during the aging process. 

B. PL measurement 

We measured the PL emission spectrum on the various 
specimens to investigate the influence of the some change of 
the Mn”+ in the aged ELD upon the luminescence excitation 
and emission. Figure 2 shows PL spectra of the fresh and the 
aged ELD, respectively. In photoexcitation it has been found 
that the emission peak of the aged ELD shifts to longer 
wavelength as compared with that of the fresh ELD, al- 
though the obtained spectra were unresolvable. The noisy 
spectra in PL are due to the optical interference effects be- 
tween the multilayer thin films of ELD. In any case, we can 
clearly see that there is a real red shift of the emission line, 
but preferentially on the low-energy side of the spectrum 
beyond 550 nm. 

Figure 2(c) represents PL emission spectra of MnO cubic 
powder and there is a distinct difference between the typical 
emission of Mn in ZnS host and in MnO matrix. Therefore, 
we can understand that there is no evidence of the oxygen 
effect on the surrounding field of Mn in aging phenomena. 

IV. DISCUSSION 

From the above results, we have confirmed that a de- 
crease of the number of isolated Mn”+ occurs in the aging 
process. In the following we discuss possible origins respon- 
sible for this phenomenon. 

As is generally known, Mn concentration in electron- 
beam-evaporated ZnS layer form a single Mn-doped ZnS 
evaporation source remarkably increases from the bottom in- 
terface to the upper interface.6 This is due to the fact that the 
Mn evaporation rate is lower as compared to the ZnS host. 
On the other hand, there is a large number of sulfur vacan- 
cies near the upper interface of the last 50 nm of the ZnS 
layer due to the conventional postdeposition vacuum anneal 
process, thus, it is natural that Mn distributes nonuniformly 
near the interface region between ZnS and the upper insula- 
tor. The Mn distribution profile in an e-beam-evaporated 
ZnS:Mn layer is shown in Fig. 3. 

During the operation of the device, the concentrated Mn 
near the upper interface region can easily diffuse into another 
available site. In that case, ffie number of isolated Mn2+ 
would decrease. As one of the evolution process of Mn” 
diffusion, cluster formation can be considered (see Fig. 4). 
Activator Mn ions are substitutional impurities which reside 
on normal Zn ion lattice sites. It is therefore reasonable to 
expect any diffusion of Mn in ZnS to occur by a vacancy 
diffusion mechanism. Consider a cubic ZnS:Mn film grown 
in the [ 11 l] direction. If the selected Zn layers are randomly 
doped with Mn, then any selected Mn ion has six nearest- 
neighbor sites in its own [ll l] plane, and three nearest- 
neighbor sites in each Zn layer above and below its plane. 
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FIG. 2. (a) PL emission spectra of ZnS:Mn single layer. (b) PL emission 
spectra of the fresh and the aged EILD. (c) PL emission spectra of cubic 
MnO powder. 

Therefore, of 12 possible nearest-neighbor sites to which the 
Mn atom is able to jump or diffuse, six will contribute to 
randomize the Mn2+ profile. According to reported results,7 
the clustering of Mn centers with an anion (sulfur) vacancy 
as the first nearest neighbor, if they are really formed, has 
CsV symmetry and does not contribute essentially to the 
spectral properties of ZnS:Mn, but, the symmetry lowering 
or the electron delocalization produced by the clustering is 
consistent with the observed phenomena such as the emis- 
sion shift to longer wavelength and large absorption in the 
UV or IR region. The isolated (Mn-S4)6- cluster has Td 
symmetry. The (Mn,-S,)l’- cluster, which is assumed in this 
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article, consists of a pair of Mn ions as the first nearest 
neighbors (1 nnj in the cubic ZnS lattice. 

At a glance Mn clustering seems to contradict the basic 
thermodynamic requirement for a statistical uniform impu- 
rity distribution in the host lattice. However, from a 
quantum-mechanical point of view, the substitution of 
Zn2+(d1’) by a M i2+(d5) activator brings the electron defi- 
ciency. This electron deficiency can be resolved by delocal- 
ization of electrons via bringing the Mn ions closer in order 
to let them share the available electrons.7’8 If this is the case, 
then the orbital population and the symmetry restrictions 
should play a very important role in the clustering effect. 

The total energy lowering of the system due to clustering 
makes it favorable for Mn ions to form clusters in the lattice 
and it is theoretically confirmed.9 The reasons for the clus- 
tering are as follows. Mn2+ broadens the ZnS band gap by 
about 10% and the Mn2’ states are located deep in the filled 
valence band. Hence, the electron redistribution may occur 
reducing the charge on Mn, making its orbitals more diffu- 
sive and ready for the electron delocalization. The clustering 
is expected to decrease the electron repulsion near Mn cen- 
ters via electron delocalization and to enhance the competi- 
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FIG. 4. MnSs-S-MnS3 (Mn&) cluster in Zn, -,S:Mn, system. 
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FIG. 5. Energy-level splitting of the Ma centers with Td symmetry and C,, and C, fields (Ref. 7). 

tion for the sulfur orbitals which in turn will lower the 
Mn-S bonding parameter and thus reduce the d-orbital 
splitting. 

Figure 5 represents the splitting of the energy level of 
Mn ion sited at various symmetries, and the emission and 
absorption processes. Lowered symmetry such as C,, and 
C, due to clustering can result in the shift of transition to 
longer wavelength? Further evidence supporting the concept 
of clustering (pairing) is the result of the calculation on the 
statistical probability of presence of the isolated and the clus- 
tered MYn2+ in ZnS fee lattice as a function of doped Mn 
concentration’* shown in Fig. 6. In our case, since the upper 
interface contains a high concentration of Mn, the possibility 
of Mn clustering seems to be very high. 

If the clustering occurs, the most probable subsequent 
process in this cluster such as Mn2+-S-Mn2+ is the interac- 
tion between neighboring Mn ions. Then the electronic 
charges of the isolated Mn’+ can be transferred into the 
neighboring Mn2+ through bridging sulfur ligand or sulfur 
vacancies. One possible excitation most likely to occur is as 
follows: 
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FIG. 6. The probability of finding isolated and cluster of MI? in ZnS:Mn 
(Ref. IO). S and P, represent the sum of all cluster and interaction up to the 
nth-neighbor Mn, respectively. 
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where it is a small admixture coefficient.” If this is the case, 
there must be EPR signals from M.n3+ and Mn’+; however, 
no EPR resonance that can be directly attributed to Mn3+ has 
been observed in our measurements. Until now, there have 
been rare reports” on the detection of an EPR resonal signal 
from Mn3+. In our resonance spectrum, we could not detect 
any signal from the Mn’+ or Mn3+ but only the decrease of 
signal intensity was observed. 

The excited state energy can be estimated as a few eV 
from the ionization potential. Because the above model was 
based on the assumption of the presence of the Mn-rich re- 
gion such as the upper interface, we assume that activation 
energy arises from electron dynamics at near interface. When 
highly energetic electrons are impinged against the 
conduction-band discontinuity between upper insulator and 
ZnS, they must dissipate a significant amount of energy to 
transit to the bottom of the phosphor conduction band’ and to 
be trapped at interface states. It is likely that the hot-electron 
transition energy near the upper interface is important in the 
charge-transfer process. In these cases, isolated M.n2+ con- 
centrated at the interfaces can be changed into Mn’+ or 
Mn3+. As a reference,r2 we quote the report by Watkins who 
observed a decreasing EPR signal from isolated Mn”+ when- 
ever visible light (2-3 eV) gave rise to a transition 
Mn”+ -+Mn3+. Also, we want to point out that on the con- 
trary to the dramatic decrease of the number of isolated 
Mn2’ centers, the luminance of the aged ELD decreased just 
by a small amount. This result suggests that Mn clusters or 
pairs as well as isolated Mn’+ can act as a luminescent cen- 
ter in the aged ELD within the limited case. However, the 
main reason for the lowered luminance, although small, of 
the aged ELD with an e-beam-evaporated ZnS:Mn layer 
would be ascribed to the decrease in the number of an effi- 
cient Mnz+ emission center. 
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In this work, we report for the f&t time a decrease of the 
number of isolated Mn in an aged ZnS:Mn phosphor layer, 
observed by EPR experiments. Such phenomena can be ex- 
plained by the clustering of Mn ions, which is favored by- 
both the quantum-mechanical aspect and lowering the sys- 
tem energy. Another possible explanation is that the elec- 
tronic charge of the isolated Mn can be changed into Mn’+ 
or Mns+. As a result, luminance of EL device is lowered due 
to the decrease of the number of efficient center of the iso- 
lated Mnzf. 
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