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Abstract

The thermal treatment in reducing atmospheres gives rise to the increase both in emission intensity and 10% decay time in
Zn2SiO4:Mn phosphors. The present investigation aims to take account of such changes in association with the structural change.
For this sake, X-ray absorption spectroscopy techniques such as XANES and EXAFS were conducted to the Zn2SiO4:Mn phos-

phors. The Zn2SiO4:Mn phosphors were ®red in the air and then thermally treated in two di�erent reducing atmospheres (hydrogen
or carbon). The photoluminescent (PL) behavior was closely related to the X-ray absorption data. The XANES and EXAFS prove
that the oxidation state (+2) remains identical regardless of whether or not the samples are treated, but that the Mn±O distance

was reduced by the heat treatment. In order to give a plausible interpretation to the change in PL results, two possible suggestions
are presented. Firstly, it is conceivable that the thermally activated di�usion process of manganese ions splits Mn±Mn pair during
the heat treatment. Another possibility is that the thermal treatment annealed out some quenching site, which is related with defects
and impurities. Such hypotheses can be rationalized systematically by considering the results from lifetime measurement, Debye±

Waller factor calculation, and XANES pre-edge peaks. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The most signi®cant quali®cation as a phosphor used
for plasma display panel (PDP) requires high lumines-
cent e�ciency and appropriate decay time.1

Zn2SiO4:Mn phosphors have been spotlighted as a
green component in the PDP application. Considerable
e�orts have been made to ®t the performance of
Zn2SiO4:Mn phosphors to the PDP application.2,3 They
still need, however, a breakthrough to meet the
requirements. First of all, the luminance should exceed
350 cd/m2 and the life-time should be in the range
between 1 and 5 ms. In order to attain a substantial
advance, a theoretical approach has to precede so that one
could get to the better understanding of photo-
luminescence (PL) behavior in this material. Many
researchers have investigated the Zn2SiO4:Mn phosphors

and developed an insight into the PL process of these
materials. According to the earlier literatures,4,5 the PL
process of Zn2SiO4:Mn phosphors has been character-
ized by the transition of 3d5 electrons in the manganese
ion acting as an activating center in the willemite struc-
ture. In particular, the transition from the lowest excited
state to the ground state, i.e. 4T1(

4G)!6A1(
6S) transi-

tion, is directly responsible for the green light emission.
Some predecessors have investigated this transition and
found that two di�erent kinds of decay process are
operating.6,7 Such a di�erence is due to the di�erent
crystalline sites of zinc ions that manganese ion sub-
stitute for.6 A more conspicuous feature is that some
manganese ions make Mn±Mn pairs as the Mn con-
centration increases.7 Barthou et al.8 identi®ed experi-
mentally the decay process of both isolated Mn ions and
Mn±Mn pairs by measuring the extremely high and low
concentration of Mn. Based on the above ®ndings, sev-
eral research groups2,8,9 have investigated these materi-
als in terms of manganese doping content and
developed some smart understandings both theoretically
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and experimentally. There is, however, still a need for a
systematic understanding of the decay process in mod-
erate Mn concentration regime (0.05�0.12) in which
favorable intensity and decay time are expected. On
account of very complicated interactions between Mn
ions, however, the decay behavior is too complicated to
be interpreted with ease in this Mn concentration
range.8

In the present investigation, the Zn2SiO4:Mn phos-
phors, which had experienced di�erent processing pro-
cedures, were conducted to several experimental
techniques such as emission and excitation spectra and
decay measurement at both ambient and cryogenic
(liquid N2) temperatures. Some additional thermal
treatments in di�erent atmosphere resulted in di�erent
PL responses, which could be attributed to the structure
change caused by the treatment. To investigate the
structure-dependent PL process in a systematic manner,
Mn K-edge XANES (X-ray absorption near edge struc-
ture) and EXAFS (extended X-ray absorption ®ne struc-
ture) were analyzed. These analyses provide some useful
information about the oxidation state and short-range-
order structure associated with Mn ions in the Zn2SiO4

lattice. A more accurate interpretation of PL process in
Zn2SiO4:Mn phosphors could be achieved by combining
both the X-ray absorption spectroscopy analyses and the
results from the PL experiment. The primary interest is to
investigate how the additional thermal treatment a�ects
the structure and in turn the PL properties. In this regard,
the present investigation will give another ®ne tuning to
sort out the complications associated with the PL beha-
vior of Zn2SiO4:Mn phosphors.

2. Experimental procedures

The materials used in the present investigation with
the general formula Zn2ÿxMnxSiO4 have been prepared
through the solid state reaction, for x values of 0.08 and
0.12. The raw materials used, ZnO, SiO2, and MnO, are
completely blended with a certain amount of acetone,
dried, and ®red at the temperature of 1300�C in the
oxidizing (air) atmosphere (samples A0.08 and A0.12).
For some phosphors (samples B0.08 and B0.12), the
®ring process is then followed by a reduction process at
900�C by introducing the gas mixture of nitrogen and a
small amount of hydrogen (2%) into the furnace (redu-
cing atmosphere), and thereby giving rise to higher
emission intensity. On the other hand, a di�erent
reduction process is conducted to some other samples
(sample C0.08 and C0.12) by using carbon atmosphere,
that is, the mixture of phosphor powder and charcoal
powder was ®red in the inert atmosphere (nitrogen gas) at
1300�C. Such reduction processes enhance the emission
intensity by about 50%. The reduced powders are pulver-
ized and then examined using X-ray di�raction in order

to check whether or not a single phase was obtained.
The results con®rm that the willemite structure (rhom-
bohedral structure R

-
3) is certainly detected. All the

powders even including the non-treated ones have a
white body color, which indicates that all the manga-
nese ions are in the divalent state.
As regards the PL measurement, the experimental

skills adopted in the present investigation include emis-
sion and excitation spectra, and decay measurement,
using a Perkin-Elmer LS50 spectrometer with a xenon
¯ash lamp (the half width of a pulse is 10 ms). When the
emission and excitation spectra were measured, the sig-
nals were gated for 20 ms, which is longer than the life-
time of the Zn2SiO4:Mn phosphors. On the other hand,
the decay measurement was carried out with the gate
time ®xed at 20 ms by varying the delay time (0�20 ms)
after the cessation of a single pulsed irradiation. Such a
process was repeated during the cycle time of 1 s and the
signals were summed up to improve signal/noise ratio.
In particular, a more precise decay measurement was
performed separately during the very short period(<1
ms) to detect the relatively fast decay in the early stage
after the cessation of a single pulse.
X-ray absorption spectra in the photon energies of

both below and above the Mn K-edge were recorded
using a pair of Si (111) crystals at EXAFS Beamline
BL3C1 of the Pohang Light Source (PLS). All spectra
were measured in a transmission mode at room tem-
perature. Energy was calibrated with a Mn metal foil
within an energy resolution (�E/E) estimated to be
�10ÿ4 at around the Mn K-edge. In each of the edge
and EXAFS regions, data were recorded in steps of 0.1
eV and 0.01 AÊ ÿ1, respectively.
Mn K-edge XANES spectra of the samples and

reference compounds were normalized with respect to
the edge continuum jumps after a removal of the back-
ground. Final pre-edge absorption structure was
obtained by subtracting the interpolated arc-tangent-®t
to the main edge region of the XANES spectrum. On
the other hand, background reduction, Fourier trans-
forms into K- or R-space and non-linear least squares
®t were done using the UWXAFS package.10 Theore-
tical amplitude envelop and phase shift function of a
Mn±O pair were calculated by FEFF6 code11 and then
calibrated using MnO and MnO2 standard reference
crystals. A detailed description on data reduction and
®tting procedures can be found in the previous report.12

3. Results and discussion

Fig. 1(a) shows the emission spectra of the six samples
under the 200 nm excitation, which shows that the
reduction treatment promotes the maximum intensity of
emission and also that the samples doped with Mn 0.12
mol are more e�cient phosphors than those with Mn
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0.08 mol. Fig. 1(b) exhibits the excitation spectra of 524
nm emission for all the samples, the overall intensity
level of which obeys the same order as observed in the
emission spectra. That is, the carbon-reduced phosphor
doped with 0.12 Mn shows the highest intensity. In
particular, it should be noted that for both the Mn
concentrations, the emission intensity of the phosphor
treated using charcoal powder is slightly higher than the
case of H2 gas reduction. It may be ascribed to the e�ect
of higher temperature.
Decay curves of 524 nm emission were measured

under the UV excitation. Fig. 2 shows the 10% decay

time at various excitation light wavelengths for both
0.08 and 0.12 series, respectively. As pointed out in the
earlier literatures,2,8,13 the higher Mn content, the
shorter will be the decay time. Morell and Khiati2

argued that such a behavior is closely related only with
the concentration quenching. But more recently Bar-
thou et al.8 found that there exist two di�erent activation
centers of di�erent decay time and that the faster color
center is predominant at high Mn concentration, which is
believed to be Mn±Mn pairs. Ronda and Amrein14 sug-
gested that the exchange interaction between Mn ions
indeed results in allowed optical transitions on Mn ion

Fig. 1. Emission spectra (a) and excitation spectra (b) for both 0.08 and 0.12 Mn doped series. The capital letter A stands for ®ring at 1300�C in air

without any further heat treatment, B re®ring at 900�C in H2 atmosphere, and C re®ring at 1300�C in carbon atmosphere.
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pairs and hence gives rise to shortening of decay time in
relatively highMn concentration. The 10% decay time of
0.12 Mn series, in fact, is estimated to be shorter than
0.08 Mn series by a factor of about 3 ms. Another inter-
esting feature is that the treated samples (samples B and
C) shows a much longer decay time than the non-treated
ones (sample A).
On the other hand, the emission spectra of A0.08 and

B0.08 were re-measured at 77�K in the same condition
as the room temperature measurement. The results are

presented in Fig. 3, showing the reduced half width of
bands in comparison to the room temperature mea-
surement and also a red shift of about 3 nm on going
from A0.08 to B0.08. According to the Tanabe±Sugano
diagram,15 such a shift re¯ects the increase in crystal
®eld. Marco de Lucas et al.16 obtained a useful experi-
mental results elucidating the dependence of emission
band position on Mn±O distance for several manganese
doped compounds that have a octahedrally coordinated
Mn site. As a result, it turns out that the peak energy of

Fig. 2. 10% decay times under the various UV excitation wavelengths for both Mn 0.08 and 0.12 series. The capital letter A stands for ®ring at

1300�C in air without any further heat treatment, B re®ring at 900�C in H2 atmosphere, and C re®ring at 1300�C in carbon atmosphere.

Fig. 3. Emission spectra obtained at 77 K for A0.08 and B0.08. The capital letter A stands for ®ring at 1300�C in air without any further heat

treatment, and B re®ring at 900�C in H2 atmosphere.
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manganese emission increases linearly with the Mn±O
distance. The red shift observed in the present investiga-
tion should be due to the shortening of Mn±O distance in
the heat-treated samples. In fact, such a shortening was
reassured by the result from EXAFS analysis.
The main objective of this investigation is to ®nd out

the origin of the enhancement in emission intensity and
decay time arising from the thermal treatment in the
reducing atmosphere. According to some patents,3,17 the
reduction treatment has been considered to make some
higher valent manganese ions reduced to +2 state, only
in which Mn ions can emit the green light of interest. It is
thus very important to know the exact oxidation state of
manganese ions. In addition, the structural change of

Zn2SiO4:Mn lattice may be induced by the reduction
treatment, which eventually could give rise to the change
in PL characteristics. X-ray absorption spectra such as
XANES and EXAFS were measured to check all these
things. For the convenience sake, only the A0.08, B0.08,
and B0.12 samples were used for the XANES and
EXAFS experiment.
The measured XANES spectra of the Mn doped

Zn2SiO4 samples and various Mn reference compounds
are presented in Fig. 4. The referenceMn compounds such
as MnO, Mn3O4, Mn2O3, and MnO2 were introduced for
the systematic comparison with our samples. The main
edge peak corresponding to the 1s!4p transition of the
samples is split into two sub-peaks while no splitting
takes place for the reference compounds. Relative
intensity of the low-energy-side peak compared to the
high-energy-side one in the edge crest of sample A0.08
[Fig. 4(b)] is larger than that of both samples B0.08 [Fig.
4(c)] and B0.12 [Fig. 4(d)]. Lineshape and intensity of
the white lines of both the samples B0.08 and B0.12 are
almost identical. The splitting in the vicinity of the edge
crest is caused from a broken degeneracy in the anti-
bonding orbitals due to asymmetrical metal±ligand
bonding.18 Therefore, the spectral splitting of the sam-
ples suggests that an asymmetry involved in Mn poly-
hedra of the sample A0.08 is bigger than that of the
others. The main edge energy (Eo) determined as the
most intense peak in the ®rst derivative of XANES
spectrum, shifts toward higher-energy side when the
formal oxidation state of Mn ions in the reference
compounds increases as shown in Table 1. However, it
is known that the main-absorption-edge spectra are
only rough measures of the Mn environment.19 Never-
theless, the pre-edge peaks of the spectra correspond to
the transition of 1s!3p which is possibly hybridized
with the 3d states, and provide information on the oxi-
dation state and oxygen coordination number of the
samples. More speci®cally, the maximum energy (Ep)
and full width at half maximum (W) of the pre-edge peak
re¯ect the characteristics associated with the electronic
and structural environment of the manganese. Final
states with the 3d character associated with the preedge
peak are more tightly bound and thereby less sensitive to
changes in ionicity and long-range-order e�ects than the

Fig. 4. Mn K-edge XANES spectra of reference and subject samples;

(a) MnO, (b) sample A0.08, (c) sample B0.08, (d) sample B0.12, (e)

Mn3O4, (f) Mn2O3, and (g) MnO4.

Table 1

Measured spectroscopic and physical data of various Mn-containing reference oxide componds and Zn2SiO4 phosphor samplesa

Material MnO Mn3O4 Mn2O3 MnO2 A0.08 B0.08 B0.12

E0 (eV) 6543.9 6546.8 6549.7 6551.3 6546.7 6546.7 6546.7

Ep (eV) 6540.0 ± 6541.1 6542.4 6540.0 6540.5 6540.5

W (eV) 1.9 ± 5.7 5.1 1.9 1.7 1.7

Oxygen co-ordination number 6 4,6 6 6 4 4 4

Oxidation site 2 2,3 3 4 2 2 2

a Main-edge energy (E0), peak energy (Ep), full width at half maximum (W) of a pre-edge peak, oxygen co-ordination number in the nearest

neighbour shell of Mn, and oxidation state of Mn in the hosts.
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®nal states involved in the main edge are.20 Thus, the
oxidation state can be more easily determined from the
energy position of the pre-edge peak. Our measured
values of Ep for the samples coincide with that for the
MnO reference, so that they con®rm the +2 oxidation
state of Mn for these phosphor samples. The measured
peak intensities of the sample A0.08 and of the other
two samples are about six times and ®ve times larger
than that of the MnO reference, respectively (Fig. 5).
These behaviors can be explained by the fact that the
ligand-®eld induced p±d mixing is symmetry dependent,
and the absorption transition strength is governed by
the centrosymmetry of the full point group. It is known
that a low symmetry inherent in the tetrahedral envir-
onment leads to four to seven times intense preedge
absorption peaks compared to that in the octahedral
environment in general.21 The current data indicate that
the formation of MnO4 tetrahedral unit may take place
in the phosphor samples. The intense and broad
absorption of the sample A0.08 compared with those of
the samples B0.08 and B0.12 also proves that the Mn
tetrahedra are more distorted in the sample A0.08.
Experimental Mn K-edge EXAFS interference func-

tions of the samples shown in Fig. 6 have a nearly
identical oscillation frequency up to photoelectron
momentum value of �9 AÊ ÿ1, which suggests that only
the ®rst nearest Mn±O shell is resolved in our spectra.
This conjecture is con®rmed from the observation of
corresponding Fourier transform spectra shown in Fig.
7. Speci®cally, in these phase shift not corrected radial
distribution function, a next nearest neighbor shell is not
clearly observed. Its magnitude is, unfortunately, too

small to deliver any meaningful information. Results
obtained from a single-shell ®t to the ®rst Mn±O corre-
lated peak are shown in Table 2. Oxygen coordination
number of the samples is optimized to be 3.85�3.97,

Fig. 5. Measured 1s!3p absorption peaks of reference and subject samples; (a) MnO, (b) sample A0.08, (c) sample B0.08, (d) sample B0.12, (e)

Mn3O4, (f) Mn2O3, and (g) MnO4.

Fig. 6. Mn K-edge EXAFS spectra of (a) sample A0.08, (b) sample

B0.08, and (c) sample B0.12.
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which suggests that a Mn ion is surrounded by four
oxygen ions in the host. On the other hand, the EXAFS-
type Debye±Waller factor associated with the Mn±O
pairs is larger for the sample A0.08 than for the samples
B0.08 and B0.12. The average Mn±O distance of the
sample A0.08 (2.046 AÊ ) is 0.01 AÊ longer than that of the
samples B0.08 (2.031 AÊ ) and B0.12 (2.033 AÊ ). The bond
length is closely related with valence of the bond, which
can be calculated by using the bond-valence method.22

The most common empirical expression being used to
calculate the valence (�ij) of the bond with a length (Rij) is

�ij � exp
Bij ÿ Rij

b

� �
where Bij is the bond valence parameter, and b is com-
monly taken as an universal constant (0.37 AÊ ).23

According to the above relationship, the calculated Mn±
O bond length in a MnO4 tetrahedron should be
between 2.01 and 2.08 AÊ , provided that the oxidation
number of Mn is 2 (�0.2) valence unit (VU). The Mn±
O bond length determined in this study, therefore,
coincides with the above estimation. An average Zn±O
distance in the Zn2SiO4 crystal is approximately 1.96
AÊ 24 Ð the value obtained in the present investigation is

almost identical to this value independent of whether or
not the samples were heat treated. As a result, a certain
degree of site swelling is inevitable when Mn dopes the
crystal by taking into account the fact that the Mn2+

ion (0.66 AÊ ) is bigger than the Zn2+ ion (0.60 AÊ ) in the
tetrahedral environment.25

We now need to discuss the correlation between the
X-ray absorption data and the PL results. The most
signi®cant ®nding in the XANES and EXAFS data is
that there is no change in Mn's oxidation state with
respect to the thermal treatment. In view of conven-
tional reduction, the reduction treatment could be
expected to alter the oxidation state of constituent
cations in the crystal, e.g. the electronic reduction of
cations may occur (sometimes cations might be
retrieved as a metallic form and even removed away)
and constituent anions can also be eliminated by the
reducing agent. It is unfortunate that only the change in
oxidation state of the above-stated phenomena, is
detectable in the XANES and EXAFS data. But
although it is impossible to detect directly the removal
of ions by the XANES and EXAFS, a considerable
weight loss associated with the trace of Zn's volatiliza-
tion could be actually observed during the experiment.
Consequently, it is obvious from the XANES and

Fig. 7. Magnitude of Fourier transform of (a) sample A0.08, (b) sample B0.08, and (c) sample B0.12. Phase shift is not corrected. Solid line and

circles represent the experimental and theoretical data, respectively.

Table 2

Fitting results on the nearest-neighbour peaks of Mn K-edge EXAFS of the Zn2ÿxMnxSiO4 samplesa

Sample Mn±O distance (A) Co-ordination number Debye±Waller factor (10ÿ4 A2) R-factorb

A 0.08 2.046(0.010) 3.85(0.51) 47(25) 0.02

B 0.08 2.031(0.006) 3.93(0.32) 30(11) 0.005

C 0.12 2.033(0.006) 3.97(0.33) 26(13) 0.007

a Numbers in the parentheses are the estimated uncertainties.
b Calculated from the normalized di�erence between the experimental and theoretical values.
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EXAFS data that the oxidation state of the Mn ions
remains the same regardless of whether the reduction
treatment is conducted or not. Hence, the enhancement
in emission intensity and decay time, which is caused by
the heat treatment, should not be interpreted by the
change in Mn's oxidation state but by the other reduc-
tion e�ects. The result from the XANES and EXAFS
implies that the reducing agent such as hydrogen gas
and charcoal powder cannot play a decisive role to
increase the number of Mn2+ ions during the treatment.
In other words, there are very few Mn ions in higher
valence states even in the non-treated samples. Actually,
we con®rmed that exactly the same improvement arose
in the samples reheated in the neutral (N2) atmosphere.
Now that we could not observe Mn's valency change in
the X-ray absorption data, an alternative interpretation
should be given to the enhanced emission intensity and
elongated decay time.
The structural changes caused by the heat treatment,

such as the contraction of Mn±O distance, the relief
from distortion, and etc., could not provide a direct
evidence to account for the change in emission intensity
and decay time. There is, however, no doubt that the
structural changes observed around the Mn ions should
be related to the change in PL behavior. One of the
possible interpretations could be the defect impurity
related hypothesis, i.e. the heat treatment could redis-
tribute defect impurities and even eliminate some vola-
tile impurities. Defect impurities are known to act as a
quenching site in the host crystal. It is known that the
existence of defect impurities acting as quenching sites
deteriorates the PL property. The thermal removal of
this kind of quenching site after the heat treatment
could be the reason for the enhanced emission intensity
and the elongated decay time. It is thus presumed that
the heat treatment could restrain the non-radiative pro-
cess by the elimination of impurities, so that the emis-
sion intensity as well as decay time could be promoted.
Another possible suggestion is that the thermally

activated di�usion process of manganese ions increases
the number of isolated Mn ions by splitting Mn±Mn
pair during the heat treatment. The Mn±Mn pair, the
number of which becomes larger when the Mn con-
centration increase, has been known to exhibit relatively
fast decay7,8 in comparison to the single Mn ion. The
Mn concentration adopted in the present investigation
is high enough to make a lot of Mn±Mn pairs, so that
there could exist a large number of Mn±Mn pairs to be
split by the heat treatment. This is why the heat treated
samples show the more intense emission and longer
decay. The distortion around the Mn±Mn pair may be
quite considerable by taking into account the fact that
the Mn2+ ion is larger than the Zn2+ ion. Such a dis-
order could be reckoned by referring to the Debye±
Waller factor in the EXAFS data (see Table 2) and also
to the height and width of pre-edge peaks. The Debye±

Waller factor, which is indicative of static disorder,26

decreases by more than 50% on going from non-treated
to treated samples. The more intense and broader pre-
edge peak as well as more prominent splitting of main
edge peak in A0.08 compared to B0.08 and B0.12 also
indicates that the Mn tetrahedra are more distorted in
the sample A0.08. Moreover, the volatilization of Zn
ions may provide some vacancies, which could facilitate
Mn di�usion. In this context, one can suggest that the
heat treatment splits the Mn±Mn pairs. In doing so, the
change in Debye±Waller factor and pre-edge peak could
be rationalized in a systematic manner and hence the
longer decay time and higher PL intensity also make
sense.

4. Conclusions

1. It is found from aMnK-edgeXAS that themostMn
ions are in four-fold co-ordination of oxygen and in
+2 valency state in the Zn2SiO4 host. The average
Mn±O distance in as-synthesized sample is measured
to be�2.04AÊ and found todecrease by�0.01AÊ after
the additional thermal treatment in the reducing
atmospheres. Moreover, a structural disorder asso-
ciated with the oxygen arrangement around the Mn
becomes low after the heat treatment.

2. It is revealed that there is no drastic change in
Mn's oxidation state after the heat treatment.
Besides Mn's valency change, some other e�ects
should be considered to explain the enhanced PL
property caused by the heat treatment. Either the
removal of some impurity ions or the Mn±Mn pair
splitting could be possible hypotheses, which can
give a reasonable explanation as regards to the
increase in emission intensity and decay time
caused by the heat treatment.
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