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Abstract The non-radiative transition processes on non-
doped Zn,Si0, and Zn,Si04:Mn powders with various Mn
concentrations were studied by photoacoustic (PA) spec-
troscopy. Zn,SiO4:Mn, powders were prepared by dry
reaction within an evacuated silica glass tube. As the result of
photoluminescence (PL) measurement, the increase of PL
intensity for green emission on samples doped with Mn be-
tween 1% and 6% and the concentration quenching for
luminescence on samples doped with Mn between 7% and
12% were confirmed. For the green luminescence on zinc
silicate doped with Mn phosphor, the PL decay behavior is
assumed to be due to tunneling directly from excited states of
electron traps to the excited states of Mn-ion. The Mn content
dependence of PL intensity for green emission is well
interpreted by tunneling theory and the results of PA spectra,
that is, the green emission is assisted by tunneling from non-
radiative levels of Mn-ion to luminescencet level as 4T1(4G).

Introduction

Zinc silicate (Zn,Si04) doped with Mn is well known for
green phosphor used in plasma display panels [1, 2]
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because of its high luminescent efficiency and chemical
stability. For the preparation of Zn,SiO4:Mn, phosphor,
various synthesis methods such as the traditional solid
state reaction, sol-gel, hydrothermal, and spray pyrolysis
methods are performed [3-7]. Recently, the other
Zn,SiO4-based phosphors have been investigated for
potential in flat panel displays. For example, rare earths
such as Eu, Tb and Ce doped Zn,SiO, phosphors can
emit red, green and blue light by UV excitation,
respectively [8, 9]. Thus, the optimal luminescence
properties of Zn,SiO4:Mn, phosphors have been reported
extensively [10-15]. In contrast, the details of the non-
radiative transition process on Zn,SiO4:Mn, phosphors
are hardly reported by evaluation methods such as
photoacoustic spectroscopy (PAS) [16]. Here, the PAS
can directly evaluate the non-radiative transition process
on a sample in contrast to photoluminescence (PL)
measurement. The luminescent efficiency is closely
related to dopant content, decay time, energy transfer
and non-radiative de-excitation process [13]. Hence, it is
important to understand non-radiative transition mecha-
nism on phosphors, and the understanding inevitably
contributes to improvement of phosphors for the next
generation of filed emission displays. PAS with a
microphone can enable us to detect acoustic waves
generated on a sample surface through heat propagation
due to incident light absorption [17], thus we can obtain
the information regarding the net light absorption
through the non-radiative process. Particularly, PAS is a
useful tool for evaluation of powdered samples, which
indicate strong light scattering. We have applied PA
technique to study the inner state of Pr-ion in ZnO:Pr
ceramics powders [18] and the monitoring of a sintering
process on ZnO:Co powders, which have internal light
scattering [19, 20].
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In this study, Zn,Si04:Mn, powders were prepared by
dry reaction within an evacuated silica glass tube, and
the luminescence properties were measured by PL and
PL excitation (PLE) measurement. Then, we applied
PAS to evaluate the non-radiative transition process on
non-doped Zn,SiO, and Zn,SiO4:Mn powders with
various Mn concentrations.

Experimental procedure

The technique of dry reaction within an evacuated silica
glass tube is generally used for the synthesis of single
crystal for sulfides [21]. We applied this method to
prepare Zn,SiO4:Mn, powders, because the dry reaction
within the evacuated and closed tube was free from
contamination. The starting materials for samples were
ZnO powders (99.99%), SiO, powders (99.9%), and
MnO powders (99.99%) of Kojundo Chemical Lab Co.
Ltd. For precursor of mixed powders, ZnO, SiO,, and
MnO powders were weighed as the mole ratio of 66.67—
x% : 33.33% : x% adjusted to the stoichiometry of Zn,
0.03:9104:Mng 3., Where x was varied between 0 and 12.
The weighed powders were mixed in an agate mortar for
1 h. Each of the mixed powders was encapsulated in the
evacuated sealed silica glass tube (3.5 mm in diameter
and 50 mm in length) with a silica plug, respectively.
Here, the tubes and plugs were rinsed ultrasonicly in
ethanol and dried. In the capsules, there was hardly
remaining free volume. Zn,SiO4:Mn, powders were sin-
tered at 800, 900 and 1000 °C for 24 h with heating and
cooling rate of 5 K/min. Crystal phases of samples were
characterized by X-ray powder diffraction (XRD) anal-
ysis using XRD system (RINT-2200, Rigaku) with Cu
K, radiation accelerated at 40 kV and 40 mA. Lumi-
nescent properties of samples were characterized at room
temperature by PL and PLE measurements using a Xe
lamp as a light source (SPEX Fluorolog-3, Jobin Ybon).
Photoacoustic (PA) signals of samples were measured at
room temperature using a microphone detector. A 500 W
Xe lamp coupled with a monochromator was used as the
light source. The excitation light was focused onto the
surface of the samples. A microphone and a lock-in
amplifier system detected acoustic waves generated
above the sample. The incident light was mechanically
chopped at 20 Hz. The wavelength of the excitation light
was scanned from 350 nm to 650 nm at 1 nm steps. The
PA signal intensity was normalized by the PA signals
from carbon black to eliminate the effects of the spectral
response of the optical apparatus. To determine the
background level or noise throughout all experiments, we
checked the intensity of the PA signals from carbon
black both before and after the measurement.

Results and discussion
Non-doped Zn,SiOy4

Figure 1 shows the XRD patters of Zn,Si0O, powders sin-
tered at 800, 900 and 1000 °C. XRD patterns of samples
indicate a rhombohedral structure (R3) of Zn,SiO, (PDF
Card No. 79-2005) in addition to the peaks of SiO, phase.
For the samples sintered at 800 and 900 °C, the small
peaks of ZnO phase are also shown in their XRD patterns,
suggesting that the formation of Zn,SiO, is not enhanced
below 900 °C of sintering temperature. However, the
estimated a-axis length of Zn,SiO, lattice from the peaks
of Zn,Si0, in Fig. 1 are almost the same among samples.
The peaks of SiO, phase are probably attributed to small
pieces of SiO, film-like mixed in the extracted sample
powders. When the sample powders are extracted from the
tube, we confirmed pieces of films-like adhered to the
internal surface of the silica glass tube. From the analysis
by energy dispersive diffraction (EDX) method, the film-
like was identified as SiO,, which was appendant products
in sintering process. However, the mixed small pieces of
SiO, do not affect PL, PLE and PA spectra between
measurement wavelength in this study.

As the result of PL measurement, samples showed no
visible luminescence except for the weak visible broad
luminescence. In particular, the weak visible luminescence
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Fig. 1 XRD patters of non-doped Zn,SiO4 powders sintered at 800,
900 and 1000 °C
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from the sample sintered at 800 °C dominated the weak
green broad luminescence centered at about 500 nm, which
was probably related to the emission from remained ZnO
[22].

PA spectra on Zn,SiO4 powders sintered at 800, 900 and
1000 °C are shown in Fig. 2. There is the difference in the
change of PA signal intensity between 370 nm and
400 nm, and the flat PA signal are shown in the range
between 400 nm and 650 nm. Vanheusden et al. have
observed UV fluorescence peaking near 390 nm, obtained
with the 232 nm excitation source for ZnO powders [22].
On the other hand, for non-doped Zn,SiOy4, Hess et al. have
observed two PL bands with intensity peaks at 285 and
382 nm in the emission spectra for excitation wavelength
of 217 nm, which have been monitored in the PL excitation
spectra for 290 nm emission [23]. In Fig. 1, the formation
of Zn,Si0,4 is not enhanced below 900 °C of sintering
temperature. Thus, the decrease of PA signal intensity
between 350 nm and 400 nm is probably attributed to the
emission band of the remained ZnO and/or the synthesized
Zn,Si0,, it depends on the sintering temperature. This
sintering temperature dependence is consistent with the
results of XRD analysis and PL measurement for the for-
mation of Zn,SiO4 with increasing sintering temperature.
While, both the remained ZnO and the synthesized
Zn,Si04 have not affected the PA signal between 400 nm
and 650 nm. The flat PA spectrum indicates that the non-
radiative transitions are not occurred. Hence, we can con-
firm that there is no levels associated with the remained
ZnO and the synthesized Zn,SiO,4, which cause non-radi-
ative transition, in the range between 400 nm and 650 nm
for non-doped Zn,SiOy.
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Fig. 2 PA spectra on non-doped Zn,SiO, powders sintered at 800,
900 and 1000 °C
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Mn doped Zn,SiO,

As mentioned above, the formation of Zn,SiO, without
remained ZnO phase derived from the dry reaction within
an evacuated silica glass tube was achieved at sintering
temperature of 1000 °C. Actually, the formation of
7Zn,Si04:Mn(x = 0.03 ~ 0.36) without remained ZnO
phase were also achieved at the same sintering temperature
as non-doped Zn,SiO4 powders. All XRD patters of sam-
ples sintered at 1000 °C indicated the same pattern as that
of non-doped Zn,SiO, powder sintered at 1000 °C as
shown in Fig. 1. As the result of XRD analysis, estimated
a-axis lengths of Zn,SiO, lattice on Zn,SiO4:Mn samples
sintered at 1000 °C were different from that of each other.
In Fig. 3, the Mn content dependence of estimated a-axis
length of Zn,Si0O, lattice is seen. Here, the a-axis lengths
tend to increase with increasing Mn content, indicating that
the substitution of Mn for Zn are probably allowed up to
12% of Mn content by the dry reaction within an evacuated
silica glass tube. The willemite (Zn,Si04:Mn) lattice has
two in-equivalent Zn sites (Mn, and Mng) which can
influence the radiative decay time, both having nearest
neighbor oxygen ions in a slightly distorted tetrahedral
configuration [13]. In Fig. 3, it is noticed that there is the
variation in a-axis length between 1% and 6% compared
with that between 6% and 12%. This probably indicates
that the way of being in the two Zn sites for Mn between
1% and 5% is complicated in contrast to that between 6%
and 12%.

Typical PL spectra on Zn,SiO4:Mn sintered at 1000 °C
and the Mn content dependence of PL intensity for green
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Fig. 3 Mn content dependence of estimated a-axis length of Zn,SiO,4
lattice for Zn,SiO4:Mn powders sintered at 1000 °C
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emission peak are shown in Fig. 4a and b, respectively,
where the excitation wavelength is 365 nm. The green
emission as shown in Fig. 4a are confirmed in all samples,
and the origin is attributed to *T,(*G)-°A(°S) transition of
Mn-ion [3, 13, 15]. In all samples in this study, the Mn 6%
doped Zn,Si04 (Zn §,Si04:Mng 1g) powders indicates the
largest intensity of green emission centered at 527 nm as
shown in Fig. 4a and b. Samples doped with Mn over 7%
indicate the quenching of luminescence, although Mn atom
substitutes for Zn atom up to 12% according to XRD
analysis. Sohn et al. studied the concentration quenching
on Zn,SiO4:Mn, derived from the solid state reaction, and
obtained the critical distance of energy transfer between
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Fig. 4 (a) Typical PL spectra on Zn,SiO4:Mn sintered at 1000 °C
and (b) the Mn content dependence of PL intensity for green emission
peak, where the excitation wavelength is 365 nm

Mn ions [3]. They estimated the critical distance of 6-9 A
from the calculated spectral overlap data in the case of
lower energy excitation, and the estimated value was in
good agreement with 10 A from the concentration
quenching data on Zn; ggSi04:Mng 1, under the excitation
wavelength of 254 nm and 423 nm. Comparing their evi-
dence with our results of PL measurement, the quenching
of luminescence in Fig. 4b is obviously caused by the
concentration quenching, and the critical distance of our
sample (Zn g,S104:Mng 15) is presumed to be nearly equal.
Furthermore, the wavelength of emission peak shifts from
522 nm to 529 nm between 1% and 12%, where the per-
pendicular broken line at 527 nm in Fig. 4a is a guide for
the eyes. When the Mn concentration increases, the emis-
sion band is shifted towards lower energy [13], and that is
in agreement with ours. The peak shift between 1% and 6%
is larger than that between 6% and 12%. This difference
seems to be closely related to the Mn content dependence
of a-axis length in Fig. 3, that is, the occupation of in-
equivalent Zn site for Mn. The samples doped with Mn
between 1% and 5% have dispersed Mn-ions in random Zn
sites in willemite which distort tetrahedral configuration,
thus cause the variation in a-axis length and the various
distance of energy transfer between Mn ions. In contrast,
the samples doped with Mn between 7% and 12% have
close Mn-ions which cause concentration quenching. In
Fig. 5, relative PLE spectra on samples in Fig. 4 monitored
at 527 nm are seen. All samples indicate the same spectra
with peak A (between 350 nm and 365 nm), B (between
365 nm and 400 nm), C (between 400 nm and 425 nm), D
(between 425 nm and 465 nm) and E (between 465 nm and
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Fig. 5 Typical PLE spectra on Zn,SiO4:Mn sintered at 1000 °C,
where the monitored wavelength is 527 nm
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500 nm), where A, B, C, D and E are attributed to Mn-ion
transitions of °A(S)-*E(*D), °A(S)-*T»(*D), °A;(S)-
AL*G), °AS)-*TL(*G) and °A(S)-*T,(*G) and/or
T,*G), respectively [3, 15]. Sohn et al. observed the time-
resolved excitation spectra of the 524 nm emission on
Zn,Si04:Mn phosphor [15]. Our result of PLE measure-
ment corresponds to their result. Additionally, they have
observed the absorption edge located at ~4 eV (325 nm),
which is assigned to the threshold for the ionization of
Mn-ion, in addition to the transition peaks originating in
Mn-ion. In our PLE experiment, there is no particular
evidence such as the results of XRD analysis and PL
measurement in Figs. 3 and 4. Figure 6 shows relative PA
spectra on Zn,SiO4:Mn powders (Mn: 0, 2, 4, 6, 8, 10 and
12%) sintered at 1000 °C. PA peaks denoted by A, B, C, D
and E are appeared with increasing Mn content. These
peaks seem to correspond to each PLE peak in Fig. 5 and
can be assigned to the light absorption by Mn-ions, sug-
gesting that the Mn-ions contribute to the non-radiative
transition center as well as the luminescent center in wil-
lemite. PA spectra on the samples of 0, 2, 4 and 6% indi-
cates the flat PA signal between green emission band,
however PA spectra on samples of 8, 10 and 12% indicate
the PA peak originating in the transition of °A(S) —
“T,(*G) and/or *T,(*G) of Mn-ion designated as E. Fur-
thermore, for the samples of 8, 10 and 12%, the PA
intensities of non-radiative transitions designated as B, C
and D in addition to E become stronger with increasing Mn
content. These increases of PA intensity for peaks of B, C,
D and E are probably closely related to the concentration
quenching as shown in Fig. 4. The sample of 6% indicates
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Fig. 6 Typical PA spectra on Zn,SiO4:Mn sintered at 1000 °C
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maximum green emission of all samples, although the PA
spectrum on the sample of 6% indicates PA peaks except
for E. This suggests that the levels of Mn-ion originating in
PA peaks of A, B, C and D are closely related levels, which
are supported by the result of our PLE measurement, for
the green emission. For the green luminescence on zinc
silicate doped with Mn phosphor, the PL decay behavior is
assumed to be due to tunneling directly from excited states
of electron traps to the excited states of Mn-ion [10]. The
tunneling will take place in a pair if the donor is excited to
a tunneling state either by thermal energy or by photon
energy, and the Mn doped zinc silicate has four trap levels
[24, 25]. Assumed that the green emission is assisted by
tunneling from non-radiative levels such as A, B, C and D
of Mn-ion to luminescence level as 4T1(4G), the increase of
PL peak intensity between 1% and 6% and the concen-
tration quenching between 7% and 12% in Fig. 4 are well
interpreted. This can be also supported by the Mn content
dependence of a-axis length in Fig. 3. Zn,SiO4-based
material is one of ideal materials for flat panel displays. For
the improvement of these materials, the investigation about
non-radiative transition process is important and required.
PAS technique enables us such investigation, in particular,
providing that the evaluation of non-radiative transition
process on phosphor is useful for an elucidation of lumi-
nescent mechanism and quenching caused by activator ions
in host material such as zinc silicate.

Conclusion

Appling PA technique to Zn,SiO4:Mn, powders obtained
by dry reaction within an evacuated silica glass tube, we
studied the non-radiative transition process on non-doped
Zn,Si04 and Zn,SiO4:Mn powders with various Mn con-
centrations. We confirmed the increase of PL intensity for
green emission on samples doped with Mn between 1%
and 6% and the concentration quenching on samples doped
with Mn between 7% and 12%. These evidences are well
interpreted by tunneling theory and the results from PA
spectra on samples, that is, an assumption that the green
emission is assisted by tunneling from non-radiative levels
of Mn-ion to luminescence level as *T;(*G).
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