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Abstract

Light yields of Y,03 ceramics are different from specimen to specimen. Nature of this phenomenon is not clear yet. Furthermore, origin of
emission peaks for Y,0Oj3 is not well understood. The results reported suggest that the emission derived from trapped excitons originates from the
defects accumulated in the grain boundaries of the ceramics. In this paper, average grain size is introduced in order to evaluate defects inside the
ceramics. Relationship between average crystal grain size and scintillation light yield is demonstrated.
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1. Introduction

Scintillators play important roles in various fields including
nuclear medicine (positron emission tomography, X-ray
computed tomography, and single photon emission computed
tomography), high energy physics, geophysical and resource
exploration, nuclear energy, and security fields (customs and
homeland security). The scintillators emit light in visible and
infrared regions of electromagnetic spectra by means of
converting ionizing radiation (for example, a-ray, 3-ray, y-ray,
X-ray, and neutrons) into a number of photons. This physical
property is used to visualize interior characteristics of the
objects and substances.

The scintillating properties required for the y-ray scintilla-
tors are mostly high density, high effective atomic number, high
transparency, high light yield (LY), and fast decay. The high
light yield is often considered as most important condition of
successful application of the scintillating material. Most of the
existing commercial scintillators are single crystals grown from
the melt by Czochralski and/or Bridgman methods. However,
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recently ceramic scintillators became also popular due to their
excellent performance [1-4] considering their possible
application as detectors of ionizing radiation.

In this project, Y,05; ceramics were selected as a research
object. This material has cubic structure, and therefore it does not
demonstrate optical anisotropy. This is a reason why formation of
highly transparent ceramics is possible. Furthermore, photo-
absorption peaks were clearly detected in Y,O5 ceramics [2].
According to our observations, LY's of Y,O3 ceramics vary from
specimen to specimen. This motivated us to examine correlation
between structural properties of the ceramics and LY values.

The origin of the emission in undoped Y,0O3 around 350 nm
was reported to be self trapped excitons (STE) [2,5-12].
However, exact source of this emission peak is not finally
determined yet, and it might be possible that the origin of these
emission peaks is trapped excitons (TE). TE are trapped by
defects including point defects, dislocations, grain boundaries (in
the case of ceramics), and stacking faults. There is a chance that
Y,0; scintillation emission peaks around 350 nm are derived
from the grain boundaries. In this case, there must be some
relationship between LY and density of grain boundaries. For
example, LY may increase with increasing or decreasing the
number of grain boundaries. The aim of this communication was
to discuss such relationship.
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2. Experimental methods

Polycrystalline Y,0O5 transparent ceramics were produced
by two methods. One was vacuum sintering via synthesizing
fine precursor powder that is conventional method. Initially, the
Y(NO3); starting solution was maintained at 1ow temperature.
Then, drops of NH3,q were added to the Y(NO3)3 solution. The
drip rate for NH3,, was optimized to obtain ready-to-sinter
precursor powder. Thereafter, drops of (NH4)3SO, solution
were added to avoid agglomeration of the powder. Finally,
suction filtration was performed, and the precipitation was
dispersed in distilled water to remove impurities. The resulting
powder was calcined at 1080 °C or 1100 °C for 4h in O,
atmosphere to transform precursor into Y,0O;. As a result of
such treatment, fine and non-aggregated Y,O; sinter-ability
powder was produced. Green pellets were made from the
powder under a pressure of 10 MPa using a tungsten carbide
mold (as a preliminary step), and then pressed hydrostatically at
200 MPa. Thereafter, the pellets were isothermally sintered at
1700 °C and 1800 °C for 2 h at high vacuum in the furnace that
was equipped with tungsten mesh heating elements. Finally, the
pellets were lapped and polished. Details of the fabrication
procedure were well described in the past [13].

Another technique used in this work was spark plasma
sintering (SPS). Recently, this method has attracted much
attention because it is considerably fast and allows grain
boundary control and temperature gradient sintering. It also has
low running cost. In the case of SPS ceramics, commercial
Y,05 (99.999%, High Purity Chemicals, Japan) powder was
used as a starting material. This type ceramics were sintered
using commercially available SPS apparatus (SPS-210LX, SPS
Syntex, Japan) at 1300-1650 °C under 100 MPa pressure for
20—45 min using two step sintering [14,15]. The as-sintered
SPS ceramics were colored black or grey due to presence of
oxygen vacancies. Therefore, post-sintering heat treatments
were necessary to fill up the structure (anion vacancies) with
oxygen. This was performed at 980-1040 °C for 12 h in air.

Scanning electron microscope (SEM, Hitachi S-3400) and
field emission scanning electron microscope (FE-SEM, JEOL
JSM-7500F and Hitachi SU8000) were used to observe
microstructure of the ceramics. In these characterizations, the
back scattering electron (BSE) mode and secondary electron
(SE) mode were used to inspect the surface of the ceramics and to
visualize their grain structure and grain boundaries. The thermal
electrons accelerated by voltage of about 10-20 kVand 2-15 kV
were bombarded on the specimens, and the BSE (in the case of
SEM) reflected on the surface and SE (in the case of FE-SEM)
ejected from the sample were detected in low vacuum of 20—
50 Pa and in high vacuum of 10~® Pa, respectively. In the case of
FE-SEM measurements, gold and platinum coating to the
samples was carried out before observations. The degree of
densification for the ceramics was examined through density
measurements that were performed by the Archimedes method
with distilled water. Average grain sizes were estimated using the
Mendelson method with proportional constant of 1.56 [16].

Transmittance was examined at wavelengths range of 200—
800 nm with UV-vis spectrophotometer (JASCO V550). Radio-

luminescence (RL) spectra were recorded using FLS920
spectrofluorometer (Edinburgh Instruments) with corresponding
spectral correction. The signals were accumulated by attaching
the specimens on the surface of the radioactive 21 Am source
(energy = 5.5 MeV, radioactivity =4 MBq). To estimate LY
under vy-ray excitation, the pulse height spectra were measured
with a bias photo-multiplier tube (PMT, Hamamatsu Photonics
R7600) under accelerating voltage of 700 V. The 662 keV y-ray
radiation from '*’Cs was used as excitation source. The samples
were optically connected to the PMT window using optical
grease (OKEN6262A). Output signal was transmitted to a pre-
amplifier (ORTEC model 113), a shaping amplifier (ORTEC
572A) with 0.5 s shaping time, a multi-channel analyzer
(Amptek pocket MCA), and finally to a personal computer for the
data analysis.

3. Results and discussion

Fig. 1 illustrates appearance of the Y,0O; ceramic pellets as
produced by vacuum sintering (a and b) and by SPS technique
at 1300 °C and 1650 °C during 45 min (c and d), respectively. It
was assumed that scintillation properties cannot be evaluated
accurately if considerable fraction of the pellets volume is
empty due to presence of the pores. Therefore, degree of
densification of all the ceramics shown in Fig. 1 was inspected
by the Archimedes method. The relative densities were
measured to be approximately 98.80% (for Y,03-(a)), 99.4%
(for Y,053-(b)), 99.37% (for Y,053-(¢)), and 99.05% (for Y,O5-
(d)). Thus, the densities of all the specimens were about 99%.
This confirmed that both sintering processes introduced above
resulted sufficient and practically complete densification of the
materials discussed here.

Fig. 2 demonstrates SEM images of the surfaces of the
ceramics. Grain and grain boundaries can be distinguished in all
the images. The images (a) and (b) were observed by the SEM,
and those indicated with (c) and (d) were obtained by the FE-
SEM.

As it was mentioned in the introduction, there is a chance
that grain boundaries accumulate considerable amount of the
defects that support scintillating emission in the polycrystalline
ceramics. Therefore, qualitative estimation of the density the
grain boundary was necessary. However, direct evaluation of
the density of the grain boundaries is difficult under present
circumstances. Therefore, it was considered that average grain
size could be adequate structural parameter representing the
density of the grain boundaries. It is evident that both these
parameters are closely related. Therefore, the average grain
sizes were measured by Mendelson method for every sample
using images similar to those seen in Fig. 2. The average grain
sizes of these specimens were calculated to be about 17.55 pm
(for Y,03-(a)), 43 pm (for Y,03-(b)), 0.43 pwm (for Y,03-(c)),
and 1.9 pm (for Y,05-(d)), respectively. Similarly, average
crystal grain sizes of all other specimens produced in this study
were estimated.

According to optical transmittance measurements, all the
samples demonstrated high transparency around 60-80% at
700 nm as it is illustrated in Fig. 3. Radio-luminescence spectra
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Fig. 1. View of the sintered compacts produced by vacuum sintering (Y,03-(a) and Y,03-(b)) and those produced by spark plasma sintering (Y,03-(c) and Y,03-(d)).
Thicknesses of all ceramic specimens are 1 mm. Scale is in mm.

under **'Am o-ray excitation were also recorded, and the Fig. 5 presents the pulse height spectra recorded under '*’Cs
center emission wavelengths were approximately 350 nm for 662 keV excitation. After photo-absorption peaks were fitted by
all the samples (Fig. 4). This result correlates well with  the single Gaussian function in the pulse height spectra, the
previous reports [2,5-12]. peak channels were determined. The LY for the specimen

Fig. 2. SEM images of Y,0O; ceramics (See Fig. 1 for reference).
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Fig. 3. Optical transmittance spectra from 200 nm to 800 nm (See Fig. 1 for
reference).

Y,03-(a) was 7400 + 740 ph/MeV at room temperature. This
value was calculated considering quantum efficiency (QE) of
PMT and comparing channel at photo absorption peak of Y,O5-
(a) with that of BiyGe;O, (BGO, LY: 8200 ph/MeV) [17]
together with 10% error. The details of the calculation
procedure are illustrated as follows:
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Fig. 4. Radio-luminescence spectra under **' Am a-ray excitation after spectral
correction (See Fig. 1 for reference).

Similarly, LY values of other ceramics were calculated to be
9300 + 930 ph/MeV (for Y,03-(b)), 5100 £ 510 ph/MeV (for
Y,05-(c)), and 2300 + 230 ph/MeV (for Y,03-(d)). The LYs of
all other specimens produced were also estimated. When the
peak channels of the specimens were compared, it was found
that peak center of Y,03-(a) is larger than that of Y,O3-(b).
Therefore, LY of Y,03-(a) should be large, but the result was
opposite. Pulse height spectra of Y,05-(a) and Y,03-(b) were
measured at different days. Generally, peak channel of a same
sample slightly changes depending on the measurement day.
Therefore, peak center of Y,05-(a) was larger. In order to
evaluate exact LYs, BGO reference spectra were measured after
every measurement.
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Fig. 5. Pulse height spectra under '*’Cs +y-ray excitation (See Fig. 1 for reference).
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Fig. 6. Correlation between scintillation light yields of the Y,O3 ceramic
specimens and their average grain sizes. Solid line is fitting line.

The optical transmittance of the SPS ceramics at emission
wavelength of approximately 350 nm was lower than that of the
vacuum sintered samples. Therefore, there is a chance that
lower LY was observed in the SPS ceramics as a result of re-
absorption effect compared with vacuum sintered samples.
However, in this study, the LYs were not corrected for
contribution of transmittance. The density of Y,0j3 is 5.04 g/
cm’ that is not sufficiently high. As a result, y-ray can penetrate
deep inside to the vicinity of exit surface. Thus, scintillation
light was also emitted in the region of exit face. In the
measurements reported here, the optical transmittance was
evaluated by simply comparing intensity of the incident light
with that of the output light. Considering these circumstances,
correction by multiplied LY by optical transmittance value is
not always accurate. Therefore, this correction was not
performed. It is assumed that derivation of more precise
correlation between LY and crystal grain size is possible when
the specimens produced by both methods with similar
transmittance above 70% are available.

Correlation between LY and the average grain size is
illustrated in Fig. 6. As it was mentioned above, the average
grain size represents number of the defects accumulated on the
grain boundaries. According to Fig. 6, LY increases with
increasing average grain size. It indicates that the number of the
defects supporting the emission is intimately related to the
number of the grain boundaries. Currently, it is not possible to
make final decision about relationship between the density of
the grain boundaries and the emission because ascription of
emission is not finally concluded yet.

Furthermore, considering rare earth doped ceramics, it is not
evident that similar correlation can be concluded. This issue
should be studied additionally [18]. Moreover, the ceramics
discussed above were produced by two different methods. This
is additional factor that may have effect on performance of the
materials as scintillators. Nevertheless, this report was mostly
focused on the relationship between average grain size and the
light yield.

4. Conclusions

It was found that light yield increases with increasing
average grain size of the transparent Y,O5 ceramics. Thus, it
was concluded that the defects supporting the emission are
related to the grain boundaries.
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