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The effects of different processing steps and processing condi-
tions for the fabrication of Y,03 and Lu,O3z ceramics were
investigated, particularly the effects of calcination, and sinter-
ing temperature on the content of open-volume and electronic
defects. Ceramic bodies were prepared from calcined powders
by sintering from 1400°C to 1700°C for 20 h. Density was
determined by the Archimedes method and showed pellets
reached about 99% of Y,0; density for temperatures
>1450°C, and reached 98% for sintering at 1700°C for Lu,Os.
The content of open-volume defects was followed by positron
annihilation lifetime (PAL) measurements. For both materials,
two lifetimes were obtained. The faster lifetime, 211 ps for
Y,03 and 204 ps for Lu,O3, was assigned to bulk annihilation
with possible contribution of grain boundaries. The longer life-
time was assigned to positronium annihilation in open-volume
defects with radii of 2-4 A. Doppler broadening analysis
revealed the same type of defect in Lu,O3 ceramics for all sin-
tering temperatures. PAL analysis results showed that densifi-
cation was achieved through the elimination and agglomeration
of open-volume defects. Thermoluminescence (TL) measure-
ments of Y,03 showed that sintering is beneficial in eliminating
traps and/or recombination centers, and that higher sintering
temperatures increase TL signal.

I. Introduction

T RANSPARENT ceramics, originally designed for lighting,’
are now used in a variety of applications that range
from transparent armor and infrared windows to lasers and
scintillators.> > Scintillators are luminescent materials used
for the detection and measurement of ionizing radiation,
finding application in many fields, including medical imaging
and diagnosis, oil exploration, security, and science. The first
transparent ceramic scintillators were fabricated in the mid-
1980’s, when rare earth (RE)-doped (YGd),05® and
Gd,0,S”® were introduced. These scintillators found enor-
mous commercial success as ionizing radiation sensors in
computed tomography (CT) scanners. Recently, Y,O;(:RE)
and Lu,O3:RE have attracted attention as scintillators.””!>
However, there remains a knowledge gap relating to the
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fabrication and processing conditions of ceramic scintillators
with their scintillation output, a situation that negatively
impacts the greater use of these materials, as well as limits
their performance. For example, open-volume defects gener-
ate light scattering and degrade performance. Likewise, elec-
tronic traps capture electrons and/or holes and decrease the
yield of radiative recombination at the luminescence center.
The fabrication of transparent ceramics involves numerous
processing steps each of which impact optical and scintilla-
tion performance, from the synthesis of the precursor materi-
als in powder form and their calcination to sintering and
eventual hot isostatic pressing (HIP). Recently, the effects of
different sintering conditions on the pore content of Sc,O5:Er
transparent ceramics were investigated using positron annihi-
lation spectroscopy (PAS).'® Also, it was shown for the case
of Y,O05:Tm transparent ceramics that postfabrication pro-
cessing in O,-rich atmospheres was able to enhance both
photoluminescence and scintillation performance concomi-
tant to the reduction in electronic traps as determined by
thermoluminescence (TL) measurements.'” In this work, the
effects of different processing steps and processing conditions
for the fabrication of Y,O3 and Lu,Os ceramics were investi-
gated, particularly the effect of calcination and sintering tem-
perature on the content of open-volume defects, i.e., defects
that present void space, including vacancies and pores, and
electronic defects by means of the complementary techniques
of positron annihilation lifetime (PAL), TL, and density
determination.

II.

Undoped Y,03 powders were prepared by co-precipitation
following an established procedure.'®!® Briefly introduced
here: a 0.25M yttrium nitrate solution was prepared by dis-
solving yttrium nitrate hexahydrate in ultrapure water, a SM
solution of ammonium sulfate was added to the nitrate solu-
tion, and a 2M ammonium hydroxide solution was added
dropwise in order to precipitate a yttrium nitrate precursor.
The precipitated precursor was maintained for 3 h at room
temperature and then washed twice with ultrapure water and
ethanol. After the final washing, the precipitate was dried at
60°C overnight under vacuum. The dried precursor was cal-
cined at 1050°C for 4 h under oxygen to yield Y,O3, uniaxi-
ally pressed into pellets and then cold isostatically pressed at
200 MPa.

Undoped Lu,O3 powders were also prepared by co-preci-
pitation.?® Briefly, a lutetium nitrate solution was prepared
by dissolving Lu,O3 powder in excess amounts of nitric acid

Experimental Procedure
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at approximately 80°C. A 100 mL of 1M ammonium hydro-
xide solution was dripped into a 100 mL of 0.2M lutetium
nitrate solution at a rate of about 5 mL/min in order to pre-
cipitate lutetium hydroxide. After homogenizing for an hour,
the hydroxide precipitates were separated by centrifugation
and then washed several times with water to remove impuri-
ties and any remnant salts. Lutetium sulfate with an initial
pH value of 2.3 was prepared by dissolving the hydroxyl pre-
cipitates with a stoichiometric amount of sulfuric acid. The
Lu,O3 powders were prepared by dripping a 100 mL of 2M
hexamethylenetetramine (HMT) solution into the 100 mL of
0.1M lutetium sulfate solution at a rate of about 5 mL/min
under mild stirring at 80°C to accelerate the decomposition
of HMT. After homogenizing for an hour, the final pH value
of the resultant suspension was 6.6. The precipitates were
washed several times with water to remove the byproducts
and dried in vacuum oven at 70°C. The precursors were cal-
cined at 1100°C for 4 h under flowing oxygen gas to produce
Lu,03 powders, which were then uniaxially pressed into pel-
lets and then cold isostatically pressed under 200 MPa.

Sintering was carried out under vacuum (base pressure in
the low 10 ® mbar range) for 20 h, at temperatures ranging
from 1400°C to 1700°C and a heating rate of 10°C/min.
Once completed, samples were allowed to cool naturally to
room temperature. Sintered samples are optically opaque,
and no difference in transparency/translucency can be
observed in the samples.

Density was determined by the Archimedes method using
distilled water (density = I g/em®) and taking 5.031?! and
9.410% g/cm3 for the intrinsic density of Y,O; and Lu,Os;,
respectively. Results correspond to the average of several
measurements of 3 to 4 pellets from a same batch. The error
bars correspond to the standard deviation of these measure-
ments.

The PAL was measured in a typical fast—fast coincidence
set-up using two Photonis XP2020/URQ photomultiplier
tubes (PMTs) with barium fluoride scintillators.>® The start
and stop signals from the PMTs went to Ortec 583 constant
fraction differential discriminators which were set to select
the 1.27 MeV gamma ray from the 2NaCl source for the
start signal and the 511 keV annihilation gamma ray for the
stop signal. The signals went to an Ortec time-to-amplitude
converter and then to an Ortec Trump multi-channel ana-
lyzer (MCA) installed in a computer and operated with the
software Maestro. The *NaCl source, manufactured by Eck-
ert & Ziegler Isotope Products, was deposited on 12.5 um
titanium film, and covered and sealed with a second identical
titanium film. The source was placed between two samples
from the same batch and the sample-source—sample was
sandwiched between two 1.4 mm titanium foils. Based on the
density and thickness of the samples, any positrons that
made it out of the source were stopped in the sample. Life-
time runs were made to obtain 1 to 8 million events total. In
some cases, error bars are smaller than the symbol size.

The lifetime data were analyzed with the program LT (ver-
sion 9).** The resolution function was assumed to be two
Gaussian functions and the range of data analyzed extended
from a counting level about one tenth of the peak to well
into the region of the constant random background. The life-
time data were fit with one or two lifetime components
related to the sample together with a source correction deter-
mined using the Monte Carlo code MCNP.* The source cor-
rection consisted of two components, a short component due
to both the titanium foil and the ?*NaCl source, and the
longer component due to the **NaCl source. The procedure
to establish the source correction was to measure the lifetime
from the source between the titanium foils alone. The MCNP
results were used to determine what fraction of the positron
spectrum annihilates in the different parts of the sample—
source: the ’NaCl source, the titanium film covering the
source and the sample. With the sample—source—sample
arrangement used, the contribution to the lifetime spectrum
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from positrons stopped in the sample was calculated to be
67%. In the analysis of PAL data, two lifetime components
for the samples yielded better consistency and better degree
of confidence through best fit variance than one lifetime com-
ponent, and the discussion of PAL results throughout the
rest of the manuscript refers to the two lifetimes related to
the sample.

The Doppler broadening experiment was performed with
the same samplefsourcefsamgple arrangement, but with the
#2Na source replaced with a ®*Ge source, using a liquid nitro-
gen-cooled high-purity germanium detector (HPGe) which is
a 5.08 cm coaxial crystal with an aluminum cover. The out-
put signal was processed by an Ortec 571 amplifier and then
sent to a second Trump MCA. In the Doppler broadening
experiments, data were collected to obtain 4 million events in
the 511 keV peak. The analysis of the Doppler broadening
spectrum determines the S and W parameters for the
511 keV gamma ray peak. The S parameter is defined as the
ratio of the number of counts within about 1 keV of the 511
peak center to the total number of counts in the peak, while
the W parameter corresponded to the ratio of the number of
counts in the wings of the peak to the total number of counts
in the peak. No correction has been made for positron anni-
hilation in the source.

TL measurements were carried out using a Thermo Scien-
tific Harshaw thermoluminescence dosimeter (TLD) reader
model 3500. Samples were heated from 50°C to 400°C at a
rate of 25°C/s and held at 400°C for 1 min in order to com-
pletely deplete the traps, and then immediately measured
from 50°C to 400°C at a rate of 1°C/s to confirm the traps
were fully depleted. Samples were then placed in a Rigaku
Ultima IV X-ray diffractometer where they were irradiated
with CuK, g X-rays for 2 min. After irradiation, samples
were measured from 50°C to 400°C at a rate of 1°C/s and
then immediately remeasured to confirm the traps were fully
depleted. About 8-12 TL glow curves were obtained for each
sintering temperature. Glow curves presented in this work
were normalized by the mass of the samples, unless otherwise
noted. Since sintered samples have essentially the same thick-
ness and density does not vary much within the sintering
temperature range investigated, it is possible to say that
within the error of a few % that the correction of TL inten-
sity by the mass of the samples is equivalent to correcting it
by the area of the samples. Averages of the areas of the glow
curves are presented and the error bars correspond to the
standard deviation of these averages.

III. Results and Discussion

(1) Yttria

The presence of open-volume defects in yttria pellets was
investigated by density and PAL measurements. Density
results are presented in Fig. 1 where densities of about 99%
of the reference value (dashed line) were obtained for temper-
atures >1450°C, in agreement with previous results.”® PAL
measurements are based on the fact that the PAL is sensitive
to the local electronic density, noting that the electronic den-
sity of open-volume defects is lower. The annihilation life-
time also depends on the state of the positron that can be
delocalized, while diffusing through the solid after thermal-
ization, trapped in an open-volume defect, or forming a
positronium the unstable self-bonded electron—positron pair
that is created when a thermalized positron is electrostatically
captured by an electron. From these different annihilation
conditions, delocalized positron annihilation yields the so-
called “bulk™ lifetime, while the lifetimes for trapped posi-
tron and positronium annihilation are considerably longer.
Consequently, analysis of the annihilation lifetime yields
information on the presence and relative concentration of
open-volume defects of different dimensions.?” Analysis of
PAL results revealed the presence of two lifetimes. The life-
time component values and relative contributions are shown
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in Fig. 2 as a function of the sintering temperature. The fast
component continuously decreased from 227 to 211 ps for
higher sintering temperatures and the slow component varied
within the 1040-3670 ps range [Fig. 2(a)]. The large variation
in the slower lifetime component is a consequence of the
effects of the small relative contribution (<1%) of this com-
ponent in the fitting analysis. The slow component is
ascribed to positronium annihilation in open-volume defects.

52

5.1 1

5.0 1 é

4.9
4.8 4

4.7

Density (g/cms)

4.6 -

45

4.4

T T T T T T T
1400 1500 1600 1700
Temperature (°C)

Fig. 1. Density of Y,0; pellets sintered at different temperatures.
Line is a guide to the eye only.
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Fig. 2. (a) Lifetimes and (b) relative intensities obtained from PAL
measurements of Y,O; pellets sintered at different temperatures.
Lines are guides to the eye only.
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The radius of the open-volume defects was estimated based
on results reported in Ref. [27] and show an increase with
sintering temperature, from about 2 to 4 A, due to the higher
mobility of vacancies induced by the higher sintering temper-
atures. The fast lifetime component is interpreted as being
from bulk annihilation with some contribution from grain
boundaries and structural disorder in agreement with Ref.
[28] where the bulk lifetime of Y,O; was determined to be
200 ps. From Fig. 2(b), it is seen that annihilation is domi-
nated by the fast mechanism, with the relative intensity of
the slow mechanism decreasing from ~0.8% to 0.2% for
higher temperatures. In summary, PAL results show that the
densification of the structure is achieved through the elimina-
tion of open-volume defects, as revealed by the decrease in
the relative contribution of the slow lifetime and in agree-
ment with density results (Fig. 1), and their progressive
agglomeration, as revealed by the increase in the slow life-
time component.

The TL mechanism involves the promotion of electrons to
the conduction band (and/or holes to the valence band) fol-
lowed by their capture by electronic traps close to the edges
of the respective band. The traps correspond to the electronic
manifestation of defects like vacancies, interstitials, etc. in
the form of localized energy levels within the band gap.
Thermal energy is used to release charge carriers from the
traps, and the recombination of electron and holes at the
recombination center may generate TL. Thus, TL measure-
ments are used to gain insight into the presence of electronic
traps in yttria. The effects of sintering temperature on the TL
of Y,0;5 were investigated, and Fig. 3 compares typical glow
curves from a pellet made of pressed calcined powder and
from a pellet of pressed calcined powder that was further sin-
tered at 1400°C. The glow curve from the sintered sample is
dominated by a relatively narrow band centered at 100°C,
while the glow curve of the calcined sample presents a con-
siderably broader band centered at 140°C with a shoulder at
110°C. The shoulder can possibly correspond to the TL band
observed in the case of the sintered sample. It is conceivable
that the band shifted to higher temperatures due to the
expected lower thermal conductivity of the calcined sample
since its density (green density ~50%) is considerably lower
than that of the sintered pellet (relative density = 92%).
More importantly, in the case of the calcined sample, intense
TL emission is observed up to ~250°C that is absent for the
sintered sample. These results are in general agreement with
TL glow curves of Y,03 commercial powder and nanoparti-
cles reported elsewhere.” ! For thermoluminescence to
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Fig. 3. Normalized TL glow curves of calcined and calcined +
sintered pellets.
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occur, it is necessary to have at least a trap and a recombina-
tion center. While TL results cannot specifically identify the
nature of the traps involved, the increase in the peak at
100°C for higher sintering temperatures can be tentatively
assigned to the increase in the number of open-volume
agglomerates. Further, they suggest that sintering is benefi-
cial in removing traps and/or recombination centers responsi-
ble for the emission between about 150°C and 250°C, and
for temperatures higher than 350°C. We further investigate
how the sintering temperature affects the glow curves. In
Fig. 4(a), typical glow curves from pellets sintered at differ-
ent temperatures are shown together with the average glow
curve area value for each temperature [Fig. 4(b)]. While there
is no significant change in the shape of the glow curves, the
area increases for higher sintering temperatures. These results
suggest that higher sintering temperatures do not lead to the
creation of new different types of traps and/or recombination
centers. However, since for Y,03:Tm transparent ceramics
TL signal is inversely related to scintillation output,'” the
higher TL signal caused by higher sintering temperatures is
expected to progressive degrade scintillation performance. It
is recommended that the lowest sintering temperature that
achieves near-full densification should be the best for the fab-
rication of transparent ceramic scintillators based on Y,0;
due to the minimization of TL signal.

(2) Lutetia

The evolution of the density of Lu,O;3 pellets as a function
of the sintering temperature is shown in Fig. 5. A significant
increase from 75% to 98% of the reference density (dashed
line) can be seen as the temperature increases from 1400°C
to 1700°C, in concordance with other reports.®*** Analysis
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Fig. 4. (a) Representative TL glow curves of Y,0j3 pellets sintered
at different temperatures, and (b) mass-normalized integral TL
intensity as a function of sintering temperature.
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of the PAL results revealed the presence of two lifetimes, a
fast component in the 204-228 ps range and a slow compo-
nent within 1269-2174 ps [Fig. 6(a)]. Annihilation is domi-
nated by the fast mechanism whose lifetime decreases from
228 to 204 ps concomitant to an increase in its relative con-
tribution from 99.2% to 99.8% as the sintering temperature
increases [Fig. 6(b)]. This lifetime component is ascribed to
the bulk contribution, similarly with results of PAL investi-
gation of other sesquioxides, namely Sc,O5:Er'® and Y,052®
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Fig. 5. Density of Lu,Oj3 pellets sintered at different temperatures.
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Lu,O5 samples sintered at different temperatures, as indicated.

However, since full densification of the pellets was not
reached even at 1700°C (cf. Fig. 5), neither a clear saturation
for the fast component was reached at the highest sintering
temperatures [cf. Fig. 6(a)], the lifetime value of 204 ps is
interpreted as being from bulk annihilation with some possi-
ble contribution from grain boundaries and structural disor-
der. The slower lifetime is ascribed to positronium
annihilation and according to Ref. [27] these results show an
increase in the radius of open-volume defects from about 2
to 3 A for higher sintering temperatures. The near disappear-
ance of the contribution of the slow lifetime component is in
agreement with the densification of the pellets as shown by
the density measurements (Fig. 5). Like in the case of Y,Os3,
PAL results reveal that densification of the structure (Fig. 5)
occurs through the elimination of open-volume defects, as
manifested by the decrease in the relative contribution of the
slow component that is related to the presence of open-
volume defects, as well as the progressive agglomeration of
open-volume defects manifested by the increase in the slow
lifetime component.

Since no TL signal has been reported for Lu203,34 analysis
of the broadening of the annihilation photopeak was carried
out to gain insight into the nature of the defects present in
the lutetia ceramics. Annihilation of positrons occurs mostly
after thermalization with the velocity of the electron domi-
nating the relative motion of the electron—positron pair. Con-
sequently, the gamma rays generated in the electron—positron
annihilation are Doppler shifted in energy according to the
energy of the eclectron, and the broadening of the annihila-
tion photopeak can be related to the state of the electron.
Annihilation with the faster moving core electrons con-
tributes to the wings of the photopeak, while the slower
valence electrons contribute to the central region of the pho-
topeak. In this analysis, the photopeak is arbitrarily divided
in two regions, wings (W) and central (S), with the relative
change in these two areas yielding information about the nat-
ure of the open-volume defects. Results of this analysis in
the form of the S vs W plot are presented in Fig. 7 for
Lu,O3 samples sintered at different temperatures together
with a linear best fit to the data. Within the error bars, a sin-
gle straight line is capable of representing all the experimen-
tal data showing that the same type of open-volume defect is
found in all samples.>*%3¢

IV. Conclusions

In this work, the effects of different processing steps and
processing conditions for the fabrication of Y,03 and Lu,O;
ceramics were investigated. It focused on the effects of
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calcinations, and sintering in the 1400°C—1700°C temperature
range on the content of open-volume and electronic defects.
Two lifetime components were identified in the PAL analysis.
The faster lifetime, 211 ps for Y,0O3 and 204 ps for Lu,Os,
was assigned to bulk annihilation with possible contribution
of grain boundaries. PAL analysis also showed that densifi-
cation is achieved through the elimination and agglomeration
of open-volume defects. In Y,0s3, the radius of open-volume
defects was estimated to increase from about 2 to 4 A, while
in Lu,Os it increases from about 2 to 3 A for higher sinter-
ing temperatures. Further, in Y,O3, it is shown that sintering
can be beneficial in decreasing TL signal in the 150°C-250°C
region. However, while it is possible to obtain ceramics with
relative density of 99% for sintering temperatures >1450°C,
higher sintering temperatures also lead to higher TL signal.
The increase in the TL peak at 100°C for higher sintering
temperatures was tentatively assigned to the increase in the
number of open-volume agglomerates. It is recommended
herein that ceramic scintillators based on Y,0O3 should be
fabricated at the lowest sintering temperature possible to
decrease TL signal. In the case of Lu,Os, only for the sinter-
ing temperature of 1700°C, it was possible to achieve a high
relative density of 98% and it was found that the same type
of open-volume defect was present regardless the sintering
temperature.
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