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Defect properties of Ce-doped and undoped Y3Al5O12 �YAG� crystals were studied by Doppler broadening
of positron annihilation � rays and thermoluminescence �TL� as a function of temperature �25–300 °C�. The
positron diffusion length L+ was evaluated mainly from the S parameter versus positron energy. Compared with
undoped YAG, Ce-doped YAG has a smaller positron diffusion length, due to its higher density of defects. L+

in Ce-doped YAG decreases with increasing temperature up to 100 °C, and then increases with temperature.
The TL intensity in Ce-doped YAG shows the opposite behavior to L+. The results indicate that point defects
probed by positrons may be responsible for the energy transfer to Ce ions and TL intensity. Possible defects
detected by positrons are negatively charged or neutral defects related to impurity antisites, cation vacancies,
and vacancy complexes.
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I. INTRODUCTION

Recently there has been intense interest in searching for
scintillation materials for radiation detection and medical
imaging.1–3 Optical materials, e.g., halides, oxides, and chal-
cogenides, were traditionally used as �-ray and x-ray
scintillators.1 Undoped crystals such as alkali-metal halides
were often applied; while metal-ion-doped �such as Ce3+,
Eu3+� crystals are more favored as fast scintillators due to
their shorter luminescent decay times of 10–100 ns.

Yttrium aluminum garnet �Y3Al5O12, YAG� doped with
rare-earth or transition metals makes excellent laser and op-
tical crystals. Cerium-doped YAG �Ce:YAG� has been used
as electron imaging sensors on scanning electron
microscopes4 and radiation scintillators.5 It was speculated
that the luminescence intensity at 550 nm in Ce-doped YAG
increases with the concentration of defects such as oxygen
vacancies or F centers.6 These defects also lead to a change
in the rise and decay transient profiles of luminescence.6,7

Positron annihilation spectroscopy �PAS� is a sensitive
method for studying point defects in materials. In this tech-
nique, a positron in a solid material is rapidly thermalized
and diffuses until it annihilates with an electron, producing
two � quanta that are almost collinear. The energy spectrum
of the � rays is Doppler shifted from 511 keV �the rest mass
of electrons�, due to momentum conservation in the annihi-
lation processes. If positrons are efficiently trapped at defects
such as vacancies and voids, they annihilate with electrons
with lower momenta and produce a narrower energy spec-
trum of � rays compared with positron annihilation in the
bulk. Therefore, the sharpness parameter S can be used to
characterize the defects.8,9 On the other hand, S versus the
wing parameter �W� can provide independent information on
the number of layers with different defect properties,10,11

where W is due to positron annihilation with high-
momentum electrons �core electrons�. Furthermore, the pos-
itron energy dependence of S or W can give us the positron
diffusion length and therefore information on defect proper-
ties in materials.

In this work, defects in cerium-doped YAG were studied
by PAS and thermoluminescence �TL�. The correlation be-

tween TL intensity and defect concentration is discussed. It
was shown that controlling defect concentration is crucial for
improving luminescence intensity and probably scintillation
efficiency.

II. EXPERIMENTS

Three YAG samples grown by the Czochralski �Cz�
method were obtained from VLOC �a subsidiary of II-VI,
Inc�: sample R9 with 0.15 at. % Ce, sample R20 with
1.0 at. % Ce and 1.0 at. % Er, and an undoped YAG sample
�R0�. Before positron and TL measurements, they were
etched in phosphoric acid �85% concentration� at 200 °C to
reduce surface damage, and were radiated by a Xe lamp so
that the TL intensity was enhanced.12

The TL measurement was performed on a heat stage with
a heating rate of 12 °C/min after the sample was radiated
with a Xe lamp for 15 min. A thermocouple monitored the
temperature of heating stage. A photospectrometer �Ocean
Optics, Inc.� was used to collect the thermal luminescence.
The luminescence spectrum in the region of 500–700 nm
shows a peak at around 550 nm. The integrated intensity
between 500 and 700 nm was calculated as a function of
temperature.

Doppler broadening spectra of positron annihilation �
quanta were measured with a variable-energy positron beam
with a flux of about 5�105/s cm2, a diameter of 5 mm, and
an energy range of 0.1–12 keV. Thermocouples monitored
temperatures at the surface of the sample and the surface and
bottom of the heater. Only the temperature on the surface of
the samples is used in the positron results. The shape param-
eters S and W are used in the analysis.8 As an example, the
measured S�E� and S�W� relations10,11 at room temperature
for three samples are shown in Fig. 1.

In Fig. 1�b�, the good linear relation between S and W at
room temperature indicates that a single layer is adequate to
describe the positron behavior,10 as do the S�W� linear rela-
tions at higher temperatures. We used the VEPFIT program13

to fit S�E� by a single-layer model with an epithermal posi-
tron state in the surface. The diffusion lengths had large er-
rors after fixing the bulk S or epithermal parameters at cer-
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tain values �deduced from the first trial fittings�, though we
could get a good variance of the fit to the experimental S�E�
in these trials. To reduce the error bars of the diffusion
length, we assumed that the positron implantation profile is a
� function versus positron energy. S versus E is described by
S�E�=Sb+A exp�−E /E0�, where A is the difference between
the S values at the surface �Ss� and bulk �Sb�, and E0 is the
characteristic energy at which positrons are implanted, ther-
malized, and diffuse back to the surface with a diffusion
length L+. L+ is directly calculated based on the mean im-
plantation depth formula L+=40E0

1.6 /�, where E0 has units of
keV, � is the sample density �4.56 g/cm3�, and L+ is in
nanometers.8 During the fittings of E0 from S�E� we did not
include the small increase of S versus E near the surface for
the two Ce-doped samples �Fig. 1�a��, since the charging
effect on the Ce-doped YAG surface may increase the posi-
tronium �Ps� yield and therefore increases the S values.

The obtained L+ value may contain a contribution from Ps
formed in the surface region. We did not perform the decom-
position of the annihilation �-ray energy spectrum to get the
diffusion lengths of Ps and positrons as was done by van
Petegem et al.,14 because such a decomposition needs more
parameters and the associated errors are supposed to be
large. In the bulk YAG crystals, Ps formation is not expected,

as in other crystalline oxides. We assign L+ mainly to posi-
tron diffusion.

III. RESULTS AND DISCUSSION

The obtained positron diffusion length L+ is plotted as a
function of temperature �Fig. 2�. L+ in the undoped YAG
increases with increasing temperature. For the Ce:YAG and
Ce:Er:YAG samples, L+ decreases with increasing tempera-
ture up to about 100 °C, and then increases with tempera-
ture.

The integrated TL intensities of the two Ce-doped
samples are shown in Fig. 3. As an example, the TL profiles
at 90 and 110 °C, peaked at around 560 nm, are inset in Fig.
3. This peak is due to the emission of Ce3+ ions.6,7

FIG. 1. �a� S parameter as a function of positron energy, �b�
S-W relation for three samples at room temperature. Error bars have
the same size as the symbols.

FIG. 2. Positron diffusion length L+ as a function of temperature
for undoped YAG �R0�, Ce:YAG �R9�, and Er-codoped Ce:YAG
samples �R20�.

FIG. 3. Thermoluminescence intensity versus temperature for
R9 �Ce:YAG� and R20 �Ce:Er:YAG�. The inset shows TL spectra at
90 and 110 °C for sample R20.
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Undoped crystalline YAG has a smaller positron diffusion
length L+ �15–30 nm�, compared with other Cz-grown crys-
tals such as Si �L+=230 nm�.9 Furthermore, L+ in undoped
YAG increases with temperature, in contrast with the de-
crease of L+ with increasing temperature for many crystalline
materials.8 We attribute these observations to the various
amounts of metal impurities in a typical YAG crystal with
concentrations of 1–100 ppm as measured by glow dis-
charge mass spectroscopy. Metal impurities can easily form
color centers by combination with oxygen atoms and trapped
charges.7,15

The optical absorption spectrum of the undoped YAG
sample R0 under UV radiation was measured as a function of
temperature �10–300 K� �Fig. 4�. The absorption spectrum
has peaks at �300 and �580 nm with a long tail up to
750 nm. Compared with as-grown undoped YAG, the sample
under UV radiation has larger absorption coefficients at
300 K, indicating higher defect concentrations. No system-
atic change in absorption spectrum was observed as a func-
tion of temperature for the UV-irradiated sample. The broad
optical absorption spectra of YAG cannot be assigned to a
single defect center. These defects probably are deeply lo-
cated at 2.1–4.2 eV from the valence band �VB� in the wide
band gap ��6.5–7.0 eV� of YAG.16,17 Most of defects are
located at �4.2 eV above the VB, or about 0.9 eV above the
Fermi energy level of YAG. Defects or color centers in
Ce:YAG were also confirmed by light absorption, photolu-
minescence �PL�, and PL excitation spectra.6

Now let us consider the difference in positron diffusion
length L+ in the three tested samples using a simple picture.
Based on the two-state trapping model, L+ is related to the
defect concentration nt as follows:9

L+ = � D+

ktnt + �b
�1/2

, �1�

where �b is the positron annihilation rate in the bulk, D+ is
the positron diffusion constant, and kt is the rate constant of
positron trapping in the defects and is assumed to be the

same for doped and undoped YAG samples as long as the
defect type is the same.6 Assuming �b is the same for all
three samples, a smaller L+ indicates a larger defect concen-
tration through the explicit relationship in Eq. �1� and the
implicit relationship that D+ is decreased with the increase of
defect concentration nt due to more frequent scatterings off
defects or impurities.18

Noticeably the L+ values in Ce:Er:YAG, almost the same
as those in undoped YAG, are larger than those in Ce:YAG
�Fig. 2�. Possibly Er ions reduce the concentration of defects
in Ce:YAG. This is not surprising since 50 at. % Er can be
doped in YAG during crystal growth, resulting in an excel-
lent laser crystal in IR emission.19

The S parameter in the bulk �Sb� was usually regarded as
a defect indicator for Si-based semiconductor materials such
as c-Si, a-Si, SiO2, and also for some metals.8,9 In our
samples, we did not observe a clear correlation between Sb
and L+ or a systematic variation of Sb with temperature. Dif-
ferent kinds of impurities and defects are expected to have
complicated influences on the positron trapping and scatter-
ing and therefore on Sb values. L+ rather than Sb might be a
good indicator of overall crystal qualities.

It is interesting to plot the slope k=dW /ds of the S-W
curve versus temperature. The results are shown in Fig. 5.
The slope k is characteristic of the defects where positrons
are localized and annihilated.11 If k is a constant versus tem-
perature, it means the type of defect does not change with
temperature, regardless of the variation of defect concentra-
tion with temperature. For undoped YAG, k tends to decrease
with increasing temperature within experimental errors, pos-
sibly due to the transformation of defect types at tempera-
tures of 25–270 °C. On the contrary, k is a constant
�0.49±0.01� versus temperature within experimental errors
for the two Ce-doped YAG samples, suggesting that Ce3+

ions play an important role in determining the type and tem-
perature stability of positron-sensitive defects.

The thermoluminescence intensity has a peak at the tran-
sition point TTL=110–115 °C for Ce:YAG and Ce:Er:YAG
samples �Fig. 3�. TTL is about 10 °C higher than the charac-

FIG. 4. Optical absorption spectrum of undoped YAG sample
under UV radiation �curves� as a function of temperature. As a
comparison, the spectrum of as-grown undoped YAG sample
�circles� at 300 K is also shown.

FIG. 5. Slope k of S-W curve as a function of temperature for
undoped, Ce:YAG, and Ce:Er:YAG samples. Dashed and solid lines
indicate the tendency of k versus temperature for undoped YAG and
the two Ce-doped YAG samples, respectively.
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teristic temperature TP=100 °C at which the positron diffu-
sion length reaches a minimum. There is a temperature gra-
dient along the depth of the YAG samples due to the low
thermal conductivity of YAG. TP is measured near the sur-
face of the sample, while TTL is the average temperature in
the bulk. Within this small difference in transition tempera-
tures, we can safely say that the TL intensity increases con-
comitantly with the increase in concentration of defects
probed by positrons.

Robbins et al. proposed that energy trapped at defect cen-
ters in Ce:YAG can be thermally released and might be trans-
ferred to Ce3+ ions directly by long-range resonance transfer,
or indirectly by thermal release of excitation energy from the
excited defect centers into delocalized lattice states when re-
trapping at an activator site becomes possible.7,20 YAG is a
crystal with a wide optical band gap of 6.5–7.0 eV. The
relative position of the Ce3+ excited 5d level is �1.5 eV
below the conduction band �CB� edge in YAG,17 and the 4f
ground level is about 2.5 eV above the valence band edge.16

Defects with energy levels located at 4.1 eV above the VB
may have a probability of transferring the energy to the Ce3+

4f ground level, depending on the defect- Ce3+ distance and
temperature. Our result indicates that neutral or negatively
charged defects in Ce-doped YAG samples, as probed by
positrons, may be helpful for energy transfer to the Ce3+

ground state and an increase in luminescence intensity emit-
ted from Ce3+. In addition, Er3+ codoping in Ce:YAG re-
duces the defect concentration compared with Ce:YAG �Fig.
2�, and therefore reduces TL intensity.

Kuklja21 calculated the formation energies of impurity-
induced or intrinsic defects in YAG using a pair-potential
approximation coupled with a shell model. It was concluded
that the most stable negatively charged and neutral defects in
YAG are �i� a divalent antisite on Y3+ compensated by an
oxygen vacancy; �ii� two divalent antisites combined with an
oxygen vacancy; �iii� trivalent impurities on Al3+ or Y3+,

which form neutral defects and possibly provide potential
wells to trap positrons; �iv� the negatively charged cation
vacancies created simultaneously with the tetravalent impu-
rity antisites on Al3+. These defects are the possible trapping
sites for positrons. The relative contributions of these defects
to positron trapping and TL intensity, probably dependent on
the impurity concentrations, call for additional studies in fu-
ture.

IV. CONCLUSION

Positron annihilation and thermoluminescence spectra
versus temperature �25–300 °C� have been measured for
undoped YAG, Ce:YAG, and Ce:Er:YAG. A good correlation
between positron diffusion length and TL intensity versus
temperature was found in a qualitative sense. It indicates that
neutral or negatively charged defects, located deep in the
band gap of YAG, may help the energy transfer to Ce3+ ions
and enhance TL. It is reasonable to claim that controlling the
defect concentration and making energy transfer more effi-
cient are important for phosphor optimization. We speculate
that transparent Ce-doped polycrystalline �or ceramic3� and
nanocrystalline YAG might be good candidates for efficient
scintillators, since their growth temperatures are lower and
they may have a more efficient energy transfer from defects
to Ce ions compared with single-crystal YAG. Combined
with positron annihilation Doppler broadening measure-
ments, positron lifetimes in YAG samples will provide more
quantitative information on positron trapping rates in defects
and defect concentrations.
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