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Trap-center recombination processes by rare earth activators in YAIQ; single crystal host
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The trapping-recombination processes occurring in YAIO; single crystals are investigated by wavelength-
resolved thermally stimulated luminescence (TSL) studies from 10 to 300 K after x-ray irradiation at 10 K.
Undoped crystals and crystals doped with rare earth ions are studied. The results obtained on undoped, Yb**-,
Eu’*-, and Tm>*-doped samples indicate the existence of seven glow peaks due to intrinsic hole traps. Three of
them (at 154, 190, and 232 K) are related to different variants of O~ centers, as demonstrated by the corre-
spondence between the thermal stabilities of such centers detected by electron paramagnetic resonance and the
glow peak temperatures. From the analysis of the TSL emission spectra it is found that rare earth ions, after
capturing electrons during irradiation, play the role of recombination centers. The thermal depths and the
room-temperature lifetimes of the traps are also evaluated. After doping with rare earth ions which are expected
to act as hole traps such as Ce’*, Pr’*, and Tb>* only one main peak is observed, preceded by a nearly
temperature-independent emission which is completely suppressed at temperatures higher than the glow peak
temperature. For each particular dopant the peak coincides with one of those observed in the undoped crystal
while the TSL spectral emission is characteristic of the rare earth ion dopant. To interpret such results we
suggest the existence of defect complexes, involving intrinsic defects coupled to Ce>*, Pr**, and Tb3* rare earth
ions, in which carriers can be transferred from intrinsic levels to the rare earth ion levels, where the radiative

recombination occurs.

DOI: 10.1103/PhysRevB.80.045113

I. INTRODUCTION

Scintillators are materials able to efficiently convert ion-
izing radiations into UV-visible photons, thus allowing their
measurement by light detectors. Applications of scintillators
are extensively found in medical imaging, industrial and se-
curity controls, and high-energy physics experiments.

It is usually considered that the overall efficiency 7 of a
scintillator can be expressed by the formula 7=8SQ,' where
B is the efficiency of conversion of an incident photon or
particle into e-h pairs, S is the efficiency of carrier transfer
toward the luminescent center, and Q is the luminescence
efficiency of the center. While 8 and Q are determined, re-
spectively, by the choice of the material and of the activator
(or of the intrinsic transition if an intrinsic scintillator is con-
sidered), the term S strongly depends upon lattice defects and
it can considerably vary in crystals with the same nominal
composition but with different quality. Therefore, the inves-
tigation and control of defects acting as traps of free carriers
is recognized as an important stage in scintillator research.

According to the thermal depth of traps with respect to the
conduction or valence bands, the mean time spent by carriers
in traps at room temperature (RT) can vary in an extremely
wide time scale, from us-ms or even less up to years. The
effect of traps on scintillation varies accordingly: shallow
traps with decay times on the order of us to ms induce slow
tails in the scintillation decay of fast scintillators, like those
exploiting the 5d-4f transition of Ce** whose decay time lies
in the ns time scale. Otherwise, deep traps keep the carriers
for such long times that they cannot be monitored in scintil-
lation measurements while they reduce the overall efficiency
of a scintillator. One should note that the terms “shallow”
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and “deep” are not uniquely defined. The same trap in a
material can be considered shallow or deep depending on the
time scale of optical transitions.

The case of Y-Al perovskite (YAIO;, commonly denoted
as YAP) is particularly interesting for what concerns the in-
vestigation of traps. Besides laser applications, Ce-doped
YAP crystals are thoroughly studied for their use as scintil-
lators both in bulk form grown by the Czochralski method**
and, recently, as thin films prepared by liquid phase epitaxy.
Moreover, also Pr’* (Refs. 6 and 7) and Yb** (Refs. 8—11)
dopings were explored. The heavier LuAlO;:Ce analog
(LuAP:Ce) was grown as well;!2 however, since its growth is
rather difficult, alternatively mixed Y,_,Lu,AP:Ce crystals
with x up to 0.8 were considered and successfully
obtained.!3-1°

The role of defects in the scintillation properties of YAP
and LuAP was soon recognized and several papers appeared,
some of them directly relating traps monitored by thermally
stimulated luminescence (TSL) to the temperature depen-
dence of the scintillation signal. It turned out that traps de-
tected by TSL at cryogenic temperatures have a direct role in
shaping the temperature dependence of the scintillation in-
tensity. The higher light yield of YAP:Ce with respect to
LuAP:Ce, as well as the presence of a scintillation rise time
in LuAP:Ce were explained in terms of a different distribu-
tion of shallow traps in the two materials.'’2° Deeper traps
monitored by TSL above RT were found to reduce the over-
all transfer efficiency in these scintillator materials, even if
additional nonradiative recombination processes are presum-
ably also present.?!

Since traps are detrimental for scintillator applications,
material engineering should focus on their elimination; the
question of their nature is a crucial point in order to guide
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material preparation and to avoid simple trial and error ex-
periments. The study of the defect character in perovskites
was approached by both experimental and theoretical tools,
where theoretical efforts were also aimed at a direct compari-
son with existing experimental results. By atomistic simula-
tions it was found that among point defects, cation antisites
(aluminum ions at yttrium site or vice versa) are character-
ized by the lowest formation energy and they are the domi-
nant intrinsic defects in YAP and LuAP, followed by cation
and anion vacancies (Schottky disorder).???* Cationic nons-
toichiometry should lead preferentially to antisite disorder
t00.”3 Since Y (or Lu) and Al are isovalent, in principle,
antisite defects are not expected to act as traps for charged
carriers; however, recent density-functional calculations
showed that Al ions at Y (or Lu) sites give rise to electron
traps about 0.4-0.8 eV below the conduction-band edge.’*
Moreover, the positive role of Zr codoping in reducing the
TSL of YAP:Ce crystals®® was explained by the incorpora-
tion of this codopant as ZrO, consequently compensating
oxygen vacancies acting as traps in the lattice.?®
Experimental efforts aimed at understanding the nature of
defects involved especially electron-paramagnetic-resonance
(EPR) and TSL studies. Following a previous EPR work,
where O~ defects (holes trapped at oxygen sites) were found
in YAP at cryogenic temperatures after visible or UV
irradiation,”’ their structure was further investigated and up
to five variants with different thermal stabilities were de-
tected. Three of them were correlated with TSL peaks ob-
served below RT. Oxygen-vacancy-based traps were detected
as well and it was preliminary suggested that TSL recombi-
nation could occur between holes thermally freed from O~
defects and electrons trapped at oxygen vacancy sites. More-
over, extrinsic defects such as Ti** and Mo** were also
observed.”® While below RT oxygen vacancies with trapped
electrons are stable and probably play the role of recombina-
tion centers in the TSL process, their thermal stability is
reduced above RT; the glow peaks monitored by TSL above
RT were ascribed to the recombination of electrons de-
trapped from oxygen vacancies with holes trapped at Ce**
centers via a thermally stimulated tunneling mechanism.?’
So far, studies specifically devoted to TSL were carried on
samples doped with Ce** due to the scintillator application of
YAP:Ce crystals. TSL data of crystals doped with other ac-
tivators such as Yb** and Pr** were also reported:®’10 the
shape of the TSL glow curves appeared to be influenced by
doping but the data were considered mainly from the appli-
cation point of view. A detailed investigation of the TSL
patterns when different rare earth ions are involved is miss-
ing. To tackle the topic, in this paper we compare the TSL
properties of both undoped and doped YAP crystals at low
temperatures. A rich variety of dopants (such as Eu, Tm, Yb,
Ce, Pr, and Tb) was considered in order to provide a more
complete picture of the nature of the recombination pro-
cesses occurring in YAP crystals. Moreover, we evaluate the
depth of traps associated with the observed TSL peaks and
discuss their influence in the scintillation decay processes.

II. EXPERIMENTAL CONDITIONS

The crystals considered in this study are (i) one undoped
and one Ce-doped crystal (0.5 at %) grown by Czochralski
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technique with 4N purity starting materials from molybde-
num crucible in CRYTUR Ltd. (Czech Republic); (ii) several
rare earth doped crystals grown in IMRAM, Tohoku Univer-
sity (Japan) by the micropulling down method with 4N pu-
rity starting materials from iridium crucible and with rare
earth concentrations of 0.01 at % and 0.1 at % for Ce’*,
0.1 at % for Eu’*, Tm3*, and Pr**, and 2 at % for Yb3*. All
the concentrations refer to the melt. Small differences are
expected to occur between concentrations in the melt and in
the crystal due to the close-to-one high segregation coeffi-
cients of the rare earth ions considered in YAP host. More-
over, a few measurements were also performed on one un-
doped sample grown by Czochralski technique by CRYTUR
and on one undoped sample grown by the micropulling down
method by IMRAM with 5N and 4N purity starting materi-
als, respectively. For the measurements, plates were cut with
dimensions 7X3 X1 mm? and polished up to an optical
grade.

TSL measurements in the 10-310 K range were per-
formed after x-ray irradiation at 10 K by a Philips 2274 x-ray
tube operated at 20 kV. The x-ray doses imparted for the
measurements were on the order of 10! Gy; moreover we
verified that a linear dependence of the TSL signal ampli-
tudes occurs from approximately 1 up to 200 Gy. The TSL
apparatus consisted in a homemade spectrometer measuring
the TSL intensity as a function of both the temperature and
wavelength. The detection system was a monochromator
(TRIAX 180 Jobin-Yvon) coupled to a charge-coupled-
device detector (Jobin-Yvon Spectrum One 3000) operating
in the 190-1100 nm interval. The spectral resolution was
about 5 nm. The TSL emission spectra were corrected for the
spectral efficiency of the detection system. A 0.1 K/s heating
rate was adopted.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Undoped crystals and crystals doped with Yb™*,
Eu?t, and Tm3*

In this section we present TSL results relative to samples
doped with those rare earth ions which, due to their elec-
tronic configuration, preferentially trap electrons during irra-
diation so as to modify their charge state from 3+ to 2+;
moreover the results on such crystals are compared to those
obtained for undoped samples. Wavelength-resolved TSL
measurements are displayed in Figs. 1(a)-1(d), where the
contour plots obtained after irradiation at 10 K are reported
for the Czochralski grown undoped (4N purity starting ma-
terials), 2% Yb’*-doped, 0.1% Eu’*-doped, and 0.1%
Tm**-doped crystals, respectively. The contour plot of only
one undoped sample is reported as an example, due to the
strong similarity among the three investigated crystals. A rich
variety of TSL peaks is observed in all samples, extending
from 10-20 K up to RT. The peak temperatures are similar in
different samples while the nature of the emission centers
changes according to doping. A selection of TSL emission
spectra obtained by integration of wavelength-resolved mea-
surements in specific temperature intervals is reported in Fig.
2. We observe (i) the 4f'23P,—4f'2°H, and the 42 'D,
—4f12 3H, emission lines of Tm>* in the Tm>*-doped crystal;

045113-2



TRAP-CENTER RECOMBINATION PROCESSES BY RARE...

250

200

Temperature (K)

150

100

50

deed bopY H\‘\H‘\H
200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

—~
()
=

300

250 —

200 —

Temperature (K)

150 —

L

50 b

= e ‘ : :
o b B T B cl b b
200 300 400 500 600 700 800 900 1000 1100

(c) Wavelength (nm)

PHYSICAL REVIEW B 80, 045113 (2009)

250

200

Temperature (K)

150

100

50

(b)

300

250

Mo <

Temperature (K)

200 -1

{(:/), <=

150

100 f—---:--

50 f—- B

200 300 400 500 600 700 800 900 1000 110C
(d) Wavelength (nm)

FIG. 1. Contour plots of wavelength-resolved TSL measurements performed after x-ray irradiation at 10 K in (a) undoped YAP; (b) 2%

Yb; (¢) 0.1% Eu; (d) 0.1% Tm. Heating rate=0.1 K/s.

(ii) the Yb** charge-transfer (CT) bands at ~3.6 and
~24 eV and the 4f53F,-4f3%F,, transition at
~1.2 eV in the Yb**-doped sample [by 7 increasing the
intensity of the 4f'3 ?F5,,—4f'3 F; , lines increases with re-
spect to that of the CT bands, as expected due to the ther-
mally activated energy transfer occurring from CT levels to
4f levels as already observed in both 7garnets and perovskites
(Ref. 11)]; (iii) the 4f°°Dy—4f° F; transitions in the
Eu’*-doped crystal. In all spectra the signal above 5 eV is an
artifact due to the spectral correction. The spectrum of the
undoped crystal is more complicated since it features intrin-
sic excitonic emission bands in the 4-5 eV region, a defect
related composite emission in the 2 eV region, and the char-
acteristic 5d-4f emission of Ce** at 3.3 and 3.6 eV mostly
evident for 7<<150 K. Defects responsible for all glow
peaks seem to be intrinsic since the same peaks are found in
samples of different origin. Moreover, they appear to act as
hole traps; after thermal detrapping, holes recombine with
electrons stored in electron traps either of intrinsic (possibly
oxygen vacancies as recently proposed)?® or of extrinsic na-
ture (Tm**, Yb**, and Eu** dopants). The involvement of
oxygen vacancies (F centers) as intrinsic emission centers is

supported by a previous proposal that excitons in YAP are
localized close to F centers,®® and by the recent finding of
F-type centers by EPR.”® The dominant recombination
mechanism is presumably the thermal detrapping of holes
into the valence band prior to their radiative recombination
with no (or little) spatial correlation between traps and cen-
ters. This assumption is supported by the coexistence in the
same glow peaks of several emission bands in the undoped
sample and by the common position of glow peaks in the
Tm3*-, Yb3*-, and Eu3+—d0ped crystals. However, we note
that in such picture involving holelike traps and electronlike
recombination centers, Ce>* emission should not be detected
since, as it is well known, due to its electronic configuration
this ion acts as a hole trap. The role of Ce** in the recombi-
nation process will be discussed in detail in the next section.

To better visualize the shape of the glow curves,
wavelength-resolved measurements of all samples were inte-
grated in their respective emission bands to obtain classical
glow curves which are reported in Fig. 3. The general simi-
larity of the glow peak positions is clear, apart from the
lowest T region up to 40 K. In this temperature interval we
observe a strong signal whose shape changes from crystal to
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FIG. 2. (Color online) TSL emission spectra of YAP undoped
and of Eu-, Yb-, and Tm-doped samples obtained by the integration
of wavelength-resolved measurements in the temperature intervals
indicated in the graph.

crystal. However, we remark that in this temperature region,
being close to the irradiation temperature, the glow curve
shape can also be affected by experimental conditions. Con-
sidering higher temperatures, peaks are observed at 45, 66,
89, 110, 154, 190, and 232 K in all samples. A shoulder at
about 250 K is observed only in the Czochralski grown crys-
tal with the highest (5N) purity (result not shown) while it is
absent in all the other samples, both doped and undoped.
Moreover, a very broad peak extending from approximately
120 K up to RT is observed in the Yb**-doped crystal. This
peak is exclusively related to the 4f-4f emission of Yb*, as
clearly evidenced in Fig. 4. Its broad shape is really uncom-
mon in a crystalline material, where traps, having a well-
defined energy depth in the forbidden gap, are expected to
give rise to narrower structures as indeed also observed in
the same crystal. This result suggests the existence of a fur-
ther weakly temperature-dependent e-h recombination path
involving selectively the 4f excited levels of Yb>*.

The trap depths of all peaks were investigated by partial
cleaning measurements;’! the Arrhenius plots manifesting
the exponential rise at the beginning of each peak, from
which the trap depths can be evaluated, are displayed in Fig.
5. The figure reports also the calculated energy values rang-
ing from 0.09 (45 K peak) up to 0.62 eV (232 K peak).

Since no shift in the maximum temperatures of the peaks
was evidenced by varying the irradiation dose by more than
two orders of magnitude, we rely that all traps obey to a
first-order recombination process. Therefore the frequency
factors s of the traps and the RT lifetimes 7 can be evaluated
by the simple formulas,
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FIG. 3. Glow curves obtained by integration of wavelength-
resolved TSL measurements in selected emission regions: 200—800
nm for the undoped sample, 400-900 nm for the 0.1% Eu-doped
sample, 270-1050 nm for the 2% Yb-doped sample, and 300-850
nm for the 0.1% Tm-doped sample.

BE E
s=@exp<a>, (1)
1 E
T= ;exp(g), (2)

where B is the heating rate, k is the Boltzmann’s constant,
and T, is the temperature at the peak maximum.

The frequency factors and the RT lifetimes of the traps are
reported in Table I. We note that no temperature dependence
of the frequency factor s is considered in the calculation of
the RT lifetime due to the lack of specific information, which
can hardly be obtained experimentally [Refs. 31 (page 49)
and 32]. According to Ref. 31 the temperature dependence
should follow a T* power law with —2<<a<<2. So it should
not affect the order of magnitude of the calculated frequency
factors and of the RT lifetimes of peaks above 100-150 K. In
Fig. 6 we show as an example the numerical fit of the glow
curve of the Eu**-doped crystal performed in the framework
of first-order recombination; the obtained parameters were
similar to those reported in Table I. In the fit we did not
consider the lowest temperature part of the glow curve up to
40 K due to the influence of experimental conditions in this
region, as well as the presence of extremely weak additional
structures at the low- and high-T side of the 66 K peak.

Our trap depth results for the peaks at 110 and 154 K are
in agreement with those reported in Ref. 19 in the case of a
0.3-0.4 % Ce**-doped crystal; a difference between the two
evaluations is observed only for the frequency factor of the
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FIG. 4. (Color online) TSL glow curves of 2% Yb-doped YAP
integrated in different emission regions reported in the legend.

110 K peak (10' s7! in our calculation with respect to 7
% 10" in Ref. 19). Consequently the room-temperature life-
times turn out to be different, 10> ns and 82 ns in our evalu-
ation and in Ref. 19, respectively. The very shallow trap with
E=0.13 eV assumed to exist in Ref. 19 from the temperature
dependence of the light yield, yet without any corresponding
TSL peak being monitored, could coincide with the traps
presently observed with trap depths £E=0.09-0.15 eV. More
significant differences are obtained in comparison with our
previous work on a sample doped with 0.5% Ce**, especially
concerning the 110 K peak, which turned out to be charac-
terized by E=0.18 eV, s=107 s7!.33 The influence of doping
on the TSL peak shape possibly giving rise to such different
values will be discussed in the next section.

The traps responsible for TSL peaks at 154, 190, and 232
K are related to three different variants of O~ centers, as
shown in Fig. 7 displaying the correspondence between the
thermal stabilities of such hole traps detected by EPR and the
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FIG. 5. Arrhenius plots of the TSL of YAP crystals following
x-ray irradiation at 10 K and partial cleaning at different 7, tem-
peratures. Curve A, Tq,,=43 K (45 K peak); curve B, Ty
=63 K (66 K peak); curve C, Tg,,=85 K (89 K peak); curve D,
T4op=106 K (110 K peak); curve E, Ty,,=150 K (154 K peak);
curve F, Tg,,=185 K (190 K peak); curve G, Tg,=228 K (232 K
peak). The curves are normalized to their maximum. Continuous
lines are fits to the data by a single exponential function. The trap-
depths values calculated for each peak are also reported. For the 45,
66, and 89 K peaks, data from the 2% Yb-doped sample were con-
sidered while for those at 110, 154, 189, and 232 K the analysis was
performed for the undoped crystal.
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TABLE I. Trap-depths parameters of the TSL peaks observed in
YAP crystals after x-ray irradiation at 10 K. The error of the trap
depths (E) is approximately 10%. The values of the frequency fac-
tors and of the room-temperature lifetimes are more qualitative
(only the orders of magnitude are significant). Heating rate of the
TSL measurements=0.1 K/s.

TSL peak temperature E s Tat 293 K
(K) (eV) (17s) (s)
45 0.09 107 1077
66 0.15 1010 1078
89 0.23 10! 1078
110 0.26 1010 1076
154 0.40 10" 1073
190 0.53 102 1073
232 0.62 1o 107!

TSL glow peaks. It was already proposed for undoped
samples that during the TSL process the holes freed from O~
centers recombine with electrons stored in oxygen
vacancies.?® The results obtained here for crystals doped with
Yb**, Eu**, and Tm?* are in agreement with this picture. The
observation of the characteristic spectra of these rare earth
ions in the TSL emission demonstrates that, after capturing
electrons during irradiation (so becoming temporarily 2+),
they compete with intrinsic defects and play the role of re-
combination centers in the TSL process. The nature of de-
fects responsible for lower temperature peaks at 45, 66, 89,
and 110 K is so far not known. Due to the similarity of their
emission spectra with those of the other higher temperature
peaks, one may suggest that they belong to hole traps as
well.

B. Crystals doped with Ce**, Pr**, and Tb**

The glow curves of crystals doped with rare earth ions
which are expected to act as hole traps during ionizing irra-
diation such as Ce**, Pr3*, and Tb>* were also investigated.
In principle, a competition between these activators and pre-
cursors of intrinsic hole centers (O~ in our case) is likely to

x 100

TSL Amplitude

e Lo P, RSP SR
e S |

L I:",
50 100

150 200 250 300
T(K)

FIG. 6. (Color online) TSL glow curve of YAP: 0.1% Eu (full
circles). The continuous (red) line represents the numerical fit of the
glow curve in the framework of first-order kinetics.
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FIG. 7. (Color online) Comparison between the temperature sta-
bility of O~ centers obtained from EPR by the isochronal annealing
method and TSL glow peaks in undoped YAP. TSL peaks are
slightly shifted with respect to mean temperatures of the EPR in-
tensity decay due to differences in the experimental conditions used
in both methods (continuous sample heating in TSL and isochronal
annealing in EPR).

occur. Such competition should result in a different TSL pat-
tern with respect to that observed for undoped or Yb*-,
Eu**-, and Tm?*-doped crystals. In particular, glow peaks
related to electrons freed from electron traps and undergoing
recombination at luminescent ions (temporarily Ce*, Pr,
or Tb*") are expected to occur.

Interestingly, the glow curves of all samples (with 0.1%
concentration of the selected rare earth) reported in Fig. 8 in
comparison with that of an undoped crystal show an unex-

0.1% Tb

=

0.1% Pr

0.1% Ce

Normalized TSL Amplitude

x10 Undoped

AWLVAATAN

50 100 150 200 250 300
Temperature (K)

FIG. 8. Glow curves obtained by integration of TSL
wavelength-resolved measurements in selected emission regions:
200-800 nm for the undoped sample, 300-450 nm for the 0.1%
Ce-doped sample, 350-900 nm for the 0.1% Pr-doped sample, and
350-650 nm for the 0.1% Tb-doped sample.
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FIG. 9. Comparison between the TSL glow curves of YAP
samples with different Ce concentrations obtained after x-ray irra-
diation at 10 K.

pected shape. Each glow curve features mainly a single peak,
preceded by a nearly temperature-independent weak emis-
sion starting from 10 K and completely suppressed after the
glow peak. The single peaks in different samples coincide
with one of those observed in the undoped crystal, namely,
with either the 110 K peak for Ce and Tb doping or the 190
K peak for Pr doping. Other peaks, like those at 154 and 190
K in the Ce-doped sample, and at about 82 K in the Pr-doped
one, can only barely be noticed. Moreover, in Fig. 9 the glow
curves of three samples with different Ce concentration are
reported. At the lowest Ce concentration (0.01%), all peaks
above 110 K are still observed such as in undoped crystals
while they disappear in the 0.1% Ce-doped sample. At still
higher concentration (0.5%) the main glow peak is slightly
shifted to lower temperatures and the one at 154 K is also
detected.

For most of the samples the TSL emission is characteristic
of the luminescent activators as shown in Fig. 10. For the
lowest Ce** concentration (0.01%) the intrinsic emission is
also detected in peaks above 130 K, testifying the residual
intrinsic character of this sample due to its very low Ce**
concentration. In the Pr-doped crystal, the 4f-4f transitions
dominate in the temperature-independent region below 150
K while the 5d-4f transitions are the principal emissions at
the temperature region close to the TSL peak.

The nearly temperature-independent emission observed in
all these samples before the main glow peak can be ascribed
to a kind of tunnel recombination between a trap and rare
earth ions acting as recombination centers, similarly, for ex-
ample, to what observed in garnet scintillators.>* On the
other hand, the presence of a single peak occurring at the
same temperature of one peak among those observed in the
set of samples doped with Eu**, Tm**, or Yb** ions is puz-
zling. In fact, this brings us to suppose that the defects re-
sponsible for the 110 and 190 K peaks can trap both elec-
trons and holes in order to satisfy the following substantially
opposite recombination reactions with rare earths (RE),

RE* + h (freed from trap)
— RE?" * (excited state)

— RE* + hv (TSL emitted light), (3)
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FIG. 10. (Color online) TSL emission spectra of YAP samples
doped with Ce, Pr, and Tb obtained by the integration of
wavelength-resolved measurements in the temperature intervals in-
dicated in the graph.

RE* + ¢ (freed from trap)
— RE*" * (excited state)

— RE* + hv (TSL emitted light). (4)

In Eq. (3), the RE?>* are Eu, Tm, or Yb. In Eq. (4), the RE**
is Ce or Tb for the 110 K peak, and Pr for the 190 K peak.

We will consider several hypotheses to shed light on these
results. The casual temperature coincidence of peaks due to
electron traps with those due to hole traps detected in
RE*/RE?**-doped samples seems unlikely. Not only it re-
quires too much of coincidence (two distinct peaks) but be-
sides, the exclusive presence of the 110 K peak in
YAP:Ce(Tb), and of the 190 K peak in YAP:Pr would remain
unexplained. The possibility that Ce, Tb, and Pr ions trap
electrons during irradiation could, in principle, be taken into
account, especially for the last two ions for which a stable 2+
configuration in wide band-gap insulators was predicted.®
However, if such hypothesis is supposed to work the Ce-,
Tb-, and Pr-doped crystals are expected to behave like those
doped with Yb, Eu, and Tm, showing accordingly all hole-
related glow peaks. As a result, neither the exclusive pres-
ence of a single peak nor the existence of the temperature-
independent emission get justified.

A more complex interpretation could be based on the fol-
lowing possibility. Suppose the TSL in RE3*/RE*-doped
samples involves hole traps and the emitted light is primarily
due to intrinsic recombination centers. These intrinsic emis-
sions are then converted in the RE spectra by a reabsorption
mechanism leading to RE excitation and subsequent emis-
sion from their excited states. To verify this hypothesis we
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FIG. 11. (Color online) Left ordinate scale, optical-absorption
spectra of Ce-, Pr-, and Tb-doped YAP (black curves); right ordinate
scale, TSL emissions of undoped YAP in the 50-130 K and 130—
260 K intervals (red curves).

compared the absorption spectra of Ce-, Tb-, and Pr-doped
samples with the intrinsic TSL emission monitored in the
undoped sample (Fig. 11): a reabsorption process is likely to
occur only in the case of Ce doping since its 4f-5d transi-
tions overlap with intrinsic emissions while 4f-5d transitions
of Pr and Tb lie at clearly higher energies.

Alternatively, we may propose a reasonable although only
qualitative interpretation based on the existence of defect
complexes involving intrinsic defects coupled to rare earth
ions. Namely, we suggest that Ce, Pr, and Tb dopants are
located close to intrinsic hole traps (O~ for the 190 K peak)
and electron traps (for example, F centers) so to form a com-
plex in which carriers can be transferred from intrinsic en-
ergy levels to the rare earth ion energy levels. Furthermore,
in order to explain the existence of only one TSL peak, we
assume that the presence of the RE favors the formation of a
specific hole-center configuration among those monitored in
undoped and in Eu-, Tm-, and Yb-doped crystals. After irra-
diation at low temperatures, part of holes and electrons are
transferred toward the RE ground and excited states, respec-
tively, where they radiatively recombine producing an ather-
mal emission characterized by the RE emission spectrum. As
the temperature is gradually raised close to the maximum
temperature of the corresponding TSL peak, holes experi-
ence also thermal liberation from intrinsic hole centers trig-
gering the liberation of closely lying trapped electrons too,
which radiatively recombine at the rare earth site. The rare
earth ion works in the defect complex such as an antenna
attracting the carriers previously localized in closely spaced
lattice defects and promoting their radiative recombination.
The appearance of the 154 K peak in YAP 0.5% Ce** not
detected in YAP:0.1% Ce** (Fig. 9) could be due to the pro-
gressive formation of defect complexes involving the Oﬁ de-
fects by increasing Ce concentration. However, recent EPR
measurements revealed that this center, as well as other O~
variants, is not visible in Ce-doped crystals. On the other
hand, the trapping of a hole by an oxygen ion in the vicinity
of Ce** could occur, leading to the creation of Ce**-O~ cen-
ters. Probably such a center is not observable by EPR due to
the strong exchange interaction between the spins of O~ and
Ce’* ions.

In this framework we can also discuss the shape of the
TSL peaks. In Figs. 12(a)-12(c) we report the details of the
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FIG. 12. Detail of the TSL glow curves of (a) YAP 0.1 % Ce, (b)
YAP:0.1% Pr, and (c) YAP:0.1% Tb. Continuous line, experimental
data; dashed line, numerical simulation with peak parameters from
Table I.

TSL peaks for Ce, Pr, and Tb dopings together with a simu-
lation performed with the parameters listed in Table I and
obtained for undoped and RE**/RE**-doped samples. We
notice that the peak position of each simulated curve agrees
with that of the corresponding experimental curve. Neverthe-
less, the simulations considerably fail to reproduce the shape
of the peaks being in reality evidently broader. A similar
result was already obtained in Ref. 19 for a Ce-doped crystal
and attributed to the existence of a distribution of trap levels
centered around a specific couple of E and s values found in
agreement with the temperature dependence of the light yield
(namely, E=0.28 eV, s=7x10'' s7'). We confirm the
broad shape of the peak for Ce** doping and we extend the
same result also to the cases of Th3* and Pr3*; moreover we
suggest that its origin lies in the existence of complexes in-
cluding intrinsic defects and rare earths in which the TSL
recombination process does not follow a classical recombi-
nation kinetics. This is also testified by the presence of a
nearly athermal emission at lower temperatures, which com-
pletely disappears above the peak maximum. The indepen-
dent analysis of these glow peaks both by the aid of the
initial rise method and by numerical fit gave much lower
energies (lower or equal to 0.2 eV for the 110 K peak and
about 0.42 eV for the 190 K peak) and lower frequency
factors with respect to those reported in Table I (of the order
of 10°~10° s7! for the 110 K peak and 10° s~! for the 190 K
one). However we think that such couples of parameters
have poor physical meaning and they just serve to account
for anomalously broad peaks associated to traps which do
not obey to a classical recombination process.
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We note that the existence of defect complexes was al-
ready proposed to explain particular TSL phenomena such as
the dependence of peaks maximum temperatures upon rare
earth ions radii and concentration.3*-3% As pointed out before,
the lack of observation of O~ defects in Ce**-doped crystals
could be explained by the vicinity of O~ centers and Ce ions
which may change the EPR-observable characteristics.

IV. CONCLUSIONS

The processes of trapping and recombination of free car-
riers created by ionizing irradiation in an important scintilla-
tor material such as YAIO; have been investigated by study-
ing crystals doped with a large variety of rare earth ions. Our
TSL results demonstrate that intrinsic defects trapping holes
during irradiation are responsible for seven glow peaks from
10 to 300 K; rare earth ions trapping preferably electrons
such as Eu, Tm, and Yb act as TSL recombination centers.

On the other hand, Ce-, Pr-, and Tb-doped crystals feature
only one principal peak, which coincides with one of those
observed in undoped or Eu-, Tm-, Yb-doped crystals. The
peak is preceded by a nearly temperature-independent emis-
sion which disappears after the glow peak. Such observation
is not consistent with a classical TSL picture: in fact, rare
earth ions which trap holes during ionizing irradiation such
as Ce, Pr, and Tb are expected to compete with intrinsic hole
traps in carrier capture giving rise to a different TSL pattern
with respect to that of the dopants above. Such TSL pattern
would be mostly related to electrons escaping from electron
traps and recombining with holes at Ce, Pr, or Tb sites. After
considering several possible hypotheses, we suggest that the
observed effects could be explained by considering that traps
and recombination centers do not act like separate entities,
but rather as parts of defect complexes in which carriers can
be transferred from intrinsic levels to the rare earth ion lev-
els. The observation of a nearly temperature-independent
TSL emission suggests that tunneling-driven recombination
processes occur in addition to the temperature-driven recom-
bination, supporting the existence of such complexes with
close spatial correlation between traps and centers. The com-
parison of the TSL patterns of crystals doped with a variety
of rare earth ions proved to be essential in order to highlight
this phenomenology, which nevertheless could be more com-
mon in TSL experiments than expected.
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