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Shallow traps in PbWO, studied by wavelength-resolved thermally stimulated luminescence
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The thermally stimulated luminescen€ESL) properties of lead tungstate in the temperature range 10—250
K have been investigated by wavelength-resolved measurements performed on undoped and lanthanum doped
crystals afterx irradiation at 10 K. Glow peaks at around 10 and 20 K have been observed, followed by a
strong and composite structure in the 40—70 K region. At higher temperatures TSL emission in the 85-100 K
range has also been detected, whose intensity is higher in the lanthanum doped crystal with respect to the
undoped one. Additionally, the undoped crystal displays a composite glow peak in the 180—200 K region. The
emission spectrum of the TSL varies both as a function of temperature and doping: a band centered at 2.85
eV is found in the undoped sample below 70 K; a similar emission is found in the case of the lanthanum doped
crystal, with the exception of a limited temperature interval around 60 K where another band at lower energy
(E=2.63¢eV) is found. In the 200 K region, the emission is centered at 2.5 eV. These results are discussed in
comparison with literature photoluminescence and scintillation data. A detailed investigation of the composite
TSL structure in the 40—70 K range has been performed through several partial heating treatments: three
distinct TSL peaks have been found at 50, 55, and 67 K, characterized by trap depths of 48, 65, and 104 meV,
respectively. The comparison with recent literature electron paramagnetic resonance studies allows us to
propose that the TSL peak at 50 K is related to the thermal disintegration of,YAV@lectron centers
followed by radiative recombination. Spatial correlation between traps and luminescent centers is suggested,
leading to localized recombination not involving the conduction bf86163-18209)07431-1

[. INTRODUCTION emission centred at around 2.5 @Vhis latter emission ap-
pears to be composite, and recently possible relations both
In recent years, the use of lead tungstate (PQ)V&3 a  with a lead deficient phase (RN5O(3,-4)) and with local
scintillator material was proposéd:in fact, although it is lattice distortions towards the wolframite structure have been
characterized by a low light yieldlower than 150 pho- proposed-:"*® emission in this region appears also to be re-
tons/MeV), its high density and fast radio-luminescéstin-  lated to the MoQ group, i.e., to the Mo impurity? More-
tillation) response make this intrinsic scintillator particularly over, a recently observed emission at 2.1 eV, excited at 3.5
interesting for applications in high energy physics experi-€V, was ascribed to Oand PB* centers respectively, by
ments. different investigators:*®
The photo]uminescence properties of the material were No contributions to the investigation of the nature of hole

already investigated in the past In view of the mentioned centersECI;amet ug to TOV]:’ ft[om e:]ecltron ptaramggneltlc reso-
application, much effort was recently devoted to the optimi-n:{]ecceté q inR) tﬁilsj rlr’laast.eriréll agt,vr;cr)ian?:: v(\:/ﬁﬂ er?otsr:%rr]a':usnwsi;?e
sation of the scintillation properties and several new studieg ' 9

of photoluminescence and decay kineficE as well as of 2 CawQ in which P and a hole localized at regular
b 81415 y P 9= tungsten groups were fouri?? this latter hole center was
optical absorptioh®'*°appeared. These studies were ac-

; . . - ““observed in BaW@as well?
companied by a continuous improvement of the quality of Ao ing to their thermal depth, trap levels in the forbid-
the crystals grown by the Czochralski mett8dand in-  den gap can seriously affect the scintillation properties. Sig-
cluded also the effect of the doping with selected aliovalentjficant information on such trap states can be reached by
ions 213 thermally stimulated luminescenc€lSL) and thermally

In spite of the optimization of the material, the nature of stimulated conductivityTSC) measurements; if the intensity
the centres responsible for the photo and radioluminescena# the TSL signal allows to perform wavelength resolved
emissions is still matter of debate. Different proposals haveneasurements, information on the emission site is also ob-
been put forth: the blue emission centered at 2.8 eV hatinable. In agreement with previous studiésecent inves-
been ascribed to a transition within a regular Ypoup® tigations confirmed the existence of several peaks in a wide
while WO, centers have been proposed as responsible for aemperature rang€:>>~*3Thermally stimulated conductivity
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(TSQO) signals related to TSL peaks above 150 K were als@ nm. It operates between 10 and 320 K. A 0.1sK! heat-
detected® Moreover, it was found that trap levels occurring ing rate has been adopted.
in the 150-250 K range and characterized by decay times at
room temperature in th@s-ms time scales, strongly affect IIl. RESULTS AND DISCUSSION
the scintillation process by giving rise to slow decay compo-
nents at room temperatuf®.A limited number of wave-
length resolved TSL measurements appeared up to now: in
previous investigations performed on undoped samples, The 3D TSL glow curves relative to undoped and lantha-
emission centers at 2.5 eV, 2.7, and 2.95 eV were detected M doped crystals following irradiation at 10 K are dis-
peaks below room temperature, while above room temperglayed in Figs. 1 and 2, respectively, together with the con-
ture a dominant emission at 2.0 eV was fodhé® Addi-  tour plots of the measurements. In the case of the undoped
tional efforts are needed in this direction, so to reach a deCrystal, several glow peaks appear at different temperatures.
tailed description of the TSL processes in the materiaPeaks at around 10 and 20 K are detected, whose low inten-
inclusive of the understanding of the influence of dopant ion$ity is possibly due to their closeness to the irradiation tem-
on the recombination centres. perature. These are followed by a composite structure in the
Glow peaks observed above 150 K appear to be related #0—70 K regionFig. 1@)]; a qualitatively similar behavior
point defects induced by the occurrence of Pbleficiency UP to 70 K is observed in the case of the lanthanum doped
in crystals grown by the Czochralsky technique, as demonsample measured in the same conditions, while at higher
Strated by the Crucia' r0|e p|ayed by triva|ent dopantstemperatures an additional peak at 95 K is also observed
(La3*, Gd*) in lowering their intensity->3233The proposal [Fig. 1(b)]. In order to put in evidence the existence of higher
of a relation of the traps with oxygen vacancies has been pigmperature peaks, TSL measurements were also performed
forth, but once again no electron centers directly related tdollowing irradiation at 10 K in different experimental con-
those defects were found by EPR studies up to now. On théitions, namely by a higher dose and higher sensitivity of the
other hand, it was demonstrated that among extrinsic defectdetection system: Fig. 2 displays the results obtained on the
(M00,)3~ paramagnetic centers are associated to TSL trapgndoped crystal a}fter a partial heatmg up to 70 K, which was
evidenced in the 200 K regid.The recent finding of an- Necessary to avoid the very strong signal of low temperature
other paramagnetic electron center observed at liquid heliur@@@ks. In this case, a composite structure at 70-85 K is de-
temperatures after UV light exposure, namely an electro€cted showing a contribution to the emission at longer
localized in a regular tungsten group (W&, is of particu- ~ Wavelengths, as well as one peak at 190 K. Further very
lar interest Its thermal stability, limited to about 50-60 K, Weak peaks at around 100 t&s in the lanthanum doped
allowed to suggest a possible correlation with the TSL peak§2S¢ and at 220 K are observed too, which are visible in the
observed in the 40-70 K regidA.The thermal ionization 3D spectrum. No TSL peaks at temperatures above 100 K
energy of this center was calculated and turned out to b@ere detected in the lanthanum doped crystal, in accordance
about 50 me\#* with previous results already obtained by wavelength unre-
In this paper we present a detailed picture of the TSLSOved measuremerifsand explained by the ability of the
properties of lead tungstate at low temperatures. By Wavetnvale_nt dopant to reduce_ the concentration of defects re-
length resolved measurements, the TSL emission spect@Ponsible for glow peaks in the 150-300 K range; a much
have been obtained on undoped and lanthanum doped Cryglgher intensity of the peaks in the 100 K region in the case
tals and the results are discussed in comparison with phot&f the La-doped samples was already noticed as Yell.
luminescence and scintillation data. Moreover, through the These measurements show that the emission wavelength
analysis of the TSL glow curves the thermal energies of th&f the TSL varies both as a function of temperature and
peaks observed in the 40-70 K region have been opdoping: ;pemﬁcally, in _the undoped sample the emission is
tained: the correlation between the trap responsible for &entred in the blue regio®30 nm below 70 K, while it is

peak at 50 K and the (W{®  electron center is clearly rapidly shifted to the greef600 nm) at higher temperatures
demonstrated. from 80 K upwards; in the ¥ -doped crystal, a dominant

blue emission is observed, but a tail extending to longer
wavelengths is detected at around 60 K. The detailed char-
acteristics of the emissions are better depicted in Fig. 3 dis-
playing emission spectra taken at selected temperatures: a
Crystals of undoped and Badoped PbWQ crystals band centered at 2.85 eV, with 0.60 eV full halfwidth at half
were grown by Furukava Ltdwaki, Japan from 5N purity  maximum (FWHM), is responsible for the emission of the
raw material. The samples used in this investigation were cutndoped sample below 70 K; at higher temperature the emis-
from the same parent crystals used in Ref. 34. The lanthasion is centered at 2.5 eV (FWH#¥D.60eV). An emission
num doping level was 80 ppm in the melt. TSL measure-at around 2.8 eV is found in the case of the doped sample
ments in the 10—-250 K range were performed following 10(FWHM=0.65 eV), with the exception of a limited tempera-
K x-ray irradiation(by a Philips 2274 x-ray tube operated at ture interval around 60 K where another band at lower en-
20 KV). The TSL apparatus was a high sensitivity spectromergy (E=2.63 eV, FWHM=0.74 eV} is found.
eter measuring the TSL intensity both as a function of tem- In undoped samples, both the blue and green emitting
perature and wavelength: the detector was a double stagentres are well known to exist from photoluminescence
microchannel plate followed by a diode array. The detectiormeasurements: as already mentioned, they were ascribed to
range was 200—800 nm and the spectral resolution was abotlte transitions within W@and WQ, groups respectively®

A. Spectrally resolved TSL glow curves of undoped
and La®**-doped crystals

II. EXPERIMENTAL CONDITIONS
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FIG. 1. (a) 3D TSL measurement and contour plot of the TSL in the 10—-150 K range, following x-ray irradiation at 10 K of uitdoped
and L&" doped(b) PbWQ,. Data are slightly smoothed by a bidimensional fast-Fourier transform algorithm.

moreover, contributions in the 500 nm region due to a lead.!* No green component is observed in the TSL of the
deficient phase or to distortions towards the wolframiteLa®"-doped crystal, in accordance with scintillation restiits.
structures were proposéd*®lt is worth remarking that pre- So, the spectrum is mostly centred in the blue spectral region
liminary TSC measurements failed to detect any current sigup to 100 K. A different behavior is observed only in a very
nal in this temperature region, supporting the proposal of dimited temperature region at around 60 K, where the emis-
spatial correlation between traps and luminescent sites leagion is shifted at 2.6 eV; the band shape allows us to exclude
ing to localized recombination not involving the conduction a superposition of both 2.8 and 2.5 eV emissions, so that this
band. At higher temperatures, a dominant green emission Band should be looked at as an additional feature of the emis-
noticed. This can be explained by the thermal quenching o$ion pattern. A transition within a (W’ group slightly

the blue emission, related to the thermal ionization of theperturbed by the presence of a nearby trivalent lanthanum
excited level: the ionized electrons then reach the exciteibn could possibly be suggested. The presence of this emis-
level of the green center, therefore increasing the green emision just in this limited temperature interval could be ex-
sion. This mechanism explains the energy transfer procegsained by a very strong spatial correlation between the trap
from the blue to the green component operating above 16and the emitting center.



4656 M. MARTINI et al. PRB 60

7 .
s 3 z
S 50 7 z
> ]
% 40 - E
& ] 3
S .4 3 s
w 4 =z
= = 16
20 — 7
k 12 s Ry, ovesccscsseosesss
8 om0 D TN TTHRW000e0000e0000
e, T=10K
19 oo
470/‘?5 100 0 1 A A Ak i CA Al
(7 1.5 2.0 25 30 35 4.0 4.5
ENERGY (eV)
\E A FIG. 3. Emission spectra of the TSL of Pb\yét selected tem-
« ; : = peratures(a) Undoped crystal(b) La®"-doped crystal.
=
& 200
H undoped sample: as already shown, the TSL glow curve of
2 the La-doped sample is qualitatively similar in the 40-70 K
- i temperature region: however the strong superposition of the
peaks did not allow to separate the glow curve in a satisfac-
i ; : ; tory way so as to reach a clear picture of the individual TSL
150 freeeeeesesesenenenens B O aencc e nsasee e

: . : peaks. The results are shown in Fig. 4 where glow curves
- : integrated in the 390-490 nm wavelength range and ob-
- : ; tained after partial cleaning at 38, 55, and 63 K are reported.
L Two glow peaks are clearly evidenced centred at 50 K and at
L 67 K, with an additional shoulder at around 55 K. The tem-
e I T S peratures of the partial cleaning were chosen in order to as-
; : = sure that the initial portion of each peak was not influenced
by the presence of the lower temperature ones. Then, the data
, of these three glow curves were numerically analyzed by the
I initial rise methodFig. 5), which allows to evaluate the trap
400 BOW(/)A\/ELENGTH (800 depth independently from the type of recombination
nm) model® the calculated trap depths turned out to be 48, 65,

FIG. 2. 3D TSL measurement and contour plot of the TSL in the

70-230 K range, of undoped PbVy@llowing x-ray irradiation at >'U:_) ok a® s A

10 K. Data are slightly smoothed by a bidimensional fast-Fourier z : (A ‘.‘ \ (€) ]

transform algorithm. £ 80¢ \{ ; / B
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B. Evaluation of trap depths N s ]

5 : ]

As mentioned in the Introduction, the thermal stability of $ * 3 E

the WQ,®>~ centers suggested them as responsible of TSL § 20 b b ]

traps below 70 K In order to better investigate this point, a 2 o : N ]
comparison between the thermal depths of the traps in the = 2'5 — 5‘0 E— 7'5 T 00

40-70 K region and the thermal ionization energy of this
center is useful. However, a numerical fit of the observed TEMPERATURE (K)

composite TSL structure should not be reliable, due to the g 4. TSL glow curves of the undoped sample after different
existence of closely lying overlapping peaks and to the lackyartial cleaning, obtained by integrating the signal in the 390-490
of knowledge on the type of recombination kinetic. So, innm wavelength range. Curve#), (B), and (C) refer to partial
order to separate the different glow peaks, several partiagleaning at 38, 55, and 63 K, respectively. The dashed line repre-

heating of the glow curve at selected temperatures were pesents the numerical fit of the glow curve after partial cleaning at 38
formed(partial cleanin@ The analysis was carried out on the K.
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s, " detrapping of electrons from (WJF~ defects and subse-

% S ] quent radiative recombination at blue emitting centres. The
simultaneous presence of additional peaks of lower intensity
at around 55 and 67 K could suggest the existence of differ-
ent variants of (WQ@?3~ centers: however such an hypoth-
esis needs further support from systematic EPR measure-
ments.

Some comments may be finally devoted to the kind of
recombination processes involved. Several characteristics ap-
pear to be common to the three glow peaks forming the
1000/T (1/K) composite TSL structure in the 40—70 K region: these are
FIG. 5. Arrhenius plot of the TSL curves obtained on the un (1) the presence of first order recombinatiah) the lack of a

e ; . “TSC counterpartiii ) the low values of the frequency factors
ggpgdfﬁ?gfﬁ:ﬁgfﬂ:ﬂ:ﬁ?g'23;%?1 ::ti};’ %:2 ?)irlso’r;n:;%n theobtained. All these points call for the existence of localized
basi ' R recombination between electrons and closely lying lumines-

asis of the initial rise method. . . - :
cent sites which do not involve the conduction band of the
crystal.
and 104 meV for the 50, 55, and 67 K peaks, respectively.
The order of kinetics of these peaks was investigated by IV. CONCLUSIONS
recording TSL glow curves at different irradiation doses: no
shifts of the maximum temperatures of the peaks were no- |, this paper we have presented a detailed comparison

ticed by conside_rin_g approximately three orders of magniyetween the TSL properties of undoped and La-doped crys-
tud_e of dose varlatlo_n, a_nd this result suggests the Presengss at low temperatures. This was performed through the
of first order recombination process&sA numerical fit of investigation of the emission spectra of the TSL and the
the glow curve after partial heating at 38 K was then pergyajuation of the trap depths of selected glow peaks. The
formed on the assumption of first order kinetics and by fixingrg|  emission features have been discussed and compared
the energy values obtained with the initial rise methodyith previous results obtained by photoluminescence and
(dashed line in Fig. 4 from this fit, the frequency factors of gcjngillation studies. The trap depth related to the dominant
the traps were obtained, and turned out to be of the order ofg| peak at 50 K turns out to be in agreement with the
)
10°, 10f, and 1G's™* for the 50, 55, and 67 K peaks, respec- thermal ionization energy of the W® center recently de-
tively. The correspondence between the experimental ang.ined by EPR: in PbWQ a clear correspondence be-

theoretical curves is rather good: the deviation observed &{yeen a TSL trap and one intrinsic electron center has been
around 60 K is probably due to the more difficult indepen-fong. |t is also possible to state that the recombination pro-
dent evaluation of the trap depth of the 55 K shoulder; MOretass between electrons detrapped fngf defects and

over, the presence of minor structures at the W‘de of luminescent centers does not involve the conduction band of
the 67 K peak could explain the occurrence of higher experiz

mental values in the 70 K region. The low values obtainedIhe crystal.
for the frequency factors are consistent with the picture of
spatial correlation between traps and luminescent cefrres. ACKNOWLEDGMENTS
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