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The effect of lutetium oxyorthosilicate (LSO) crystals co-doping with rare-earth ele-
ments (Ce, Yb) on the luminescence energy and kinetic parameters has been studied. A
significant decrease of light storage (afterglow drop by 102) is observed at the certain
concentrations of activators (Cge ~ 0.1 at. %, Cyy, ~ 0.5 at. %). Herein, the luminescence
spectral composition and high light yield value are retained, and stability of output
characteristics for LSO(Ce, Yb) is improved considerably.

WsyueHo BIMSAHNE aKTUBUPOBAHUS KPUCTAJJIOB OKCHOpTocuIuKara Joorenud LSO perko-
semenbHbiMu asnementramu (Ce, Yb) Ha sHeprernuecKkue M KMHETHUYECKHUE I1APAMETPHI JIIOMU-
HecleHIMK. I[OKa3aHO, UTO IIPU OIPEEJeHHBIX KOHIEHTPAUAX AKTUBUPYIOIIUX IIpUMeceil
(Cce ~ 0,1 ar. %, Cyp, ~ 0,5 a1. %) HabGIIOZAETCA CYIIECTBEHHOE CHUMKEHHE CBEeTO3AIIACAHNA
(YPOBEHb IIOCIECBEYEHUs yMeHbIuaeTcsi mpuMepHo B 102) mpu COXpaHEeHHH CIEeKTPAaIbHOIO
cocTaBa MBJy4YEeHHUs U BHICOKOI'O CBETOBLIXO/JA € OJHOBPEMEHHBIM 3HAUUTENbLHBIM YJIyYIIeH-

eM cTa0uJbHOCTH BBIXOIHBIX xapakrepucTuk kpucramsios LSO(Ce, Yb).

Crystals of Ce doped rare earth (RE)
oxyorthosilicates are promising scintillators
with high light yield and nanosecond decay
times. Cerium doped lutetium oxyorthosili-
cate Lu,SiOz(Ce), LSO(Ce), is among these
materials [1, 2]. However, high afterglow
level (several per cent in the millisecond
range) narrows the application range for
this material in some branches, such as ra-
diation introscopy, where this parameter is
critical. The afterglow is usually attributed
to oxygen vacancies [3].

One of the possible ways to improve out-
put parameters of a scintillator is its co-
doping with ions having specific features.
For instance, positive results were obtained
for Csl(Tl) doped with Eu or Sm [4-6], A,Bg
based scintillators doped with Sm [7],
nanocrystalline luminophors based on LSO
with Yb and Dy dopants [9]. The effect of
co-doping with Sc, La, Gd, Y on properties
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of bulk single crystal scintillator LSO(Ce)
was studied in [10], however, no remarkable
influence of these optically inactive ele-
ments on the luminescence light yield and
decay was discovered.

Yb ions, as well as Eu and Sm ones, pos-
sess stable valency 2+, thus, these ions can
capture charge carriers (electrons in our
case) which give rise to afterglow in crys-
tals. Then the captured carriers may annihi-
late by nonradiative means, or call a longer-
time afterglow (accompanied by a decrease
of short-time afterglow). These factors were
decisive at choice of co-dopant for LSO(Ce)
crystals. This work is aimed at studies of
luminescence characteristics and output pa-
rameters stability in bulk LSO(Ce, Yb) as
functions of co-activator concentration.

Activated bulk LSO(Ce, Yb) crystals of
30 mm in diameter and 30 to 60 mm length
were obtained by the Czochralski technique
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using iridium crucibles in Ar atmosphere with
O, admixture. Rare-earth oxides Lu,05,
Yb,03, CeO,, SiO, of at least 4N purity
mixed at stoichiometric proportions were
used as starting materials for crystal grow-
ing. The post-growth annealing of the ingots
was carried out in inert atmosphere at
1500°C. Samples of 10x10x2 mm? and
10x10x0.5 mm?3 size with polished 10x10
faces were cut out from the crystals for
measurements of light yield, afterglow kinet-
ics, thermostimulated luminescence (TSL),
and luminescence spectra. Concentration of
Ce and Yb in crystals was controlled by AES
method (see, for example [11]).

The afterglow level n(¢) of crystals after
X-ray irradiation was determined using pro-
cedures described in [7, 8], and calculated as

n@ =@/ 1] - 100, [% ], (1)

where I is the crystal luminescence inten-
sity at X-ray irradiation; I(¢), afterglow in-
tensity after the irradiation is over.
The thermostimulated luminescence parame-
ters were determined using the procedure
[9] at temperature change rate about
5 K/min. The afterglow kinetics after X-ray
irradiation (D, = 5 R) was measured using
a specialized measurement setup [8]. The
residual afterglow at UV irradiation was de-
termined after irradiation by DRT-250 Hg
lamp during 5 min. 20 s after the irradiation
was over, a FD-288 photodiode was mounted
at the sample, and its output current was
registered by a B7-35 voltmeter. X-ray lumi-
nescence spectra of samples were studied
using a KSVU-8 measurement complex.

The spectral composition of X-ray lumi-
nescence for a LSO crystal at different
dopant concentrations is shown in Fig. 1.
The luminescence spectra are characterized

Table. Characteristics of LSO based crystals
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Fig. 1. X-ray luminescence spectra: 1, LSO
0.1 % Ce, 0.5 % Yb); 2, LSO (0.1 % Ce,
0.1 % Yb); 3, LSO (0.1 % Ce); 4, LSO
(0.1 % Ce, 0.05 % Yb).

by long-wavelength widening depending on
Yb concentration. The observed widening of
long-wavelength luminescence edge (see
Fig. 1) certifies an intensity redistribution
for the band near 450 nm corresponding to
six-fold oxygen coordinated Ce3* (CeOg
polyhedra) at the quenching of CeO; lumi-
nescence near 410 nm [12].

Other basic characteristics of studied
crystals, such as concentrations of dopants
Cce> Cyps respective light output S;, after-
glow level 1 at t = 100 ms after irradiation
termination are presented in Table.

The light output of the doped LSO de-
creases gradually with increasing Yb concen-
tration; Sy drops sharply at Cyy, > 0.5 mol. %.
The afterglow level n in LSO(YDb,Ce) also de-
creases at Cy, change up to 0.5 at. %, and
stabilizes at Cyp, > 0.5 % . Different trends in
n(¢f) dependences for different samples
(Fig. 2) also should be noted. In Yb-contain-
ing crystals, the afterglow level drop is less
pronounced at times shorter than 3 ms, and
takes place generally after 10 ms.

No Crystal Ceer at.% Cyp» at.% Sy, a.u. Afterglow level, n (%)
after 100 ms

1 Undoped LSO <0.001 <0.001 0.55 2.03

2 LSO(Ce) 0.1 <0.001 1 3.01

3 LSO(Ce,YDb) 0.1 0.05 0.94 0.478

4 LSO(Ce,Yb) 0.1 0.1 0.77 0.165

5 LSO(Ce,Yb) 0.1 0.5 0.72 0.017

6 LSO(Ce,Yb) 0.1 2 0.36 0.025

*nominally undoped LSO obtained from oxides Lu,O5 and SiO, 4N purity (99.99 %) contains Ce as
an uncontrolled admixture at the level about 1073-107% at. %.
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Fig. 2. Kinetics of LSO afterglow after X-ray
irradiation: I, undoped LSO; 2, LSO (0.1 %
Ce); 3, LSO (0.1 % Ce, 0.05 % Yb); 4, LSO
(01 % Ce, 0.1 % Yb), 5, LSO (01 % Ce,
0.5 Yb).

Thus, at the optimal concentration (Cyy ~
0.5 mol. %), LSO doped scintillators with
afterglow level lower by 2 orders of magni-
tude in comparison with undoped samples
can be obtained. At the same time, the light
output decrease is acceptable (not exceeding
28 %).

The stability of output parameters under
ionizing radiation is another important fea-
ture of scintillators. Our results show that
LSO(Ce,Yb) crystals with optimal concentra-
tion Cy, = 0.5 mol.% possess the highest
stability of light yield on X-ray irradiation
dose D,.

Together with instability of LSO light
yield on dose D,, that is, S =f(D,), de-
pendence of n on D,, that is n,_g, = f(D,),
is also observed (Fig. 4). It is worth to note
that at the chosen irradiation mode (X-ray
source, U, =100 kV), a monotonous in-
crease of afterglow level is observed for all
LSO-based crystals. At the same time, the
n value drops with increasing irradiation
dose D, for other crystals, for example,
CsI(TI).

To determine the light collection mecha-
nism and light output instability in co-
doped LSO, dependences of TSL and after-
glow after UV-irradiation were studied. The
plots of afterglow intensity after UV-irra-
diation (Fig. 5) decrease gradually and have
the same trend as m = n(f) curves obtained
at X-ray irradiation.

TSL spectra demonstrate clearly (Fig. 6)
that co-doping with Yb causes a substantial
change of carrier trap concentration being de-
pleted in the temperature range 100-450 K
(activation energies E, = 0.2-0.9 eV).

Ce doping results in a substantial de-
crease of shallow and deep trap number. The
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Fig. 3. Dependences of light yield S on X-ray
irradiation dose D,: I, undoped LSO; 2, LSO
(0.1% Ce); 3, LSO (0.1 % Ce, 0.05 % Yb); 4,
LSO (0.1 % Ce, 0.1% Yb); 5, LSO (0.1 %
Ce, 0.5 Yb). U, =100 kV, I, = 1 mA.
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Fig. 4. Dependences of afterglow level n(t =
100 ms) of LSO and Csl(Tl) on preliminary
irradiation dose D,: I, undoped LSO; 2, LSO
(0.1 % Ce); 3, LSO (0.1 % Ce, 0.05 % Yb);
4, LSO (0.1 % Ce, 0.1 % Yb); 5, LSO (0.1 %
Ce, 0.5 Yb); 6, CsI(TI).
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Fig. 5. Afterglow kinetics after UV-irradia-
tion: I, undoped LSO; 2, LSO (0.1 % Ce); 3,
LSO (0.1 % Ce, 0.05 % Yb); 4, LSO (0.1 %
Ce, 0.1 % Yb).

peak at 120 K (E, = 0.23 eV) disappears at Yb
addition, and the intensity of high tempera-
ture peaks at 340 and 400 K (E, = 0.61 and
0.87 eV, respectively) decreases significantly.
At Yb concentration increasing up to 0.1 at.
% , the intensity redistribution is observed be-
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Fig. 6. TSL of LSO-based crystals: 1, undoped
LSO; 2, LSO (0.1 % Ce); 3, LSO (0.1 % Ce,
0.05 % Yb); 4, LSO (0.1 % Ce, 0.1 % Yb).

tween the peak at 400 K attributed to deep
traps being associated to oxygen vacancies,
and peaks at T<3860 K caused by carrier
delocalization from traps with the energies
up to 0.7 eV at non-silicon-bound oxygens
[13]. The increased intensity of TSL peaks
at 0.55 and 0.7 eV can be attributed to for-
mation of new traps at oxygens surrounding
Yb.

Comparing the results in Figs. 2 and 3,
one can note a correlation between light
output instability and light storage. No TSL
peaks are observed at Yb concentration
CYb > 0.5 0/0 .

Energy of optical (UV) photons is insuf-
ficient to initiate radiation-stimulated proc-
esses (Schottky and Frenkel defect forma-
tion) in these crystals. Therefore, it may be
assumed that in case of both UV and X-ray
irradiation, the afterglow is due not only to
recharging of existing defects. A very
heavy dependence of light output for sam-
ples with non-optimized concentration of co-
dopant (Yb) on the preliminary irradiation
dose may certify a contribution from radia-
tion-stimulated processes resulting in addi-
tional luminescence center formation by
sub-threshold mechanism [8, 14]. The in-
crease of afterglow in LSO-based samples
with preliminary irradiation dose also con-
firms the existence of such processes. The
decrease of Csl(Tl) afterglow intensity in the
same conditions may be ascribed by partial
filling of carrier traps governing the after-
glow in crystals of this type.

The afterglow level decrease and other
effects observed for LSO crystals with the
optimal co-dopant concentration may be as-
cribed to both crystal-chemical and electro-
physical factors. The addition of an isova-
lent (isoelectronic) dopant (Yb) into LSO(Ce)
crystals results in suppression of genetic
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defects, that is, improvement in the erystal
lattice perfection due to the mechanisms de-
scribed in [15] is possible. At the same
time, Yb may act as an isoelectronic ac-
ceptor that neutralizes the non-compensated
charge of traps defining light storage in
crystals [4-7, 9].

Basing on the presented data, the follow-
ing mechanism of radiative and non-radia-
tive processes in codoped LSO crystals may
be presented. After formation of electron-
hole pairs in LSO:Ce, electrons can be cap-
tured by deep traps alongside with recombi-
nation with holes. Those traps cause an in-
tense afterglow after irradiation
termination and are manifested by TSL
peaks at temperatures from 250 K and
higher.

Trivalent Yb has a one of the highest
electronegativities among lanthanide ions
[16], and Yb3* 5b levels intersect with LSO
conduction band. Thus, an electron situated
in the conduction band may be captured by
with formation of Yb3*. The holes from va-
lence band will recombinate with Yb2* ions
and transfer them back into trivalent state.
Thus, addition of Yb provides an additional
channel of carrier recombination and de-
creased number of electrons captured on
traps. Ytterbium itself does not contribute
to the working luminescence band of the
scintillator, because in matrices of complex
oxides, it glows in IR band or in red part of
visible band (see, e.g., [17]).

Thus, doping of LSO by Ce and Yb at
optimal concentrations (Cge ~ 0.1 at. %,
Cyp ~ 0.5 at. %) can provide a scintillation
material with afterglow level less than
0.02 % after 20-100 ms and high light yield.
The LSO co-doping, besides of improvement
of scintillation characteristics, increases sub-
stantially the radiation stability of output pa-
rameters for this scintillator.
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Kineruka miominecueHuii kpucrauais LSO,
JTOMOBAHMX PIiAKIiCHO3eMEeJbHUMH eJieMEeHTaMHu

H.I' Cmapxcuncorxuit, O.I].Cioneyvruii, 5.B.I'punvos,
A.A.Macanos, IO0.B.Manwrkin, K.A.Kampynoe, I.M.3ena,
A.A.Kypuyes, B.I'.Bondap

BuBueHo BIJINB aKTHUBYBaHHA KPUCTAJIiB oKcioprocuiairkary Jgarorernito LSO pigxicHose-
menpuumu enementamu (Ce, Yb) ma emepreruuni ta Kimeruwuni mapamerpu sgrominecieHIrii.
IToxasaHo, 10 TIPU TEBHUX KOHIEHTPAIifX akTuBylouux gomimiok (Cge ~ 0,1 at. %, Cyy ~
0,5 ar. %) cmocrepiraerbcs icTOTHe BHUIKEHHs cBiTiosamacanHd (piBeHb micascBiTiHHA
aMenmryersea npubansHo B 102 pasis) mpu s6epeeHH] CIEKTPAIBLHOIO CKJIALY BHIPOMiHIO-
BaHHA Ta BUCOKOTO CBIiTJIOBOTO BUXOJY 3 OJHOUACHUM SHAYHUM IIOJINIIEHHAM cTabiJbHOCTI

Buxiguux xapakrepuctuk LSO(Ce, Yb).
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