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Single crystalline film scintillators based on the
orthosilicate, perovskite and garnet compounds

Yu. Zorenko, V. Gorbenko, V. Savchyn, T. Voznyak, O. Sidletskiy, B. Grinyov, M. Nikl, J. A. Mares,
T. Martin, P.-A. Douissard

Abstract— This work reviews our R&D of new types of
scintillating screens based on the single crystalline films (SCF) of
Lu,Y orthosilicate, perovskite and garnet compounds grown by the
liquid phase epitaxy method. The scintillation and luminescent
properties of the following types of SCF scintillators are considered
in this work: i) Ce-doped SCF of Y,Lu-based orthosilicates and
perovskites with the Ce™* emission in the 325-600 nm and 360-370
nm ranges with a decay time of 20-33 ns and 16-17 ns, respectively;
ii) Ce,Tb doped SCF of Y,Lu-based orthosilicates and perovskites
with the simultaneous Ce** and Tb** emission in the blue or UV
and green spectral ranges, respectively; iii) Sc** doped SCF of Y-
Lu-Al-garnets, emitting in the 290-400 nm range due to
formation of the Scy;, and Sc,, centers with a decay time of the
order of hundreds of nanoseconds.

Index Terms— scintillating screens, luminescence, single
crystalline films; liquid phase epitaxy, orthosilicates, perovskites,
garnets, Ce**, Tb* and Sc** dopants.

1. INTRODUCTION

During the last three decades the liquid phase epitaxy
(LPE) proved to be a beneficial method for the development of
luminescent materials based on single crystalline films (SCF)
of oxide compounds, such as garnets, perovskites, sapphire,
silicates and tungstates [1-15]. Apart from the laser media [1],
cathodoluminescent screens [2-5] and o— and B—scintillators [6-
8], developed in the 80-90th of the last century on the base of
rare-carth doped SCF of Y;Al501, (YAG), LuzAlsOy, (LUAG)
and Gd;GasO,, (GGG) garnets, the application fields of such
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SCFs in the last decade are extended to X-ray visualization
screens [9-15]. Namely, the fast development of microimaging
techniques using X-ray or synchrotron radiation for
applications in microtomography in biology and medicine
strongly demands scintillating screens with spatial resolution in
the micron or even sub-micron ranges [12-15]. Recently for
this task, X-ray image detectors based on SCF screens of
YAG:Ce, GGG:Tb and LuAG:Eu garnets, microscope optics,
low-noise CCD camera and operated with X-ray energies of
10-50 keV have been developed at ESRF [11, 12].

To increase further the spatial resolution of X-ray
detectors in the sub-um range the SCF scintillating screens
emitting the blue or UV ranges [12] or scintillation screens
with complex emission spectrum in blue/or UV and visible
ranges [13, 14] are necessary. Registration of images in the
blue or even in the UV range could increase the spatial
resolution R of a detector according to the formula:
R~0.61*A/NA (1), where A is the emission wavelength, NA is
the numerical aperture of the optics [12]. Significant
improvement of image contrast can also be reached by the
application of SCF with thickness below 10 pm, optics with
NA~0.5 and the blue or UV emission of such screens [15].

The Lu;Al;0;, garnet (LuAG) is excellent host to prepare
such SCF scintillators due to high ability of X-ray absorption,
which is proportional to pZeg* (p=6.7 g/cm’ is the density and
Z.=61 is the effective atomic number) [9-12]. Due to
elimination of Luy,; antisite defects and low concentration of
oxygen vacancies in LPE grown SCF, the Ce’* doped LuAG
SCF scintillators possess significant advantages with respect to
their SC counterparts [16, 17], such as faster scintillation
response and better energy resolution (FWHM) [18].

Lu,SiOs5 (LSO) orthosilicates and LuAlO; (LuAP) perovskite
hosts have significantly higher density (p=7.4 and 8.34 g/cm’)
and effective atomic number (Z.;=66 and 64.9, respectively) [8,
13-15] as compared to the previously used YAG (p=4.6 g/cm’,
Z4=29) and LuAG based compounds [9-12]. Single crystals
(SC) of LSO:Ce and (LuY),SiOs:Ce (LYSO:Ce) are the well-
known scintillators for Positron Emission Tomography (PET)
[8]. Ce*" doped LuAlO; (LuAP) and (LuY)AIO; (LuYAP)
perovskites are also very efficient oxide scintillators [8]. These
matrices can thus serve as excellent hosts to create SCF
scintillators emitting in the visible and UV ranges [12, 15].

The growth of LSO:Ce and (Lu,;Gd,),Si0s:Ce (LGSO:Ce)
SCF scintillators onto LSO substrates by LPE method have been
reported by some of us in [19, 20]. The growth of Lu,SiOs:Tb
and Lu,Si05:Tb,Ce SCFs onto YbSO and LY SO substrates by
LPE methods has been also reported in works [13, 14].
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Testing the Lu,SiOs:Tb and Lu,SiOs:Tb,Ce SCF screens for
visualization of X-ray image was performed as well [14]. The
result of works [13, 14] shows that the Lu,SiO5:Tb,Ce SCF
screens with simultaneous emission in the blue and green
ranges have excellent spatial resolution of X-ray image up to
0.8 um FWHM [14]. The double epitaxial structures consisting
of two LSO:Tb and LYSO:Ce SCF were also grown by the LPE
method and tested for visualization of X-ray images [14].

Recently, the growth of YAP:Ce and LuAP:Ce SCF from
PbO flux has been reported by us in several works [21-23]. Both
types of SCF films were of very good structural and optical
quality [22, 23]. We also performed preliminary testing the
LuAP:Ce SCF screens for visualization of X-ray image [15].
The scintillation and luminescent properties of these films were
studied as well [22-25]. Strong decrease (more than three
times) of the LY of YAP:Ce and LuAP:Ce SCF, with respect
to the LY of their SC analogues was noted due to the
influence of Pb-based flux-related centers on the Ce’’
luminescence in perovskite hosts [24, 25]. This fact decreases
the application possibilities of such a type of SCF scintillators.

In this work, we continue the investigations of growth
processes of scintillating screens based on the SCF of
orthosilicates, perovskites and garnets by LPE methods. We
focus on the growth of Ce and Ce,Tb doped (Y,Lu)SO and
(Y,Lu)AP SCFs and Sc*" doped LuAG SCF onto substrates
prepared from undoped YSO, YAP and YAG crystals. The
YSO, YAP and YAG hosts have the close crystal structure to
that of LSO, LuAP and LuAG, but YSO, YAP and YAG
substrates are significantly cheaper.

In this work, we grew several sets of the Ce and Ce,Tb
doped (L,Y)SO and (Y,Lu)AP and Sc** doped LuAG SCF’s
onto the undoped YSO, YAP and YAG substrates,
respectively. We also studied their scintillation and
luminescent properties in comparison with those of LSO:Ce,
(LuY),Si05:Ce  (LYSO:Ce), YAP:Ce, LuYAP:Ce and
LuAG:Sc SC, prepared by the Czochralski method.

II. GROWTH OF SCF SCINTILLATORS AND
EXPERIMENTAL TECHNIQUES

The series of the Ce, Ce,Tb and Sc-doped (LuY)SO,
(LuY)AP and (Lu,Y)AG SCFs were grown in LOM of Lviv
University and the ESRF by the LPE methods onto undoped
YSO, YAP and YAG substrates, respectively, with diameters
ranging from 5 mm to 25 mm, from super-cooled melt-solution
(MS) based on the PbO-B,O; flux at relatively low
temperatures (950-1100 °C) as compared to Czochralski-grown
SC analogues (~2000-2100 °C). The thickness of the SCF
scintillators was varied from 12.2 to 62 pm. It is very important
to note that we did not use any additional doping to reduce the
significant differences in the lattice constants of the LSO,
LuAP and LuAG based SCF and the YSO, YAP and YAG
substrates which are of about 2.1, 1.4 and 1.0 %, respectively
[20, 21, 26]. As a result, we can confirm in this work that the
SCFs of LSO, LuAP and LuAG compounds can be grown onto
significantly cheaper YSO, YAP and YAG substrates.

The low growth temperature of SCF results in absence or
substantial decrease of the concentration of main types of defects,

such as antisite defects and oxygen vacancies, in (Lu,Y)SO,
(LuY)AP and (Lu,Y)AG SCFs in comparison with bulk SC
analogues [16, 17, 19, 20, 22, 23, 27]. On the other hand, flux
components are introduced in the SCF and strongly influence
their luminescence and scintillation properties [19, 20, 24, 25,
28]. Usually, the SCFs prepared from the PbO-based flux, can
contain lead ions preferably in the Pb”*" charge state. Since the
PbO-based melt dissolves the Pt-crucible, Pt ions can also be
introduced in the orthosilicate, perovskite or garnet lattices. As a
consequence, various locally non-compensated lattice defects can
be created, what may result in the decrease of the scintillation
efficiency and LY of SCF scintillators [19, 20, 25, 28].

The LY of the mentioned SCF can be optimized mainly by
means of optimization of activator content in MS [19, 20, 25,
26]. Taking into account very low segregation coefficient of
Ce*" ions in (Y,Lu)SO SCFs (of about 0.005 [19, 20]) and
(Y,Lu)AP SCFs (of about 0.01 [21, 25]), we keep very large
content of 20-25 % mole of CeO, activated oxide in MS at the
crystallization of the mentioned SCF onto YSO and YAP
substrates. Contrary to large Ce’* ions (1.01 A in six-fold
coordination [29]), the smaller Tb>" ions (0.92 A) has
significantly larger segregation coefficient both in (Y,Lu)SO
SCFs (of about 0.6 [20]) and (Y,Lu)AP SCF (of about 0.7
[21]). The segregation coefficient of Sc ions in LuAG SCF is
relatively large (of about 0.4) in a concentration range of 0.1-5
at. % [15]. At the same time, the concentration of different
impurities in the SCF depends not only on the content of
activated oxides in MS, but is also strongly influenced by the
SCF growth temperature. Namely, the concentrations of
dopants as well as Pb and Pt impurities increase with
decreasing the growth temperature and vice versa [19-21, 25,
26]. Thus, we have used relatively high growth temperatures
above 1000 °C for SCF preparation.

The content of different dopants in SCF under study was
determined using JEOL JXA-8612 MX electron microscope and
presented in Table 1 for different series of SCF scintillators.

To estimate scintillation efficiency of the developed UV
emitting SCF scintillators the relative LY measurements of all the
series of SCF samples were performed in comparison with the
standard samples of LSO:Ce, LYSO:Ce, YAP:Ce, Luy3Y,;AP:Ce,
LuAG:Sc, YAG:Sc and YAG:Ce bulk SC scintillators, grown by
Czochralski (Cz) or horizontal direct crystallization (HDC)
methods, as well as with the standard sample of YAG:Ce SCF
under excitation by o-particles of Pu* (5.15 MeV) radioisotope
which have penetration depth of about of 10-12 um in the
studied materials (see Table 1). Under excitation by the
mentioned source the LY of YAG:Ce SCF standard sample was
16600 photon/MeV. LY of the reference LSO:Ce, LYSO:Ce and
YAP:Ce SC under gamma excitation (662 keV, '*'Cs) was 7380,
16560 and 21030 photon/MeV, respectively.

For LY measurements of Ce-dopede SCF scintillators we
have used detector based on FEU-110 photomultipliers which
have the maximum sensitivity in the 440-450 nm range and
multi-channel single-photon counting systems working with a
shaping time of 0.5 ps. For Tb®" doped SCF we perform the
measurements of LY of luminescence under excitation by X-ray
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TABLE 1
Relative LY of the best samples in series of Ce and Tb doped (Y,Lu)SO and
(Y,Lu)AP and Sc-doped (Lu,Y)AG based SCF scintillators in comparison with
standard bulk SC analogues and standard YAG:Ce SCF sample (all of them are
indicated by *) under excitation by a-particles of Pu** sources (5.15 MeV) and
X-ray excitation (Cu,) at 300 K. n. m. — not measured.

Type of Ce/Tb/Sc| Emission |Decay time,| LY under [LY under
scintillator content in| wave- (to 1/e |excitation by| X-ray
SCF, at.%|length, nm| level), ns |Pu®’ source|excitation
YSO:Ce SCF ~0.075 430 15.9 50-60
LSO:Ce SCF 0.09 430 19.6 52-74
LSO:Ce, Tb SCF | 0.08/0.93 | 430; 544 | ~15/~s 48 140
LSO:Tb SCF 0.9 544 ~ s n. m. 130
LSO:Ce SC ~0.2 420 40.5 100
LYSO:Ce SC n. m. 420 n. m. 282
YAG:Ce SCF* 0.04 530 ~80 250
YAG:Ce SC* n. m. ~550 ~92 350 100
YAP:Ce SCF 0.08 369 13.7 25.5
Yo4LugcAP:Ce SCE  0.04 373 16.0 10.2
LuAP:Ce SCF 0.03 378 16.8 7.65
LuAP:Ce, Tb SCF 2.4 358; 544 n. m. n. m. 144
YAP:Ce SC* ~0.1 366 16.2 100
Luy3Y07AG:Ce SC*  ~0.1 375 18.1 56.3
LuAG :Sc SCF 1.0 282 ~300 46.2
(LuY)AG :Sc SCF 1.85 314 ~650 48.2
YAG :Sc SC* 0.39 314 ~580 45.9
LuAG:Sc SCHDC*  0.75 285 n. m. 60.0
LuAG :Sc SC Cz* 0.11 290 1330 21.8

(Cu anode operated at 20 kV and 40 mA). The emitted radiation
was filtered with a 25 thick Cu foil. The light intensity was
recorded with a 4x-microscopic objective and a Sensicam CCD.
Measurements were corrected for the absorption efficiency of
the scintillator and the quantum efficiency of the CCD.

We have also performed the comparative LY
measurements of chosen SCF samples under X-ray (Cug,,
E.=8 keV)) excitation with taking into account the absorption
ability of SCF scintillators which is proportional to hpZ*,
where h is the thickness of SCF, p and Z* are the density and
effective atomic number of scintillator hosts. The results of
LY measurements are presented in Table 1.

Luminescent properties of SCF under study were
characterized by means of cathodoluminescence (CL) spectra
under pulsed e-beam excitation (a pulse duration of 2 ps and a
frequency of 30-3 Hz) with electron energy of 9 keV and a
beam current of 100 pA. The emission spectra were corrected
for the spectral dependence of the detection part consisting of
DMR-4 monochromator and FEU-106 photomultiplier.

The luminescence decay kinetics was measured at 300 K
in the 100-190 ns time interval under excitation by
synchrotron radiation (SR) with pulse duration of 0.126 ns at
the Superlumi experimental station in HASYLAB, DESY.

ITII. LUMINESCENCE SPECTRA AND LIGHT YIELD OF
CE AND CE,TB DOPED (LU,Y),S105 SCF SCINTILLATORS

The CL spectra of YSO:Ce and LSO:Ce SCF grown at maximal
CeO, content of 20-25 % in MS are shown in Fig.la. The
dominant doublet emission band peaked around 430 nm in the
spectra both of YSO:Ce and LSO:Ce SCFs is caused by the
Ce*" ions in Y1 and Lul positions with seven oxygen ligands
(Cel centers). At the same time, enhancement of these emissions
at the long-wavelength side is due to emission of Ce’ ions in the
Y2 and Lu2 positions with six oxygen ligands (Ce2 centers).
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Fig.1. (a) - normalized CL spectra of LSO:Ce SCF (1) and YSO:Ce SCF
(2) at 300 K (1, 2) and 77 K (3); (b) - decay kinetics of Ce*" luminescence at
390-400 nm in LSO:Ce SCF (1) and YSO:Ce SCF (2) under excitation by SR
with an energy of 13.75 eV above band gap of YSO and LSO hosts. The
parameters of approximation of corresponding decay curves I = 0.48exp(-
t/9.45 ns) +0.40exp(- t/27.4 ns) (LSO:Ce SCF) and I= 0.58exp(- t/5.11 ns) +
0.34 exp (- t/24.7 ns) (YSO:Ce SCF) are given by the green solid lines

The structure of the luminescence of Cel and Ce2 centers
due to the radiative transitions from 5d, levels to 2F5/2,7/2 levels of
the Ce’" ground state is well resolved in the CL spectra of
YSO:Ce and LSO:Ce SCF at 77 K (see curve 3 in Fig.la for
LSO:Ce SCF with the 397, 430 nm and 448, 485 the nm sub-
bands, respectively). As the temperature increases from 77 to 300
K, the intensity of the Ce’" emission in (LuY)SO:Ce SCFs
increases by a factor of two (Fig.1a, curve 3 and 1, respectively).
We have also compare the decay kinetics of the Ce’
luminescence in YSO:Ce and LSO:Ce SCFs under excitation
by SR with an energy of 13.75 eV above band gap of YSO
and LSO hosts (Fig.1b). Due to very high absorption
coefficient of YSO and LSO matrixes in this range, the depth
of penetration of excitation beam is the same as in the case of
both SCF and usually does not exceed a few microns, i.e. all
the excitation energy is deposited only in SCF. Both decay
kinetics of the Ce’" luminescence in LSO:Ce and YSO:Ce
SCF (Fig.1b, curves 1 and 2, respectively) are visibly non-
exponential. Therefore, we estimate the decay times t(1/e) of
the corresponding decay curves in YSO:Ce and LSO:Ce SCFs
which are equal to 15.9 ns and 19.6 ns, respectively.
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Fig.2. (a) - normalized CL spectra of LSO:Ce SCF (1) and SC (2). Curve 3 show
the difference between the CL spectra of LSO:Ce SCF and SC; (b) - decay
kinetics of Ce** luminescence at 400 nm in LSO:Ce SCF (1) and SC (2) under
excitation with an energy of 7.07-7.15 eV. The parameters of approximation of
corresponding decay curves I = 0.44exp(- t/3.7 ns) + 0.51exp(- t/19.2 ns) + 0.03
exp (- t/106.8 ns) (LSO:Ce SCF) and I=-0.12exp(- t/5.11 ns) + 0.99exp(- t/31.6 ns)
+ 0.07exp(- /225.3 ns) (LSO:Ce SC) are given by the green solid lines. T=300 K.

The emission spectra of YSO:Ce and LSO:Ce SCFs
(Fig.2a, curve 2) also show higher intensity in the long-
wavelength range with respect to the spectrum of SC
analogues (Fig.2a, curve 1) where Ce2 center (six oxygen
ligands) emits. As one can see from Fig.2, the CL spectra of
LSO:Ce SCF in comparison with SC show lower intensity of
emission in the band peaked at 400 nm, related to the
luminescence of Cel centers, and larger intensity of emission
in the sub-bands peaked at 447 and 472 nm related to the
luminescence of Ce2 centers in LSO matrix (Fig.2b, curve 3).

The decay curves in YSO:Ce and LSO:Ce SCFs are also
visibly non-exponential and faster with respect to those in the SC
counterpart (Fig.2b, curve 1 and 2, respectively). Such an
acceleration of the decay of the Ce’" luminescence in YSO:Ce
and LSO:Ce SCF may indicate the energy transfer away from the
excited states of Ce®" ions and can partly explain the obtained
lower scintillation efficiency of PbO-grown (Y, Lu)SO:Ce SCFs
(Table 1). We assume that the energy transfer can occur from
Ce** ions to some Pb*'-based centers. However, the nature of the
latter centers is not clear and needs further investigations.

The above mentioned results also show that the Pb*" ions
can participate in the excitation of the Ce®" luminescence in
YSO:Ce and LSO:Ce SCF under high-energy excitation due

to the overlap of the emission bands of Pbl center and partly
of the emission bands of Pb2 centers peaked at the 365-350
nm and 445-435 nm ranges, respectively [19, 20], with
absorption bands of Ce®" ions both in Y1/Lul and Y2/Lu2
positions, located in 320-400 nm range [30, 31]. Specifically,
the high-energy wings of the Pb>" emission spectra in YSO:Ce
and LSO:Ce SCF can be strongly re-absorbed by Cel and Ce2
bands peaked approximately at 365 nm and 375 nm in YSO
and LSO host, respectively [30, 31]. But under high energy
excitation, apart from energy transfer between the Pb*" and
Ce’" ions in Y1/Lul and Y2/Lu2 positions of YSO and LSO
hosts, the effective transfer from excited state of Ce*" ions to
some Pb*'-based centers may also occur in YSO:Ce and
LSO:Ce SCFs. This can be an additional reason for the lower
LY of these SCFs with respect to that of SC analogues.

The LY of YSO:Ce and LSO:Ce SCFs was investigated
under o—particles of Pu*’ sources depending on the CeO,
activator content in MS in the 5-25 % mole range. The LY of
the both types of SCF increases with increasing the CeO,
content in MS up to maximum possible concentration of this
oxide in the 20-25 mole % range. Meanwhile, the LY of
YSO:Ce and LSO:Ce SCF strongly depends also on SCF
growth temperature: when the growth temperature decreases it
also decreases and vice versa. Such a dependence of LY on the
growth temperature reflects the respective change of the value
of Ce/Pb ions ratio in SCFs due to different dependence of the
segregation coefficient of Ce’* and Pb*" ions on the growth
temperature. The LY value of the best YSO:Ce and LSO:Ce
SCF samples reaches only 18-26 % of that of the high-quality
standard LYSO:Ce SC sample (see Table 1). The lower LY of
(Y,Lu)SO:Ce SCFs with respect to the best SC analogues is due
to the strong quenching influence of Pb*" centers on the Ce**
luminescence in SCFs of all oxide compounds [19, 20, 24, 28].

The problem with the low LY of Ce*" doped (Y,Lu)SO
SCF can be partly eliminated by doping these SCF with other
RE ions with significantly larger segregation coefficients in the
condition of the LPE crystallization. For this purpose we have
grown and investigated the luminescent properties of Ce,Tb
doped LSO SCF. Smaller Tb*" ions (0.92 A) have significantly
larger segregation coefficient (of about 0.6) in (Y,Lu)SO SCFs
respect to Ce®* ions (of about 0.005) [20]. We note that due to
the relatively long registration time interval (up to 10 ms) in the
case of X-ray excited scintillating screens [12] we can use RE
activators with the dominant f-f luminescence with decay times
in the range of milliseconds (Tb*", Eu®").

The CL spectra of LSO:Ce,Tb SCF (Fig.3) present the
superposition of the fast Ce’” luminescence in the UV range and
slow green emission in the visible range, related to the D,-'F,
transition of Tb®" ions. The green Tb®" luminescence is
dominating in the CL spectra of LSO:Ce,Tb SCF recorded with a
delay time of 40 ps with respect to the excitation electron pulse.

In comparison with the CL spectra of LSO:Ce SCF (Fig.1),
the intensity of the Ce’" luminescence in LSO:Ce,Tb SCF
(Fig.3) is strongly reduced. Most probably, the effective
Ce’'—Tb’" energy transfer is realized in LSO:Ce,Tb SCF due
to the overlap of Cel emission and ’Ds-'Fg Tb*" emission
around 380 nm, but this assumption needs the additional
experimental confirmation. The Tb®" co-doping also leads to
strong decrease of scintillation LY of LSO:Ce, Tb SCF,



Id: 103
1,0 |
i Tb*
5 7
- 0,8 L DA- Fx
(2]
= | 1-LS0O:Ce SCF
3 6 2 -LSO:Ce,Th SCF
e T 1 St=
5 12-t=0
> | 3-t=40ps
‘n 04
c L
g
|
0,2

50 600 700
Wavelength (nm)

Fig.3. Normalized CL spectra of LSO:Ce SCF (1) and LSO:Ce,Tb (2,3)
SCF at delays At=0 (2) and At=40 ps (3).

measured in a time interval of 0.5 ps (see Table 1) mainly due
to the decrease of the contribution of the fast Ce**
luminescence. But under X-ray excitation the total LY of Tb*"
doped LSO SCF is very high (Table 1) due to strong
contribution of the Tb®* luminescence and effective Ce-Tb
energy transfer. Specifically, the LY of the X-ray excited
luminescence is by 40-45 % larger than that for high-quality
YAG:Ce SC standard sample (Table 1).

Thus, the Ce-Tb co-doping is very effective method for
creation of scintillating screens based on (YLu)SO ortho-
silicates with high LY of X-ray excited luminescence. Such type
of screens can simultaneously emit in the blue and green range
(Fig.3) and the contribution of emissions in the mentioned
ranges can be tuned by the changing the ratio of Ce/Tb ions in
SCF using different temperatures of their crystallization.

IV. LUMINESCENCE SPECTRA AND LIGHT YIELD OF
CE AND CE,TB DOPED (LU,Y)ALO; SCF SCINTILLATORS

The CL spectra of YAP:Ce and LuAP:Ce SCF (Fig.4a, curves
1 and 2, respectively) show intensive emission bands in the UV
(320-450 nm) range peaked at 369 and 378 nm respectively,
related to the 5d'—4f (2F sn.7p) transitions of Ce*" jons [21-23]. 1t
is important to note that the short-wavelength part of the Ce**
emission band in YAP:Ce and LuAP:Ce SCF grown from the
PbO-based flux can be partly distorted by the UV emission band
of Pb*" ions peaked at 340 nm [24, 25] (Fig.4a). Other low—
intensity complex emission band in YAP:Ce and LuAP:Ce
SCF, related to the luminescence of excitons localized around
of Pb®" based centers, is located in the visible range with
maximum approximately at 610 and 550 nm, respectively
(Fig.4a). The intensity of the latter bands significantly
increases with raising the total Pb conent in these SCFs [24, 25].
As can be seen from Table 1, the LY of YAP:Ce and
especially of LuAP:Ce SCF scintillators, grown even at the
optimal 10-20 mol % CeO, content in the MS, is significantly
lower (by 3.9 and 7.6 times, respectively) than that of their
YAP:Ce and (Y-Lu)AP:Ce bulk SC analogues. The main reason
for such a low LY of (Lu,Y)AP:Ce SCF scintillators is the large
incorporation of Pb*" ions in SCF of perovskites due to
relatively large volume of cuboctahedral position in perovskite
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Fig.4. (a) - normalized CL spectra of YAP:Ce (1) and LuAP:Ce (2) SCF
at 300 K; (b) - decay kinetics of Ce*" luminescence at 370-375 nm in YAP:Ce
(1, 3) and LuAP:Ce (2, 4) SCFs under excitation by SR radiation in the Ce**
absorption band at 295 nm (curves 1, 2) and the exciton range at 145-160 nm
(curves 3, 4) at 300 K

lattice where Pb>" ions are localized. We also note that the LY
of (Y-Lu)AP:Ce SCF systematically decreases with increasing
the Lu content up to a value of about 8 % for LuAP:Ce SCF as
compared to that of YAP:Ce SC. This effect can be explained
by easier incorporation of Pb*" ions in LuAP-based SCF with
respect to YAP SCF due to preferable Lu-Pb pair
incorporation in comparison with incorporation of the Y-Pb
pair [21], supported also by the larger difference in the lattice
misfit substrate-SCF in the case of LuAP SCF crystallization
onto YAP substrates than in the case of homo-epitaxial
growth of YAP:Ce SCF onto the same substrate.

The decay kinetics of the Ce®" luminescence at 370-375 nm
in YAP:Ce SCF (curves 1, 3) and LuAP:Ce SCF (curves 2, 4)
under excitation by SR radiation in the Ce*" absorption band at
295 nm (curves 1, 2) and exciton range at 145-160 nm (curves 3,
4) at 300 K is shown in Fig.4b. All the decay curves of the Ce*"
luminescence in these SCFs are visibly non-exponential and can
be quantitatively characterized by an average decay time of 13.7
and 16.8 ns, respectively, under excitation in the Ce*" absorption
band, and 22.75 and 22.4 ns, respectively, under excitation in the
exciton range of YAP and LuAP hosts (Table 1). We have also
observed the visible acceleration of the decay time of the Ce*"
luminescence in YAP:Ce and LuAP:Ce SCF, grown from the
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PbO-based flux in comparison with that value of 16.2 and 18.1
ns in YAP:Ce and (YLu)AP:Ce SC counterpart (see also Table
1). Such an acceleration of the decay kinetics of the Ce®
luminescence in YAP:Ce SCF scintillators, grown from the PbO-
based flux, can be caused by the energy transfer from the excited
Ce*" ions to some Pb*'-related centers, which have the excitation
bands in the 350-370 nm range, well overlapped with Ce*
emission band [24]. This energy transfer induces the losses of
efficiency of Ce’ emission which partly explain low LY of
YAP:Ce and LuAG:Ce SCF scintillators, grown from the PbO-
based flux with respect to their SC analogues (Table 1).

The decay kinetics of the Ce’* luminescence in the
YAP:Ce and LuAP:Ce SCF measured at 370-375 nm under
excitation in the exciton range possesses the fast components
with an average decay time of 22.4-22.8 ns close to the
lifetime of the Ce** luminescence as well as the slow emission
component with a decay time in the hundred ns range related
mainly to the intrinsic luminescence of Pb>" ions, which partly
overlapped with the Ce** emission band [24, 25].

Similarly to the situation with low LY of SCF based on the
(Lu,Y)SO compounds, the problem with low LY of Ce*
doped (Y,Lu)AP SCF can be eliminated using the co-doping
of these SCF by Tb®" ions. The Tb’" ions also have
significantly larger segregation coefficient (of about 0.7 [21])
in (Y.Lu)AP SCF then Ce’" ions (of about 0.01) [25];
therefore the ratio of Ce+Tb activators/Pb impurity in these
SCF can be significantly increased.

For investigation of the influence of Tb dopant on the
luminescence and LY of Ce-doped SCF of perovskites, we
have grown and investigated the luminescent properties of
Ce,Tb doped LuAP:Ce,Tb SCF with different Tb,O, content
in the 0.3-2.4 % range. The CL spectra of LuAP:Ce,Tb SCF
present the superposition of the broad fast Ce’" luminescence
in the UV range and the sharp-line slow emission of Tb*" ions
in the blue and green ranges, visible range, related to the *Ds-
'F, and °D,-'F, transitions of Tb’" ions (Fig.5). The blue
emission of Tb*" ions disappears with increasing the terbium
concentration in MS due to the cross-relaxation transitions
between the *D; and *D, radiative levels of Tb*" ions (Fig.5).

In comparison with CL spectra of LuAP:Ce SCF (Fig.5,
curve 1), the intensity of the Ce** luminescence in LuAP:Ce,Tb
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Fig.5. Normalized X-ray excited spectra of LuAP:Ce SCF (1) and
LuAP:Ce,Tb SCF grown with different content of Tb activator in MS.
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SCF (Fig.5, curves 2-5) is strongly decreased. This fact
confirms the existence of the effective Ce’*—Tb’" energy
transfer in LuAP:Ce,Tb SCF due to the overlap of the Ce’*
emission and the °D;-'F4 transition of Tb>" peaked 383 nm.
Recently such effective Ce’—Tb*" energy transfer has been
observed by some of us in TbAP:Ce SCF [21]. The Tb>" co-
doping also leads to the decrease of scintillation efficiency of
LuAP:Ce, Tb SCF, measured in a time interval of 0.5 us (see
Table 1) due to the decrease of the contribution of the fast Ce**
luminescence. But under X-ray excitation the total light output
of Tb*" doped LuAP SCF in the visible range is very high
(Table 1) due to strong contribution of the Tb** luminescence
and effective Ce-Tb energy transfer. Namely, the LY of X-ray
excited luminescence of LuAP:Ce,Tb SCF is comparable with
the LY of LSO:Ce,Tb SCF and by 40-45 % larger than that for
high-quality YAG:Ce standard SC sample (Table 1).

Thus, similarly to SCF of orthosilicates, the Ce-Tb co-doping
is very effective for improvement of scintillation performance of
the scintillating screens based on (YLu)AP perovskites under X-
ray excitation. Such type of screens also can simultaneously emit
in the UV and green ranges (Fig.5). The contribution of
emission in the mentioned ranges can be changed by the total
Tb’" content in MS and the ratio between the Ce/Tb ions in
SCF using different temperatures of their crystallization.

V. LUMINESCENCE SPECTRA AND LIGHT YIELD OF
Sc DOPED (LU, Y);ALsO;, SCF SCINTILLATORS

Similarly to Tb®" ions, the Sc** isoelectronic impurity in
YAG and LuAG host has relatively high segregation coefficients
(0.55 and 0.4, respectively) [15]. This allows to readily achieving
the optimum scandium doping for both SC and SCF of these
garnets in the 0.75-1 % range, at which the highest LY is
observed (Table 1, Fig.6). Namely, at the optimum Sc*' content
of about 1 at. % the LY of YAG:Sc and LuAG:Sc SC under o—
particles excitation (Pu™ source, 5.15 MeV) is comparable and
reaches the values of about 70 % of that for the best reference
YAP:Ce crystal (see Table 1). The LY of LuAG:Sc SCF was less
than that for SC analogues (up to 46-48.5 % with respect to the
reference YAP:Ce SC scintillator, Fig.6 and Table 1) due to the
quenching influence of the Pb*" flux related impurity [24, 28].
Nevertheless, the influence of Pb*" contamination on the UV
luminescence of Sc**-based centers in (Lu,Y)AG SCF is not so
significant as compared with other UV emitting dopants, namely

Intensity (% with respect to YAP:Ce)

0 1 1 1
0 1 2 3 4

Sc concentration (at. %)

Fig.6. Dependence of LY on scandium concentration in series of
LuAG:Sc SC (1) and SCF (2).
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the Pr’" ions [32]. This allows the usage of PbO-based flux for
the growth of UV-emitting Sc-doped SCF scintillators based on
the Sc-doped Lu-Y-Al garnets with relatively high LY.

In our previous work [15, 33-34] we have found that in Sc-
doped aluminium garnets the formation of two type of emission
centers (Scyp, and Scyu) takes place which contributes to the
intensive UV luminescence of these compounds and compete in
the processes of energy transfer. In this work, we show that the
emission spectrum (Fig.7a) and decay kinetics (Fig.7b) of
LuAG:Sc SC and SCF can be effectively tuned by changing the
Sc content and distribution of scandium ions in dodecahedral
{c}- and octahedral (a)- sites of garnet lattice. Namely, the
different substitution of Sc’* ions for the AI’* and Lu®* cations
in {c}-and (a)-sites, respectively, as well as the formation of the
dimer Sca;-Sca; or Sca-Scr, centers [33-35] can explain the
complex dependence of the LY (Fig.6) and positions of the UV
emission band of LuAG:Sc SCF (Fig.7a) on the total Sc content.

We have also performed investigation of the dependence
of luminescence decay kinetics of LuAG:Sc SCF on scandium
content in these films under excitation by pulsed SR in the
exciton range of LuAG host (Fig.7b). The measured decay
curve presents the superposition of the luminescence of both
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Fig.7 Normalized CL spectra at 300 K of LuAG:Sc SCF with different
scandium content in the 0.48-4 at.% range. The arrows indicate the positions
of Sc related luminescence bands [15, 38]. (b)- decay kinetics of the
luminescence of Sc-related centers at 330 nm under excitation by SR with A=
174 nm at 300 K in LuAG:Sc SCF with Sc** content of 0.9 at.% (1); 2.7 at.%
(2) and 4.0 at.% (3), respectively.

Table 2. Dependence of decay time of the luminescence at 300 nm (at 280
nm for sample No 3*) on the total Sc content in the LuAG:Sc SCF. Excitation
by SR at 174 nm in exciton range of LuAG host (see Fig.7b).

No Sc content, at. % Ay T1. NS A, T, NS
1 4.0 - - 0.73 617
2 2.7 0.192 2.85 0.65 450

3* 1.9 0.18 2.1 0.6 450
4 0.9 0.135 9.7 0.70 299

Scar and Scp, centers. We note that the decay kinetics of the
emission of these centers is typical for the luminescence of
excitons bound with isoelectronic impurities [33, 34] and
present the superposition of the fast component with the decay
time in the range of few ns and the main slow component with
the decay time in the hundred ns range.

As can be seen from Fig.7b and Table 2, the decay kinetics
of the luminescence of LuAG:Sc is systematically slowed
when the concentration of Sc is growing from 0.9 to 4.0 at. %.
For this reason, the optimal Sc concentration in LuAG:Sc SCF
and SC should be chosen approximately at 1 at. %, at which
the faster decay kinetics (Fig.7b) and the highest LY (Fig.6)
of the Sc¢’* luminescence in the main band peaked around of
280 nm are obtained.

CONCLUSIONS

We have reviewed our R&D works on several types of
single crystalline film (SCF) scintillators grown by the liquid
phase epitaxy (LPE) method:

1) Ce doped SCF of (LuY),SiOs silicates and (LuY)AIO;
perovskites, where the fast and intensive 5d-4f luminescence
of Ce™ ions occurs in the 325-600 nm and 325-450 nm ranges
with main peak at 430 nm and 370-380 nm, respectively and
corresponding decay time values are of 16-20 ns and 22-23 ns.

2) Ce and Tb co-doped SCF of (LuY),SiOs silicates and
(LuY)AIO; perovskites with simultaneous emission in the UV
and green ranges. The contribution of the Ce*" emission in the
UV and blue ranges in the Ce,Tb doped SCF of the mentioned
compounds can be changed by the ratio between the content of
Ce and Tb ions in these SCF defined by growth temperature.

We have found significant negative influence of the Pb*"
flux impurity on the UV luminescence of Ce*" ions in SCF of
silicates and perovskites. Pb contamination is the main reason
for significantly lower LY of Ce-doped (Lu,Y)SO and
(Lu,Y)AP SCF scintillators in comparison with single crystal
counterparts (by 4-5.5 and 4-7.5 times, respectively).

The problem with low LY of Ce*" doped (Lu,Y)SO and
(Y,Lu)AP SCF can be partly eliminated by using the Tb*" co-
doping with large segregation coefficient (0.6-0.7) in these SCFs.
Due to the strong contribution of the Tb*" luminescence and the
effective Ce-Tb energy transfer, the total LY of the X-ray excited
luminescence of Ce,Tb doped LSO and LuAP SCFs is by 40-45
% larger than that for high-quality YAG:Ce SCF sample (Table 1).

3) Sc** doped SCF of (Lu,Y);Al;s0, garnets emitting in
the 225-425 nm range due to formation of Scyy, and Scy,
emission centers with the decay time of their luminescence in
the several hundred ns range.

We note that the influence of Pb*" impurity on the UV
luminescence of Sc¢*'-based centers is not so significant which
allows the usage of PbO-based flux for producing such type of
SCF scintillators with high LY.
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Future development of blue-UV scintillators based on Ce*'-

doped SCF of silicates and perovskites can be also performed by
using alternative lead-free fluxes for their crystallization, e.g. the
Ba0-B,0;-BaF, flux was used by us for the growth of YAP:Ce
SCF [25]. However, using the BaO-based fluxes limits the
possibility of hetero-epitaxial growth crystallization of Lu-based
compounds on cheaper Y-based substrates. For this reason, the
crystallization of SCF of LSO and LuAP onto undoped YSO and
Y AP substrates from BaO-based flux has not been performed yet.
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