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a b s t r a c t

Се-doped (Pb,Gd)3(Al,Ga)5O12 single crystalline garnet films were grown using liquid-phase epitaxy from
four series of supercooled PbOeB2O3-based melt solutions on Gd3Ga5O12 and Gd3Al2.26Ga2.74O12 single
crystal substrates. The optical and scintillation properties of the epitaxial garnet films were studied. The
5d-4f emission of Ce3þ ions within 450e650 nmwas observed. The highest pulsed cathodoluminescence
yield and scintillation yield values under 133Ba excitation for the Pb0.01Ce0.02Gd2.97Al3.13Ga1.87O12 film
were 43,100 photons/MeV and 20,000 photons/MeV, respectively. The pulsed cathodoluminescence
decay times of the filmwere 1.8 (1%), 24 (25%), and 60 ns (74%), and the scintillation decay times were 3.9
(7%) and 43.6 ns (93%). Because of the rapid decay and high light yield, Се-doped (Pb,Gd)3(Al,Ga)5O12

garnet films can be used in X-ray scintillators for different applications, such as homeland security.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction сerium ions from 3þ to 4þ and accelerates the energy transfer
Epitaxial films grown via liquid-phase epitaxy (LPE) have been
used as scintillation detectors for high-resolution micro-imaging,
stimulated scintillation emission depletion X-ray imaging and
electron detection in scanning electron microscopy. Lu2SiO5:Tb
epitaxial films have the best prospects for imaging applications
[1e3], while Gd3Al5-xGaxO12:Ce (GAGG:Ce) films can be used in
scanning electronmicroscopy [4]. The rapid scintillation decay time
is an advantage of Ce-doped garnet films. The fast decay of
GAGG:Ce can be further improved by increasing the Ga concen-
tration. However, for GAGG:Ce single crystals, increasing the Ga
concentration by x > 2 decreases the light yield [5]. Similar adverse
effect can be expected for single crystalline films. Co-doping of
GAGG:Ce crystals with divalent ions such as Ca or Mg [6e9] also
improves the time characteristics. This changes the valency of the
nce and Technology (MISIS),

ky).
onal University, Hanoi.
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process to the emission centres. Single crystalline garnet films can
be grown from supercooled PbOeB2O3-based [10,11] and Bi2O3-
eB2O3-based [12e14] melt solutions. During the epitaxial process,
the film captures solvent impurities from the melt: Pb2þ ions and
Pb2þ-Pb4þ pairs or Bi3þ ions. The impurity ions in the epitaxial films
cause additional absorption bands, likely affecting the valence state
of the cerium ions. In particular, Pb2þ ions are non-isovalent im-
purities in the garnet structure that promote the formation of Ce4þ

centres [8,15,16].
This study reports the optical and scintillation properties of

(Pb,Gd)3(Al,Ga)5O12:Се films grown via LPE from supercooled
PbOeB2O3-based melt solutions.

2. Experimental

2.1. Growth of epitaxial films

Се-doped (Pb,Gd)3(Al,Ga)5O12 garnet films were grown using a
platinum crucible on (111)-oriented single crystal Gd3Ga5O12
(GGG) substrates with a lattice parameter (as) of 12.383 Å or
National University, Hanoi. This is an open access article under the CC BY license
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12.376 Å and on (320)-oriented single crystal Gd3Al2.26Ga2.74O12
(GAGG) substrates (as ¼ 12.255 Å) via LPE from supercooled
high-temperature PbOeB2O3-based melt solutions with gado-
linium oxide C(Gd2O3) concentrations between 0.2 and 0.5 mol%,
C(CeO2) concentrations of 0.2 and 0.3 mol%, and C(Al2О3) con-
centrations of 4.5 mol% in the mixture (Table 1). Starting ma-
terials Gd2О3, CeO2, Al2О3, Ga2O3, and PbO and B2O3 powders of
4 N~5 N purity were used. The melt solution was homogenised
in the platinum crucible for at least 4 h. The temperature of the
melt solution was reduced stepwise to the growth temperature
(Tg). For each step, the substrate, secured to a platinum holder,
was immersed in the melt solution in a horizontal position for
5 min. When the melt solution temperature was higher than the
equilibrium crystallisation temperature or saturation tempera-
ture (Tsat), the substrate dissolved. When the melt solution
temperature was below the Tsat, a film grew on both sides of the
substrate at a constant temperature. The rotation speed of the
substrate during the film growth was 50 or 132 rpm. The film
growth times were 5e360 min.

2.2. Experimental methods

The quantitative chemical analysis of the grown films was
performed and SEM images of the selected films and spontane-
ously grown garnet single crystal were obtainedwith a Quanta 3 D
FEG electron-ion scanning microscope. The error margins of the
composition were 0.01 formula units for Pb and Ce ions.

The total thickness (2 h) of the films grown on both sides of the
substrate was ascertained by weighing the substrate prior to and
after epitaxial growth. The differences in the densities of the
grown film and substrate were neglected.

The films were characterised by X-ray diffraction using a
Bruker D8 Discover A25 Da Vinci Design X-ray diffractometer
(CuKa radiation).

To simplify the spectroscopic studies, we did not remove the
films from the back side of the substrate. The transmission spectra
of the films were measured using a PerkinElmer Lambda 900
spectrophotometer in a 250e550 nm wavelength range at room
temperature. The optical density D was derived from the trans-
mission using the formula D ¼ [ln (Ts/Tfsf)], where Ts is the
transmission spectrum of the substrate and Tfsf is the transmission
spectrum of the substrate with grown films on both sides. To
analyse the absorption spectra of the films, we used the normal-
ised optical density D/2h to compare the intensity of the absorp-
tion bands of the films with different thicknesses.

The photoluminescence spectra of the films were measured at
300 K in the 400e700 nm region at Eex ¼ 165 nm (7.5 eV) under
excitation by a Heraeus D 200 VUV deuterium lamp with a
McPherson Model 234/302 primary monochromator. An Andor
Shamrock 303i secondary monochromator with a Hamamatsu
H8259 photomultiplier tube (PMT) was used as the detection
system.

The excitation spectra were obtained at 300 K in the
200e500 nm region at Elum ¼ 540 nm (2.29 eV) under excitation
by a 150 W xenon lamp with an MDR-206 primary mono-
chromator. The temperature dependence of the Ce3þ emission
intensity was measured in the 100e500 K region at Eex ¼ 450 nm
(2.76 eV). The measurements were obtained using a vacuum op-
tical Cryotrade LN-120 cryostat equipped with a Lake Shore 335
temperature controller at a heating rate of 20 K/min. The lumi-
nescence was detected using an Oriel MS257 spectrograph
equipped with a Marconi CCD detector.

The radioluminescence spectra excited by 5.5-MeV alpha par-
ticles from a 241Am source were measured on an FLS920 spec-
trofluorometer (Edinburgh Instruments) at room temperature.
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The pulse height spectra were recorded using an R7600U-200
PMT (Hamamatsu Co). The PMT signal was amplified and shaped
with a shaping time of 2 msec using a shaping amplifier (ORTEC
752A) and registered with an MCA 8000A multichannel analyser.
The spectra were registered using a 133 Ba radioactive source.

The pulsed cathodoluminescence (PCL) spectra and decay
curves were recorded using a pulsed cathodoluminescence setup
based on a Radan-303A electron gun [17]. An electron beamwith a
broad spectrum and Emax~120 keV, FWHM pulse of 200 ps, and
peak electron current of 10 A/cm2 was used as the excitation. An
Andor iStar iCCD was used to obtain the gated spectra in a 0e2 ms
time window. The spectra were corrected by the system's spectral
sensitivity. For the decay curves, a Hamamatsu R3809U-50 MCP-
PMT was used in the pulse current mode with a response of 250 ps
FWHM. The thickness of the films >40 mm provided full absorption
of the electron beam.

The scintillation decay curves under excitation by 57Co (122 keV)
were measured using the Hamamatsu R7600U-200 PMT connected
to a Tektronix TDS3034B oscilloscope.
3. Results and discussion

3.1. Growth of Се:(Pb,Gd)3(Al,Ga)5O12 films

Се-doped (Pb,Gd)3(Al,Ga)5O12 garnet films were grown by LPE.
A total of 32 10 � 15 mm2 samples (film-substrate-film) were
grown from four series of PbOeB2O3 melt solutions. All of the
grown films were yellow-green. An image of some of the films and
substrate under 405 nm excitation is shown in Fig. 1. The
(Pb,Gd)3(Al,Ga)5O12:Се films had Ce3þ-related yellow-green lumi-
nescence, while the weak red luminescence of the
(Pb,Gd)3Ga5O12:Се film and Gd3Ga5O12 substrate was likely due to
accidental impurities. The temperature range dT, including the
saturation temperature (Tsat) and supercooling degree DT¼ Tsat - Tg,
was determined for all of the investigated melt solutions (see
Table 1). The maximum thickness of the grown epitaxial films
(hmax) and highest growth rate (fmax) were also determined for each
series. The maximum thickness was obtained for the epitaxial films
that were grown from the II and III melt solutions. SEM images of
films II-2 and IV-1 are presented in Fig. 2. The surface of the IV-1
film was rather smooth whereas that of film II-2 was rough with
bulges. The X-ray diffraction patterns obtained in the q/2q scanning
mode showed only strong 444 and 888 reflections from the films
grown from the II melt solution and weak 444 and 888 reflections
Fig. 1. Photo of film II-4 (1), film II-2 (2), film I-1 (3), and Gd3Ga5O12 substrate (4) at
from its substrates shielded by the films. Diffraction patterns were
recorded on both sides of the samples. The maxima positions of the
peaks differed by less than 0.005�. From the peak positions, we
determined the lattice parameters of the GGG substrates,
as ¼ 12.376 Å and 12.3829 Å. The lattice parameters of the sub-
strates agreed with JCPDS Powder Diffraction File data for GGG
(card nos. 00-013-0493 and 01-071-0701). In films of different
thicknesses, the maxima positions differed markedly. The lattice
parameter (af) decreased as the film thickness increased. The lattice
parameter for film II-5 (h ¼ 14.5 mm) was 12.219 Å, for film II-6
(h ¼ 26.5 mm) was 12.214 Å, and for film II-7 (h ¼ 61.4 mm) was
12.206 Å. The relative lattice mismatch Da ¼ (as - af)/af x 100% was
1.3% for film II-6. This means that to obtain films of high crystal-
lographic quality, it is necessary to grow them on substrates with a
lattice parameter of less than 12.376 Å, for example, on GAGG
substrates with 12.255 Å for which the relative mismatch is less
than 1%. The correspondence of the crystallographic directions of
filmII-6 and substrate GGG was determined by recording the f
scanning of asymmetric reflections 880 and 12.60 for the film and
substrate (Fig. 3). The diffraction patterns demonstrate that those
films were single crystalline and epitaxially superimposed on the
substrate. The high background on the substrate diffraction pat-
terns was explained by the fluorescence of the gadolinium in the
detector's sensitivity window.

Spontaneous crystallisation occurred in the bulk of the melt
solution simultaneously with the film growth. This caused the
appearance of garnet single crystals in the shape of tetragon-
trioctahedrons with {2 1 1} faces (Fig. 4).
3.2. Optical absorption

The normalised optical density spectra are presented in Fig. 5.
The absorption band at 282 nm (4.4 eV) in film I-1 was due to the
(6s2) 1S0 / 3P1 electronic transition in the Pb2þ ions (Fig. 5a)
according to [18]. The absorption bands related to Gd3þ were
absent in the spectra of the films because these bands were
divided out during the mathematical calculation of the spectra
(see Section Experimental methods for details). When Al was
introduced into the mixture of film II-1, the band maximum
shifted to 273 nm (4.54 eV), that is by 9 nm to shorter wave-
lengths. Two other broad absorption bands corresponded to the 4f
(2F5/2,7/2) / 5d electronic transition of the Ce3þ ions. The ab-
sorption band maximum of the 5d1 level clearly shifted from 426
(2.91 eV) to 444 nm (2.79 eV), that is, by 18 nm to longer
Eex ¼ 3.06 eV (405 nm); the numbers identify the films as referenced in Table 1.



Fig. 2. Electron images of surface of Pb0.01Ce0.02Gd2.97Al3.13Ga1.87O12 film II-2 (a) and Pb0.01Ce0.03Gd2.96Al3.13Ga1.87O12 film IV-1 (b) (see Table 1 for details).

Fig. 3. Asymmetric 880 and 12.60 reflections obtained via azimuthal scanning of the GGG substrate and film II-6.
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Fig. 4. Microphotography of spontaneously grown garnet single crystal of
Pb0.01Ce0.15Gd2.84Al3.74Ga1.26O12 composition grown from the II melt solutions series
made by a scanning electron microscope.
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wavelengths, and the band maximum of the 5d2 level shifted from
346 (3.58 eV) to 340 nm (3.65 eV), that is, by 6 nm to shorter
wavelengths (Fig. 5a, curves 2 and 3). The shift of the Ce-related
absorption bands in the grown films agreed well with the trend
observed in Gd3AlxGa5-xO12:Се scintillators and was due to an
increase in the crystal field strength and band gap value as the Al
content increased [19]. The narrow absorption bands in the
wavelength ranges from 250 to 255 nm, 272e280 nm, and
302e314 nm in the GGG substrate spectrum (Fig. 5a, curve 1)
corresponded to the (4f7) 8S7/2 / 6D, 8S7/2 / 6I, and 8S7/2 / 6P
electronic transitions in the Gd3þ ions, respectively [11,20]. Fig. 5b
shows the normalised optical density spectra of the films grown
from the II, III, and IV melt solution series, and the curve numbers
identify the films referenced in Tables 1 and 2. The thickness of
these films was higher than presented in Fig. 5a. For these films,
only the Ce-related bands were observed, while at l < 310 nm, the
films were opaque. In particular, the spectra show the 4f-5d1 ab-
sorption band of the Ce3þ, and the intensity depended on the Ce
concentration (Fig. 5b, curves 1e3). The higher rate of absorption
in the II-2 film in the transparency region was related to its rough
surface (Fig. 2). The incident light scattered at the surface in-
homogeneities, which resulted in a decrease in the transparency.
Fig. 5. Normalized optical density spectra of (a) Gd3Ga5O12 substrate, h ¼ 460 mm (1); film II
h ¼ 91.5 mm (2); film IV-1, h ¼ 50.7 mm (3); film II-4, h ¼ 22.4 mm (4); film II-2, h ¼ 43.3 m
Fig. 6 shows the absorption spectra of the films from the II and
IV series with similar Ce concentrations. The curves were obtained
from the spectra of the normalised optical density by subtracting
the constant component, which enabled a comparison of the ab-
sorption band intensities of the Ce3þ ions without the influence of
the optical quality. The optical absorption of the grown films
increased in the region below 360 nm in the films grown from the
IV melt solution as the intensity of the 5d1 absorption band
decreased.

3.3. Luminescence and scintillation characteristics

The photoluminescence spectra of the Се(Pb,Gd)3(Al,Ga)5O12
films were characterised by a broad non-elementary band peaking
at 532 nm (2.33 eV), which corresponded to the radiative 5d-4f
transition in the Ce3þ ions as shown in films II-2, III-1, and IV-1 in
Fig. 7a. Ce3þ emission was not observed in the I-1 film because the
5d levels of the Ce3þ were enveloped by the conduction band states
when Al was not introduced into the film composition [19]. The
films grown from the III and IV melt solutions had decreased
photoluminescence intensity relative to II-2. All of the films had
similar Al/Ga ratios but substantially different concentrations of Ce
ions (from 0.02 to 0.06). However, there was no direct correlation
between the luminescence intensity of the films and the concen-
tration of the Ce3þ ions. We suppose that the intensity of the films
was determined by their synthesis features (the growth rate and
supercooling degree).

Four pronounced bands appeared in the excitation spectra of
films IV-1 and II-2. The bands at 448 nm (2.77 eV) and 343 nm
(3.61 eV) were ascribed to electron transitions from the 4f to 5d1
and 5d2 states of the Ce3þ ions. The band at 278 nm (4.46 eV) was a
superposition of two bands related to 1S0 / 3P1 and 8S7/2 / 6I in
the Pb2þ and Gd3þ ions, respectively. The latter indicates the energy
transfer from the Gd3þ and/or Pb2þ ions to the Ce3þ ions. Weak
excitation bands were also detected at 308 and 314 nm, which were
attributed to 8S7/2 /

6P electronic transitions in the Gd3þ ions. The
non-elementary broad band peaking at 215 nm (5.77 eV) was
ascribed to the superposition of several bands related to the
4f-5d3-5 transitions in the Ce3þ with a defect-related band and,
probably, chargeetransfer transitions involving the Ce4þ ions.

The temperature dependence of the Ce3þ emission intensity of
film II-2 is presented in Fig. 7b. The emission was partially
quenched (by 25%) at 300 K relative to the maximum observed in
the 100e150 K region. Quenching occurred in several stages and
could not be approximated using a simple Mott formula [21]. The
-1, h ¼ 14.3 mm (2); film I-1, h ¼ 3.7 mm (3), and (b) film II-3, h ¼ 90.8 mm (1); film III-1,
m (5); the numbers identify the films as referenced in Tables 1 and 2.
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Fig. 6. Absorption spectra of films IV-1 (1) and II-1 (2) (see Table 1).
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450 nm excitationwavelength corresponded to the intracentre 4f-
5d1 transitions in the Ce3þ ions. It was recently reported for Ce-
doped garnets that the thermal quenching of Ce3þ emission is
related to the thermal ionisation of electrons to the conduction
band [22]. The quenching mechanism in the
Се(Pb,Gd)3(Al,Ga)5O12 films was likely related to the thermal
ionisation of the electrons from 5d1 Ce3þ to the conduction band
and/or the electron states of the nearby defects.

The normalised radioluminescence spectra of films IV-1 and II-
2 are presented in Fig. 8. The films had broad emission bands
peaking at 560 nm (2.17 eV) that corresponded to the radiative 5d-
4f transition within the Ce3þ ions.

The pulse height spectra of the films were obtained using the
radioactive 133Ba source and are presented in Fig. 9. The absolute
value of the scintillation light yield was obtained using as
reference sample a GSO:Ce single crystal with a known light
yield. The data on the light yield and other scintillation param-
eters of the studied films and reference crystals are shown in
Table 2. The II series film had the highest light yield values
(Fig. 9).

Fig. 10 shows the pulse cathodoluminescence (PCL) spectra
of several films compared with standard scintillation materials
LYSO:Ce and CeF3. Generally, the dependence of the scintillation
light yield obtained from the pulse height spectra was similar to
the dependence of the luminescence intensity presented in
Fig. 10. There also was no direct dependence on the Ce3þ con-
centration. Films II-2 and II-3 had similar scintillation yield
values while the concentration of the Ce ions in II-3 was three
times higher than in II-2. Therefore, the scintillation yield was
mainly determined by the growth features of the films. The
presented spectra were corrected for the spectral sensitivity of
the detection system, which enabled us to calculate the PCL
yields of the different films using a method that was success-
fully applied in [23]. We used the yields measured at 662 keV
gamma excitation for LYSO:Ce (28,000 photons/MeV [24]) and
CeF3 (4500 photons/MeV [25]) and corrected them using non-
proportionality data [26,27] to obtain the yield at 100 keV
(the median electron beam energy). The resulting PCL yield
values relative to standard samples are included in Table 2. The
PCL yield values were significantly higher than the scintillation
yield values obtained using the 133Ba radioactive source due to
different reasons. One factor may have been the non-
proportionality of the yield with respect to the energy of the
exciting quantum, which led to a decrease in the yield under
low-energy photons (such as those emitted by 133Ba) with



Fig. 8. Normalized radioluminescence spectra of films: IV-1 (1); II-2 (2).
Fig. 10. The pulsed cathodoluminescence spectra of films IV-1 (1); III-1 (2); II-3 (3)); II-
2 (4) and standard scintillation materials: LYSO:Ce (5) and CeF3 (6), recorded in a time
window from 0 to 2 ms relative to the excitation pulse. Curves are corrected to the
spectral sensitivity of the system.

Fig. 7. Photoluminescence spectra of films II-2 (3); III-1 (4), IV-1 (5) at Eex ¼ 165 nm (7.5 eV), T ¼ 300 K and photoluminescence excitation spectrum of films IV-1 (1), II-2 (2) at
Eem ¼ 540 nm (2.29 eV), T ¼ 300 K (a). Temperature dependence of Ce3þ emission intensity of film II-2 in the 100e500 K region at Eex ¼ 450 nm (2.76 eV) (b).
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respect to the yield at 662 keV in the same scintillator, which was
100%. A detailed study [28] reported that at 100 keV, the yield of
GAGG:Ce was approximately 90e95%, and at lower energies, the
yield proportionality strongly depended on the Al:Ga ratio. At a
classical ratio of 2.0:3.0, the yield at 30 keV was 85%, but
increasing the Al content to 2.6:2.4 increased the yield at 30 keV
to 95%. However, it was unclear how high the yield proportion-
ality was in our films grown from the II, III, and IV melt solution
series, as the Al:Ga ratio was even higher (3.14:1.86). Table 2
shows the degree of proportionality of the films, which was
calculated as ratio of the scintillation yield (obtained using the
Fig. 9. Pulse height spectra of films: II-2 (1); II-3 (2); III-1 (3); IV-1 (4).
133Ba source) to the PCL yield. These values were clearly lower
than 95% measured for the bulk crystal with a 2.6:2.4 Al:Ga ratio.
In addition to the intrinsic non-proportionality, these values
could in part be explained by geometry: the electrons were al-
ways fully absorbed in the film, while the attenuation length of a
30 keV X-ray photon in GAGG was over 150 mm [29], making full
absorption less likely. Film II-3 grown from the same melt solu-
tion as II-2 had a significantly higher degree of proportionality
(58% vs 46%), which might have been because it was twice as
thick. The same trend, however, did not occur when comparing
the films grown from different melt solutions.

Using the PCL yield values and GAGG:Ce non-proportionality at
100 keV as 95% [28], we estimated the hypothetical yield of the
film material at 662 keV gamma excitation. A bulk crystal of the
same structure and composition would fully absorb such gamma
quantum. Although these values do not characterise the films
themselves, they are useful to compare the films to a bulk
GAGG:Ce scintillator. Film II-2 with the highest scintillation yield
@662 keV of 45,300 photons/MeV was already 80% of the bulk
crystal yield; therefore, further improvements in the film
composition and growth parameters will only slightly enhance
the yield.

The PCL and scintillation decay curves of film II-2 are presented
in Fig. 11. Three (PCL) and two (scintillation) decay components



Fig. 11. (a) PCL decay curve and (b) scintillation decay curve of film II-2, recorded at 550 nm (2.25 eV). Curve (b) was measured under the excitation from 57Co (122 keV).
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were used to describe them. The decay times and their relative
intensities were 1.8 (1%), 24 (25%), and 60 ns (74%) for the PCL
decay curve and 3.9 (7%) and 43.6 ns (93%) for the scintillation
decay curve. The decay curves of all of the samples were shorter
under the 133Ba source excitation (Table 2). In general, Ce decay in
oxide scintillators tends to decrease when the density of the
secondary low-energy excitations increases. This was directly
demonstrated in YAG:Ce with VUV radiation that emulates sec-
ondary excitations [30]. As the primary excitation energy de-
creases from 100 to ~30 keV, the number of regions with high-
density secondary excitations in the particle track increases [31],
which is the primary cause of both decay shortening and yield
non-proportionality.

Our experiments showed that the film IV-1 is characterised be
the shortest decay times as well as the lowest light yield (Table 2).
This may be connected with the presence of Ce4þ ions in the film.
Recently it was shown that the presence of Ce4þ in GAGG single
crystals results in light yield decrease [32] and in suppression of
slow decay components [8]. It is worth noting that this film has
other distinctive features, which also indicate the presence of Ce4þ

ions. The increased optical absorption in the region below 360 nm
can be ascribed to the electron chargeetransfer transition from the
top of the valence band (formed by the O2� levels) to the Ce4þ

ground state [6,33]. In LYSO:Ce,Ca2þ and LYSO:Ce,Mg2þ single
crystals, similar increased absorption in the region up to 325 nm
and decreased absorption in the 5d1 band were also explained by
the formation of Ce4þ [34]. The increased of excitation peak in-
tensity at 230 nm (Fig. 7a) may be also connected with the
contribution of chargeetransfer transitions between the oxygen 2p
orbitals of the valence band and the Ce4þ 4f orbitals. The higher
concentration of Ce4þ ions in the IV-1 film can be tentatively related
to the higher concentration of Pb2þ ions in the film that promotes
the formation of Ce4þ centres [8,15,16]. The distinctive feature of
this filmwas the highest supercooling degree DT, which may result
in a higher probability of the capture of solvent components into
the film. However, the determined Pb content in the films was at
the level of errormargins and does not allow to reveal the change of
Pb content from film to film.

The scintillation light yield of film II-4 was also measured under
excitation by 5.5 MeV alpha particles from 241Am as 18e21% of the
bulk GAGG:Ce. Under excitation by 662 keV photons from 137Cs,
film II-4 had scintillation decay times and partial intensities of 28 ns
(~74%) and 81 ns (~16%), respectively. Although the decay times of
film II-2 depended slightly on the excitation type, the longest
component was below 100 ns, characterising this film as a rapid
scintillator, which can be used in X-ray scintillators for different
applications.
4. Conclusion

Се-doped (Pb,Gd)3(Al,Ga)5O12 single crystalline garnet films
were grown via LPE from supercooled PbOeB2O3-based melt so-
lutions. The chemical compositions and lattice parameters of the
films were determined. The introduction of Al3þ ions into the films’
composition shifts the absorption band maxima of the Pb2þ and
Ce3þ ions that is due to the increase of the crystal field strength. The
broad emission band at 450e650 nm was observed and related to
5d-4f emission of Ce3þ ions. The luminescence excitation spectra
demonstrate energy transfer from the Gd3þ and/or Pb2þ ions to the
Ce3þ ions. It was supposed that Сe4þ centres are formed in the films
grown from the melt solutions with C(Gd2O3) ¼ 0.5 mol%,
C(CeO2) ¼ 0.2 mol%, and C(Al2О3) ¼ 4.5 mol% in the mixture. The
presence of Ce4þ was indicated by an intensity decrease in the Ce3þ

absorption bands with a simultaneous increase in the absorption at
l < 310 nm, an increase in the excitation peak intensity at 230 nm,
and a decrease in both the light yield and scintillation decay times.
The highest PCL (43,100 photons/MeV) and scintillation (20,000
photons/MeV) light yields occurred in the films grown from the
melt solutions with C(Gd2O3) ¼ 0.4 mol%, C(CeO2) ¼ 0.2 mol%, and
C(Al2О3) ¼ 4.5 mol%. Thus, Се-doped (Pb,Gd)3(Al,Ga)5O12 garnet
films can be used in X-ray scintillators for different applications,
such as homeland security, because of their rapid decay and high
light yield.
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