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First 3D-printed complex inorganic polycrystalline
scintillator†

G. A. Dosovitskiy, *af P. V. Karpyuk,a P. V. Evdokimov,bc D. E. Kuznetsova,a

V. A. Mechinsky,d A. E. Borisevich,d A. A. Fedorov,d V. I. Putlayev,bc

A. E. Dosovitskiye and M. V. Korjikdf

YAG:Ce scintillating material was obtained using 3D printing

for the first time. A green body was printed using a

stereophotolithography approach from co-precipitated powders

and then sintered at 1600 °C in air to afford translucent ceramics.

The scintillation light yield using 5.5 MeV α-particle excitation was

more than 60% higher than that of the reference YAG:Ce single

crystal.

Introduction

Scintillation materials play a crucial role in ionizing radiation
detection. Among them, inorganic scintillators allow the com-
bination of high stopping power with ionizing radiation, high
light yield, and fast scintillation. This has enabled spectacular
progress in nuclear instrumentation in the last two decades.1

However, methods used to produce inorganic scintillation
materials have become a limiting factor for future progress in
this field. Crystal growth from the melt allows perfect and
large volume crystalline ingots to be obtained, but with a lim-
ited nomenclature of compositions. The production of scintil-
lation materials in glass or glass-ceramic forms allows a vari-
ety of inorganic compositions that possess perfect
luminescence parameters at photoexcitation to be obtained.
However, most of these have low light yields when excited

with ionizing radiation. Polycrystalline ceramics have an
intermediate position between single crystals and glass and
have attracted attention in the last two decades because of
several potential advantages, including low production costs
compared with single crystals, the possibility of achieving a
high scintillation light yield, and the flexibility of composi-
tion.2,3 Garnet cubic structure crystals, particularly yttrium
aluminum garnet (Y3Al5O12, YAG), are among the most popu-
lar compounds for this purpose. The use of transparent Nd-
doped YAG ceramic technology in lasers has been well devel-
oped.4,5 YAG:Ce and related Ce-doped garnet ceramics are
prospective phosphor and scintillation materials.6–9 Yttrium
aluminum garnet has been shown to be tolerant of ionizing
radiation.10 For this reason, it has attracted attention for pos-
sible applications in high-energy physics instrumentation,
wherein a ceramic material could also be utilized. Unlike la-
ser ceramics, scintillator materials could find applications
that have less strict transparency requirements.11

Single crystal production methods for activated scintilla-
tors, particularly YAG:Ce crystal growth by pulling from a
melt, introduce a sufficient limitation of low concentration of
Ce as the activating impurity in the garnet. This is caused by
the host Y (crystal ionic radius, 104 pm) ion, which is
substituted by Ce (crystal ionic radius, 115 pm) in the matrix,
having a smaller ionic radius, which results in a small distri-
bution coefficient for the activator (less than 0.4). Increasing
the activator concentration in the melt requires melt
overheating, which stimulates additional evaporation and,
consequently, creates additional point structure defects (va-
cancies) in the crystal. Moreover, a small activator distribu-
tion coefficient leads to nonuniform distribution along the
crystal growth axis, which results in nonuniform scintillation
parameters in the bulk crystal. For these reasons, Ce concen-
tration in YAG single crystals does not exceed 0.5 at%, and is
typically 0.1 at%. Activator concentration is more easily in-
creased in ceramics because it corresponds to activator con-
tent in the starting powder.
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A reasonably high activator concentration is important
for achieving a high scintillation light yield. Scintillation
(hν) occurs in Ce3+ doped oxide crystals via a combination
of two mechanisms: the consecutive capture of thermalized
free carriers, holes (h+) and electrons (e−), by Ce3+ ions
(Ce3+ + h+ → Ce4+, Ce4+ + e− → Ce3+ + hν), and the sensiti-
zation of Ce3+ luminescence by self-trapped excitons (STE)
and self-trapped holes (STH).1 The higher the Ce3+ concen-
tration in a crystal, the more likely a transfer of electronic
excitation to the activator is compared with non-radiating
and radiating recombination of free and trapped carriers.1

Therefore, a higher possible concentration of Ce3+ in ce-
ramic scintillators allows a higher scintillation light yield to
be reached.

3D-printing of ceramics has been actively developing in re-
cent years. Among the most convenient approaches is a
stereolithography technique, which uses photocurable resin
selectively illuminated with a laser, LED, or UV lamp.12–14

This approach allows a variety of geometric forms to be
obtained that are not possible using other methods, which
makes polycrystalline ceramic materials highly attractive.
Printing has also been applied to plastic scintillators, with
the resultant light yield measured as 30% of that of a com-
mercially available scintillator (EJ-204).15 Inkjet printing of
2D structures of YAG:Er scintillating material with high spa-
tial resolution has been reported.16 However, no reports on
3D-printed 3D objects made from ceramic scintillation mate-
rial were found in the literature.

Green body, obtained using stereolithography, consists of
powder compact impregnated with organic (mainly polymer)
binder, with the amount of binder not less than 40–50 vol%.
To sinter ceramics, debinding should be performed, which
includes evaporation, thermal destruction, and burning out
of different binder components. This could influence local
conditions of green body thermal treatment, and might affect
luminescence and scintillation properties.17,18 To use 3D
printing to obtain scintillation ceramics, it should be demon-
strated that the method does not diminish the scintillation
properties.

In the present work, we have used stereolithography to
3D-print YAG:Ce ceramics and report their luminescence
and scintillation properties compared with single-crystal
YAG:Ce.

Experimental

YAG:Ce nanostructured powder was obtained using a
coprecipitation technique. Y2O3 (5N purity), AlĲNO3)3·9H2O (5N),
and (NH4)2CeĲNO3)5·6H2O (4N) were used as starting materials.
Y2O3 was dissolved in nitric acid, while AlĲNO3)3·9H2O
and (NH4)2CeĲNO3)5·6H2O were dissolved in distilled water
to prepare a mixed solution with a stoichiometric ratio of
Y2.97Ce0.03Al5O12 and a total concentration for all cations of
1 mol L−1. The precursor precipitate was produced by
adding the mixed nitrates solution into a solution of
NH4HCO3 (2 mol L−1) with intensive stirring. The resultant

precipitate was filtered, washed with distilled water and
2-propanol, and dried at 100 °C for 12 h in a ventilated
oven. The dried precursor was calcined at 900 °C for 2 h in
a quartz crucible.

The obtained YAG:Ce powder was milled for 3 h in a
planetary ball-mill (PM100, Retsch) at a rotational speed of
300 rpm to break up large particles and achieve a stable av-
erage distribution of particle sizes. A suspension suitable
for 3-D printing was prepared by gradual addition of the
milled powder into hexanediol-diacrylate monomer
containing BYK-969 as stabilizer. Once all powder was
added, the suspension was milled for 20 min at 200 rpm
to better distribute the powder in the suspension volume.
The resulting suspension had a 25% bulk content of oxide
powder.

Green bodies were printed using photocurable ceramic
suspensions via a stereolithography (SLA) approach.19 3D
printing was carried out using a B9Creator v1.1 (B9Creations)
with a lateral resolution of 20 μm and layer thickness of 50
μm. Printed green bodies were debinded in several stages
according to the temperature program developed with
Thermokinetics software (Netzsch), as previously described,20

and sintered at 1600 °C for 2 h in air.
Differential thermal analysis (DTA) and thermogravimetry

(TG) measurements were made using an SDT Q600 analyzer
(TA Instruments). XRD was performed using a powder dif-
fractometer (eMMA, GBC Scientific) with Cu Kα radiation.
Scanning electron microscopy (JSM 7100F, Jeol) was used to
characterize the microstructures of the powder and ceramics.
Particle size distribution was analyzed by laser diffraction
using a Mastersizer 2000 granulometer (Malvern
Instruments).

Photoluminescence and luminescence excitation spectra
were measured at room temperature using an SDL-2 lumines-
cent spectrometer. Scintillation light yield (LY) was measured
using 5.5 MeV α-particles from 241Am source and a standard
scintillation spectrometer based on a XP 2020 photo-
multiplier. Scintillation kinetics was measured using a “start-
stop” method with a 22Na source of annihilation gamma-
quanta, a CsF-based detector in the “start” channel, an XP
2020Q PMT in the “stop” channel, and a time-to-digital
converter.

Fig. 1 SEM images of a) dried precipitate and b) powder after
calcination at 900 °C.
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Results and discussion
Sample preparation

The dried precipitate consisted of aggregates of particles with
sizes of about 100 nm (Fig. 1a). Heating the precipitate led to
a mass loss, registered by TG, that was most intense up to
250 °C, and exothermic heat effect, registered by DTA, with a
maximum at around 100 °C (Fig. 2a). These effects
corresponded to precipitate decomposition. At higher tem-
peratures, two consecutive thermal effects were present on
the DTA curve at onset temperatures of around 875 °C and
980 °C (heating rate, 10 °C min−1). Analogous DTA-TG curves
were obtained for carbonate-derived coprecipitated YAG pre-
cursors in a detailed study by Li et al.21 XRD showed that cal-
cination of the precipitate at 900 °C led to the formation of a
dominant Y3Al5O12 phase (PDF # 72-1853) with approximately
one-third secondary phase (e.g. PDF # 54-0621), which had
been referred to as either perovskite or hexagonal YAlO3,

21,22

but is actually an oxycarbonate (Y3Al3O8CO3) according to
later studies.23 XRD data is presented in the ESI.† Based on
this, the thermal effect at 875 °C probably corresponded to si-
multaneous formation of YAG and oxycarbonate phases
(Fig. 2a), while that at 980 °C, which was accompanied by a
step on the TG curve, corresponded to transformation of the
oxycarbonate into the garnet phase. Single-phase YAG powder
was formed after calcination at 1000 °C. However, at this
temperature, the sintering of primary particles into agglomer-
ates was noticeable. Therefore, a lower temperature of 900 °C
was chosen as the powder calcination temperature. This pow-
der consisted of loosely connected particles forming agglom-
erates of 10–30 μm (Fig. 1b). Powder ball milling did not
change the primary particle size, but decreased the agglomer-
ate size significantly, from DĲ0.5) = 65 μm in the initial pow-
der to DĲ0.5) = 1.2 μm in the milled powder.

Printed green bodies under SEM observation were found
to be free of defects larger than one micrometer (Fig. 3a).
DTA and TG curves of the green bodies are shown in Fig. 2b
(heating rate, 5 °C min−1), and display weight loss and heat
effects due to binder burnout that were most intensive be-
tween 300 and 500 °C.

Sintered ceramics contained a dense polycrystalline micro-
structure with a grain size of 0.5–2 μm (Fig. 3b). Pores were
present on the grain boundaries. Samples were too small to
measure their density accurately, but from their microstruc-
ture, appearance, and measurements of analogous pressed
air-sintered samples, density was estimated as 98–99% theo-
retically, which results in significant scattering in the mate-
rial, but allows some degree of translucency.

Fig. 4 shows a YAG:Ce sample (2.5 × 2.5 × 2.5 mm3)
obtained according to the developed production route. The
chosen shape of the printed ceramic sample was a Kelvin
structure adopted from bioceramics.19 Its architecture
allowed a tough ceramic sample with small details to be
obtained. This complex shape also contains numerous
through channels, which could be beneficial for the construc-
tion of composite materials based on such ceramics. More-
over, this example demonstrates the virtually unlimited possi-
bilities of 3D printing. However, the small dimensions of the
sample are sufficient for evaluating its scintillation
parameters.

Luminescence properties

Luminescence and luminescence excitation spectra of YAG:
Ce ceramics were found to be typical spectra for YAG:Ce gar-
net (shown in ESI†). These results confirmed that the Ce3+

crystalline surrounding perfectly corresponded to Y3Al5O12

garnet structure.

Fig. 2 DTA and TG curves of a) dried precipitate (heating rate,
10 °C min−1) and b) printed green body (heating rate, 5 °C min−1).

Fig. 3 SEM images of a) printed green body (scale) and b) sintered
body (left side – scale, right side – free surface).

Fig. 4 Model of Kelvin structure (left) and photo of printed and
sintered ceramic 2.5 × 2.5 × 2.5 mm3 sample (right).
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The light yield measurement approach used in this work
was suitable for the evaluation of low-transparency samples.
A sketch of the experimental setup is shown in Fig. 5. A light
reflector made of a Teflon ring (diameter, 10 mm; height,
5 mm; thickness, 0.15 mm) was used to improve scintillation
light collection. An absorber made of a Teflon disc (diameter,
2.5 mm; thickness, 0.15 mm) was used to reduce the number
of multiply-reflected low intensity scintillation light pulses.

As α-particles have similar paths in YAG:Ce ceramics and
crystals about tens of microns in size, scintillations are ex-
cited in the surface layer of the measured sample, and scintil-
lation light from this surface layer reaches PMT with the min-
imal possible path in the sample body. This eliminates the
influence of scintillation light absorption and scattering in-
side translucent samples on the light yield measurement. De-
tails of this approach to light yield measurements will soon
be published separately.

Pulse height spectra of the printed ceramic samples and
YAG:Ce single crystal with a grinded surface under 5.5 MeV
α-particles excitation are shown in Fig. 6, with peaks approxi-
mated using Gaussians. The horizontal axis represents the
relative quantity of light collected from the samples. The
usual method for evaluating light yield from an amplitude
spectrum is by comparison with a spectrum of a sample with
a known light yield; in our case, a single-crystal YAG:Ce plate

with an LY of about 18 000 photons per MeV. The peak maxi-
mum position for the printed ceramic sample was almost
60% greater on the channel scale, meaning that the ceramic
had a 60% larger light output than the reference YAG:Ce sin-
gle crystal sample. However, in contrast to the single crystal
spectrum, the spectrum of the ceramic sample showed a low
energy shoulder, which was probably caused by a wide distri-
bution of light loss in this object with a complicated form.

Therefore, the light yield under α-particle (i.e., low-depth)
excitation of the obtained YAG:Ce ceramic material was
shown to be higher than that of the corresponding single
crystal. This was probably due to a higher Ce3+ activator con-
centration, but a separate study is required to confirm the
physical reason. Therefore, this 3D-printing approach allows
inorganic scintillator materials with a scintillation LY poten-
tial no worse than classical single crystal materials to be
obtained.

The scintillation kinetics curve for the printed ceramic
sample is given in Fig. 7. The scintillation pulse well matched
an approximation by two exponents, with time constants of
τ1 = 11 ns and τ2 = 55 ns, and kinetics fractions of 35% and
65%, respectively. Notably, the scintillation pulse level
reached the background level (equal to the background level
prior to the pulse) at 300 ns. This showed an absence of slow
components in the scintillation.

The scintillation kinetics are considerably faster in the 3D-
printed ceramic sample, than in the YAG:Ce single crystal
(119 ns) as reported by Mihokova et al.9 The authors also
reported a faster primary decay time for scintillation in ce-
ramics compared with a single crystal, reporting a decay time
of 85 ns for ceramics. Faster scintillation in ceramics could
be caused by the higher Ce content (1 at% compared with
the typical crystal content of 0.1 at%) and the corresponding
faster transfer rate of matrix host excitation to emitting Ce3+

ions. The light yield of the ceramic scintillator measured by
Mihokova et al. was about 30–40% lower than that of a single
crystal. Gamma radiation (8–1200 keV) was used as the exci-
tation source, which has a penetration depth into the mate-
rial in the millimeter-to-centimeter range. Therefore, imper-
fect ceramic transparency, compared with a single crystal,
could decrease the quantity of collected light. In turn, the

Fig. 5 Measurement setup with scintillation light collection from the
sample surface.

Fig. 6 Scintillation pulse height spectra of YAG:Ce printed ceramic
sample and reference single crystal under 5.5 MeV α-particles mea-
sured in “reflection” geometry. Fig. 7 Scintillation kinetics curve for ceramic sample.
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higher light yield of ceramics under α-particle excitation in
our measurements could be explained by the significantly
higher Ce3+ content in the material.

Conclusions

We have demonstrated an approach to obtaining ceramic
scintillation materials shaped by 3D printing, using a classi-
cal YAG:Ce scintillator as the working material. To achieve
this, nanostructured powders with a composition of
Y2.97Ce0.03Al5O12 were synthesized using a co-precipitation
method and subsequent heat treatment at 900 °C. Then, a
slurry with 25% bulk content of this powder was prepared.
The slurry was used to 3D print green bodies using a stereo-
lithography approach. After debinding and sintering at
1600 °C in air, they reached a density of ∼98%. The ceramics
demonstrated challenging scintillation characteristics, with an
average decay constant (τsc) below 60 ns and a light yield mea-
sured under 5.5 MeV α-particle excitation that was more than
60% higher than that of the YAG:Ce single crystal. Using the
developed approach, we used YAG:Ce scintillation ceramics
with a high activator concentration to form bodies with com-
plex shapes, which were free of defects and larger than a
micrometer. 3D printing allows the preparation of shapes
that could not be obtained using other approaches, which
makes engineering scintillator properties by adjusting the
material geometry a possibility. The method developed might
also be useful for producing sophisticated luminophores with
complex surfaces for LED lighting devices.
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