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Abstract: The technology to grow single crystals of the required shape directly from a melt has been
researched extensively and developed in various industries and research fields. In this study, a
micro-pulling-down method and a Mo crucible were applied to the shape-controlled crystal growth
of Y3Al5O12:Ce (YAG:Ce). Three types of Mo crucibles with different die shapes were developed.
Stable crystal growth of more than 50 mm in length was achieved with the same shape as the die, and
scintillation light output of ~20,000 ph/MeV, which is comparable with those of the YAG:Ce crystal
grown by Cz method, were obtained. The transmittance of grown crystals above 500 nm was above
70%. The standard deviation (σ) of the scintillation light output at each position of the 50-mm-long
sample was found to be within ±16%.

Keywords: micro-pulling-down method; shape-controlled crystal growth; scintillator materials;
Mo crucibles

1. Introduction

Inorganic scintillators have been applied as radiation imaging sensors in many
fields [1–3]. Some studies have developed imaging techniques that use scintillator ar-
rays as collimators [4,5]. A tube-shaped single-crystal scintillator was required in these
studies to achieve a high image quality. Scintillators that are used in medical applications
are typically cut and polished from a large bulk single-crystal form and assembled into
radiation detectors. The Czochralski [6,7], Bridgman–Stockbarger [8], and Floating Zone [9]
methods are commonly used as crystal-growth techniques to obtain large bulk crystals.
However, it is difficult to process large single-crystal scintillators into a tube, which has
been an obstacle to the production of tube-shaped scintillators.

The technology to grow single crystals of the required shape directly from the melt has
been researched extensively and developed in various industries and research fields. Edge-
defined film-fed growth (EFG) [10,11] and micro-pulling-down (µ–PD) methods [12–16]
are examples of such technology. The µ–PD method is a crystal growth technique that
uses a crucible with a die with several holes in the bottom to supply the melt. The µ–PD
provides the growth of long single crystals with a ready to use shape without any cutting
and polishing. It is possible to control the crystal shape with the same cross-sectional shape
as the die. In our recent research, we succeeded in growing a tubular Y3Al5O12:Ce (YAG:Ce)
single-crystal scintillator, which can be used for novel medical imaging techniques, by the
µ–PD method and Ir crucible [17]. O. Sidletskiy et al. reported the µ–PD growth of long
Y3Al5O12- and Lu3Al5O12-based fibres [18]. On the other hand, the recent price of iridium
metal used in the crucibles in the previous study has soared more than five times compared
to five years ago. The price hike of iridium metal used for the crucible is a very serious
problem for the mass production of single crystals. As an alternative to precious metals

Crystals 2022, 12, 1215. https://doi.org/10.3390/cryst12091215 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12091215
https://doi.org/10.3390/cryst12091215
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-3162-6375
https://orcid.org/0000-0002-6556-9914
https://doi.org/10.3390/cryst12091215
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12091215?type=check_update&version=2


Crystals 2022, 12, 1215 2 of 10

such as Ir, crystal growth that uses inexpensive crucibles such as Mo is promising, and the
growth of YAG:Ce single crystals using Mo crucibles has been reported recently [19].

In this study, the µ–PD method and Mo crucibles with different die shapes were ap-
plied to growing tube shaped-controlled YAG:Ce (tube-YAG:Ce) single-crystal scintillators.
The optical and scintillation properties of the grown crystals were evaluated.

2. Materials and Methods
2.1. Mo Crucible with a Tube-Shaped Die

The design drawings of the developed Mo crucible are shown in Figure 1a. We
developed three types of Mo crucibles with different die shapes (Figure 1b). The TYPE1
crucible has a round die shape, and the TYPE2 and TYPE3 crucibles have a square die
shape. By using these crucibles, we investigated the effect of die shape on crystal growth.

Die (round or square)
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(ϕ0.5mm)

ϕ16(mm)
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2(mm)

2(mm)

30°

Die
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Figure 1. (a) Design drawing and (b) photographs of developed Mo crucibles.

2.2. Crystal Growth Setup

The µ-PD method was applied to grow tube-YAG:Ce single crystals. Powder starting
materials α-Al2O3, Y2O3, and CeO2 (purity 4N or higher) were weighed out and mixed to
obtain nominal compositions of (Y0.995Ce0.005)3Al5O12. The mixed powder was placed in a
crucible and heated to the melting point of YAG:Ce by using a high-frequency induction
coil. An Ar + H2 atmosphere was used to prevent the Mo crucibles from oxidizing during
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crystal growth. The seed crystals were 〈0 0 1〉-oriented YAG:Ce 1.0% single crystals. A
schematic diagram of the µ-PD crystal growth assembly is provided in Figure 2. The growth
rate varied from 0.1 mm/min to 0.5 mm/min to grow tube-shaped crystals. The grown
tube-YAG:Ce single crystals were cut perpendicular to the growth direction and polished
to produce evaluation samples for characterization.

HF induction coil

シード

Seed

(YAG:Ce)

crystal

Heat insulator (Al2O3)

After heater (Mo)

Crucible (Mo)

Figure 2. Schematic diagram of crystal-growth assembly.

2.3. Characterization

The chemical composition of the polished sample surface was analyzed by using a field
emission electron probe microanalyzer (FE-EPMA, JXA-8530F, JEOL Ltd., Tokyo, Japan) to
evaluate the radial Ce distribution. The detection limit of the FE-EPMA measurement was
210 wt. ppm. Transmittance spectra were measured from 200 to 750 nm by using a UV/VIS
spectrophotometer (V-550, JASCO Corp., Tokyo, Japan). The thickness of the sample for
transmittance measurement was set to 1.0 mm. Scintillation lights were collected by a
photomultiplier tube (PMT, R7600-200, Hamamatsu Photonics K.K., Hamamatsu, Japan)
with an operating voltage of 600 V. A 10 MBq 137Cs source was used at a distance of 5 cm.
The signal from the PMT was amplified by a spectroscopy amplifier (MSCF-16, mesytec
GmbH & Co.KG, Wernher-von-Braun-Str. 1, D-85640 Putzbrunn, Germany), and digitized
by a peak-digital-converter (PDC) (A3400, NIKI GLASS Co., Ltd., Tokyo, Japan). The
scintillation waveforms were recorded by using a digital oscilloscope (RTB2004, Rohde &
Schwarz GmbH & Co.KG, Munich, Germany). The decay time was calculated by fitting a
sum of two exponential functions to the waveform:

A(t) = A1exp(−t/τ1) + A2exp(−t/τ2) + const

The values A1, A2 and τ1,τ2 are the amplitudes and decay times of the waveforms, respectively.

3. Results
3.1. Crystal Growth

The crystal growth of the tube-YAG:Ce single crystals was achieved by the µ-PD
method. After the starting material had been melted in a Mo crucible, the melt passed
through capillaries to reach the die at the bottom of the crucible. The seed crystal was
touched to the melt at the bottom of the die to form a meniscus between the bottom of the
die and the seed crystal. The crystals were grown continuously by pulling down the seed
crystal with a moderate temperature gradient near the liquid–solid interface (Figure 3).
In the early stage of crystal growth (Figure 3a), the spreading of the meniscus to the
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bottom of the crucible was unstable, which resulted in an inconsistent outer diameter of the
grown crystals. Figure 3b shows the solid–liquid interface when the meniscus thickness
was stabilized by optimizing the power of the high-frequency (HF) induction coil and
the pulling-down rate. The meniscus height after stable growth was kept at 80–100 µm.
Photographs of the grown crystals and samples that were cut perpendicular to the growth
direction are shown in Figure 3c. The cross-sectional shape of the grown crystals was like
the shape of the bottom of the die. A comparison of the crystal growth in the TYPE1 and
TYPE2 crucible shows the effect of die shape on crystal growth as a function of pulling-
down speed for stable crystal growth. The pulling-down speed to stabilize crystal growth
was faster in the crucible with a square die (0.5 mm/min) than in the crucible with a round
die (0.1 mm/min). Growth using the TYPE3 crucible was conducted at 0.2 mm/min and
0.5 mm/min. At a slow growth rate (0.2 mm/min), the meniscus was wetted and spread at
the tip of the protrusion, and the inside of the tube crystal was filled with melt. At high
growth rates (0.5 mm/min), the inside of the tube crystal was not filled with melt because
the wetting spread of the meniscus to the tip of the protrusion was suppressed (Figure 4).
By using TYPE3 crucible and optimizing the crystal growth rate, stable crystal growth of
more than 50 mm in length was achieved with the same shape as the die.
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(c) Grown tube-shaped crystals.
Figure 3. (a,b) Liquid–solid interface during crystal growth and (c) tube-shaped crystals grown by
three types of Mo crucibles.
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Growth rate: slow Growth rate: fast

Mo crucible

Capillary

Meniscus

Grown crystal

Figure 4. Schematic diagram of effect of growth speed on control of internal crystal diameter. Middle:
At a slow growth rate (0.2 mm/min), the meniscus was wetted and spread at the tip of the protrusion,
and the inside of the tube crystal was filled with melt. Right: At high growth rates (0.5 mm/min),
the inside of the tube crystal was not filled with melt because the wetting spread of the meniscus to
the tip of the protrusion was suppressed.

Ce distribution in the tangential direction of the grown crystals was measured by FE-
EPMA (Figure 5). The detection limit of the FE-EPMA measurement was 210 wt. ppm. The
Ce concentration around the capillary tended to be smaller than that in the remainder of the
capillary area. This result agrees with our previous report on the growth of tube-YAG:Ce
using Ir crucibles [17]—the small Ce concentration around capillaries was caused by the
small segregation coefficient of Ce in the YAG single crystal and by small convection in
the meniscus.

Capillary 
Position

Interval: 0.05 mm
Scan direction

0 mm
capillary

1.41 mm

(a)

0 mm 2 mm

Interval: 0.05 mm

Capillary 
Position

(b)

Capillary 
Position

1.5 mm0 mm

Interval: 0.05 mm

(c)
Figure 5. Ce distribution in tangential direction of grown crystals measured by FE-EPMA. (a) TYPE1
crucible. (b) TYPE2 crucible. (c) TYPE3 crucible.

3.2. Optical and Scintillation Properties

The optical transmittance spectra of the tube-YAG:Ce crystals that were grown in
this study are shown in Figure 6. For all samples, two clear absorption peaks existed at
340 nm and 455 nm, which are ascribed to 4f→ 5d2 and 4f→ 5d1 absorption transitions,
respectively. The transmittance above 500 nm exceeded 70% for all samples.
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TYPE3 crucible

TYPE1 crucible

TYPE2 crucible

Figure 6. Optical transmittance spectra of grown crystals. In all samples, two distinct absorption
bands were present at 340 nm and 455 nm, presumed to be absorption transitions at 4f rightarrow
5d2 and 4f rightarrow 5d1, respectively. Transmission above 500 nm was above 70% in all samples.

The scintillation pulse height spectra and decay curves of tube-YAG:Ce that was
grown by Mo crucibles were measured (Figure 7). The pulse height spectra of Cz grown
crystal and tube-YAG:Ce grown by Ir crucible are also shown in Figure 7a. The scintillation
properties are summarized in Table 1. The scintillation light output (LO) of the samples
were estimated by comparing the ADC channel of the 137Cs 662 keV photopeak of the
samples with that of the Cz sample, using the following formula:

LOsamples = LOre f erence ×
Photopeaksample

Photopeakre f erence

As a result, the scintillation properties of all samples were almost comparable with
Cz sample.

The crystal grown in a TYPE 3 crucible was cut into 1- to 2-mm-thick pieces, and
12 samples were obtained. The scintillation light output and decay time of these samples
were measured and plotted in the Figure 8 as a function of the distance from the growth
start. The standard deviation (σ) of the scintillation light output (LO) of the samples was
±16%. LO1mmt/LO2mmt—the ratio of the average scintillation light output for the 1 mm
and 2 mm thick samples—was 17%.

The radioluminescence spectra of grown tube-YAG:Ce crystals are shown in Figure 9.
All sample shapes were the same with a broad-band emission and peak at 540 nm, which
is typical for Ce3+ 5d-4f emission in YAG crystals. The small and broad emission around
250–400 nm—that is prominent in the sample grown by TYPE3 crucible—is ascribed to self-
trapped exciton and YAl anti-site defects, and a possible trap candidate has been reported
to be anti-site Y3+

Al defects [20]. The lower light output of the sample grown by TYPE3
crucible is most probably due to its anti-site defects.
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Figure 7. Scintillation properties of YAG:Ce crystals grown by TYPE1, TYPE2, and TYPE3 crucibles.
The pulse height spectra of Cz grown crystal and tube-YAG:Ce grown by Ir crucibel are also shown in
(a). (a) Pulse Height Spectra irradiated by 137Cs source. ADC channel stands for “Analog-to-Digital
Converter channel”. ADC channels represents the amplitude of the waveform. The 137Cs 662 keV
photopeaks were observed in all samples. (b) Average waveforms of 512 events.
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Table 1. Results of scintillation property measurements.

Position Light Output Primary Decay Secondary Decay

TYPE1 20,000 ph/MeV 87 ns 370 ns
TYPE2 22,000 ph/MeV 94 ns 500 ns
TYPE3 16,000 ph/MeV 79 ns 410 ns

Figure 8. The scintillation properties of samples grown by TYPE3 crucible as a function of the distance
from the growth start. A standard deviation (σ) of ±16% was achieved in scintillation light output
over a 50 mm crystal length.

TYPE3 crucible

TYPE1 crucible

TYPE2 crucible

Figure 9. Radioluminescence spectra of grown crystals. All sample shapes were the same with a
broad-band emission and peak at 540 nm, which is typical for Ce3+ 5d-4f emission in YAG crystals.
The small and broad emission around 250–400 nm is ascribed to self-trapped exciton and YAl
anti-site defects.
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4. Conclusions

Three types of Mo crucibles with different die shapes were developed. The cru-
cibles were applied to grow tube-YAG:Ce single crystals by using the µ–PD method.
In the early stages of crystal growth, meniscus spreading into the die was unstable,
and the outer diameter of the grown crystals fluctuated. After the meniscus thickness
stabilized (80 µm–100 µm), the diameter of the grown crystals became uniform, and the
cross-sectional shape of the crystals was close to that of the die. The optimum pulling-
down speed for crystal-growth stabilization was faster in the crucible with a square die
than that in the crucible with a round die. When grown in a crucible with a small inner
diameter (TYPE 3), at a slow growth rate (0.2 mm/min), the meniscus was wetted and
spread at the tip of the protrusion, and the inside of the tubular crystal was filled with melt.
However, an increase in growth rate to 0.5 mm/min suppressed the filling of the interior of
the tube crystal. By using TYPE3 crucible and optimizing the crystal growth rate, stable
crystal growth of more than 50 mm in length was achieved with the same shape as the
die. Measurements of the tangential Ce concentration distribution in the grown crystals
showed that the Ce concentration around the capillary was lower than in the remainder of
the crystal. The transmittance of grown crystals above 500 nm was almost the same and
above 70%. The scintillation properties of the tube-YAG:Ce single crystals that were grown
by Mo crucibles were comparable with those of YAG:Ce single crystals grown by the Cz
method. For crystal grown by the TYPE3 crucible, the crystal was cut at thicknesses of
1 mm and 2 mm over a 50 mm range, and the variation in scintillation light output was
evaluated. As a result, the standard deviation (σ) of the scintillation light output of the
samples was found to be within ±16%.
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