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Growth of complex oxide single
crystals with high melting point
over 2200 °C using tungsten
crucible

YuuiYokota'?*?, Takahiro Suda?, Takahiko Horiai? & Akira Yoshikawa'-?

Complex oxide single crystals with melting points (MPs) above 2200 °C cannot be grown from the melt
using iridium (Ir) or platinum (Pt) crucibles due to the MP limitations of these materials. To overcome
this, we focused on the tungsten (W) crucibles, with MP above 3400 °C. The micro-pulling-down (u-PD)
method employing the W crucible and deoxygenated insulators enabled the growth of oxide single
crystals with MP exceeding 2200 °C without any inclusions or deterioration of the W crucible. La,Zr,0,
(MP: 2283 °C) and La,Hf,0, (MP: 2418 °C) single crystals with a pyrochlore structure were successfully
grown using W crucibles, and they exhibited high transparency after annealing in air. Additionally, we
achieved the growth of Lu,TaO, (MP: 2380 °C) single crystals with a density of 9.68 glcm3, Lu,Tao,
single crystal is a promising scintillator material for high-energy radiation detection due to its
ultra-high density and potential for fast decay via Cherenkov light emission. The luminescence and
scintillation properties of dopant ions can be clarified in single crystals with rare-earth (RE) ions. These
results demonstrate that the advanced growth method is useful tool for the development and study of
high-MP optical materials and scintillators.
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Functional oxide bulk single crystals have been developed for various applications such as optical devices,
radiation detectors, and piezoelectric sensors. Scintillator single crystals for radiation detectors have been
widely studied, with numerous reports on high-melting-point (MP) oxides such as Lu;Al.O,, [MP: 2020 °C] and
Lu,SiO, [MP: 2047 °C] (Fig. 1)"2 The high density and effective atomic number, Z e of scintillator single crystals
are major advantages of scintillators for high-energy radiation, and many oxide scintillator single crystals with
high density and Z_; have been developed worldwide. Most oxide materials containing heavy elements such as
rare-earths (RE), W, and Ta tend to have MP above 2000 °C.

Various oxide single crystals have been grown from melts by melt-growth methods, such as the Czochralski
(Cz), Bridgman-Stockbarger (BS), and Floating Zone (FZ) methods*-%. The micro-pulling-down (u-PD) method
is also a melt-growth method, and various functional single crystals have been developed using this method
because it has a higher growth rate than other melt-growth methods, including the Cz and BS methods®!2.
The p-PD method uses a crucible with a hole at the bottom for the retention of the melt and the formation of
the solid-liquid interface. Noble crucibles such as iridium (Ir) and platinum (Pt) crucibles have been generally
used because of their chemical stabilities at high temperatures. Although Ir crucible cannot be used in oxygen
atmosphere, it has been widely used for crystal growth of oxide single crystals such as garnet, perovskite and
pyrochlore-type materials, both commercially and in research. Pt crucible can be used in oxygen atmosphere
and is particularly effective for highly volatile oxides. However, the MP of Ir and Pt are 2446 and 1768 °C,
respectively, which limits their use for growing high-MP materials such as RE,Zr,0,, RE,Hf,0., and RE,TaO..
Considering the softening points of Ir and Pt, the maximum practical MP for materials grown by an Ir crucible
is approximately 2100 °C (Fig. 1).

Sesquioxide-type single crystals such as Sc,0,, Y,0,, and RE,O, have been grown using the u-PD method
with a rhenium (Re) crucible!*!. However, due to its rarity, poor workability, and high reactivity, Re is rarely
used as a crucible material for crystal growth. On the other hand, tungsten (W, MP: 3420 °C) and molybdenum
(Mo, MP: 2620 °C) crucibles with higher MPs than Ir and Pt have been used for crystal growth of sapphire single
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Fig. 1. Relationship between band-gap and MP for oxide, fluoride, and halide scintillator single crystals with
usage limit of crucibles.

crystals'>!¢. Bulk sapphire single crystals were grown by the Cz and BS methods!”!8, and shaped sapphire single
crystals were grown by the edge-defined film-fed (EFG) and p-PD methods using specially designed crucibles
and dies'>".

Recently, oxide single crystals with garnet and perovskite structures have been grown using W and Mo
crucibles?®-%2. For oxide single crystals that can be grown in reduction atmosphere, Mo crucible has sometimes
been used because of the low cost and good workability. However, Y,SiO, crystals grown in a W crucible
exhibited W dendritic branches originating from the crucible®. In addltlon, there are few reports of crystal
growth using W and Mo crucibles for complex oxide materials with high MP over 2200 °C, which cannot be
grown using the Ir and Pt crucibles.

In this study, we demonstrated the possibility of growing oxide single crystals with MP above 2100 °C using
the p-PD method with W and Mo crucibles. First, we established the growth conditions for single crystal at more
than 2200 °C using a La,Zr,O, (LZO) with the MP of 2283 °C in the RE,Zr,O, series>*. Second, La,Hf,0,
(LHO) with an MP of 2418 °C in the RE,Hf,0, series™ %’ was grown under the same conditions to evaluate
the potential for growing complex oxides above 2400 °C. LZO and LHO have the pyrochlore structure, which
is the same crystal structure as Ce-doped (La, Gd)281 O, scintillator single crystals with a large light yield and
high energy resolution under gamma-ray irradiation? They have attracted attention as gamma-ray scintillators
owing to their higher density and effective atomic number compared to La-GPS (Table 1). Additionally, we
successfully grew Lu,TaO, (LTO) single crystals with an MP of 2380 °C***!, marking the first such achievement
globally.

Experimental

The starting materials, La,O,, Lu,O,, ZrO, (>4 N purity), HfO,, and Ta,O, (>3 N purity) powders were mixed
with nominal composmons of La Zr2 > La L,Hf,0,, and Lu,TaO, for the growth of undoped single crystals.
La,O, powder was dried at 1100 °C for 12 h before weighing to prevent composition deviations caused by high
moisture adsorption. The mixed powders were sintered at 1600-1800 °C for 24 h in air using an electric furnace
to create La Zr207, La Hf207, and LuSTaOT The sintered powders of LaZZrZO7, Lasz207, and Lu3TaO7 with a
single phase were placed in a crucible after phase identification using powder X-ray diftraction (XRD). A ®3
mm die was located at the bottom of the crucible, with a central ¢©0.5-0.8 mm capillary connecting the interior
to the bottom.
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Z; | Density [g/cm®] | m.p. [°C]
La, 71,0, 49 [5388 2283
La,Hf,0, 64 |7.86 2418
Lu,TaO, 69 |9.68 2380
PbWO, 76 | 828 1123
Lu,SiO, 66 |7.32 2047
Gd,Si0, 59 |66l 1950
Bi,Ge,0,, |75 |7.13 1050
Gd,Ga,ALO,, | 54 |6.63 1850

Table 1. Effective atomic number Z,, density and melting point of LZO, LHO, and LTO with present
scintillator single crystals.

Figure 2a shows a schematic diagram of the crystal growth by the u-PD method for high-MP oxide single
crystals using Mo or W crucibles. As a first step, LZO single crystals were grown using the p-PD method with
Mo and W crucibles in an Ar+3%H, atmosphere, which is the same growth condition as the sapphire single
crystals using Mo and W crucibles!>>? to select the suitable crucible and clarify the problems with the growth
conditions. The H, in the gas mixture created a reducing atmosphere during crystal growth, preventing oxidation
of the Mo and W crucibles. The actual furnace has a vacuum chamber [Fig. 2b], and the chamber was purged
thrice using a rotary pump to eliminate residual oxygen. The crucible was surrounded by commercial porous
ZrO, insulators (standard ZrO,) as the hot zone in a chamber-type u-PD furnace'>*, and they were placed in
the center of a high-frequency (HF) induction coil. After vacuuming the chamber using a rotary pump and
introducing Ar+3%H, mixed gas, the crucible was heated by the HF induction coil directly up to the MP of
the LZO. A @3 mm W rod was used as the seed, which was connected to Z-axis of the furnace and placed just
below the crucible. Once the melt appeared at the bottom of the die through the capillary and contacted the W
seed, crystal growth was initiated at a growth rate of 0.01-0.10 mm/min by pulling-down the W rod. The solid-
liquid interface was monitored during the crystal growth using a charge-coupled device (CCD) camera through
opening in the after-heater and insulators.

Next, undoped LZO, LHO, and LTO single crystals were grown under improved conditions using a W
crucible and deoxygenated ZrO, insulators in an Ar atmosphere. Deoxygenated ZrO, insulators played a critical
role in the improved growth conditions. They were prepared by heating standard ZrO, insulators at 2000 °C for
5-10 h in an Ar atmosphere using a carbon electrical furnace to remove desorbed oxygen from both the surface
and interior.

The as-grown crystals were cut and polished to observe their microstructures, chemical compositions,
crystallinity, and optical and scintillation properties. In addition, some as-grown crystals were annealed
at 1000 °C for 12 h in air to investigate effects of the post-annealing on optical and scintillation properties.
Subsequently, doped LZO, LHO, and LTO single crystals were grown via the p-PD method using a W crucible
under improved growth conditions. The selected dopant ions were Ce**, Eu**, and Er**, which can exhibit
emissions originating from the 5d-4f and 4f-4f transitions in the visible and infrared wavelength regions and
have been used as dopants in existing scintillator single crystals**-3¢. The dopant concentration was fixed at 1
at% relative to the La and Lu sites in LZO, LHO, and LTO, respectively. Mixed powders of RE-doped LZO, LHO,
and LTO with nominal compositions of (La, 4 RE, ,,),Zr,0,, (La, o RE,,),Hf,0,, and (Lu, ooRE, ), TaO,,
respectively, were prepared using starting materials, CeO,, Eu,O,, and Er,O, powders (>3 N purity) in addition
to the starting host materials. The growth of RE-doped LZO, LHO, and LTO single crystals was performed
under improved growth conditions after sintering under the same conditions as those of undoped LZO, LHO,
and LTO. RE-doped single crystals were also annealed in air, then cut and polished for subsequent evaluations.

The phases and impurities of the grown crystals were identified by powder XRD using an X-ray
diffractometer (D8 DISCOVER, Bruker) after grinding the crystals with an agate mortar. Polished specimens
were examined for microstructure using a scanning electron microscope (SEM) with backscattered electron
(BSE) (S-3400 N, Hitachi High-Technologies). The chemical composition of each phase in the BSE images of the
polished specimens was analyzed using energy-dispersive X-ray spectroscopy (EDX) (E-Max, HORIBA). The
crystallinities of the grown crystals were evaluated using Laue images and X-ray rocking curves (XRCs). A Laue
image of the polished surface of the grown crystal was obtained using a backscattering Laue camera (RASCO-
BL II, RIGAKU). XRC was performed using an in-plane X-ray diffractometer with a Ge (2 2 0) four-crystal
monochromator (ATX-E, RIGAKU). The transmittance spectra of the 1-mm-thick polished specimens were
measured before and after the post-annealing using an ultraviolet-visible spectrophotometer (V-550, JASCO).
Photoluminescence (PL) spectra of the polished specimens in the visible and infrared wavelength ranges were
recorded using a spectrofluorometer (FLS920, Edinburgh Instruments) and a fluorescence spectrometer (SS-25,
JASCO Corporation), respectively. The X-ray radioluminescence (XRL) spectra of the polished specimens were
obtained using a CCD camera (DU420-OE, ANDOR) with an X-ray tube (RASCO-TU, Rigaku) at 40 kV and
25 mA.
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Fig. 2. (a) Schematic diagram and (b) actual furnace of advanced p-PD method for crystal growth at high-MP

oxides.

Results and discussion

Crystal growth of La,Zr,0, single crystal
First crystal growths of LZO with MP over 2200 °C were performed by the u-PD method using Mo and W

crucibles under Ar+2%H, mixed gas (reduction atmosphere)*’. In the first crystal growth, commercial porous
ZrO, tubes and plates were used without any post-processing, and they are standard insulators for u-PD and
Cz methods for oxide single crystals. The solid-liquid interfaces during crystal growth using the Mo and W
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crucibles observed by the CCD camera are shown in Fig. 3a,b, respectively. The LZO sintered powder in the
crucibles was melted by heating up to the MP of LZO, and the melt spread to the bottom of the die through a
capillary. LZO fiber crystals with diameters of approximately ®3 mm were grown by pulling the melt down using
a W rod. Although black fiber crystals were obtained by crystal growth using the Mo crucible, a mottled metallic
luster was confirmed on the surface of the as-grown LZO crystal using the Mo crucible and standard insulators
under an Ar +2%H, mixed gas [LZO(Mo, Standard)], as shown in Fig. 3a. In addition, the Mo crucible after the
crystal growth was clearly deteriorated, and deposits were observed on the top of the crucible, suggesting that the
Mo crucible volatilized during the crystal growth in the temperature over 2200 °C and Mo metal re-deposited at
the top of the Mo crucible during the crystal growth or cooling process. As a result, it indicated that the repeated
use of Mo crucible is difficult in the temperature range over 2200 °C due to the MP of Mo close to the growth
temperature. However, there was no clear deterioration of the W crucible after crystal growth, unlike in the
Mo crucible [Fig. 3b]. The W crucible has a much higher MP than the Mo crucible and does not react with the
melt even at temperature over 2200 °C. However, the as-grown LZO crystal using a W crucible and standard
insulators under an Ar+2%H, mixed gas [LZO(W, Standard)] also exhibited a mottled metallic luster on the

surface.
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Fig. 3. Solid-liquid interfaces during crystal growth, crucibles after crystal growth and as-grown LZO crystals
using (a) Mo and (b) W crucibles. (c) Powder XRD pattern and (d) EDX spectrum and BSE image of as-grown
LZO (W, Standard) crystal.
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Figure 3c shows the powder XRD pattern of the as-grown LZO (W, Standard) crystal. The results indicated
that the crystal was composed of the LZO main phase (cubic, Fd 3m) with an impurity phase of W metal. The

as-grown LZO (Mo, Standard) also included the impurity phase of Mo metal, in addition to the LZO main phase.
In the BSE images of the polished surfaces of both the LZO crystals, impurity particles smaller than 1 mm were
observed [Fig. 3d]. The EDX spectra revealed that the impurity particles in the LZO (Mo, Standard) and LZO
(W, Standard) crystals were Mo and W, respectively. These results suggest that impurity metals from the crucibles
were incorporated into the grown crystals under growth conditions using normal insulators and an Ar+2% H,
atmosphere.

Based on the results of the first attempt, LZO crystals were grown by the p-PD method using the W crucible
with deoxygenated ZrO, insulators under an Ar atmosphere in the second attempt®. Deoxygenated ZrO,
insulators were prepared by annealing the normal ZrO, insulator under Ar atmosphere at 2000 °C in the carbon
furnace to remove oxygen from the insulator at high temperature [Fig. 4a]. The suppression of oxygen release
from the ZrO, insulator at high temperatures during crystal growth is expected due to the deoxygenation
process. In the improved growth conditions compared to the first attempt, a deoxygenated ZrO, insulator was
used instead of the standard ZrO, insulator to prevent the W crucible from being oxidized by oxygen from the
insulators. Because of the deoxygenated insulators, the W crucible could be used during the crystal growth and
did not show any deterioration, even in an Ar atmosphere. The solid-liquid interface was stable during crystal
growth from the initial to the final stages, and an as-grown LZO fiber crystal with a constant diameter was
obtained [LZO (W, Deoxygenated)], as shown in Fig. 4b. The as-grown LZO (W, Deoxygenated) crystal had no
mottled metallic luster on its surface, unlike the as-grown LZO (W, Standard) crystal.

Compared with the LZO (W, Standard) crystal, the diffraction peaks from the W particles disappeared in
the powder XRD pattern of the LZO (W, Deoxygenated) crystal, indicating that the crystal was a single phase
of LZO without any impurity phases [Fig. 4c]. In addition, no W particles were detected in the BSE image of
the polished LZO (W, Deoxygenated) crystal, unlike that of the LZO (W, Standard) crystal. Figure 4d shows the
XRC pattern of the (2 2 2) diffraction peak for the polished LZO (W, Deoxygenated) specimen, which indicates a
sharp and symmetric peak without satellite peaks or shoulders. The full width at half maximum (FWHM) of the
XRC was 150 arcsec (0.0418°), indicating crystallinity comparable to that of single crystals grown using the u-PD
method!>*2 A clear Laue pattern was also observed in the Laue image of the polished specimen. These results
revealed that the improved growth condition could suppress the inclusion come from the W crucible and grow
single crystals without any impurities under high temperature over 2200 °C. In other words, the deoxygenated
ZrO, insulators did not release oxygen at high temperatures. As a result, the W crucible was not oxidized during
crystal growth.

The polished specimen prepared from the as-grown LZO crystal showed almost no transparency and was black
in color. The effect of annealing on the polished specimens of LZO (W, Standard) and LZO (W, Deoxygenated)
crystals was investigated to clarify the cause of the black color. The polished LZO (W, Standard) and LZO (W,
Deoxygenated) specimens before and after annealing at 1000 °C in air are shown in Fig. 4e. After annealing, the
LZO (W, Standard) specimen, including the W metal impurity, crumbled and became a white powder, suggesting
that the collapse of the specimen was due to the expansion of W metal in the LZO phase by oxidation of W metal
at high temperature in air during annealing. In contrast, the LZO (W, Deoxygenated) crystals became colorless
and transparent without collapsing or cracking upon annealing in air. Figure 4f shows the transmittance spectra
of the LZO (W, Deoxygenated) specimens before and after annealing. The transmittance of the polished LZO
(W, Deoxygenated) specimen, which was almost non-transparent, was dramatically improved by the annealing,
reaching over 70% in the wavelength range of 400-800 nm. These annealing results demonstrate that the as-
grown LZO (W, Deoxygenated) crystal included oxygen defects generated during crystal growth, which could be
compensated for by annealing in air. In the previous paper about the mechanism of oxygen defect formation and
healing in TiO, ; single crystal by annealing®®, the dark TiO, ; contains oxygen defects which forms absorption
band in the band-gap, and annealing in oxygen atmosphere compensates oxygen defects, resulting in colorless
TiO, with almost stoichiometric composition. Therefore, it is suggested that absorption caused by oxygen defects
in the as-grown LZO (W, Deoxygenated) crystal almost completely disappeared by post-annealing in air and it
became the colorless and transparent crystal. In addition, the post-annealed transparent specimen maintained
high transparency even after one year under ambient storage.

Crystal growth of La,Hf,0, and Lu,TaO, single crystals

Next, LHO and LTO crystals with the MP around 2400 °C were grown using the W crucible and deoxygenated
ZrO, insulators in Ar atmosphere. The solid-liquid interfaces during the crystal growth of the LHO and LTO
crystals were also stable, whereas the melt overflowed at the end of the crystal growth for the LHO crystal,
causing an increase in the crystal diameter. Under the same improved growth conditions, LHO and LTO crystals
could be grown without W inclusion and deterioration of W crucible even over 2400 °C. Figure 5a shows the
as-grown LHO and LTO crystals grown under the improved growth conditions [LHO (W, Deoxygenated) and
LTO (W, Deoxygenated)] and the polished specimens after annealing in air. There was no mottled metallic
luster for either the as-grown LHO or LTO crystals, and the polished specimens of the LHO and LTO crystals
after annealing in air exhibited high transparency without collapse. All diffraction peaks in the powder XRD
patterns of LHO and LTO crystals could be identified by the phases of LHO and LTO, respectively [Fig. 5b],
indicating that the improved growth condition was effective in preventing contamination of the W metal for
crystal growth even over 2400 °C. The XRCs of the polished LHO and LTO specimens showed symmetric peaks
without satellite peaks and shoulders, and clear Laue images were obtained [Fig. 5¢]. The results revealed that the
oxide single crystal with higher melting point than 2400 °C can be grown by the u-PD method using W crucible
and deoxygenated insulators without the degradation of the crucible and inclusions in the grown crystal.
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Fig. 5. (a) As-grown and annealed LHO and LTO single crystals grown using W crucible and deoxygenated
insulator. (b) Powder XRD patterns and (c) XRCs and Laue images of LHO and LTO single crystals.

Crystal growth and optical and scintillation properties of RE-doped LZO, LHO, and LTO

single crystals

To investigate the effectiveness of the improved growth conditions for the growth of high-MP oxide single
crystals with dopant ions, Eu-doped LZO [Eu: LZO], Eu-doped LHO [Eu: LHO], Er-doped LHO [Er: LHO], and
Ce-doped LTO [Ce: LTO] single crystals were grown using the W crucible and deoxygenated ZrO, insulators
in an Ar atmosphere®. All the LZO, LHO, and LTO crystals with each dopant ion were obtained from melt-like
undoped crystals. The as-grown RE-doped LZO, LHO, and LTO crystals and the polished specimens are shown
in Fig. 6a. All polished specimens showed high transparency after annealing, except for the Er: LHO crystal.
Figure 6b is powder XRD patterns of the as-grown RE-doped LZO, LHO, and LTO crystals, and they indicated
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Fig. 6. (a) As-grown and annealed Eu: LZO, Eu: LHO, Er: LHO, and Ce: LTO single crystals. (b) Powder XRD

patterns of Eu: LZO, Eu: LHO, Er: LHO, and Ce: LTO single crystals. (c) Powder XRD patterns of LTO and Ce:

LTO single crystals.

that all grown crystals were in a single phase of the target materials, LZO, LHO, and LTO. In the powder XRD
patterns of LTO and Ce: LTO single crystals [Fig. 6c], diffraction peaks shifted to smaller values of 20 and the
lattice parameter increased by the Ce-doping, suggesting that Lu** ion in LTO was replaced by Ce* ion with
larger ionic radius.

In the PL and XRL spectra of the polished Eu: LZO and Eu: LHO specimens [Fig. 7a], sharp emission peaks
originating from the 4f-4f transition of the Eu** ion appeared at approximately 600 nm. A large broad absorption
peak of Eu®" ions at approximately 300 nm was observed in the excitation spectra of the Eu: LZO and Eu: LHO
specimens. The emission and absorption peaks in the PL spectra were similar to those of conventional optical
and scintillation materials containing Eu®** dopant ions*"*2. In addition, the Er: LHO single crystals showed
emission peaks originating from the Er** ions at approximately 550 nm in the visible wavelength region and at
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Fig. 7. (a) PL and XRL spectra of Eu: LZO and Eu: LHO single crystals. (b) PL and XRL spectra of Er: LHO
single crystal. (c) PL spectra of undoped LTO and Ce: LTO single crystals and XRL spectrum of Ce: LTO single
crystal.

approximately 1000 and 1550 nm in the infrared wavelength region as shown in Fig. 7b*’. Emission peaks in the
visible and infrared wavelength regions were also observed in the XRL spectrum.

Figure 7c shows the excitation and emission spectra of polished LTO and Ce: LTO specimens under 326 and
287 nm excitation, respectively. A broad emission peak at approximately 330 nm was observed in the emission
spectra of both LTO and Ce: LTO single crystals. The emission was also observed in the XRL spectrum of Ce:
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Fig. 8. Ellingham diagram and growth mechanisms in the crystal growths of LZO (W, Standard) and LZO (W,
Deoxygenated) crystals by u-PD method using W crucible.

LTO single crystal. However, there was no emission peak originating from the Ce>* ion in the emission spectrum
of the Ce: LTO single crystal, suggesting that the emission peak at approximately 330 nm was attributable to the
LTO host material, such as the self-trapped exciton (STE). In the previous report about the LTO ceramics®’,
band-gap of the LTO was estimated using the absorption spectrum and it is approximately 4.7 eV. However,
most of the exisitng Ce-doped oxide scintillators have band-gaps from 5 to 10 eV*. Therefore, it is suggested that
band-gap of the LTO is too small to obtain emission from 5d-4f transition of Ce>" ion. These results demonstrate
that single crystals of high-MP oxides containing dopant ions can be grown in a W crucible, and their optical
and scintillation properties can be efficiently clarified using the advanced growth method.

Discussion of crystal growth using W crucible and deoxygenated insulators
Figure 8 shows the Ellingham diagram and growth mechanism of the crystal growths of LZO (W, Standard)
and LZO (W, Deoxygenated) crystals. After three gas replacements using a rotary pump, the estimated oxygen
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partial pressure [P(O,)] in the chamber of the u-PD furnace was less than 1072 Pa. Assuming that the P(0,) in
the chamber remains at this level during crystal growth, W metal is stable above 1220 °C without oxidation,
according to the Ellingham diagram. However, the standard ZrO, insulator has a property of releasing oxygen in
alow P(O,) atmosphere at high temperature due to the oxygen non-stoichiometry (ZrO,, ;). As a result, P(O,)
in the chamber increased, and the temperature range in which tungsten oxide (WO,) is stable expanded toward
higher temperatures. The following reactions can then occur around standard ZrO, insulators under an Ar+H,
atmosphere, and W metal is mixed into the melt:

7ZrQg — ZrOo_s + %Oz T

W (Crucible) + O2 — WO 1
WO: + 2Hz — W (Inclusion) + 2H20

In contrast, the deoxygenated ZrO, insulator can prevent oxygen release at high temperatures, because the
oxygen in the insulator is removed in advance by the deoxygenation process. Even if a small amount of oxygen is
released from the deoxygenated ZrO, insulator, it is captured by the carbon coated on the surface of the insulator
as follows:

O3 + C(Coated on insulator) — CO2

As a result, low P(O,) in the chamber can be maintained during crystal growth, and W does not react with
oxygen under low P(O,), allowing the W crucible to be used, even at high temperatures. Therefore, oxide single
crystals with high MP could be grown without W contamination under improved growth conditions.

Recently, the growth of RE sesquioxide-type single crystals such as Sc,0,, Y,0,, and Lu,0, has been achieved
using W crucibles and deoxygenated ZrO, insulators, and material research on solid-solution RE sesquioxide-
type single crystals has been progressing*>*. In addition, crystal growth has been achieved in RE perovskite-
type single crystals, such as YScO,, GdScO,, and their solid solutions, and the scope of exploration of the u-PD
method using a W crucible is gradually expanding.

Conclusions

Advanced crystal growth method using the W crucible and deoxygenated ZrO, insulator for oxide single
crystals with high MP over 2200 °C has been established for material research of functional single crystals in
the high temperature region. Undoped and RE-doped LZO, LHO, and LTO single crystals with higher MP than
2200 °C could be grown by the advanced crystal growth method, and their optical and scintillation properties
were elucidated. The result of XRC indicates that the defect rate of single crystal grown by the advanced crystal
growth method is comparable to that of the standard p-PD method. In addition, all melt was crystalized in the
method, and the yield is almost 100%. The successful results of various crystal growths involving sesquioxide-
and perovskite-type systems indicate the possibility of extending single crystals to other material systems that
have not been previously explored. Among the single crystals developed in this study, the LTO in the RE, TaO,
series has a density larger than that of the PbWO, scintillator, suggesting that LTO has potential as a gamma-
ray scintillator with high stopping power for applications in medical imaging and high-energy physics. In
the future, it is expected that advanced crystal growth using the W crucible will expand material research for
functional single crystals of high-MP oxide materials with various crystal systems. In addition, W crucible
can be reused by acid washing with hydrochloric acid like Ir and Pt crucibles, and the abundance of W in the
Earths crust, approximately 1000 times that of Re and Ir, contributes to the sustainable production of single
crystals. Improvement of processing to W has made it possible to obtain hard W crucible, and W crucible
has an advantage over Mo crucible in terms of resistance to deformation during crystal growth. The standard
u-PD method can grow single crystal fibers up to approximately 10 mm in diameter and the advanced p-PD
method using W crucible is the same. Crystal growth using W crucible and deoxygenated insulator can be also
applied to Cz method, and the advanced Cz method using W crucible has great advantages in terms of cost and
productivity for commercial use if the method is established.

Data availability
Data is provided within the manuscript. Raw data were generated at Tohoku University. Derived data supporting
the findings of this study are available from the corresponding author, Yuui Yokota, on request.
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