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Effects of lamp alignment and downward (minus) tilting of mirror-lamp systems on
the growth of Pr-doped LuszAlsO12 crystals by floating zone method
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We explored conditions for the growth of Pr-doped Lu3AlsO12 (Pr:LuAG) single crystals using the infrared convergent floating zone
(IR-FZ) method. We newly examined the effects of the lamp alignment, and downward (minus) tilting of the mirror-lamp (M-L)
systems because the grown crystals were opaque and contained numerous cracks in the conventional growth conditions. In the
conditions, a highly concave melt-crystal interface was observed during crystal growth and a ring crack was recognized at the core
region in a cross section of a grown crystal. The formation of the ring crack was found to be closely related with the highly concave
melt-crystal interface. However, downward (minus) tilting of the M-L systems facilitated obtaining a slightly concave melt-crystal
interface and suppressing the ring crack. Further efforts are required to obtain a crack-free Pr:LuAG crystal.
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1. Introduction

Scintillation materials are used widely in the field of high energy
physics, medical imaging such as computed tomography (CT), and
positron emission tomography (PET) [1-4]. These materials are also
used for natural resource exploration, magneto-optics, and
characterization of laser and optical materials [5]. Praseodymium-
doped LuzAlsO12 (Pr:LuAG) is known as an inorganic scintillator for
X-ray or y-ray, with a high light yield of approximately 19,000
photon/MeV, density of 6.63 gm/cm’, and excellent energy
resolution of 4.6% @662 keV [6]. In addition, it is non-hygroscopic
in nature.

Pr:LuAG crystals have already been grown by various methods,
such as the Czochralski method (CZ) [7,8], vertical Bridgman
method [9], and micro-pulling-down method [7] because LuAG is a
congruent melting compound [10]. The melting temperature of
LuAG is 2060 °C. The crystals grown by these methods show
significant segregation of Pr. Although a large crystal of Pr:LuAG,
92 mm in diameter, can be grown by the CZ method, the
solidification fraction has to be extremely limited [8]. As crucibles
made of iridium (Ir) are necessary for crystal growth employing
these methods, the manufacturing cost of such crystals could be
affected by the price of Ir.

Therefore, control of the segregation and development of a
crucible-free growth method is desirable in crystal growth of
Pr:LuAG. From this point of view, the infrared heating floating zone
method (IR-FZ) is promising, as it is a crucible-free zone melting
crystal growth method [11]. The segregation of the dopant can be
controlled by using a solvent with appropriate composition. In the
IR-FZ method, the molten zone is maintained at a position between
a feed rod and grown crystal without a crucible. The molten zone is

controlled by the balances between the gravity and surface tension
of the melt. For successful growth, it is essential to maintain a stable
molten zone during crystal growth. The typical size of the crystal
grown by this method is limited to 6—15 mm in diameter [11]. It is
difficult to maintain a stable molten zone when growing a crystal
with larger diameter is attempted [12-14].

Some co-authors of this paper have managed to improve the
diameters of grown crystals of rutile and silicon even in the IR-FZ
method by changing the convergent conditions [14-17]. By
controlling the convex melt-crystal interface shape by upward (plus)
tilting of the mirror-lamp (M-L) systems and stabilizing the molten
zone by the tilt, larger crystals of rutile and silicon could be grown.
The diameters achieved were 19 mm for rutile and 45 mm for silicon.

In the present study, we attempted to optimize the growth
conditions of Pr:LuAG crystals by employing the IR-FZ method
because the grown crystals were opaque and contained numerous
cracks in the conventional growth conditions. A highly concave
melt-crystal interface was also observed during crystal growth.
Therefore, we newly examined the effects of vertical alignment of
the lamps and the downward (minus) tilting effect of the M-L
systems on crystal growth of Pr:LuAG by the IR-FZ method. These
effects on the molten zone shape will be discussed by introducing the
parameters characterizing molten zone shape during the crystal
growth.

2. Experimental

High-purity PréO11 (99.99%), Lu203 (99.99%), and a-AlLO;
(99.99%) were used as starting materials for feed preparation. In our
experiment, the nominal  composition formula  was
(Pro.01Lu0.99)3A15012. The appropriate amount of powder was mixed



with ethanol using a mortar and a pestle. The powder mixture was
calcined at 1,200 °C for 12 h in air and heated again at 1,450 °C for
12 h in air after dry mixing. To form a rod shape, the fine powder
was put into a rubber tube and pressed up to 300 MPa by a
hydrostatic pressuring machine (Nikkiso Co. Ltd., Japan, Model
CL3-22-60) after sealing the rubber tube. The pressed feed rods were
subsequently sintered at 1,500 °C for 5 h in air. The typical size of
the sintered rod was 9—11 mm in diameter and 50—70 mm in length.
A modified infrared convergent heating image furnace (model FZ-
T-10000-H-TY-1: Crystal Systems Corporation, Japan), with four-
ellipsoidal mirrors and four halogen lamps, was used for crystal
growth. A summary of the main growth conditions is presented in
Table 1.

Fig.1 shows our experimental setups for the effects of the vertical
lamp alignment and the downward (minus) tilting on the growth of
Pr:LuAG crystals. In the conventional IR-FZ method, the alignments
of the halogen lamps are horizontal, as shown in Fig.1(a), and the
tilting angle (6) is zero. The definition of the 6 is shown in Fig.1(b).
In this conventional lamp alignment, a rather narrow temperature

distribution was expected that could lead to significant thermal shock.

On the other hand, in the vertical alignment, a rather wide
temperature distribution was expected that could reduce the thermal

Table | Typical growth conditions for Pr:LUAG crystals
Total rated lamp output (kW) 10

Horizontal, Vertical

Lamp alignment

Tilting angle 0 (°) 0,-10
Feed diameter (mm) 9-11
Rotation rate (upper/lower) (rpm) 3/40

7.5/5.0
Ar, 200 mL/min

Moving rate (upper/lower) (mm/h)

Growth atmosphere

(a) Lamp alignment

Feed Molten

(b) Downward (minus) tilting

Tilting angle (0) |

- Ellipsoidal mirror
Grown crystal

Fig.1 Schematic illustration of the experimental setup for (a) the lamp
alignment and (b) the downward (minus) tilting of the M-L systems.
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shock. In the current experiment, both alignments were applied for
crystal growth of Pr:LuAG. Fig.1(b) shows a schematic illustration
of downward (minus) tilting of the M-L systems. In the present
furnace, the € could be changed from 0° to -10°. The dashed lines of
each ellipsoidal mirror show the parts of the mirror that were scraped
off to realize downward (minus) tilting. In this experiment, tilting
angles of both 0° and -10° were applied to observe the downward
(minus) tilting effects clearly. Some of the grown crystals were cut
along the perpendicular to the growth direction to observe the cut
surface. The orientations of a few grains were checked by the back-
reflection Laue X-ray diffraction (XRD).

To observe the solid-liquid interface carefully, the molten zone
during crytal growth was quenched by turning off the heating lamps
quickly after stopping the rotations of both the upper and lower shaft.
The quenched samples were cut along the growth direction at the
center and polished to a mirror-like surface. The parameters
characterizing the interface shape were directly determined from the
photographs of the quenched molten zone obtained during crystal
growth.

3. Results and Discussion

Fig.2(a)—(c) shows the 1.0 at% Pr-doped LuAG crystals grown
under various conditions. Fig.2 (a) shows the crystal grown in the
horizontal alignment of lamps and the non-tilted configuration of the
M-L systems, the so-called conventional condition. The grown
crystal contained numerous cracks and it was opaque, particularly in
the latter part of the grown crystals. Although Kitamura et al,
reported that the use of the heat reservoir was quite effective to
suppress the crack formation of Y3AlsO12 crystal grown by the IR-
FZ [19], it was difficult to melt Pr:LuAG under the condition of using
a heat reservoir in our furnace. Fig.2(b) and (c) shows the crystal
grown in vertical lamp alignment and the crystal grown in the
downward (minus) tilted condition of the M-L systems, respectively.
Although quantitative evaluations are difficult, the opacity of the
grown crystal was improved in these crystals. Also shown in Fig.2

(a) Horizontal alignment, 6 = 0°
Growth direction
—_—

Fig.2 1.0 at% Pr-doped LuAG crystals grown under various
conditions. (a) Non-tilted horizontal lamp alignment; (b) Non-tilted
vertical lamp alignment; (c) Downward (minus) tilted horizontal lamp
alignment.



Journal of Flux Growth Vol.15, No.1, 2021

(a), (b), and (c), are the disk-like crystals sliced perpendicular to the
growth direction. A ring crack and some radial cracks were observed
in the core area and the peripherical area, respectively, as shown in
Fig.2(a) and (b). The core area was opaquer than the peripherical area.
Only radial cracks were observed, as shown in Fig.2(c). In Fig.2(c),
the number of radial cracks was also reduced.

Fig.3(a) and (b) shows Laue X-ray diffraction images observed on
the various surface positions of the sliced samples of the crystals of
Fig.2(a) and (c). The crystallographic orientations were found to be
the same not only in the same grains but also in the adjacent grains.
These results suggest that cracks were formed during the cooling
process.

(a) Horizontal alignment, 6 = 0°

Fig.3 Laue X-ray diffraction images observed on the various surface
positions of the sliced samples of the crystals grown in (a) the non-
tilted condition and (b) the downward (minus) tilted condition.

Fig.4(a), (b) and (c) shows images of molten zone area during
crystal growth under various convergent conditions in (a) horizontal
lamp alignment and non-tilted conditions, (b) vertical lamp
alignment and non-tilted conditions, and (c) horizontal lamp
alignment and downward (minus) tilted conditions. The molten
zones were stable and the cracks appeared free in the grown crystals
just below the molten zone. However, the grown crystals contained
cracks at room temperature, as shown in Fig.2(a), (b) and (c).
Therefore, some of the cracks were expected be formed during the
cooling process. In Fig.4, A, L, and L' are also defined as the
penetration depth of the melt toward the feed rod, zone length at the

Fig.4 Images of molten zone area during crystal growth under various
convergent conditions in (a) horizontal lamp alignment and non-tilted
conditions, (b) vertical lamp alignment and non-tilted conditions, and
(c) horizontal lamp alignment and downward (minus) tilted conditions.
A, L, and L* show the penetration depth of the melt toward the feed
rod, zone length at the peripherical area, and the zone length at the
core area of the molten zone.

peripherical area and zone length at the core area of the molten zone.
A qualitative discussion of the temperature gradient can be
conducted on the behaviors of As, which are expected to be
independent of the feed diameter. Larger values of As suggest less
temperature gradient around the molten zone area. As shown in Fig.4,
L of Fig.4(b) was longer than the others, suggesting that the
temperature gradient around the molten zone area was gentler than
the others. In the vertical lamp alignment, the convergent area was
expected to be longer along the vertical direction compared with that
in the horizontal alignment. The observed behaviors of As were
consistent with this scenario. A shown in Fig.4(c) did not differ much
from that shown in Fig.4(a), suggesting that the temperature gradient
in the feed-melt interface was not affected by the downward (minus)
tilting of the M-L systems compared with the vertical lamp
alignment.

For all conditions in Fig.4, each L' was longer than each L,
implying that the melt-crystal interfaces were concave toward the
grown crystal. Concave melt-crystal interfaces have been reported
that often cause the formation of cracks in a grown crystal, as well
as inclusions at the core area of a grown crystal [19-21]. All our
grown crystals contained numerous cracks, probably caused by the
concave melt-crystal interface. L -L was longer in the vertical lamp
alignment [Fig.4(b)] and shorter in the downward (minus) tilted
condition of the M-L systems [Fig.4(c)] compared with the
conventional conditions of the horizontal lamp alignment and the
non-tilted configuration of the M-L systems [Fig.4(a)]. These results
imply a highly concave interface [Fig.4(b)] and a less concave
interface [Fig.4(c)], respectively, although the interface shapes could
be affected by the grown crystal diameter and the applied lamp
power [12,16,22]. As we mentioned above, in the vertical lamp
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Fig.5 6 dependencies of h/rc observed in the image of the molten
zone during the crystal growth. Inset: Schematic illustration for
defining parameters characterizing the molten zone shape.



alignment, the convergent area was expected to be longer along the
vertical direction compared with that in the horizontal alignment.
The less temperature gradient may be realized around the molten
zone area, which is responsible for the highly concave interface in
Fig.4(b). The ring crack observed in Fig.2(a) and (b) was not
observed in Fig.2(c), which could be attributed to a less concave
interface [Fig.4(c)].

As shown in the inset of Fig.5, we defined r and 4 to discuss the
molten zone shape quantitatively. The values of the /& were negative
because the values of L' were bigger than those of L as shown in
Fig.4. Fig.5 shows //rc as a function of 6 because & can be affected
by the diameter of the grown crystals. The values of A/r. were
negative, which means that the melt-crystal interfaces were concave
for both the non-tilted and the downward (minus) tilted conditions.
If the melt-crystal interface was flat or convex, the value of A/r.
should be zero or positive, which is consistent with the values of
convexity discussed in refs. [12, 15-18, 22]. The value of h/rc was -
0.68 for the non-tilted condition (6 = 0°), which changed to -0.45 in
the downward tilted condition (6 = -10°). A highly concave interface
was changed to a slightly concave interface by the downward
(minus) tilting. Although the ring crack was observed in the core area
of the crystal grown under the highly concave interface as shown in
Fig.2(a) and (b), it was suppressed in the crystal grown under the
slightly concave interface as shown in Fig.2(c). Thermal stress in a
grown crystal can be released in slightly concave interface.

Fig.6 shows that the images of the quenched sample around the
convergent heated area sliced along the growth direction. The highly
concave melt-crystal interface and the slightly concave interface
were clearly recognized for the non-tilted condition and for the tilted
condition, respectively. As shown in Fig.6(a), the formation of a ring

(a) (b)
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Fig.6 Quenched samples around the convergent heated area sliced
along the growth direction. (a) 6 = 0°, (b) 6 =-10°.
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Fig.7 6 dependencies of h/rc for the quenched samples.
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crack, which was closely related with the bending of the melt-crystal
interface, was also recognized in the grown crystal. Some stress can
be concentrated in the bending position. Neither a ring crack in the
grown crystal nor the bending of the crystal-melt interface were
recognized in Fig.6(b). Therefore, a highly concave crystal-melt
interface must cause the difficulty of crystal growth by the IR-FZ
method. A concave melt-crystal interface also means that the
temperature at the peripherical area is lower than that at the central
area in the same horizontal level around the melt-crystal interface
region. Our experimental results indicate that the downward (minus)
tilt is effective to heat the peripherical area preferentially. In such a
sense, a more downward (minus) tilting of the M-L systems should
be applied to realize the flat or convex interface shape, which could
not be done owing to the limit of our image furnace.

Fig.7 shows h/rc as the function of 6 for the quenched samples.
The values of //rc determined by both the images of the molten zone
are during the growth like Fig.4 and the images of the sliced samples
as shown in Fig.6 were compared. Although the absolute values of
h/re were slightly different between the molten zone image and the
quenched sample, the behaviors of 4/rc were consistent, which means
that the behavior of A/r. can be discussed simply by the images like
Fig.4. The value of A/r. for the grown-crystal side increased from -
0.62 to -0.36 with the decrease of § from 0° to -10° based on the
quenched samples. This behavior was similar with the behavior of
h/re of the interface of the molten zone during rutile growth. In the
growth of a rutile crystal, the value of //r. for the grown-crystal side
increased from 0.19 to 0.55 with the decrease of € from 20° to 0°[15,
17].

Fig.8 shows the schematic illustration of the mirror-tilting effects
at @ = 0° (a) and -10° (b). The highly concave melt-crystal interface
was changed to the slightly concave interface by the downward
(minus) tilting of the M-L systems. These observed behaviors can be
explained by the change of the radiation condition. The concave
interface means the temperature of the peripherical area is lower than
that of the core area in the same horizontal plane around convergent
region. In the downward tilted condition, the peripherical area of the
grown crystal is expected to be heated more widely than the core area,
which can reduce the temperature difference between the
peripherical area and the core area in the same horizontal plane.
Although the change of the convection flow caused by the tilting also
can affect the molten zone shape, it is hard to be discussed. For
further discussions, the simulation study on the melt convection and
on the temperature distribution in the molten zone are important.
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Fig.8 Schematic illustration of mirror tilting effects on the interface
shapes. (a) 6 =0°, (b)0 =-10°.
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4. Conclusions

We studied the effects of the lamp alignment, and downward
(minus) tilting of the M-L systems on the growth of Pr:LuAG
crystals by the floating zone method using infrared convergent
heating. However, the grown crystals were opaque and contained
numerous cracks in the conventional convergent conditions. The
presence of a highly concave melt-crystal interface was also
observed. It was found that the downward (minus) tilting of the M-
L systems was useful to realize the slightly concave interface and to
suppress the ring crack at core region of the grown crystal. The radial
cracks were also reduced.
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