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Development of three-dimensional-micro-pulling-down method 
and growth of spring-shaped sapphire single crystals
Yuui Yokota,*a Yuji Ohashi b and Akira Yoshikawa c

Three-dimensional-micro-pulling-down (3D-µ-PD) method was developed for the growth of 3D shaped single crystals, and 
spring-shaped sapphire single crystals were grown by the 3D-µ-PD method using Mo crucibles with different dies. The shape 
of the die significantly affected the growth stability and shape control of the spring-shaped single crystals. Spring-shaped 
sapphire single crystals with a smaller helical pitch and larger helical radius were obtained easily using a Mo crucible with a 
sharp conical die compared to that with a blunt conical die. However, spring-shaped sapphire single crystals grown using a 
Mo crucible with an inverse conical die can be obtained with smaller helical pitches, and the shape of the cross-sectional 
plane is a horizontally extended elliptical shape. The difference in the shape of the cross-sectional plane for spring-shaped 
sapphire single crystals affects the crystallinity and mechanical properties. Furthermore, crystals grown using the Mo 
crucible with the inverse conical die exhibited larger shrinkage rate in the compression test.

1. Introduction
Various functional bulk single crystals are used in various 
configurations for applications in optical, electrical, medical, 
energy, and security devices. However, conventional melt-
growth methods, such as the Czochralski (Cz),1,2 Bridgman-
Stockbarger (BS),3,4 and Floating Zone (FZ) methods5,6 cannot 
control the shape of a grown single crystal, and the forming 
processes for each configuration from the grown single crystal 
increase the manufacturing cost of single-crystal elements. 
Furthermore, most single crystals are easily cracked during 
processing (cutting and polishing), which makes it difficult to 
process single crystals into complex shapes. However, the edge-
defined film-fed growth (EFG) method can control the 
configuration of the grown single crystal using a die,7 and there 
are numerous reports on shape-controlled crystal growth using 
the EFG method.8-11

A micro-pulling down (µ-PD) method is one of the melt-growth 
methods, which can control the configuration of grown single 
crystals using a crucible with a die at the bottom.12,13 During the 
crystal growth by the µ-PD method, the shape of meniscus can 
be controlled by the bottom shape of the die. Consequently, a 
single fiber crystal with the same cross-sectional shape as that 
at the bottom of the die can be obtained. There are some 
reports of the shape-controlled single crystals by the µ-PD 
method, such as fiber, plate and tube-shaped sapphire single 
crystals,14 square column-shaped Ce:Y3Al5O12 scintillator single 

crystals,15 columnar, plate and tube-shaped piezoelectric single 
crystals,16-19 and metal and alloy fibers.20,21

However, the conventional µ-PD method can control only the 
cross-sectional shape of the grown fiber single crystal;22-25 thus, 
the shape-controlled growth of single crystal by the µ-PD 
method is a two-dimensional (2D) shape control. Therefore, we 
developed a modified µ-PD method, which can control the 
shape of the grown single crystal in three dimensions (3D) to 
grow a single crystal with a more complex shape. The modified 
growth process was named as a three-dimensional-µ-PD (3D-µ-
PD) method. In this study, as a first step in 3D shape-controlled 
single crystals, spring-shaped sapphire single crystals were 
grown using the 3D-µ-PD method and the optimization of shape 
controllability was investigated.

2. Development of 3D-µ-PD method
Schematic diagram of the 3D-µ-PD method and developed 3D-
µ-PD furnace are shown in Fig. 1(a) with the conventional µ-PD 
method. Whereas a growth shaft moves only in the Z-axis of the 
conventional µ-PD method. The 3D-µ-PD method has a growth 
shaft, which can move in three dimensions (X, Y, and Z-axes) and 
rotate (-axis) below the growth area. The movement of the 
shaft can be automatically controlled according to the 
predesigned shape using specialized software [Fig. 1(b)]. In this 
study, a control software program was designed to grow spring-
shaped single crystals. However, the growth shaft can be 
automatically and freely controlled from the beginning to the 
end of crystal growth by creating a program adapted to the 
desired 3D structure. The metal and carbon crucibles were 
directly heated by a high-frequency (HF) induction coil, and the 
temperature of the crucible was controlled by the output of the 
HF generator. The crucible was surrounded by tube insulators 
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made of -Al2O3 or ZrO2, and the configuration of the insulators 
controlled the temperature gradient along the growth direction 
and the temperature homogeneity in the radial direction. 
During crystal growth, the solid-liquid interface was observed 
by a charge-coupled device (CCD) camera through the holes of 
the after-heater and insulators in real time. The growth 
atmosphere was controlled by sealing it with a quartz tube and 
bellows after vacuuming using a dry pump.

Fig. 1  (a) Schematic diagram of 3D-µ-PD method and developed 
3D-µ-PD furnace. (b) Specialized control software.

3. Experiment
First, spring-shaped sapphire single crystals were grown by the 
3D-μ-PD method using a Mo crucible with a conical die at the 
bottom. Two types of Mo crucibles with different conical dies 
(sharp and blunt tips) were designed as shown in Fig. 2(a). The 
angles between the side of the conical die and the horizontal 
plane in the crucibles with the sharp and blunt dies were 75.9° 
and 50.2°, respectively. Subsequently, a Mo crucible with an 
inverted conical die was designed based on the results of crystal 
growth using crucibles with a conical die [Fig. 2(b)]. The inverse 
conical die was designed to suppress the spread of the meniscus 
to the top during crystal growth, and the angle between the side 
of the inverse conical die and the horizontal plane was 135°. All 

crucibles had a hole (capillary) with  a 0.5 mm hole at the 
center of each die, and the melt in the crucible reached the 
bottom of the die through the capillary.
A starting material, α-Al2O3 (>4N purity) powder, was set into 
the crucible as a starting material, and the crucible was heated 
to a melting point of α-Al2O3 by a high-frequency (HF) induction 
coil. Subsequently, the α-Al2O3 powder was completely melted 
in the crucible and the melt descended to the bottom of the die 
through the capillary. A sapphire single crystal with c-axis 
orientation was used as a seed crystal, and a crystal growth was 
performed at 0.5 mm/min growth rate under Ar+2%H2 mixed 
gas. Ar+2%H2 gas mixture prevented the oxidization of the Mo 
crucible. After the seed crystal touched the bottom of the melt, 
it was moved according to the setup conditions, such as helical 
radius and pitch, growth rate, and growth length. As described 
above, the movement of growth shaft was automatically 
controlled using the specialized software according to the 
predesigned shape and predetermined crystal growth rate (0.5 
mm/min). During crystal growth, a solid-liquid interface was 
observed using a charge-coupled device (CCD) camera, and the 
size of the meniscus was optimally controlled by the output of 
the HF generator. Single crystals of the grown spring-shaped 
sapphire were cut perpendicular to the growth direction, and 
the cut surface was polished for observation and crystallinity 
measurements. 
The polished surfaces of the spring-shaped sapphire single 
crystals were observed using a scanning electron microscope 
(SEM) (HITACHI, S-3400N), and their chemical compositions 
were analyzed using energy dispersive X-ray spectrometry 
(EDX) (HORIBA, EMAX X-act). The pole figure and X-ray rocking 
curve (XRC) of the polished surface were measured using an X-
ray diffractometer (Bruker, D8 DISCOVERY, and Rigaku ATX-E) 
to evaluate the crystallinity. The pole figure and XRC were 
measured for reflection from the (110) plane, and  a scan was 
performed during the XRC measurement. Compression tests 
were performed using a universal testing machine (SHIMAZU, 
AG-10kN) to evaluate the springiness of the spring-shaped 
sapphire single crystals. The specimens were compressed using 
a load cell in the Z-axis direction, and the shrinkage state until 
rupture was observed using a CCD camera.
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Fig. 2  Schematic diagram of Mo crucibles with (a) two-types 
conical dies and (b) an inversed conical die.

4. Results and discussions

4.1 Crystal growth using crucible with a conical 
die
The solid–liquid interface during the crystal growth of spring-
shaped single crystals by the 3D-µ-PD method using Mo 
crucibles with blunt and sharp conical dies is shown in Fig.3(a). 
Figure 3(b) shows the spring-shaped sapphire single crystals 
grown using crucibles with conical dies. First, crystal growths 
were performed at growth conditions of helical radius = 1.5 mm 
and helical pitch = 8.0, 10.0, and 15.0 mm using the Mo crucible 
with the blunt conical die [Fig.3(a)]. At the growth conditions of 
helical pitch = 10.0, 15.0 mm, spring-shaped sapphire single 
crystals could be grown as shown in Fig.3(b). However, the 
cross-sectional shape of the spring-shaped sapphire single 
crystal could not be controlled under the growth conditions of 
a helical pitch of 8.0 mm. After the seed crystal touched the 
meniscus at the bottom of the die, the meniscus increased on 
the side of the die with the movement of the growth shaft along 
the helical shape. The meniscus solidified and adhered to the 
upper part of the die when a sufficient amount of meniscus was 
present. When crystal growth was performed with a smaller 
amount of meniscus to prevent the rise on the side of the die, 
the diameter of the grown single crystal gradually decreased, 
and crystal growth was completed.
Crystal growth of spring-shaped sapphire single crystals was 
performed using a Mo crucible with a sharp conical die under 
five growth conditions: helical radius = 1.5, 2.5, 3.0, and 3.5 mm 
and helical pitch (5.0, 10.0 mm) [Fig.3(a)]. In the case of the 

growth condition of helical radius = 1.5 mm and helical pitch = 
10.0 mm, the meniscus remained on the bottom of the sharp 
conical die during the crystal growth. However, the meniscus 
spread on the side of the sharp conical die from the bottom 
under the growth conditions of helical radius ≥ 2.5 mm because 
of the tilt of the growth direction. In addition, the spread of the 
meniscus was limited at the edge of the sharp conical die under 
the growth conditions of helical radius = 2.5, 3.5 mm and helical 
pitch = 10.0 mm, and helical radius = 3.0 mm and helical pitch = 
5.0 mm. Consequently, spring-shaped sapphire single crystals 
with a smaller helical pitch and larger helical radius were 
obtained using a crucible with a sharp die compared with a 
crucible with a blunt die [Fig.3(b)].

Fig. 3  (a) Solid-liquid interface during crystal growth and (b) 
spring-shaped sapphire single crystals grown using Mo crucibles 
with blunt and sharp conical dies.

4.2 Crystal growth using crucible with an inversed 
conical die
Based on the results of crystal growth using Mo crucibles with 
conical dies, a modified Mo crucible with an inverted conical die 
was designed, as shown in Fig. 2(b), and spring sapphire single 
crystals were grown using a crucible with an inverted conical 
die. Figure 4(a) shows the solid-liquid interface from seed-
touching to stable growth during crystal growth using a Mo 
crucible with an inverse conical die. First, the meniscus spread 
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to the bottom of the die; however, there was no spread of the 
meniscus on the side of the die during crystal growth even 
though the pulling shaft moved to the spring shape. 
Consequently, the growth of spring sapphire single crystals 
proceeded stably under various growth conditions. 
Therefore, spring-shaped sapphire single crystals were grown in 
a Mo crucible with an inverted conical die under various helical 
pitches [Fig. 4(b)]. In the case of helical radius = 2 mm, spring-
shaped sapphire single crystals could be grown at helical pitch 
≥ 2 mm. However, crystal growth could not be achieved at a 
helical pitch of < 2 mm because of the insufficient supply of melt 
at the bottom of the die. Figure 4(c) shows the spring-shaped 
sapphire single crystals grown in a Mo crucible with an inverse 
conical die under various helical pitches. Spring sapphire single 
crystals with various helical pitches ≥ 2 mm could be obtained, 
and all grown crystals indicated high transparency. Under these 
growth conditions, the meniscus shape was stable throughout 
crystal growth, and the grown crystals exhibited accurate spring 
shapes. The stability of crystal shape was evaluated at various 
measurement points for the spring-shaped crystal with 3 turns, 
and the results showed that the error range of the shape was 
less than about 10% in the region of stable crystal growth.

Fig. 4  (a) Solid-liquid interface from the seed-touching to the 
stable growth during the crystal growth using the Mo crucible 

with the inversed conical die. (b) Solid-liquid interface and (c) 
spring-shaped sapphire single crystals grown by Mo crucible 
with the inversed conical die under various helical pitches.

4.3 Microstructure and chemical composition 
analysis
Figure 5(a) shows the SEM images of the cross-sectional planes 
of the spring-shaped sapphire single crystals grown using a Mo 
crucible with a sharp conical die. The polished specimens were 
colorless and transparent without visible inclusions or cracks in 
the crystals, although there were some black parts on the 
surfaces. According to the chemical composition analysis using 
EDX, Mo was detected in the black parts, originating from the 
oxidization of the Mo crucible during crystal growth. However, 
Mo deposition was observed only on the surfaces of the as-
grown crystals, and there was no Mo inside the crystals. 
In the case of spring-shaped sapphire single crystals grown 
using the Mo crucible with the conical die under the growth 
condition of helical radius = 1.5 mm and helical pitch = 10.0 mm, 
the shape of the cross-sectional plane was almost circle 
[Fig.5(a)]. However, the cross-sectional planes under the 
growth conditions of helical radius > 1.5 mm became elliptical 
in shape, extending in the Z-axis direction owing to the spread 
of the meniscus during crystal growth. The elliptical shape of the 
single crystal under the growth conditions of helical radius = 3.5 
mm and helical pitch = 10.0 mm was almost consistent with that 
of the helical radius = 3.0 mm and helical pitch = 5.0, 10.0 mm, 
suggesting that the menisci during the crystal growth of the 
three spring-shaped single crystals were almost the same 
shape.
Figure 5(b) shows the cross-sectional planes perpendicular to 
the growth direction for spring-shaped sapphire single crystals 
grown using a Mo crucible with an inverted conical die. The 
cross-sectional planes were elliptical and extended along the 
horizontal direction (XY-axes), contrary to the crucible with the 
conical die. The shape of the cross-sectional plane changed with 
the variation in the helical pitch and became thinner with 
decreasing helical pitch because of the tilting of the growth 
direction.
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Fig. 5  SEM images on cross-sectional planes of spring-shaped 
sapphire single crystals grown using Mo crucibles with (a) the 
sharp conical die and (b) the inversed conical die.

Figure 6 shows schematic diagrams of the crystal growth using 
Mo crucibles with a sharp conical die and an inverse conical die. 
In the case of crystal growth using the Mo crucible with the 
conical die [Fig.6(a)], the area of the solid-liquid interface 
decreased and became stable when the die was sharpened. In 
particular, with the sharp conical die, the area of the solid-liquid 
interface increased by tilting the growth direction until the 
meniscus reached the edge of the die. Consequently, the cross-
sectional planes of spring-shaped sapphire single crystals grown 
using crucibles with conical dies were elliptical and extended 
along the vertical (Z-axis) direction.  
However, in the case of the Mo crucible with the inverse conical 
die, the meniscus spread only on the bottom of the die [Fig.6(b)], 
and the shape of the cross-sectional plane changed similarly 
with the variation in the helical pitch. According to the 
schematic diagram, the horizontal thickness of the meniscus did 
not change with the tilting of the growth direction. However, 
tilting in the growth direction reduces the vertical thickness of 
the meniscus, resulting in a horizontally extended elliptical 
cross-sectional plane. Therefore, the meniscus shifted from the 
capillary position at a helical pitch of < 2 mm, and the melt 
supply from the inside of the crucible was interrupted, making 
it impossible to grow a spring-shaped single crystal.

Fig. 6  Schematic diagrams of crystal growth using the Mo 
crucibles with (a) the sharp and blunt conical dies and (b) the 
inversed conical die.

4.4 Crystallinity
Pole figure and XRC measurements were performed to evaluate 
the crystallinity of the spring-shaped sapphire single crystals 
grown using Mo crucibles with conical and inverse conical dies. 
Figure 7 shows the pole figure and XRC from the reflection of 
the (110) plane on the cross-sectional plane of spring-shaped 
sapphire single crystals grown using a crucible with a sharp 
conical die and an inverted conical die. Pole figures were 
obtained at four locations on a spring-shaped sapphire single 
crystal grown using a Mo crucible with an inverse conical die, as 
shown in Fig.7(a). A sharp diffraction peak can be observed in 
each pole figure, and all the diffraction peaks appear in the 
same direction. The results revealed that the obtained crystal 
was spring-shaped single crystal with a single crystallographic 
orientation. The crystallographic orientation of the spring-
shaped sapphire single crystals can be determined from the 
seed crystal. A sharp diffraction peak was observed for a spring-
shaped sapphire single crystal grown in a Mo crucible with a 
conical die.
Figure 7(b) is ω scans of the XRCs on the diffraction spots from 
the reflection of (110) plane at two different points for the 
spring-shaped sapphire single crystals grown using the Mo 
crucibles with the conical die. In both the XRCs, a symmetrical 
single peak was observed, and the results revealed no mosaic 
structure or slightly oriented gains. The full width at half 
maximum (FWHM) of the peak at No.1 point for the spring-
shaped sapphire single crystals grown using Mo crucibles with a 
conical die was 83 arcsec (0.023°), which was slightly larger than 
that of the sapphire single crystal grown by the conventional -
PD method14. However, the XRC at No.3 point showed a 
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symmetrical broader single peak with an FWHM of 152 arcsec 
(0.042°), indicating that the spring-shaped sapphire single 
crystal had different crystallinity at each location. The results 
suggested that spring-shaped single crystals grown from the 
meniscus spread in the vertical direction with a larger 
temperature gradient showed lower crystallinity than those 
grown from the meniscus spread in the horizontal direction 
with a more uniform temperature distribution in the 
conventional -PD method.

Fig. 7  (a) Pole figures obtained at four locations on the spring-
shaped sapphire single crystal grown using the Mo crucible with 
the inversed conical die. (b) X-ray rocking curves of spring-
shaped sapphire single crystals.

4.5 Mechanical Property
The mechanical properties of spring-shaped sapphire single 
crystals grown using Mo crucibles with conical and inverse 
conical dies were evaluated. Figure 8 shows spring-shaped 
single crystals before and after compression. For a spring-
shaped sapphire single crystal grown using a Mo crucible with a 
conical die, the shrinkage was approximately 0.3 mm for the 
helical radius of 3 mm and helical pitch of 6 mm, and the 
shrinkage rate was approximately 5% just before the 
destruction. However, the spring-shaped sapphire single crystal 
grown using the Mo crucible with the inversed conical die 
showed a shrinkage of approximately 0.75 mm for the helical 
radius of 2 mm and helical pitch of 2 mm and the shrinkage rate 
was approximately 35% just before the destruction. The 
difference in shrinkage rates between crystals grown using a Mo 
crucible with conical and inverse conical dies can be attributed 
to the difference in the cross-sectional shape; thus, greater 
shrinkage can be achieved by forming spring-shaped single 
crystals with a thinner cross-sectional shape in the Z-axis 

direction. In addition, in terms of the compression test force, 
spring-shaped single crystals with a thinner cross-section in the 
Z-axis direction can achieve a greater shrinkage rate with less 
compression force.

Fig. 8  Spring-shaped single crystals grown using Mo crucibles 
with the sharp and inversed conical dies before and after 
compression.

5. Conclusions 
A 3D-µ-PD method was developed in this study for crystal 
growth of 3D shape-controlled single crystals. In particular, 
spring-shaped sapphire single crystals were grown by the 3D-µ-
PD method using the Mo crucibles with three types dies. In the 
crystal growth using the crucible with the conical die, spring-
shaped sapphire single crystals with smaller helical pitch could 
be grown by the crucible with the sharp conical die compared 
to the crucible with the blunt conical die. In addition, a crucible 
with an inverted conical die enabled the growth of a spring-
shaped sapphire single crystal with a small helical pitch. The 
difference in meniscus spreading between the crucible with the 
conical and inverse conical dies affects the shape of the cross-
sectional planes of the grown spring-shaped single crystals, 
resulting in differences in crystallinity and mechanical 
properties. Spring-shaped sapphire single crystals with a thin 
cross-sectional plane in the Z-direction achieved a higher 
shrinkage rate, and spring-shaped functional single crystals are 
expected to acquire springiness.
If a spring-shaped piezoelectric single crystal can be grown as a 
potential application for spring-shaped crystals, it is expected 
that springs and sensing devices that can generate vibration 
power will be realized. In addition, spring-shaped scintillator 
single crystal can be applied to springs with radiation detection 
functions and radiation detectors with three-dimensional 
position sensitivity.
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