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1   |   INTRODUCTION

Aluminum nitride (AlN) is a promising substrate material for 
AlGaN-based photonic and high-power devices such as deep 
ultraviolet light emitting diodes (UV-LED) and high-power 
electronic transistors. This is because AlN has a small lat-
tice mismatch with AlGaN, high thermal conductivity, high 
UV transparency,1,2 and high dielectric breakdown strength.3 
Therefore, the development of methodologies for mass pro-
duction of single crystal AlN could transform an industry. 

However, it is difficult to produce bulk AlN single crystals 
using melt solidification processes, such as the Czochralski 
method used for mass production of silicon, because AlN has 
a high dissociation pressure at high temperatures. Physical 
vapor transport (PVT) method,4‒7 hydride vapor phase epi-
taxy (HVPE) method,8‒10 and thermal nitridation of Al2O3

11 
have been developed for AlN production. In the case of 
PVT method, growth of helical crystal has also been devel-
oped.12,13 However, fabricating lager diameter AlN bulk crys-
tal at a reasonable cost has yet to be achieved.
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Abstract
Aluminum nitride is a promising substrate material for AlGaN-based UV-LED. In 
order to develop a robust growth processing route for AlN single crystals, fundamen-
tal studies of solution growth experiments using Ni-Al alloy melts as a new solution 
system were performed. Al can be stably kept in solution the Ni-Al liquid even at 
high temperature; in addition, the driving force of the AlN formation reaction from 
solution can be controlled by solution composition and temperature. To investigate 
AlN crystal growth behavior we developed an in situ observation system using an 
electromagnetic levitation technique. AlN formation behavior, including nucleation 
and growth, was quantitatively analyzed by an image processing pipeline. The nucle-
ation rate of AlN decreased with increasing growth temperature and decreasing alu-
minum composition. In addition, hexagonal c-axis oriented AlN crystal successfully 
grew on the levitated Ni-40 mol%Al droplet reacted at low driving force (1960 K), on 
the other hand, AlN crystal with dendritic morphology appeared on the sample with 
higher driving force (Ni-50 mol%Al, 1960 K). Thus, the nucleation rate and crystal 
morphology were dominated by the driving force of the AlN formation reaction.
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One of the promising methods of producing large diame-
ter AlN single crystals is a solution growth method.14‒16 In a 
solution growth method, the AlN crystal forms in liquid metals 
or alloys by controlling the degree of supersaturation of solute. 
Generally, high quality, defect free, crystal can be grown by a 
solution growth method because growth occurs at conditions 
close to thermal equilibrium. Recently, the authors have devel-
oped a solution growth method using Ga-Al solution.17‒19 In this 
method, epitaxial AlN layer can be grown on nitrided sapphire 
substrate at 1573 K under normal pressure of nitrogen atmo-
sphere. However, this Ga-Al solution method has not been used 
for industrial production of AlN because of its low growth rate.

The Ni-Al solution system is being explored in the present 
study because it could enable higher processing temperatures 
than Ga-Al solution which would increase the solution growth 
rate of AlN. In particular, Ni-rich compositions where the activ-
ity of Al in liquid Ni-Al alloy is kept low, a ≤10−2, as shown in 
Figure 1.20 This keeps the Al stable in the liquid Ni-Al alloys even 
at high temperature. Moreover, it is possible to control the driv-
ing force of the AlN formation reaction in the Ni-Al solution by 
solution composition, nitrogen partial pressure, and temperature.

In situ observation of crystal growth is a powerful tool 
to understand the growth behavior and design an optimum 
crystal growth technique. Here, we have developed an in-situ 
observation system for solution growth of AlN crystal using 
an electromagnetic levitation (EML) in combination with an 
automated image processing pipeline21 to quantify nucle-
ation and growth. The EML technique is generally used for 
the measurement of thermophysical properties22‒27 or inves-
tigation of the solidification process28‒30 of metallic melts. In 
this paper, we describe the details of the in-situ observation 
system and the quantitative analysis of the AlN nucleation 
and growth from the Ni-Al solution using computer vision 

and materials data science methods.31 Moreover, the quality 
of the AlN crystal grown from the Ni-Al solution was sub-
sequently characterized by scanning electron microscopy, 
X-ray diffractometry, and Raman spectroscopy.

2  |   PRINCIPLE

Thermodynamics of the AlN formation in the Ni-Al solution is 
described below. AlN formation reaction is given as follows:

The equilibrium reaction constant (Equation 1) (K) is cal-
culated from the activity of liquid aluminum (aAl), activity of 
solid AlN (aAlN) and equilibrium partial pressure of nitrogen 
gas (p

eq

N2
) as follows:

Here, the standard states of aAl and aAlN are pure liquid Al and 
solid AlN, respectively, at standard pressure (1 bar), and partial 
pressure of nitrogen is standardized by 1 bar. The equilibrium 
reaction constant (K) is obtained from the standard Gibbs en-
ergy of formation of AlN reported by Nakao et al32 The activ-
ity of liquid Al in the Ni-Al liquids are estimated using regular 
solution model based on the activity values at 1873 K reported 
by Desai et al20 Considering the equilibrium between Ni-Al 
solution and AlN under the current experimental condition, 
aAlN is essentially unity. The driving force (Δ�) of reaction (1) 
is the chemical affinity, which is defined as follows:

Thus, the driving force is given by the difference between 
chemical potential of nitrogen gas at experimental and at 
equilibrium conditions. Equation (3) also indicates that the 
driving force is dominated by the equilibrium reaction con-
stant (K), activity of Al in Ni-Al solution (aAl), and experi-
mental nitrogen partial pressure 

(

pN2

)

.
Figure 2 highlights the temperature dependence of the 

driving force of the AlN formation reaction for each compo-
sition of Ni-Al solution under 1 bar nitrogen partial pressure 
calculated from equation 3 utilizing the measured values of 
for activity of Al in Ni-Al reported by Desai20 and standard 
Gibbs energy of formation of Al reported by Nakao.32 The 
driving force of AlN formation increases with decreasing 

(1)2Al (l)+N2 (g)=2AlN (s)

(2)ln K = ln
a2

AlN

a2
Al

p
eq

N2

=−2 ln aAl− ln p
eq

N2
.

(3)

Δ�=2�Al+�N2
−2�AlN

= kT
(

ln K+2 ln aAl+ ln pN2

)

= kT
(

ln pN2
− ln p

eq

N2

)

F I G U R E  1  Composition dependence of activity of Al in liquid 
Ni-Al alloy at 1873 K20
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temperature and with increasing Al concentration of the Ni-Al 
solution. AlN can be grown at the region of Δ� > 0 as indi-
cated by the horizontal line in Figure 2. Four experimental 
conditions (a-d) are presented in Figure 2: (a) Ni-50 mol%Al 
at 1960 K, (b) Ni-40 mol%Al at 1960 K, (c) Ni-40 mol%Al at 
1860 K, and (d) Ni-20 mol%Al at 1860 K.

3  |   EXPERIMENTAL PROCEDURE

3.1  |  In situ observation of AlN formation

Spheres of Ni-Al alloy with compositions of Ni-20 mol%Al, 
Ni-40 mol%Al, and Ni-50 mol%Al were prepared by arc melt-
ing from pure Ni (99.99 mass%, Rare Metallic Co., Ltd.) and 
Al (99.99 mass%, The Nilaco Corporation). Diameter of the 
samples used for the AlN formation experiment was 6-8 mm.

Schematic of the experimental apparatus for in-situ ob-
servation of AlN growth is shown in Figure 3A. The sample 
was placed into an EML coil at the center of the chamber 
using a sintered boron nitride sample holder. The chamber 
was evacuated to 10−3 Pa by a turbo molecular pump and 
back filled with Ar-5 vol%H2 (purity: 99.9999 vol%) and 
He (purity: 99.999 vol%) gases to atmospheric pressure. 
These gases were purified before entering the main cham-
ber in a deoxidation column containing metallic Mg rib-
bon heated at 773 K as an oxygen getter. A radio-frequency 
power was applied to the levitation coil to levitate the sam-
ple. A static magnetic field generated by a superconducting 
magnet was also applied to the sample with strength of 4 T 
to maintain levitation stability. The static magnetic field 
suppresses surface oscillation and translational motion of 
the sample droplet as well as the convection flow in the 

droplet.33 Additionally, the static magnetic field results 
in the levitating droplet rotating about the vertical axis in 
Figure 3A parallel to the incident laser beam. After the 
sample is levitated by the radio frequency electromagnetic 
field, the sample temperature was controlled by laser irra-
diation (Jenoptik Japan Co., Ltd. DRV-S210-R, maximum 
output power: 210  W, wavelength: 807  nm). The sample 
temperature was monitored by a single-color pyrometer 
(LumaSense Technologies, IMPAC IGA140/MB25, 1.45-
1.8  µm). The pyrometer was calibrated with the liquidus 
temperature of each alloy, as indicated in Figure 2.27 After 
the molten sample maintains stability, the purified nitrogen 
gas (Matheson Tri-Gas, Inc, Nanochem PuriFilter, PF-25) 
was introduced into the sample with a flow rate of 0.3 L/
min. The introduction of the gas causes the formation of 
AlN to occur on the sample surface. Behavior of AlN for-
mation was monitored by a high-speed camera (Mikrotron 
GmbH, MC1310) from top of the droplet at a frame rate 
of either 300 or 500 frames per second (fps). An image of 
the levitated droplet obtained by the high-speed camera is 

F I G U R E  2  Temperature-dependent driving force of AlN 
formation on Ni-Al droplets for various compositions under 1 bar 
nitrogen partial pressure. The left-end of each line is the liquidus 
temperature for that alloy composition. The points (A-D) indicate that 
temperatures and compositions explored in this paper

F I G U R E  3  A, Experimental apparatus for in situ observation 
of AlN formation on the surface of Ni-Al droplet using EML. B, An 
image of the levitated droplet obtained by the high-speed camera

(A)

(B)
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2392  |      ADACHI et al.

shown in Figure 3B. The static magnetic field results in the 
droplet rotating about an axis parallel to the image plane 
normal. After AlN completely covered the sample surface, 
the levitated droplet was cooled and solidified by exposing 
the droplet to a flow of He gas. The solidified droplet was 
dropped on the sample holder by turning off the levitat-
ing magnetic field. As described later, the time required 
to cover the sample surface completely was different for 
each condition. The samples (a-d) were cooled by the He 
gas flow after 130 seconds, 390 seconds, 90 seconds and 
1660  seconds from starting of nitrogen gas introducing, 
respectively.

3.2  |  Image processing and analysis

The high-speed camera, above the spinning droplet 
(Figure 3), collects in situ observations of the AlN for-
mation and produces a time-series of gray-scale images 
for each droplet studied, amounting to 300  000 individ-
ual images which were stored in a distributed comput-
ing cluster based on Hadoop and Hbase for efficient data 
handling.34 These images are processed to extract useful 
metrics of the solidification process. Image processing 
was performed using Python (v2.7) libraries, including 
Numpy, Scipy, Matplotlib, Pandas, Seaborn, Skimage, 
OpenCV and Trackpy.35‒37 The various steps of the image 

processing are schematically presented in Figure 4. Using 
an automated image processing pipeline on the time series 
images, two metrics were extracted from each image in 
the video: the number of AlN nuclei visible and the area 
fraction of the surface where AlN crystallized. For both 
metrics, the surface area of the droplet analyzed excludes 
the area obscured by the laser spot. These metrics were 
combined with information about the video frame rates to 
quantify measures of the nucleation rate and the crystal 
growth rate.

Prior to extracting metrics from the images, the follow-
ing pre-processing steps were applied: droplet centering, and 
adaptive equalization. The molten droplets are oscillating 
off-center slightly, and rotating around an axis perpendicular 
to the camera field of view in addition due to the applied 
static magnetic field.33 The first step in the analysis was to 
center the droplet in the frame utilizing the median filter 
(numpy) and shifting (numpy.interpolation.shift) the center 
of the droplet to the center of the image array to remove the 
oscillating behavior. The rotation does not need to be re-
moved for analysis but removal applying a constant counter 
rotation velocity is useful for visualization. Next, a denoising 
function (skimage.restoration.denoise_bilateral) was applied 
to remove spurious high/low intensity pixels. The droplet 
images exhibited a variable brightness that was consistent 
from frame to frame associated with variability in the light-
ing that was modeled as a sigmoid function. This functional 

F I G U R E  4  Schematic of the image processing procedures to quantify kinetic parameters of the formation of AlN on the levitated Ni-Al 
droplet
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form defined an erosion mask to subtract the lighting in the 
molten droplet from subsequent images. Finally, the exposure 
function in the Skimage package was applied to maximize the 
image contrast while maintaining pixel rank order.

The surface coverage was calculated by following the gen-
eral steps: preprocessing (ie, center the droplet, subtract an 
initial frame, adaptive equalization), edge finding with sobel 
filter, apply a watershed function, and finally calculation of 
metrics. A sobel filter38 (skimage.filters library) was applied 
to find intensity gradients corresponding to the interface be-
tween AlN crystals and the Ni-Al liquid. Finally, a watershed 
function (skimage.segmentation.watershed) was applied to 
connect and fill in the pixels contained within the defined in-
terface. The result at this stage of image processing was a black 
and white image showing the molten surface and background 
in black with the surface crystallization in white. The crystal 
growth rate was quantified as the area fraction of the molten 
droplet covered by crystals as a function of frame rate. Since 
the images are a 2D representation of a 3D surface, a stereo-
logical correction was applied using the conversion of the area 
of an annulus of a circle to the area of the zone of a sphere as a 
function of radial distance from the center of the circle:

where the radius of the sphere/circle, R (calculated from each 
frame), the distance from the center of the sphere (g), and the 
pixel width (p) all have self-consistent units. The total surface 
area of the droplet was calculated by segmenting the molten 
droplet from the black background. The area fraction of each 
area zone (defined by a pixel width) covered in crystals were 
calculated as the ratio of the number of pixels defined as crys-
tals over the total number of pixels in the annulus of the drop-
let. This value was then weighted based on the stereological 
correction to output the fraction of the zone of the droplet, and 
summed together for the resulting percentage of coverage was 
then reported for each frame number.

The number of nuclei per image frame was calculated 
utilizing the trackpy function (trackpy) from the adaptive 
equalized images. The starting and ending frames to bound 
the nucleation event, were manually selected from the area 
fraction as a function of frame data, to include images associ-
ated with the first nucleation event. This package locates and 
annotates high contrast pixels. This defines the location of 
each nuclei on the surface of the droplet in each image frame.

3.3  |  AlN characterization

Characterization of the AlN crystals was conducted on as-
solidified droplets, with no surface pretreatment.

The surface morphology of the formed AlN crystals on 
the Ni-Al droplet surface was observed using a scanning elec-
tron microscopy with thermionic emission gun (JEOL Ltd., 
JCM-5700). Secondary electron images, using an accelera-
tion voltage of 15 kV, were obtained in this study. Working 
distance was 10 mm.

X-ray diffraction, using an X-ray diffractometer (Bruker 
AXS GmbH, D8 discover µMR, CuKα), was conducted for 
phase identification and evaluation of crystal orientation. 
X-ray source assembly (Incoatec GmbH, IµS) contained two 
multilayer mirrors for monochromatization was equipped, 
and a circular slit of 1 mm in diameter was used in the mea-
surement. The XRD system was aligned to characterize the 
surface of the solidified droplet.

Raman spectroscopy (HORIBA Ltd., XploRA ONE) 
was conducted to confirm crystal orientation of the formed 
AlN crystal. Wavelength of incident laser was 532 nm. This 
was done to compare with Raman spectrum of AlN crystal 
in backscattering geometry with the laser beam incident on 
AlN (0002) surface, the peaks corresponding to EH

2
, EL

2
 and 

A1(LO) mode reported by several researchers.39,40

4  |   RESULTS

4.1  |  In situ observation of AlN growth on 
Ni-Al droplet

Figure 5A-D shows the top-view images of the AlN grown on 
the Ni-Al droplet surface during N2 gas flowing observed by a 
high-speed camera under the respective growth conditions (a-d) 
as presented in Figure 2. The time zero for the time presented in 
Figure 5 was defined when AlN crystal formation began. The 
bright areas in Figure 5 are AlN crystals formed, except for the 
bright area in the center associated with the laser. Multiple nu-
cleation events occurred simultaneously on the Ni-Al droplets. 
The surface of the levitated Ni-Al droplet was covered widely 
within a one second time-lapse in the case of Figure 5A and C; 
while the nucleation of AlN crystal took place more slowly in 
the case of Figure 5B and D. For samples (B) and (D), the nu-
cleation occurred homogeneously at the initial stage as shown 
in Figure 5B and D at t = 0.5 s. After that, the nucleated AlN 
crystals gathered at the top of the droplet as shown in Figure 
5B and D at t = 2.0 s. The levitated droplet rotates along verti-
cal axis under the vertical static magnetic field. The density of 
liquid Ni-Al is larger than that of the AlN crystal formed on the 
droplet, which resulted in the AlN crystals gathered at the top of 
the droplet. Although the condition (d) is in a slightly negative 
Δ� region (as indicated in Figure 2), growth of AlN is observed. 
This could be due to the experimental uncertainty in the thermo-
dynamic data used for calculation of Figure 2.

The number of nuclei of AlN crystals formed on the sur-
face of levitated Ni-Al solutions as a function of time, obtained 

(4)Azone

Aannulus

=

R

(
√

R2−(g−p∕2)2−

√

R2−(g+p∕2)2
)

gp
,
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by the image processing, is presented in Figure 6. Here, the 
time zero was defined when nitrogen gas started to flow in the 
chamber. The number of nuclei initially increased before sub-
sequently decreasing. Upon examination of the in-situ videos, 
this behavior can be attributed to the nucleated AlN crystals 
coalescing with each other. The initial nucleation rates for the 
samples (a) and (c) were faster than those for the samples (b) 
and (d). In addition, the incubation time before nucleation for 
the samples (b) and (d) were longer than others (a) and (c).

In the area fraction, the droplet is covered by AlN crys-
talized as a function of time, quantified from the image 
processing, is presented in Figure 7. The surface was rap-
idly covered with AlN crystals in the initial stage for the 

samples (a) and (c), however, the growth rate slowed down 
followed by a second burst of growth activity. The reinvig-
orated growth in Figure 7 for conditions (A) and (C) corre-
sponds with an increase in the number of nuclei observed 
in Figure 6. This indicated that the degree of supersatura-
tion was exhausted on the droplet surface by the initial AlN 
crystal formation.

4.2  |  Surface morphology of the formed 
AlN crystal

Figure 8 shows SEM images of the surface of the AlN crys-
tals formed on the Ni-Al droplets after sample solidification. 
Dendritic AlN crystals were observed for the samples (a) and 
(c) indicative of an instability of the supersaturation on the 
droplet surface as observed in Figures 6 and 7. AlN crystals 
with hexagonal morphology were observed for the sample 

F I G U R E  5  Top view images of the AlN grown on the Ni-
Al droplet surface during N2 gas flowing observed by high-speed 
camera under respective condition (A) Ni-50 mol%Al at 1960 K, 
(B) Ni-40 mol%Al at 1960 K, (C) Ni-40 mol%Al at 1860 K, (D) 
Ni-20 mol%Al at 1860 K. It should be noted that the timescale of the 
images varies

(A)

(B)

(C)

(D)

F I G U R E  6  Time dependence of number of nuclei of AlN crystal 
formed on the surface of levitated Ni-Al droplets

F I G U R E  7  Time dependence of area fraction of AlN crystalized 
on the surface of the Ni-Al droplet
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(b), and facet planes were partially observed for the sam-
ple (d). The nucleation rate of the samples (b) and (d) were 
smaller compared with the other two samples as shown in 
Figure 6.

4.3  |  Characterization of formed 
AlN crystals

As shown in Figure 8A and B, dendritic crystals were ob-
served for the sample (a), on the other hand, hexagonal 
crystals were observed for the sample (b). For comparison, 
these AlN crystals formed at (a) Ni-50 mol%Al at 1960 K, 
(b) Ni-40 mol%Al at 1960 K were characterized by X-ray 
diffractometry. Figure 9 shows XRD 2θ-ω profiles for sur-
faces of samples (a) and (b). As can be seen, polycrystalline 
AlN was formed for the sample (a) as indicated by the pres-
ence of many XRD peaks. On the other hand, only a AlN 
(0002) peak is observed in the 2θ-ω profile for the sample 
(b), indicating that a single c-axis oriented AlN crystal suc-
cessfully grew within the field of view of the XRD source. 
Also, shown in the XRD spectra of sample (b) in Figure 9 is 
a NiAl peak, which could be an indication of the AlN film 
thinness.

Figure 10 shows the Raman spectrum of the AlN crys-
tal for the sample (b) in backscattering geometry with the 
laser beam incident on the normal direction to the surface. 
The peak corresponding to EH

2
 mode in Figure 10 appeared 

at 674  cm−1. On the other hand, phonon frequency of un-
strained AlN was reported as 657 cm−1. 40 Yang et al have 
investigated relationship between residual stress and Raman 
shift corresponding to EH

2
 mode of AlN film.41 According to 

the literature,41 peak shift to higher wavenumbers indicates 
that compressive stress exist in the c-plane AlN film. In our 
experiment, the levitated Ni-Al droplet was cooled and solid-
ified by exposing the droplet to flowing He gas after AlN for-
mation. The radially compressive stress could be generated 
during the cooling process due to the mismatch between the 
thermal expansion coefficients of AlN and the Ni-Al alloy. 
However, AlN can grow without any interfacial stress during 
the nitridation process because AlN crystal formed on the liq-
uid state Ni-Al solution.

F I G U R E  8   Surface morphologies of 
AlN crystal formed on the Ni-Al droplet 
observed by SEM. A, Ni-50 mol%Al at 
1960 K, (B) Ni-40 mol%Al at 1960 K, 
(C) Ni-40 mol%Al at 1860 K, (D) Ni-
20 mol%Al at 1860 K

F I G U R E  9  XRD 2θ–ω profiles of AlN formed at 1960 K on 
Ni-50 mol%Al and Ni-40 mol%Al. The distribution of peaks in the 
Ni-50 mol%Al sample (A) is consistent with a fine-grain film, while 
the peaks in the Ni-40 mol%Al sample (B) is consistent with a single 
crystal larger than the X-ray spot size
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5  |   DISCUSSION

According to classical nucleation theory, the change in Gibbs 
energy homogeneous formation of a nucleus with critical size 
r∗ is given by Ref. 42:

Here, �, v, Δ� are the surface energy of the nucleus, the volume 
per formula unit of AlN, and the driving force per formula unit 
of the AlN formation, respectively. The nucleation rate J is ex-
pressed with a constant C as

Here, ΔU is the desolvation energy between the solute and the 
solvent.42 The atoms of the Al should break the bonds with the 
atoms of Ni before being attached to the nucleus. As shown in 
Figure 6, the initial nucleation rate of sample (c) was higher 
than sample (b). It indicates that the driving force of the AlN 
formation reaction (Δ�) dominates the initial nucleation rate 
under these growth conditions. Also, for other samples, the 
driving forces of AlN formation reaction for the samples (a) 
and (c) were larger compared to with the samples (b) and (d). 
Therefore, the nucleation rates for the samples (a) and (c) were 
higher compared with the samples (b) and (d) as shown in 
Figure 5.

The driving force (Δ�) also affects crystal morphol-
ogy. As shown in Figure 8A, dendritic polycrystalline AlN 
grew for the sample. On the other hand, hexagonal c-plane 
AlN grew under the growth condition that had lower 
Δ� condition compared with the sample (a) as shown in 

Figure 8B. In the case of high growth rate, a gradient in 
the degree of local supersaturation (the local supersatu-
ration degree gradient) existed around the nucleated AlN 
crystal. The supersaturation degree gradient caused the 
dendritic AlN growth. On the other hand, in the case of 
low growth rate, the AlN grew slowly with lower growth 
rate of c-plane AlN compared with a- and m-planes AlN, 
which resulted in large hexagonal c-plane AlN grains ap-
peared on the surface. For the sample (a), the droplet sur-
face was completely covered with the AlN in a short time 
as shown in Figure 7, therefore, there was not enough time 
to grow large grains of AlN compared with sample (b). 
In addition, temperature also affects crystal morphology. 
From the comparison between Figure 8A and 8, typical 
dendrite shape appeared on the sample (c), despite similar 
Δ�. It was considered that this variation was caused by the 
difference in diffusion in the solution.

6  |   SUMMARY

In order to develop a novel solution growth method for the 
AlN crystal, fundamental studies on the AlN growth using 
the Ni-Al solution were conducted. The driving force of 
the AlN formation reaction in the Ni-Al solution was con-
trolled by solution composition and growth temperature. 
To investigate the crystal growth behavior, we developed 
an in situ observation system using electromagnetic levita-
tion. The nucleation rate of AlN decreased with increasing 
reaction temperature and decreasing of Al composition in 
the solution. The decrease in the Al composition results in 
a decrease in the driving force of AlN formation that con-
trols the susceptibility of the nucleated structures to grow 
with the stable planer growth. Hexagonal c-axis-oriented 
AlN crystal successfully grew on the liquid Ni-40 mol%Al 
droplet at 1960 K, on the other hand, polycrystalline AlN 
with dendritic morphology appeared on the sample with 
higher driving forces or lower temperature. Thus, the nu-
cleation rate and crystal morphology were dominated by 
the driving force of the AlN formation reaction.
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