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Abstract: A novel approach to grow freestanding AlN single crystals spontaneously using the physical vapor transport (PVT) 

method was presented. Dozens of single crystals can be obtained on the surface of a pre-sintered AlN powder source in a single 

growth run using this approach. The largest AlN single crystal grown at 2373~2523 K for 100 h is 7 mm×8 mm×12 mm, and the 

typical diameter is 5~7 mm. The surface morphologies of the as-grown crystals were investigated by scanning electron microscopy, 

whereas the structural quality of the crystals was characterized by Raman spectroscopy and high-resolution X-ray diffraction. Raman 

spectroscopy exhibits an E

2

 (high) full width at half maximum (FWHM) of 5.7 cm

-1

, whereas the high-resolution X-ray diffraction 

rocking curve shows a FWHM of 93.6 arc-second for the symmetric reflection. The average etch pit density revealed by preferential 

chemical etching is 7.5×10

4

 cm

-2

, and the major impurities determined by evolved gas analysis and glow discharge mass 

spectrometry are carbon of 28 µg·g

-1

 and oxygen of 120 µg·g

-1

. The proposed novel approach provides a new means of obtaining 

high-quality AlN single crystals, which can be cut into wafers and are ideal as seeds for subsequent homoepitaxial AlN growth. 

Using these small seeds, crack-free bulk AlN single crystal/wafers that have excellent deep UV transparency and that are up to 60 

mm in diameter were successfully prepared. 
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Aluminum nitride (AlN) is a promising substrate material 

for the epitaxial growth of wide-bandgap nitride semicon- 

ductors

[1]

. AlN is suitable for high-frequency, high-power, 

high-temperature, and deep UV optoelectronic devices 

because of its wide bandgap, high breakdown field, and high 

thermal conductivity

[2]

. Currently, the lack of large high- 

quality AlN substrates restricts the fabrication of III-nitride 

semiconductor devices

[3]

. The physical vapor transport (PVT) 

growth method has shown to be the only reasonable technique 

to produce high-quality bulk AlN crystals

[4–6]

. Heteroepitaxial 

seeding on SiC and homoepitaxial seeding on native AlN are 

typical techniques employed to grow large-sized AlN crystals 

using the PVT method. At present, industrial-sized AlN 

crystals can be fabricated by SiC seeding with a dislocation 

density (DD) of 10

6

~10

8

 cm

-2 [7–9]

. However, lower DD values 

(DD<10

6

 cm

-2

) are needed for deep UV devices. These low 

dislocation densities on AlN substrates can only be obtained 

by homoepitaxial seeding on native AlN. 

Because AlN does not occur naturally as a mineral, two 

main approaches are used to obtain AlN seeds using the PVT 

method: (1) by selecting grains from freely nucleated AlN 

polycrystals on planar crucible lids or in a crucible with a 

conical end, and (2) by obtaining grains from self-nucleated 

AlN crystals on a perforated diaphragm. In the past decades, 

considerable effort has been devoted to growing inch-sized 

AlN single crystals using the PVT method, and considerable 

advances have been made using homoepitaxial seeding growth 

based on obtaining high-quality AlN seeds

[10]

. However, 

additional reported methods of preparing high-quality AlN 

seeds with a decent size are limited. 

In this study, a novel approach to grow freestanding AlN 

crystals spontaneously using the PVT method was presented. 

Dozens of AlN single crystals were harvested from the surface 

of a pre-sintered AlN powder source after sublimation growth. 
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The surface morphologies of the as-grown crystals were 

investigated by scanning electron microscopy (SEM), whereas 

the structural quality of the crystals was characterized by 

Raman spectroscopy and high-resolution X-ray diffraction 

(HRXRD). Evolved gas analysis (EGA) and glow discharge 

mass spectrometry (GDMS) were employed to determine 

major impurities, and the preferential chemical etching in 

molten eutectic KOH/NaOH alloy was adopted to evaluate the 

etch pit density (EPD) in the as-grown crystals. 

1  Experiment 

Crystal growth experiments were conducted using our 

in-house resistively heated sublimation reactor loaded with a 

76-mm-diameter tungsten crucible, as shown in Fig.1a. Prior 

to each sublimation growth experiment, the AlN powder 

source was sintered in a tungsten crucible to remove the 

carbon and oxygen impurities and to obtain a dense starting 

material for subsequent sublimation growth. The typical 

growth conditions are as follows. A high-purity nitrogen 

atmosphere (99.999%) was maintained at 30~70 kPa, and the 

temperature of the pre-sintered AlN powder source was 

maintained at 2373~2523 K. The charge of the pre-sintered 

AlN powder source was 350~450 g, and the distance between 

the pre-sintered AlN powder source and the crucible lid was 

40~60 mm. In addition, the evaluated temperature gradient 

between the AlN source and crucible lid was 1.2~2.0 K/mm as 

calculated by FAMAG software. The simulation result with a 

temperature control point of 2373 K at the center of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic of the AlN crystal growth chamber (a); temperature 

distribution in the AlN crystal growth chamber (b) 

crucible bottom is shown in Fig.1b. More details related to the 

hot zone and heat transfer simulations were provided in 

Ref.[11]. 

Dozens of Al- and N-polar freestanding crystals were 

grown simultaneously on the same surface of the pre-sintered 

AlN powder source using the proposed novel approach. The 

Al-polar crystals were light yellow with excellent transparency, 

whereas the N-polar crystals were brown without transparency. 

The as-grown facets of most crystals showed mirror-like 

surfaces. Some crystals even had as-grown c-plane facets with 

mixed Al- and N-polar polarities. The largest AlN single 

crystal had dimensions of 7 mm×8 mm×12 mm with a typical 

hexagonal prism shape formed by mirror-like m-plane {10 1 0} 

facets, as presented in Fig.2a, with a typical diameter of 5~   

7 mm. 

2  Results and Discussion 

2.1  Growth rate analysis 

The estimated growth rate is typically calculated using the 

following equation

[12,13]

: 

g

1.2 1.5

exp( / )A B T T

V c

T P δ

− ∆

= ⋅                        (1) 

where c, A, and B are constant and calculated to be 407.54, 

27.055, and 75788, respectively. ∆T and δ represent the 

temperature difference and distance between the source 

surface and growth interface, respectively. Experimentally, the 

axial and radial growth rates are between 100~150 µm/h and 

50~60 µm/h under the aforementioned growth conditions. 

However, compared to this proposed novel approach, both the 

axial and radial growth rates are higher than the rates 

evaluated by Eq.(1). Because Eq.(1) was derived from a 

one-dimensional model, the vapor transport distance  was 

estimated as the distance between the source surface and 

deposition interface (crucible lid). Nevertheless, this estimate 

is not valid for a novel approach when growing crystals on a 

pre-sintered powder surface. The growth rate and size 

differences can be explained as follows. First, the AlN crystal 

growth rate is proportional to the temperature where the 

nucleation occurs, whereas in this study the AlN crystal 

growth temperature at the top surface of the pre-sintered AlN 

powder source was 20~50 K higher than that of the tungsten 

crucible lid in this growth chamber. Second, the AlN crystal 

growth rate is inversely proportional to δ, whereas growth on 

the pre-sintered AlN powder source has a much smaller δ 

when compared to growth on the crucible lid. Finally, the 

local supersaturation simulated by this in-house code (not 

shown) on the surface of the pre-sintered AlN powder source 

is much lower as compared to that on the crucible lid. 

Therefore, stress-free crystals with high structural perfection, 

appreciable size, and low nucleation density can be grown 

under these close-to-equilibrium conditions

[14,15]

. 

2.2  Surface morphologies of as-grown crystals 

To investigate the growth behavior and surface morpho-  
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Fig.2  Spontaneously nucleated freestanding AlN single crystal grown on the pre-sintered AlN powder source at 2373~2523 K for 100 h (a); 

m-plane wafer cut from a spontaneously nucleated freestanding crystal (b); surface morphology of point c (c) and point d (d) in Fig.2b 

 

logies, m-plane wafers were cut from one typical freestanding 

crystal, as shown in Fig.2b. Surface morphologies at different 

locations on these wafers were examined using an optical 

microscope. Fig.2c shows that the c-axis [0001] is the main 

growth orientation in the early growth stage. The growth 

terraces are 80~120 µm in width and perpendicular to the 

growth direction. However, the m-axis [1010] or the a-axis 

[1120] finally became the dominant growth orientation within 

the next several millimeters, as shown in Fig.2d. The growth 

terraces parallel to the growth direction first form on the edges 

of the m-plane, and then coalesces gradually with further 

growth. As a result, the growth along the c-axis slows and 

finally stops. This outcome may explain the limitation of 

continuous crystal growth in this experiment. 

The as-grown and sliced c-plane facets of the obtained 

crystals were investigated by selective wet-etching in a molten 

eutectic NaOH-KOH alloy. Because of the inhomogeneous 

nature of the defects, the selective wet-etching produced 

hexagonal etch pits on the Al-polar surface or hillocks on the 

N-polar surface under appropriate etching conditions. Because 

the Al-polar surface showed higher stability, the etching rate 

of the Al-polar surface was significantly lower than that of the 

N-polar surface

[16-18]

.  

Fig.3a presents the etch pits after 180 s of etching at 633 K 

for an as-grown Al-polar surface. The estimated average EPD 

is approximately 7.5×10

4

 cm

-2

. Hexagonal pyramids could be 

observed after 60 s of etching at 453 K for an as-grown 

N-polar surface, as illustrated in Fig.3b. Small pyramids of 

several microns in diameter and covering most of the surface 

area are observed, whereas some bigger pyramids of 20~30 

µm in diameter form in lines or on the border of the top 

surface. The pyramids all have a 6- or 12-fold symmetrical 

structure formed by rhombohedral sidewall facets. A special 

c-plane surface with mixed Al- and N-polar polarities is 

etched for 30 s at 513 K, as demonstrated in Fig.3c. A terrace 

forms after etching due to the different etching rates of the Al- 

and N-polar regions, and the boundary between the two 

regions is parallel to the m-axis. This result indicates that a 

polarity inversion occurs during crystal growth. Shigetoh et 

al

[19]

 reported that the initial oxygen impurity incorporation 

was the origin of the polarity inversion during the PVT growth. 

However, this conclusion does not explain the growth results 

obtained by the proposed novel approach, as all the 

freestanding crystals on the surface of the pre-sintered AlN 

powder source were nucleated and grown simultaneously 

under identical growth conditions, including the concentration 

of oxygen impurity. The origin of the polarity inversion must 

be further investigated. 

2.3  Structural quality of as-grown crystals 

HRXRD and Raman spectroscopy were used to investigate 

the structural quality of the as-grown AlN single crystals. The 

HRXRD rocking curve reveals an FWHM of 93.6 arc-second 

for symmetric reflection on a c-plane surface of an Al-polar 

AlN crystal, as illustrated in Fig.4. This value is much lower 
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Fig.3  Al-polar (0001) facet after 180 s of etching at 633 K (a); N-polar (0001 ) facet after 60 s of etching at 453 K (b); c-plane surface with 

mixed Al-polar/N-polar facet after 30 s of etching at 513 K (c) in molten eutectic KOH/NaOH alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  X-ray rocking curve of AlN single crystal grown on the pre- 

sintered AlN powder source 

 

than that of crystals grown by heteroepitaxy

[20]

 but is still 

higher than that of crystals grown by homoepitaxy

[21]

. Raman 

spectroscopy analysis with 532 nm laser excitation was 

performed on an m-plane surface of an Al-polar AlN crystal to 

evaluate the structural quality of the wafers and the residual 

stress inside the wafers. Only A

1

 (TO), E

2

 (high), E

2

 (low), and 

E

1

 (TO) modes could be observed. As shown in Fig.5 and 

Table 1, the Raman spectrum exhibits an E

2

 (high) peak with a 

very small Raman shift, for which the FWHM is 5.7 cm

-1

. 

Compared with the results from Ref. [22], the as-grown single 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Raman spectrum of AlN single crystal grown on the pre- 

sintered AlN powder source 

 

Table 1  Raman spectrum parameters of as-grown AlN corre- 

sponding to Fig.5 

Observed 

phonon mode 

Raman shift/ 

cm

-1

 (As- 

grown crystal) 

Raman shift/ 

cm

-1

 (Crystal 

in Ref.[22]) 

FWHM/cm

-1

 

(As-grown 

crystal) 

E

2

 (low) 248 248 6.5 

A

1

 (TO) 610 610 5.9 

E

2

 (high) 657 656 5.7 

E

1

 (TO) 670 669 6.3 
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Table 2  Major impurities measured by EGA and GDMS (µg·g

-1

) 

Element C O W Si Fe Na B 

Powder source <600 <12000 - 70 20 - - 

As-grown crystal 28.0 120 <5.0 2.5 <0.50 <0.1 <0.05 

Crystal in Ref.[22] <100 <86 7.9 2.5 0.15 7.3 - 

 

crystals are nearly stress-free. 

It is common knowledge that the major impurities in bulk 

AlN crystals are oxygen, carbon, and silicon, which result in 

the generation of point defects and additional optical 

transitions

[23]

. Therefore, EGA and GDMS measurements 

were performed to determine the major impurities in the 

initial powder source and bulk crystals, as presented Table 2. 

It should be noted that all other trace impurities not listed in 

Table 2 are low and below the GDMS measurement limits. It 

could be seen that carbon and oxygen are reduced to quite 

low levels after the sintering process and crystal growth 

(carbon and oxygen are 28 and 120 µg·g

-1

, respectively), 

although they are still the dominant impurities in the as- 

grown crystals. 

Using the small AlN seeds prepared by the free-standing 

growth method, crack-free bulk AlN single crystals/wafers 

with diameter up to 60 mm and with excellent deep UV 

transparency were successfully prepared

[24]

. However, the 

proposed novel approach is still in its infancy and needs 

further investigation, such as the growth behavior and polarity 

inversion mechanism, in order to obtain even larger-size and 

higher-quality AlN seeds for subsequent AlN PVT homoe- 

pitaxial process, which is key to grow inch-size high-quality 

AlN crystals for UV LED applications. 

3  Conclusions 

1) A novel approach to grow freestanding AlN single 

crystals spontaneously using the physical vapor transport 

method is presented. Using this approach, dozens of single 

crystals can be obtained on the surface of a pre-sintered AlN 

powder source in a single growth run. 

2) The HRXRD rocking curve reveals an FWHM of 93.6 

arc-second, which is much lower than that of crystals grown 

by heteroepitaxy. Raman spectra exhibit an E

2

 (high) peak 

with a very small Raman shift, for which the FWHM is 5.7 

cm

-1

, indicating that there is almost no residual stress in these 

crystals. The estimated average EPD is approximately 7.5×10

4

 

cm

-2

, showing a lower DD value as well.  

3) Carbon and oxygen are the dominant impurities in the 

as-grown crystals, but their values are reduced to quite low 

levels after the sintering process and crystal growth. Carbon 

and oxygen are 28 and 120 µg·g

-1

, respectively. 

4) The largest AlN single crystal growth at 2373~2523 K 

for 100 h is 7 mm×8 mm×12 mm, and the typical diameter is 

5~7 mm. 
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