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AlN Bulk Single Crystals Growth
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Single crystalline aluminum nitride (AlN) is an indispensable material as a substrate for 
improving the quality of III-nitride semiconductors based on AlN expected to be applied for 
power electronics devices and deep UV LEDs/LDs. In this study, we report growth of high-
quality AlN bulk single crystals by sublimation method (modified Lely method) on SiC seed 
crystal. Moreover, we succeed in the high-speed growth of AlN bulk single crystals on AlN seed 
crystal.

1. Introduction
Aluminum nitride (AlN) is a material with excellent 

physical properties. For instance, the band gap (6.2 
eV) is the maximum in the semiconductor. The physi-
cal properties value of the main semiconductor 1)-3) is 
indicated in Table 1.

Recently, wide-gap semiconductors such as SiC and 
GaN have attracted attention as a semiconductor that 
replaces Si. They are expected to be used as (i) a high-
ly effective power device for an electric vehicle, a con-
sumer electronics, and a high power equipment, etc.
and (ii) a high-speed, high-power, high-frequency de-
vice.  The use of AlN as an efficient electronic device 
semiconductor is expected so that AlN may have 
breakdown strength and saturated electron velocity 
that is higher than those of SiC and GaN.

Moreover, AlN has the wide band gap and is direct 
transition-type semiconductor. Therefore, use of AlN 
in the deep ultraviolet light emitter is expected. Re-
cently, the deep ultraviolet light of AlN semiconductor 
light emitting diode (LED) was confirmed; the wave-
length was 210 nm 4). The use of AlN is expected in a 
wide range of fields: ultraviolet LED, deep ultraviolet 
light semiconductor laser (LD), sterilization, water 
cleaning, various realm of healing, detoxification of 
poisonous substances, and high-density optical re-
cords. 

In addition, AlN is expected for use as the substrate 
for a high-quality GaN device because the lattice pa-
rameter of AlN and GaN is very close.

It is necessary to form high-quality epitaxial layer to 
obtain efficient semiconductor including AlN. Howev-
er, AlN that have the diameter and crystalline admit-
ted a semiconductor grade have not been marketed 

yet, the early development is expected.
The nitrogen dissociation pressure of AlN is high. 

Therefore, AlN sublimes and is resolved without melt-
ing on increasing the temperature at atmospheric 
pressure. Then, we decided to pay attention to subli-
mation method (modified Lely method) 5) as single 
crystal growth method, and to advance the examina-
tion. In this method, in the closed space, the sublimed 
gas generated from the material is transported over 
the substrate of the low temperature compared with 
the material by diffusion, the gas is cooled, and then 
the crystal grows up. In this study, we report the 
growth of high-quality AlN bulk single crystals on SiC 
seed crystal in closed system. Moreover, we report the 
high-speed growth of AlN bulk single crystals on AlN 
seed crystal with a similar device.

2. Experimental
AlN bulk single crystals were grown by the sublima-

tion method in a N2 atmosphere using an RF-heated 
furnace as shown in  Fig. 1. The crucible was double 
(inner crucible: TaC; outer crucible: graphite). 6H-SiC 
(0001) or AlN (0001) substrate was held on a TaC cru-
cible cap. During the growth, the temperature of the 
graphite crucible cap was measured with a pyrometer 
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Table 1. Physical properties of important semiconductors.

Material AlN Si GaAs 4H-SiC GaN
Dia-

mond

Band gap (eV) 6.282) 1.12 1.43 3.26 3.39 5.47

Electron mobility
(cm2 V-1 s-1)

1100 1350 8500 720a/650c 900 1900

Breakdown strength 
(106 V cm-1)

11.7 0.3 4 2 3.3 5.6

Thermal conductivity
(W cm-1 K-1)

3.43) 1.5 0.5 4.5 1.3 20

Band type D I D I D I
a: a-axis, c: c-axis
D: Direct, I: Indirect
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to maintain a temperature range of 1700 - 2200 °C. 
The N2 pressure in the furnace was kept at 100 - 700 
Torr during growth.

Raman scattering spectroscopy measurements were 
performed to investigate crystalline phase of the ob-
tained AlN single crystals. The behavior of grain 
boundaries and cracks along the growth direction was 
evaluated using cross-section transmitted optical mi-
croscopy.

Etch pit observation for the etch pit density (EPD) 
determination and X-ray rocking curve (XRC) mea-
surements for the crystalline evaluation were per-
formed, which were prepared with the following two-
step process: (i) bulk AlN crystals were sliced in 
parallel with the (0001) plane and (ii) the sliced speci-
mens were polished. For etch pit observation, these 
AlN (0001) specimens were etched in a molten KOH/
NaOH mixture.

3. Results and discussion

3.1   AlN (0001)  bulk  single  crystal growth  on  SiC 
(0001) substrates 6)7)

3.1.1   Shape and surface morphology of AlN bulk sin-
gle crystals

Fig. 2 shows photographs of two AlN bulk single 
crystals grown. As the white arrows of Fig. 2 indicate, 
in both crystals, (101̄N) facets with six-fold symmetry 

were observed on each surface of lateral side of the 
crystals, which implies that the AlN single crystals 
chiefly grow along the <0001> direction. Moreover, 
(0001) facets were observed on the top of both crys-
tals. In Fig. 2 (b), the maximum diameter of the AlN 
single crystal (φ 43 mm) is larger than the diameter of 
the SiC substrate (φ 35 mm). The temperature distri-
bution encouraged sublimed gas from the AlN source 
material to concentrate on the substrate. In addition, 
the temperature gradient results in the convex shape 
of the grown crystal as shown in  Fig. 2 (b).

The surface morphologies of AlN single crystals 
grown with different thicknesses are shown in Fig. 3. 
With the 4-mm-thick crystal, many (101̄N) facets and 
very small scattered (0001) facets formed over the en-
tire surface, as shown in Fig. 3 (a). Moreover, many 
hollow cores were also observed, each of which ex-
tended from the apex of a pyramidal hollow to the inte-
rior of the crystal. Similar surface morphology has 
been observed in the initial stage of GaN crystal growth 
by liquid-phase epitaxy (LPE) 8). Many cracks are gen-
erated on the surface of this 4-mm-thick crystal be-
cause of the difference between the thermal expansion 
coefficients of AlN and SiC.

The surface morphology of an AlN crystal grown to 
a thickness of 10 mm (Fig. 3 (c)) exhibits the following 
features: (1) expanded (0001) facets, (2) suppressed 
coves and hillocks with (101̄N) facets, and (3) no 
cracks compared with the 4-mm-thick crystal. 

3.1.2  Evaluation of crystal quality
The crystal layers were analyzed by Raman scatter-

ing spectroscopy. The Raman spectrum for the ob-
tained AlN (0001) single crystal (Fig. 4) shows two 

Panel 1. Abbreviations, Acronyms, and Terms.

LED–Light Emitting Diode
EPD–Etch Pit Density

XRC–X-ray Rocking Curve 
FWHM–Full Width at Half Maximum

AlN single crystal

AlN source

RF coil

graphite crucible
substrate TaC crucible

Fig. 1. AlN crystal growth equipment 6)7).

Growth direction

1

(a) (b)

2

34

(a) 35 mm in diameter and 6 mm in thickness
(b) 43 mm in diameter and 10 mm in thickness

1.TaC cap, 2. SiC substrate, 
3.AlN polycrystalline and 4. AlN single crystal.

Fig. 2. AlN bulk single crystals 6)7).



22

sharp peaks at 650 and 890 cm-1, which correspond to 
the E2H and A1 (LO) modes of ideal 2H-AlN, respec-
tively. Therefore, the spectrum indicates that the poly-
type of AlN is the Wurtzite-2H type structure. No im-
purity-phase Raman mode was detected. There is no 
significant difference between the spectra measured 
at different positions on a surface of the single crystal. 
For the AlN crystal shown in Fig. 2 (b), Raman spectra 
indicate that (i) the single crystal has a maximum di-
ameter of approximately 43 mm and (ii) a slight poly-
crystalline AlN is deposited on lateral side of the AlN 
single crystal near the TaC cap.

Cross-section transmitted optical microscopy image 
of the AlN layer grown on 6H-SiC substrate is shown 
in Fig. 5. A large number of cracks occur near the 
AlN/SiC interface. The number of cracks decreases 
greatly as the distance from the AlN/SiC interface in-
creases, which implies that the stress arising at inter-
face between SiC and AlN relaxes gradually during the 
growth. It is likely that the following two boundaries 
(a) an oblique boundary separating the left bright am-
ber area from the upper dark green area and (b) a 
steep curved boundary (accompanying cracks partial-

ly) correspond with small-angle grain boundaries. The 
difference in the crystal colors may be derived from 
different concentrations of unconscious atomic vacan-
cies and/or impurities such as C, O, and Si atoms.

To evaluate the dislocation density, etch pit density 
was measured. Optical microscopy images of the 
chemical etched surfaces of AlN (0001) plate-like spec-
imens cut from (a) near AlN/SiC interface and (b) 
crystal top of an AlN crystal are shown in Fig. 6. Clear 
etch pits were observed only in the Al-face of the AlN 
(0001) specimens under experimental conditions. The 
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(a) 4 mm, (b) 8 mm,and (c) 10 mm in thickness  

Fig. 3. Surface morphologies of the AlN crystals 6)7).
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Fig. 4. Raman spectrum of a grown AlN single crystal 6)7).
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Fig. 5. The AlN layer grown on 6H-SiC substrate 6)7).
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(a) Near AlN/SiC interface, (b) Crystal top 

Fig. 6. The molten alkali etched surfaces of AlN (0001) 
specimens 6)7).
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EPD is very high, 4 ¥ 106 cm 2, for AlN specimens cut 
from an AlN crystal near the AlN/SiC interface, which 
implies that many misfit dislocations are generated 
near the AlN/SiC interface owing to the strain relax-
ation arising from the lattice mismatch between AlN 
and SiC. In contrast, AlN specimens cut from the top 
of the crystal reveal a low EPD down to 7 ¥ 104 cm -2. 
These results indicate that the EPD tends to decrease 
as the distance from the AlN/SiC interface increases.

XRCs were measured to evaluate grain tilt angle.  
Figure 7 shows typical XRC patterns of the 0002 reflec-
tion in ω-scan for AlN specimens cut from (a) an AlN 
crystal near the AlN/SiC interface and (b) the top of 
an AlN crystal. A specimen taken from an AlN crystal 
near the AlN/SiC interface reveals that the 0002 peak 
splits into four peaks and broadens, which means that 
the AlN single crystal near the interface has a mosaic 
structure with small-angle tilt grain boundaries. The 
full width at half maximum (FWHM) of the 0002 rock-
ing curve in the o-scan is estimated to be 183 arcsec 
for the specimen. An AlN specimen from the top of the 
crystal exhibits only two peaks and a smaller FWHM 
(58 arcsec) than the AlN specimen taken from the 
crystal near the interface. The suppression of the peak 
splitting and the reduction in the FWHM suggest that 
the <0001> direction of each grain tends to align as the 
distance from the AlN/SiC interface increases, al-
though the mosaic structure remains at the top of the 
crystal.

3.2   AlN (0001) bulk single crystal high-speed growth 
on AlN (0001) substrates 6)7)

In the sublimation method, raising the growth tem-
perature expects high-speed growth. However, there 
was a problem that the growth AlN crystal becomes a 
polycrystal. We ascertained the cause of the polycrys-
tallization as follows. At the crystalline growth, the car-
bon particles dissociate from the carbon crucible and 
go into the TaC crucible. The carbon particles form 
the nucleus that causes polycrystallization with adhe-
sion to the crystal surface. We achieved the high-speed 
(200 μm/h) homoepitaxial growth of AlN bulk single 
crystal at high temperature (2100 °C), by controlling 
pollution by the carbon particle. Figure 8 shows one of 
the AlN bulk single crystals.

The crystal was grown, about 35 mm in diameter 
and 2 mm thick. The Raman spectrum indicates sharp 
peaks of E2H and A1 (LO) modes of 2H polytype of AlN. 
No polytype and impurity phase were included in the 
crystal.

The EPD and FWHM of 0002 XRC for two typical 
AlN (0001) specimens, which were cut from (i) a 
grown AlN single crystal and (ii) the AlN substrate, 
are summarized in Table 2.

The crystal quality of the grown AlN crystal tends to 
be higher than that of the substrate from the following 

two results: (i) the EPD of the specimen taken from 
the AlN substrate is approximately 10 times as high as 
that taken from the grown AlN crystal, indicating that 
low etch pit density (1.2 ¥ 104 cm-2) is achieved at 2 
mm in thickness as shown in Fig. 9; (ii) the specimens 
for the grown AlN crystal tend to show the rocking 
curve with smaller FWHM in comparison with that for 
the AlN substrate.
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Fig. 7. X-ray rocking curves of 0002 reflection in -scan taken 
from AlN (0001) specimens 6)7).

Fig. 8. An AlN bulk single crystal grown with high growth rate 
200 μm/h on an AlN (0001) substrate 7).
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4. Conclusion
AlN bulk single crystals were grown on SiC (0001) 

substrates by the sublimation method in the crucible 

of the closed system to obtain large and high-quality 
ones. As a result, large and high-quality AlN single 
crystals were obtained. The maximum diameter is 43 
mm, and FWHM were 183 arcsec. Moreover, we suc-
ceed in the high-speed (200 μm/h) growth of AlN bulk 
single crystals on AlN substrate at high temperature. 
We aim to develop the technology for growth of more 
high-quality and larger single crystals.

References
1)  T. P. Cho : Mater. Sci. Forum, Vol.338/342, p.1155, 2000
2)  J. C. Rojo, L. J. Schowalter, K. Morgan, D. I. Florescu, F. H. 

Pollak, B. Raghothamachar, and M. Dudley : Mater. Sci. Res. 
Soc. Symp. Proc., Vol.680E, E2.1.1, 2001

3)  P. B. Perry, and RF. Ruz : Appl. Phys. Lett., Vol.33, p.319, 
1978

4)  Y. Taniyasu, M. Kasu, and T. Makimoto : Nature, Vol.441 
pp.325-328, 2006

5)  Y. M. Tairov, and V. F. Tsvetkov : J. Cryst. Growth, Vol.43 
p.209, 1978

6)  I. Nagai, T. Kato, T. Miura, H. Kamata, K. Naoe, K. Sanada, 
and H. Okumura : J. of Crystal Growth, accepted (2010)

7)  T. Kato, I. Nagai, T. Miura, H. Kamata, K. Naoe, K. Sanada, 
and H. Okumura : Phys. Status Solidi C 7. 7-8, 1775 (2010)

8)  F. Kawamura, H. Umeda, M. Kawahara, M. Yoshimura, Y. 
Mori, T. Sasaki, H. Okado, K.Arakawa, and H. Mori : Jpn. J. 
Appl. Phys., Vol.45, p.2528, 2006

Item EPD FWHM of 0002 XRC

AlN substrate 105 - 106 cm-2 440 arcsec

Grown AlN crystal 104 - 105 cm-2 202 arcsec

Table 2. The EPD and FWHM of 0002 XRC for typical AlN 
specimens.

EPD:1.2 x 104cm-2

50µm

Fig. 9. The molten alkali etched surfaces of the AlN (0001) 
specimen 7).


