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A crack-free aluminum nitride (AlN) layer of 9 ± 1 μm thickness was grown on a nanopatterned sapphire substrate (NPSS) with a sputter-deposited
AlN buffer layer. The buffer layer was thermally annealed and AlN was regrown by hydride vapor-phase epitaxy (HVPE). The dependence of the
crystallinity of HVPE-grown AlN layers on the growth temperature was investigated. It was found that undesired misaligned AlN growth can be
prevented by choosing an appropriate growth temperature. The full widths at half maximum of the (0002)- and (10–12)-plane X-ray rocking curves
were improved to as low as 102 and 219 arcsec, respectively, by applying an NPSS with a sputter-deposited annealed AlN film. Compared with
substrates without nanopatterning, the NPSS was also effective for suppressing cracks owing to the formation of voids at the interface of the
HVPE-grown AlN layer and NPSS template. © 2019 The Japan Society of Applied Physics

1. Introduction

AlxGa1-xN-based optoelectronic devices such as UV-LEDs
have attracted worldwide attention. A thick aluminum nitride
(AlN) layer is commonly used as a crucial template between
a sapphire substrate and AlGaN for deep UV-LEDs.1–10) To
realize the full potential of such devices, a high-quality AlN
template is essential. Numerous groups have attempted to
grow AlN crystals.11–16) Hydride vapor-phase epitaxy
(HVPE) is one of the promising approaches for the prepara-
tion of freestanding AlN substrates or thick templates
because of its high growth rate and low carbon impurity
incorporation.17–19) Several groups have demonstrated the
growth of AlN directly on sapphire substrates by HVPE. The
best X-ray diffraction (XRD) rocking curve FWHM values
were in the ranges of 120–600 arcsec for the (0002) reflection
and above 400 arcsec for the (10–12) reflection.20–24)

Moreover, it is still challenging to grow a crack-free thick
AlN layer with high crystallinity on a flat sapphire substrate
(FSS) owing to the large difference in the thermal expansion
coefficients and lattice constants between AlN and the
sapphire substrate. Nanopatterned sapphire substrates
(NPSSs) have been proved to be effective in realizing for
strain management to prevent layer cracking. However,
previous research showed that it is difficult to grow AlN
directly on PSSs.25,26) Recently, our group realized high-
quality AlN/sapphire templates by combining sputtering and
high-temperature annealing using a face-to-face method.27)

Therefore, the application of a high-quality sputter-deposited
annealed AlN film as the buffer layer instead of a nitrided
NPSS for HVPE growth not only simplifies the growth
process but may also improve the crystallinity owing to the
high-quality AlN film on the c-plane region of the NPSS.
In this study, we aim to grow a high-quality thick AlN

layer without cracks by HVPE on NPSS with a sputter-
deposited annealed AlN film. The dependence of the crystal-
linity of AlN layers on the growth temperature was investi-
gated. To the best of our knowledge, this is the first report of
AlN growth on an NPSS with a sputter-deposited annealed
AlN film by HVPE.

2. Experimental methods

A c-plane FSS and a commercially available c-plane-oriented
NPSS were used in this study. The misorientation angle of
the c-plane FSS and c-plane-oriented NPSS was 0.2° toward
the [1–100] direction. The NPSS has a hexagonal arrange-
ment of cone structures on the front side, as shown in Fig. 1.
An AlN film of 200 nm thickness was deposited on sapphire
by sputtering. Subsequently, the sputter-deposited AlN film
was thermally annealed in N2 at 1700 °C for 3 h using the
“face-to-face” setup.27) The template was used as a substrate
for HVPE homo-epitaxial growth. Polycrystalline AlN was
used as a target and the ambient was an argon (Ar) and
nitrogen (N2) gas mixture with the ratio [Ar]/[N2]= 0.25.
The radio-frequency (RF) power and growth temperature
were 700W and 600 °C, respectively. The AlN layer was
grown by HVPE using an RF heating system. The growth
temperature and pressure were 1400 °C–1550 °C and 10 kPa,
respectively. The growth duration was 30 min NH3, Al, and
HCl were used as source materials, and N2 and H2 were used
as carrier gases. The source of AlCl3 was formed by the
reaction of Al and HCl at 550 °C in the source zone of the
reactor, and AlCl3 was then reacted with NH3 in the growth
zone, producing AlN layers. The flow rates of HCl and NH3

were 40 and 50 sccm, respectively. The surface morphology
and structure of the AlN layer were characterized by optical
microscopy and scanning electron microscopy (SEM). The
crystallinity of the AlN films was determined by XRD
analysis using an asymmetric Ge(220) monochromator with

Fig. 1. Cross-sectional illustration of NPSS.
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Cu K-alpha 1 radiation (wavelength, 0.154 nm) and Raman
analysis. KOH etching was conducted at 80 °C for 5 min for
polarity characterization. The molar concentration of KOH
solution was 8 mol l−1. Specimens for cross-sectional trans-
mission electronic microscopy (TEM) observation along the
[11–20] AlN direction were prepared using a focused ion
beam.

3. Results and discussion

The cross-sectional SEM observation proved that the sputter-
deposited annealed AlN films on the c-plane of NPSSs
(regions between cone structures) were relatively smooth
because of the solid-phase reaction during high-temperature
annealing. On the other hand, the KOH etching confirmed
that the grains with c-axis-oriented AlN were on the c-plane
and cone tips of the NPSS. The results of SEM and KOH
etching of sputter-deposited annealed AlN films will be
published elsewhere. The FWHM values of symmetric
(0002) and asymmetric (10–12) AlN X-ray Bragg diffraction
peaks were too broad and weak to be measured for the
sputter-deposited annealed AlN film on the NPSS, which
resulted from the growth of the AlN film on non-c-plane
sapphire facets (cone region) exhibiting several crystal
orientations. Figures 2(a)–2(d) show the surface morphology
of the HVPE-grown AlN layer at different growth tempera-
tures on the NPSS with sputter-deposited annealed AlN films.
The surface morphology of the AlN layer grown at 1550 °C
on the FSS with sputter-deposited annealed AlN films is
indicated in Fig. 2(e). The surfaces of the AlN layers grown
at 1400 °C and 1450 °C were too rough to be observed by
NorMarski microscopy, as respectively shown in Figs. 2(a)
and 2(b). With increasing growth temperature above 1500 °
C, hexagonal hillocks, which were commonly observed on
the surface of HVPE-grown AlN layers, could be observed,
as shown in Figs. 2(c) and 2(d).28) The hillocks on the surface
of AlN grown at 1550 °C, as shown in Fig. 2(d), had
relatively gentle sidewalls, as confirmed by SEM observation
later. No pits were observed on the surface, indicating the
complete coalescence of the AlN layer at growth tempera-
tures above 1500 °C. The XRC shown in Fig. 3 indicated that

the crystallinity of the AlN layers was improved with
increasing growth temperature. The FWHM values of asym-
metric (10–12) AlN X-ray Bragg diffraction peaks were too
broad and weak to be measured for HVPE-grown AlN layer
on NPSS with the sputter-deposited annealed AlN film at
1400 °C. The growth rate decreased with increasing tempera-
ture because the gas-phase transport was suppressed.
The growth rates were approximately 24 and 20 μm h−1 at
1400 °C and 1550 °C, respectively. When the growth tem-
perature was increased to above 1550 °C, the growth rate
decreased markedly because of the desorption of AlN. Thus,
the growth conducted above 1550 °C was not considered in
this study. The FWHM values of symmetric (0002) and
asymmetric (10–12) AlN X-ray Bragg diffraction peaks
decreased with increasing growth temperature and were
improved to as low as 102 and 219 arcsec, respectively. On
the other hand, the FWHM values of the (0002) and (10–12)
peaks of AlN grown under the same conditions on an FSS
with the sputter-deposited annealed AlN film were 70 and
395 arcsec, respectively. Note that the 9 ± 1 μm thick AlN
layer grown on the NPSS with the sputter-deposited annealed
AlN film was crack-free, whereas cracks were observed on

Fig. 2. (Color online) NorMarski images of AlN layers grown on NPSSs with sputter-deposited annealed AlN films at (a) 1400 °C, (b) 1450 °C, (c) 1500 °C, and
(d) 1550 °C and AlN layer on (e) FSS at 1550 °C.

Fig. 3. (Color online) FWHMs of (0002)- and (10–12)-plane XRCs of AlN
layers grown on NPSS with sputter-deposited annealed AlN films at 1400 °
C–1550 °C.
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the AlN layer with the same thickness grown on the FSS with
the sputter-deposited annealed AlN film, as shown in
Figs. 2(d) and 2(e).
Raman analysis was performed on the AlN layers grown at

different temperatures on the NPSS with the sputter-deposited
annealed AlN film. The backscattering z(y-)-z configuration was
chosen for Raman analysis and the result is shown in Fig. 4. The
dashed line in Fig. 4 indicates the E2(high) peak of bulk AlN at
657.4 cm−1. From Fig. 4, the shift of the E2(high) peaks towards
higher wavenumbers shows that the HVPE-grown AlN layers
on the NPSSs with the sputter-deposited annealed AlN film
exhibited compressive strain, which is reported to preferentially
occur to prevent crack formation.29–31) For the z(y-)-z scattering
geometry of c-axis-oriented AlN layers, only E2(high) peaks
should be observed from 600 to 700 cm−1. However, the
A1(TO) mode at 610 cm−1 and the relatively intense E1(TO)
mode at 670 cm−1 were also observed in the AlN layers grown
at 1450 °C.32) The breaking of the scattering selection rules can
result from the disorientation of crystallites (facets) with respects
to the sample surface. The higher growth temperature for
HVPE, above 1500 °C in our case, is confirmed to promote
the formation of c-oriented AlN layers without crystallites

disoriented by Raman phonon modes. On the other hand, the
normalized intensity of the E2(high) peak increased with the
growth temperature, indicating that a high temperature improves
the growth of (0001) AlN. The result of Raman analysis is
consistent with that of the XRD measurements.
Figures 5(a) and 5(b) respectively show cross-sectional

SEM images of the AlN layers grown at 1400 and 1550 °C
on the NPSSs with the sputter-deposited annealed AlN film.
The AlN surface was rough and covered by facets deviated
from c-axis at 1400 °C, as shown in Fig. 5(a), consistent with
the NorMarski observation [Fig. 2(a)] and Raman analysis
results. The AlN layer coalesced when the growth tempera-
ture increased to 1550 °C, as shown in Fig. 5(b). Relatively
smooth surface was confirmed in the cross-sectional SEM
images under high magnification, which demonstrated hil-
locks on surface are flat. A magnified view of the interface
between the sputter-deposited annealed AlN film and the
NPSS enclosed in the black rectangle is shown in Fig. 5(b).
The locations of voids in the AlN layer differed at growth
temperatures of 1400 and 1550 °C, which indicated different
growth modes at these temperatures. On the other hand,
misaligned crystallites were observed in the non-c-planes, as
shown in the magnified images.33) The formation of mis-
aligned crystallites on the non-c-plane sapphire facet was
confirmed by TEM measurement later. The interfacial voids
formed between the sapphire substrate and the AlN layer are
expected to be advantageous for the preparation of free-
standing AlN thick layers and thin-film LEDs by laser-lift off.
Note that the amount of misaligned crystallites in the non-c-
planes was smaller comparing to HVPE-grown AlN layer.
Therefore, we assumed that the misaligned crystallites
formed in the non-c-planes barely affect the quality of the
upper AlN layer. Moreover, the tips of the cone structures on
NPSSs decomposed at 1550 °C, as shown in Fig. 5(b), which
was confirmed by TEM observation later. It is reported that
partial decomposition of the sapphire surface and void
formation underneath a 100 nm thick AlN film occur as a
result of thermal treatment in a mixed gas flow of H2, N2, and
NH3 at 1450 °C.

34,35)

Fig. 4. (Color online) Raman spectra of AlN grown on NPSSs with
sputter-deposited annealed AlN films at 1400 °C–1550 °C. The dashed line
indicates the E2(high) peak of bulk AlN at 657.4 cm−1.

Fig. 5. (Color online) Cross-sectional SEM images and illustrations of AlN layers grown at (a) 1400 °C and (b) 1550 °C on NPSS with sputter-deposited
annealed AlN films.
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On the basis of the SEM observations, the growth
processes at 1400 °C and 1550 °C are respectively illustrated
in Figs. 5(a) and 5(b). The growth rates at 1400 °C were
almost the same in the non-c-plane and the c-plane surface of
the NPSS because the migration of Al species was relatively
slower than that at 1550 °C. The Al species were uniformly
distributed in both non-c-plane and c-plane surface of the
NPSS, which resulted in almost the same growth rates of AlN
in both regions at 1400 °C. Since the c-axis-oriented growth
on the c-plane could not continue owing to the blocking of
AlN growth by misaligned AlN crystallites in the non-c-plane
region, the crystallinity of the AlN layer deteriorated. When
the growth temperature increased to 1550 °C, the migration
of Al species was promoted primarily forward to the c-axis
surface, which was energy-stable. The c-axis-oriented growth
rate of AlN in the c-plane region of the NPSS was much
higher than that on the non-c-axis plane, which led to the
improvement of AlN crystallinity. Moreover, the high-quality
sputter-deposited annealed AlN film in the c-plane region of
the NPSS was also assumed to contribute to the high
crystallinity during homoepitaxy. The formation of various
facets on the AlN layer surface at different growth tempera-
tures could be explained by the equilibrium crystal shape
theory, which indicates that the surface energies of the crystal
plane vary with the growth temperature.36–38) The facet of the
growth front on the surface is the c-axis plane since its free
energy is lowest when the growth temperature is sufficiently
high. The stable facet is expected to change to non-c-axis
facets when the growth temperature is, in our case, lower than
1450 °C. It was proved that when the growth temperature is
sufficiently high, AlN growth is along the [0001] direction
and (0001) is the facet on the surface.
Cross-sectional TEM was conducted to investigate the

dislocation behaviors in the HVPE-grown AlN layer on the
NPSS with a sputter-deposited annealed AlN film, as shown
in Fig. 6. It is found that the AlN layer completely coalesced
and had coalescence thickness of about 1.8 μm, which was
less than the previously reported coalescence thicknesses for
AlN grown on micropattered substrates using ELO
technique.39) Black contrast areas indicate misaligned crystal-
lites located on the non-c-axis sapphire plane, which was
consistent with our hypothesis based on the SEM observation
mentioned above, as shown in Fig. 5(b). Two-beam diffrac-
tion conditions were used to characterize the dislocations
near the interface between the AlN and NPSS. As shown in
Fig. 6, it is evident that threading dislocations are mainly

generated at the coalescence boundary instead of the c-axis-
orientated sapphire plane. The TEM observation proved that
the high-quality sputter-deposited annealed AlN film in the
c-plane region of the NPSS contributes to the high crystal-
linity during homoepitaxy. Moreover, the results show that it
is crucial to control the lateral growth rate since a high
growth rate in the lateral direction results in tilted growth
fronts. An increase in the lateral growth rate should lead to
worsening of disorientations among different coalescence
regions above the voids.

4. Conclusions

AlN were grown on NPSSs and FSSs with sputter-deposited
annealed AlN films by HVPE and the HVPE-grown AlN
layers were characterized. The crystallinity of AlN layers
grown on the NPSSs with sputter-deposited annealed AlN
films improved with increasing growth temperature. A higher
temperature for HVPE growth was found to promote the
formation of c-oriented AlN layers and suppress the forma-
tion of disoriented crystallites on the non-c-axis planes,
resulting in the improved crystallinity. Moreover, 9 ± 1 μm
thick AlN layers without cracks were fabricated on the
NPSSs with sputter-deposited annealed AlN films at 1550 °
C and the FWHMs of the (0002)- and (10–12)-plane X-ray
rocking curves were improved to as low as 102 and
219 arcsec, respectively. The NPSSs with sputter-deposited
annealed AlN films are promising for realizing high-quality
and large-scale freestanding AlN substrates or templates
without cracks by HVPE growth.
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