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In this paper, the effects of thickness of AlN nucleation layer grown at high temperature on AlN epi-layer crystalline

quality are investigated. Crack-free AlN samples with various nucleation thicknesses are grown on sapphire substrates

by plasma-assisted molecular beam epitaxy. The AlN crystalline quality is analysed by transmission electron microscope

and x-ray diffraction (XRD) rocking curves in both (002) and (102) planes. The surface profiles of nucleation layer with

different thicknesses after in-situ annealing are also analysed by atomic force microscope. A critical nucleation thickness

for realising high quality AlN films is found. When the nucleation thickness is above a certain value, the (102) XRD full

width at half maximum (FWHM) of AlN bulk increases with nucleation thickness increasing, whereas the (002) XRD

FWHM shows an opposite trend. These phenomena can be attributed to the characteristics of nucleation islands and

the evolution of crystal grains during AlN main layer growth.
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1. Introduction

AlN has a very wide bandgap of 6.2 eV, high ther-
mal conductivity, high chemical and thermal stability,
therefore it is a potential semiconductor material for
applications in microelectronic and UV optoelectronic
devices, including high electron mobility transistors
(HEMTs), UV light emitting diodes (LEDs) and solar
blind detectors.[1−3] AlN thin film could also be used
as an epitaxy template to improve the crystalline qual-
ity of GaN-based epi-layer.[4,5] However, because of
the large lattice mismatch between AlN and sapphire
as well as poor Al adatom migration ability, high-
quality AlN growth on sapphire substrate is more dif-
ficult than GaN either by metal-organic vapour phase
epitaxy (MOVPE) or molecular beam epitaxy (MBE).

Similar to GaN growth procedure, the initial
growth stage plays a very important role in AlN epi-
taxy. For MOVPE technology, the effects of initial
stage on the surface morphology and structure prop-
erties of AlN epi-layers were studied.[6,7] For MBE

growth, a high-temperature AlN nucleation layer is
usually adopted to achieve Al-polarity. Fälth et al.[8]

reported a flat AlN surface with a root-mean-square
(RMS) roughness of 0.9 nm using a nucleation layer
grown under N-rich condition combined with a V/III
ratio of 1 for AlN main layer. However, the influence
of the thickness of AlN nucleation layer on crystalline
quality has not been studied in detail. In the present
work, AlN materials with high-temperature nucleation
layers of different thicknesses are grown on sapphire
substrates by plasma-assisted MBE (PAMBE), and
the effects of nucleation layer thickness on AlN crys-
talline quality are discussed.

2. Experiment

All of the samples were grown on (0001) sap-
phire substrates by an SVTA PAMBE system with
a radio-frequency (RF) plasma nitrogen source. A re-
flection high energy electron diffraction (RHEED) sys-
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tem was equipped for in-situ monitoring the surface
atom construction. Additionally, an IS4000 system
was mounted normally facing the substrate to record
substrate temperature and optical reflectivity. The
growth rate of epi-layer can be calculated from the
oscillation curve of surface optical reflectivity. The
Al and N fluxes are evaluated by measuring growth
rates,[9] and the V/III ratio can be conveniently de-
termined. The surface morphologies of the as-grown
samples were characterised by atomic force microscope
(AFM). The AlN crystalline qualities were analysed
with x-ray diffraction (XRD) in both (002) and (102)
planes. The screw and edge threading dislocations
(TDs) in AlN epi-layers were observed by transmis-
sion electron microscope (TEM).

The substrates were outgassed for 1 h at 500 ◦C
before growth. Then the nitridation process was car-
ried out at a substrate temperature of 780 ◦C with
an RF power and a nitrogen gas flow of 400 W and
3 sccm, respectively. The AlN nucleation layer was
grown on the fully nitridated surfaces at 760 ◦C with
a V/III ratio of 1.04, followed by an in-situ anneal-
ing. Then 1-µm-thick AlN main layers were grown
with a V/III ratio of 0.95 at a substrate temperature
of 820 ◦C. The growth rates of nucleation and main
layers, determined by growing thicker layers under cor-
responding conditions, are about 500 and 490 nm/h,
respectively. Four AlN samples (A1, B1, C1 and D1)
were grown using the same procedures, except for us-
ing different nominal nucleation layer thicknesses of
6.5 nm, 12.5 nm, 25 nm and 50 nm, respectively. In
order to investigate the characteristics of the nucle-
ation layers, another set of samples (A2, B2, C2 and
D2) was prepared under the same conditions as those
of the above four samples, just except for not growing
AlN main layers.

3. Results and discussion

Before the nitridation, a streaky RHEED pattern
of sapphire surface was obtained. After the nitrida-
tion, the RHEED pattern transformed into AlN char-
acteristic, indicating that the sapphire surface had
fully converted into AlN structure of a few atomic
layers in thickness. As soon as the nucleation layer
growth started, the streaky RHEED pattern immedi-
ately changed into a spotty one. This phenomenon
reflects that AlN islands formed at the initial growth
stage due to a large lattice mismatch of 13% between
AlN and sapphire. During the nucleation annealing,

unlike GaN nucleation, there was no obvious change
observed either in RHEED pattern or in surface op-
tical reflectivity. This implies that the in-situ high-
temperature annealing process does not induce de-
composition or recrystallisation even in high vacuum
environment, resulting from the fact that Al–N bond
is stronger than Ga–N bond.[10]

During the growth of the AlN main layer, the
spotty RHEED pattern gradually transformed back to
a streaky one in 20–25 min. The typical 1×1 RHEED
pattern along the AlN [112̄0] direction is shown in
Fig. 1. Clear 0, ±1 order diffraction streaks and
Kikuchi lines can be observed, indicating that highly
ordered periodic structures have been obtained for all
AlN samples. These streaky RHEED patterns were
well maintained to the end of the growth, and no re-
construction occurred. Moreover, the surface optical
reflectivity showed a steady periodic oscillation.

Fig. 1. Typical RHEED image along the AlN [112̄0] di-

rection after growth.

The XRD rocking curves in (002) and (102) planes
of the AlN samples are shown in Fig. 2. The screw and
edge TD densities of each bulk material sample can
be estimated by fitting XRD full width at half maxi-
mums (FWHMs) in a serial of different planes.[11−16]

The XRD ω-scan FWHMs, surface RMS roughness re-
sults and estimated TD densities of the AlN samples
are listed in Table 1. Figure 3 shows the typical (Sam-
ple C1) bight-field cross-sectional TEM images under
two different diffraction conditions with g = [0002]
in Fig. 3(a) and g = [101̄0] in Fig. 3(b), which re-
veal screw and edge TDs, respectively. The screw
and edge TD densities are determined from TEM im-
ages in a larger scan area to be 5×107 cm−2 and
1.2×1010 cm−2, respectively. These results are in good
agreement with the estimations from XRD measure-
ments, which can be a good evaluation on the crys-
talline quality of AlN epi-layer. For sample B1 with
a 12.5 nm nucleation layer, a (102) XRD FWHM as
narrow as 851 arcsec has been obtained, which, to the
authors’ knowledge, is one of the best results reported
for AlN grown by MBE so far.
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Fig. 2. XRD rocking curves of samples A1, B1, C1 and D1 in (002) plane (a) and (102) plane (b).

Table 1. XRD, AFM results and estimated TD densities of the AlN samples with different nucleation layer

thicknesses.

sample
nucleation XRD FWHM/(′′) 5×5 µm2 RMS screw TD density Edge TD density

thickness/nm (002) plane (102) plane roughness/nm /×107 cm−2 /×109 cm−2

A1 6.5 165 1197 0.4 5.9 17.1

B1 12.5 292 851 10.8 18.5 8.2

C1 25 150 901 1.4 4.9 9.6

D1 50 131 942 1.0 3.7 10.5

Fig. 3. Typical bright-field cross-sectional TEM images

(sample C1) taken under different diffraction conditions

with (a) g = [0002], showing the screw TDs, and (b)

g = [101̄0], showing the edge TDs.

The 1×1 µm2 AFM images of samples A2, B2, C2
and D2 are shown in Fig. 4. For all these nucleation-
layer samples, islands can be observed on their sur-
faces. The surface RMS roughness, island dimen-
sions and densities of these four nucleation samples
are listed in Table 2. The diameters and heights of
the islands on these samples increase with the nucle-
ation thickness increasing. The island density also in-
creases with the nucleation thickness increasing, ex-
cept for sample A2 which has a thinnest nucleation
but a highest island density of 1.85×1011 cm−2.

By comparing the XRD and the AFM measure-
ment results of the two sets of samples, it can be found

that when the nucleation layer is thicker than a cer-
tain value (around 12.5 nm), the (102) XRD FWHM
of AlN epi-layer increases with nucleation thickness
increasing, whereas the (002) XRD FWHM shows an
opposite trend. However, for sample A1 with a nu-
cleation layer thinner than this value, although it has
a very flat nucleation surface and narrow (002) XRD
FWHM, the (102) XRD FWHM of 1197′′ is the worst
one.

Fig. 4. AFM images of samples A2 (a), B2 (b), C2 (c)

and D2 (d).

116801-3



Chin. Phys. B Vol. 19, No. 11 (2010) 116801

Table 2. Surface RMS roughness and nucleation island characteristics of nucleation-layer

samples.

sample
1×1 µm2 RMS island diameter island height island density

roughness /nm /nm /nm /×1011 cm−2

A2 0.94 20–30 0.7–2.5 1.85

B2 1.59 25–35 1.2–4 0.48

C2 2.61 30–40 3–6 0.70

D2 2.01 30–55 4–8 1.47

Since the lattice mismatch between AlN and sap-
phire substrate is as large as 13%, and the nucleation
layer is grown under an N-rich condition with weak Al
atom migration, small AlN islands tend to be formed
at the beginning of nucleation. With the increase of
nucleation thickness, these islands will grow larger in
both vertical and lateral directions. Meanwhile, new
islands may appear in flat regions. After nucleation,
the AlN main layer will be grown directly based on
these AlN islands, because of the absence of AlN de-
composition or recrystallisation during the annealing
process. Therefore, the quality and the density of the
nucleation island both play crucial roles in the crys-
talline quality of AlN epi-layer, especially the tilts and
rotations of nitride mosaic structures. During the ini-
tial growth of AlN main layer, because the Al adatom
migration is enhanced by the Al-rich condition, the
nucleation islands are considered to expand and co-
alesce laterally, but not to form new islands in flat
regions. However, this will inevitably result in bound-
aries of crystal grains, which induce TDs in the epi-
layer. Additionally, in a hexagonal AlN crystal, the
Al–N bond along the c-direction is stronger than the
three in-plane bonds.[17] Thus, during nucleation is-
lands coalescing, there is a much higher possibility to
induce rotations rather than tilts in mosaic structure
model. In this sense, the higher nucleation island den-
sity will result in higher edge TD density, which is

consistent with the AFM and (102) XRD measure-
ment data. For (002) XRD results, larger nucleation
islands may improve the quality of crystal grain, which
is the possible reason why sample D1 has the narrow-
est (002) XRD FWHM. For sample A1, because the
nucleation layer is too thin to complete the competi-
tion and the inosculation between initial islands, it has
a very high nucleation island density, which results in
the highest edge TD density. However, its nucleation
surface is the smoothest one, which may be helpful to
obtain a relatively narrow (002) XRD FWHM.

4. Conclusion

The effects of thickness of AlN nucleation grown
at high temperature on AlN crystalline quality have
been systematically investigated. It has been found
that when nucleation layer is thicker than a certain
value, the (102) XRD FWHM of AlN epi-layer in-
creases with nucleation thickness increasing, whereas
the (002) XRD FWHM shows an opposite trend. The
mechanism is due to the fact that more crystal grains
are formed with the increase of nucleation thickness,
leading to more rotations of AlN mosaic structures,
while larger nucleation crystal grains are favourable
for the consistency of (0001) plane orientation, result-
ing in less tilt of the mosaic structures.
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