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The effect of an initially grown high-temperature AlN buffer (HT-AlN) layer’s thickness on the quality of an AlN
epilayer grown on sapphire substrate by metalorganic chemical vapor deposition (MOCVD) in a two-step growth process
is investigated. The characteristics of AlN epilayers are analyzed by using triple-axis crystal X-ray diffraction (XRD) and
atomic force microscopy (AFM). It is shown that the crystal quality of the AlN epilayer is closely related to its correlation
length. The correlation length is determined by the thickness of the initially grown HT-AlN buffer layer. We find that the
optimal HT-AlN buffer thickness for obtaining a high-quality AlN epilayer grown on sapphire substrate is about 20 nm.
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1. Introduction

Recently, AlN and AlGaN-based ultraviolet (UV) emit-
ters, such as UV and deep-UV light-emitting diodes (LEDs)
and laser diodes (LDs), have been applied in medicine and
for white-light illumination.[1] However, the performance of
the current nitride-based UV emitters is impeded by thread-
ing dislocations (TDs) that originate from the substrate since
no substrate material is suitably lattice-matched for growing
any nitrides.[2,3] Sapphire is preferred as the substrate for the
fabrication of UV emitter device structures because of its low
cost and its transparency to UV light. Hence, it is very im-
portant to control the crystal quality of AlN layers on sapphire
substrates.

Usually, AlN layers on sapphire substrate are grown by
using a low-temperature AlN (LT-AlN) buffer layer, but some
groups have reported growth of high-quality AlN on sapphire
by using a high-temperature (HT)-AlN buffer layer.[4,5] More-
over, the crystal quality of the AlN epilayer is very sensitive
to the initial growth state.[6–8] Motivated by this, we introduce
HT-AlN layers as buffer layers and investigate their effect on
the structural features. To avoid a strong vapor-phase reaction
between trimethylaluminum (TMA) and ammonia (NH3), a
low-pressure flow-modulated (FM) metalorganic chemical va-
por deposition (MOCVD) method is adopted for the conse-
quent AlN epilayer growth. In order to optimize the HT-AlN
buffer layer for obtaining high-quality FM-AlN epilayer, the
influence of the thickness of the HT-AlN buffer layer on the

quality of the FM-AlN epilayer is studied in detail.

2. Experiments
AlN epilayer growth was performed on c-plane sapphire

substrates by MOCVD. Nitrogen and hydrogen were used as
carrier gases to transport the TMA and NH3 into the reactor
through separate gas channels. The initial HT-AlN buffers
were grown under TMA and NH3 flows, and opened at the
same time with various thicknesses of 10 nm, 20 nm, 30 nm,
and 50 nm corresponding to samples A, B, C, and D, respec-
tively. Following the initial buffer layer growth, FM-MOCVD
growth was continued at the same temperature as shown in
Fig. 1. The FM-MOCVD growth time for all the samples was
1 h, and the thickness was about 200 nm. The atomic force
microscopy (AFM) was used to characterize the surface mor-
phology over an area of 5 µm×5 µm in tapping mode. The
correlation length of the sample was estimated based on the
AFM measurement. The structural characteristics were inves-
tigated by X-ray diffraction (XRD) rocking curves for reflexes
which were sensitive to screw and mixed dislocations (002)
and to all dislocations (102).

3. Results and discussion
3.1. XRD analysis

Rocking curves of ω scans of the (002) and (102) re-
flections were measured, and representative results for a 200-
nm AlN epilayer are illustrated in the inset of Fig. 2. The
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main plot of Fig. 2 shows the full width at half maximum
(FWHM) of rocking curves of ω scans of the (002) and
(102) reflections as a function of the HT-AlN buffer layer
thickness. The FWHM of the (002) rocking curve moder-
ately decreases with increasing the thickness. The FWHM
value of the (102) rocking curve with 20-nm HT-AlN buffer
layer is smaller than that of samples A, C, and D. The min-
imum FWHM value (about 1113 arcsec) was observed in
sample B with an HT buffer thickness of about 20 nm.
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Fig. 1. (color online) Wafer temperature and the flow sequence of TMA
and NH3 for thermal cleaning, HT-AlN layer growth, and FM-MOCVD
growth (t1 = 3 s, t2 = 2 s).
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Fig. 2. (color online) HT-AlN thickness dependence of FWHM of (002)
and (102) rocking curves of FM-AlN epilayers. XRD rocking curves of
the (002) and (102) planes of a 3-min HT-AlN epilayer are shown in the
inset.

We used the FWHM of the (002) reflection to estimate
the tilt angle βtilt.[9] The twist angle was estimated using the
method outlined previously by Lee et al.[10]

∆θ =
[
(βtilt cosϕ)2 +(βtwist sinϕ)2]1/2

, (1)

where βtilt and βtwist are the tilt and twist spreads, respectively,
and ϕ is the angle between the reciprocal lattice vector and the
(001) surface normal.

The tilt and twist are related to threading dislocations with
screw components (screw and/or mixed TDs) and edge com-
ponents (edge and/or mixed TDs), respectively. The density of
screw TDs (Ns) and of edge TDs (NE) are then estimated using
the classical formulas[11]

Ns =
β 2

tilt
4.35|bs|2

, (2)

NE =
β 2

edge

4.35|bE|2
, (3)

where bs and bE are the Burgers vector of screw-type TDs
(bs = 0.4982 nm) and the Burgers vector of edge-type TDs
(bE = 0.3112 nm), respectively.

For the densities of TDs with edge and screw components
as a function of the HT-AlN buffer layer thickness, see Table 1
for details. The densities of TDs with edge components are
two orders of magnitude higher than those of TDs with screw
components, indicating that TDs with edge components are
by far the main type formed in the AlN epilayer. The densities
of the TDs with screw components decreased as the HT-AlN
buffer layer thickness increased. However, the density of TDs
with edge components is minimized with a 20-nm HT-AlN
buffer layer. Our results suggest that sample B with its 20-nm
HT-AlN buffer layer has a lower threading dislocation density
and better crystal quality than all the others.

Table 1. Buffer layer thicknesses and structures of all samples, including
the screw-type TDs, the edge-type TDs, and the correlation length.

Sample
Buffer Screw-type Edge-type Correlation

thickness/nm TDs/cm−2 TDs/cm−2 length/µm
A 10 2.4459×108 1.5539×1010 0.30
B 20 2.1215×108 1.4139×1010 0.32
C 30 1.6243×108 1.4953×1010 0.27
D 50 9.887×107 2.0655×1010 0.24

3.2. AFM analysis

Figure 3 shows the surface morphology of all the AlN
epilayer samples grown on the HT-AlN buffer layers of vari-
ous thicknesses. We can determine the correlation lengths (ξ )
of the samples using their power spectral density (PSD), and a
Fourier transform of the surface height. A suitable model for
the PSD of a self-affine surface is given by[12]

PSD( f ) =
4παw2ξ 2

(1+ξ 2 f 2)1+α
. (4)

Here, α is the roughness exponent, which describes how wig-
gly the local surface is, w is the interface-wide or root-mean-
square roughness, f is the spatial frequency, and ξ is the cor-
relation length.[13] The constants in the formula are then deter-
mined by a least squares minimization for all the length scales
covered by the AFM measurements.

Figure 4 shows that the PSD exhibits two distinct re-
gions: (i) a plateau PSD at low spatial frequencies denoting
an absence of nonlocal correlations along the line scans; (ii)
a frequency-dependent decaying branch. The steeper portion
of the latter is taken as the self-affine range, while the high-
frequency range with smaller slope is discarded since it is
more affected by noise and aliasing. The range of the intersec-
tion between the self-affine branch and the plateau defines the
inverse of the correlation length, and the correlation length is
proportional to the effective radius of the domain. This frame-
work allows one to estimate the average domain size indepen-
dently on an arbitrary statistical basis.[14]
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Fig. 3. (color online) The dependence of surface morphology on the buffer thickness of (a) sample A, (b) sample B, (c) sample C, and
(d) sample D.
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Fig. 4. (color online) The dependence of correlation length on the buffer thickness. (a) sample A, (b) sample B, (c) sample C, and (d) sample D.

We investigate the evolution of the correlation length with

the thickness of the HT-AlN buffer layer. The correlation

length is a function of the HT-AlN buffer layer thickness, as

listed in Table 1. The correlation lengths are maximized for the

20-nm HT-AlN buffer layer, which means that it has the largest

grains. Imura et al. suggests that most of the dislocations

at grain boundaries were determined to be edge-type.[15,16]

The mechanism is that three-dimensional grain islands are

deposited during the initial stage of the growth, and subse-

quently, smaller grains are incorporated into bigger grains re-

sulting in much larger grains. Simultaneously, the edge dislo-

cations caused by the grain boundaries come into being dur-
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ing the incorporation process of grains. As the HT-AlN buffer
layer’s thickness increases, it has a larger grain size and higher
quality. As a result, the screw dislocations become fewer. The
distance is made smaller by increasing the grain size. Thus,
we can attribute the decreased density of TDs to the increased
grain size.

3.3. Discussion of growth process

We have shown that sample B has the best quality, imply-
ing that the quality of the FM-AlN epilayer is closely related to
the thickness of the HT-AlN buffer layer. As the thickness of
the HT-AlN buffer layer increases, its grain size also increases
accordingly within a certain range of thickness.[7] Because the
FM-AlN epilayer islands in the initial growth stage will coa-
lesce quickly if the HT-AlN buffer layer has a small grain size
and high nuclei density, a lot of the dislocations that form in
it will extend through the FM-AlN epilayer, leading to lower
quality.[17] Of course, when the thickness of the HT-AlN buffer
layer exceeds a certain value, the HT-AlN buffer layer grain
size is too large and the nuclei density is too low. Hence, the
lateral growth and coalescence of the FM-AlN epilayer islands
decreases, leading to bad quality of the AlN epilayer. As a re-
sult, there is an optimal thickness for the initial HT-AlN buffer
layer which produces large lateral grain size and low nucle-
ation density, promoting the lateral growth and coalescence of
the FM-AlN epilayer islands.

4. Summary
We have grown FM-AlN epilayers on the sapphire sub-

strate, using an HT-AlN as a buffer, with MOCVD. Based on
the experimental results above, it is found that a 20-nm thick

initial HT-AlN buffer layer is optimal for a high-quality AlN
epilayer. In addition, the TDs are correlated with the correla-
tion length of the AlN epilayers. The quality of the FM-AlN
epilayer strongly depends on the grain size and nuclei density
of the HT-AlN buffer layer.
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