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We report the growth of ternary aluminum gallium nitride (AlGaN) layers on
AlN/sapphire template/substrates by digitally alloyed modulated precursor
flow epitaxial growth (DA-MPEG), which combined an MPEG AlN sub-layer
with a conventional metalorganic chemical vapor deposition (MOCVD)-grown
GaN sub-layer. The overall composition in DA-MPEG AlxGa1�xN was
controlled by adjustment of the growth time (i.e., the thickness) of the GaN
sub-layer. As the GaN sub-layer growth time increased, the Al composition in
AlGaN decreased to 50%, but the surface morphology of the AlGaN layer
became rough, and a three-dimensional structure with islands appeared for
the DA-MPEG AlGaN with relatively thick GaN sub-layers, possibly resulting
from the Ga adatom surface migration behavior and/or the strain built up
from lattice mismatch between AlN and GaN sub-layers with increasing
GaN sub-layer growth time. Through strain analysis by high-resolution x-ray
diffraction, reciprocal space mapping, and scanning transmission electron
microscopy, it was found that there was compositional inhomogeneity in the
DA-MPEG AlGaN with AlN and GaN binary sub-layers for the case of the
layer with relatively thick GaN sub-layers.

Key words: Aluminum gallium nitride (AlGaN), digitally alloyed modulated
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INTRODUCTION

AlN and high aluminum content aluminum
gallium nitride (AlGaN) semiconductors have
recently attracted much attention, due to their
application in high-power and high-frequency elec-
tronic devices1 and deep ultraviolet optoelectronic
devices.2,3 For the realization of these devices, the
epitaxial growth of high-quality AlN and AlGaN with
high aluminum content is required. However, the

growth of such layers by conventional metalorganic
chemical vapor deposition (MOCVD) (especially on a
foreign substrate via strained heteroepitaxy) often
suffers from a rough surface morphology and poor
crystalline quality due to the lattice and thermal
expansion mismatches between the AlxGa1�xN het-
eroepitaxial layer and the substrate, severe adduct
formation between trimethylaluminum (TMAl) and
ammonia (NH3),4 and limited migration (a short
diffusion length) of adatoms (or surface species) of
Al on a growing surface. High growth tempera-
tures over 1300�C5,6 and low growth pressures of(Received July 22, 2009; accepted January 26, 2010;
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30–50 Torr7 have been employed to enhance the
surface migration of Al adatom species and to sup-
press parasitic gas-phase reactions (adduct forma-
tion) between TMAl and NH3. Increasing the growth
temperature above 1300�C is, however, in many
cases, restricted by the capability of the heating ele-
ment of a reactor system, especially for resistive
heating, and limited by low sticking coefficients of
other column III elements such as gallium and in-
dium at very high temperature for the growth of
ternary or quaternary Al-containing alloys. An
alternative way to achieve enhanced surface adatom
migration and to improve the growth (minimize the
parasitic reactions) is to use modulated precursor
flow epitaxial growth (MPEG), which employs the
separate introduction of the column III and column V
precursors into the growth chamber in an alternating
sequence. Similar growth schemes were demon-
strated in InAs by MOCVD,8 AlN on sapphire sub-
strates by MOCVD,9 and GaAs and AlGaAs by
molecular beam epitaxy (MBE).10 We have also
demonstrated the growth of high-quality AlN layers
on free-standing AlN substrates at a relatively low
growth temperature, employing the MPEG
scheme.11 The MPEG AlN layer on an AlN substrate
showed the excellent crystalline quality of a very
narrow x-ray diffraction (XRD) peak with the full
width at half maximum of 36 arcsec and 61 arcsec for
symmetric (002) and asymmetric (102) diffractions,
as well as a very smooth surface without any surface
features. It was elucidated that this MPEG method is
very effective to grow high-quality ‘binary’ AlN layers
with crystalline and surface morphology qualities
that are less sensitive to the growth temperature.
A similar growth method was adopted for ‘ternary’
AlGaN growth,12 that is, the introduction of group III
precursors [a mixture of TMAl and trimethylgallium
(TMGa) with a certain ratio, targeting a certain solid
alloy composition] separated from the NH3 input;
however, we found that the MPEG method was not
very effective for the growth of ternary AlxGa1�xN
layers, which was mainly due to the significantly
different sticking coefficients of Al and Ga adatoms at
a temperature of 1050�C (lower than the conven-
tional AlGaN growth temperature but high enough to
induce an extremely low sticking coefficient of Ga
adatoms without NH3 overpressure). As a result, it
turned out to be very difficult to grow an AlGaN layer
with an Al content of less than 90% by the MPEG
method.

In this study, we explored another growth
scheme, named digitally alloyed modulated precur-
sor flow epitaxial growth (DA-MPEG), which
combines an MPEG AlN sub-layer with a conven-
tional MOCVD GaN sub-layer for the growth of a
high-quality AlGaN layer. This growth scheme is
designed to minimize the desorption of Ga adatoms
on the surface, and the composition of the ternary
AlxGa1�xN layer can be controlled by the ratio of the
GaN sub-layer to the AlN sub-layer. We describe the
growth and characteristics of the AlGaN layer with

various Al compositions in the range of xAl = 0.5–1
by the DA-MPEG method and the compositional
inhomogeneity that occurs in a DA-MPEG AlGaN
layer with a low Al composition (xAl � 0.5).

EXPERIMENTAL PROCEDURES

DA-MPEG AlGaN layers were grown in a Thomas
Swan Scientific Equipment MOCVD reactor system
(6 9 2¢¢ wafer loading capacity) on AlN/sapphire
templates. EpiPure� TMGa, TMAl, and NH3 were
used for the group III and group V precursors. For
the preparation of AlN/sapphire templates, a
900 nm-thick AlN layer was grown on a (0001)
sapphire substrate by standard two-step growth
heteroepitaxy employing a low-temperature AlN
buffer layer without employing a special growth
scheme13 to reduce the threading dislocation den-
sity of AlN templates. Therefore, the total disloca-
tion density for these layers was considered to be
high (>109 cm�2), while the surface was confirmed
to be free of surface features such as nano-pits.
Then, DA-MPEG AlGaN layers were grown at a
growth temperature of Tg � 1050�C. All AlN and
AlGaN layers were grown at a chamber pressure of
75 Torr. Figure 1 shows the schematic sequence
and modulated precursor flows for the growth of the
DA-MPEG AlGaN. The DA-MPEG AlGaN layer
consisted of an MPEG AlN sub-layer and a con-
ventional MOCVD-grown GaN sub-layer. For the
growth of the first MPEG AlN sub-layer, the Al
precursor with a flow rate of 12 lmol/min and NH3

with a flow rate of 0.046 mol/min were separately
introduced into the chamber to deposit a monolayer-
thick AlN sub-layer for 5.9 s and 11.2 s, respectively.
This process is considered to be self-limiting—the
thickness per cycle of the AlN grown by MPEG
corresponds to the thickness of a monolayer of AlN.
Then, the conventional GaN sub-layer was subse-
quently grown to suppress Ga desorption with
TMGa and NH3 flow rates of 130 lmol/min and
0.11 mol/min, respectively. To control the total alloy
composition in the AlxGa1�xN layer, we adjusted
the growth time (hence, the thickness) of the GaN

TMAl

NH3

TMGa

Time (s) 

TMAl

NH3

Fig. 1. Diagram showing flow rate modulation of the precursors of
the DA-MPEG AlGaN layers.
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sub-layer from 9 s to 21 s. The thickness of the
DA-MPEG AlGaN layers was in the range of
50–70 nm, determined by transmission electron
microscopy (TEM). Surface morphologies of the
MPEG AlGaN layers were investigated in both
macroscopic and microscopic scales by Nomarski
optical microscopy, atomic force microscopy (AFM),
and TEM. The crystalline quality and alloy compo-
sition of the AlGaN films were determined by high-
resolution x-ray diffraction (HR-XRD) rocking curves
and reciprocal space mapping (RSM), and the optical
property was investigated by optical transmittance
measurement in the ultraviolet (UV) spectral region.

RESULTS AND DISCUSSION

The growth of ternary AlxGa1�xN layers with
varying compositions by DA-MPEG with binary
sub-layers was characterized by HR-XRD.
Figure 2a shows the XRD (002) x–2h scan curves of
the DA-MPEG AlGaN layers with various GaN sub-
layer growth times. The peak corresponding to the
AlN layer in the template was observed at
x � 18.02�, together with the AlGaN peaks for all
DA-MPEG AlGaN samples. For the DA-MPEG
AlGaN layer with a GaN sub-layer growth time of
9 s, the peak from the AlGaN was very close to the
AlN peak and was not easily resolved. By Gaussian
deconvolution, the peak of the DA-MPEG-grown
AlGaN having a GaN sub-layer with a growth time
of 9 s was estimated to be located at 17.99�. As the
GaN sub-layer growth time was varied from 9 s to
21 s, the peaks from the AlGaN layer shifted toward
the lower Bragg angle side, from 17.99� to 17.31�,
indicating a higher Ga mole fraction in the layer, as
shown in Fig. 2b. Furthermore, the satellite peaks
were not observed, even with a wide range of x–2h
scan with a x scan range of 18� (data not
shown)—according to the XRD simulation, if the
layer had grown with an AlN/GaN superlattice
structure, each with a monolayer thickness, the
satellite peaks should have appeared within
28,000 arcsec of the x–2h scan. It suggested that the
DA-MPEG AlGaN layers had grown with inter-
mixed interfaces, not with a well-defined superlat-
tice structure; that is, the grown materials could
be treated as single-phase AlGaN (except the
DA-MPEG AlGaN with a GaN sub-layer growth
time of 21 s, as will be discussed later). From this
XRD peak shift with increasing the GaN sub-layer
growth time, it is clear that the overall Al compo-
sition (xAl) in the DA-MPEG AlGaN layer can be
controlled by adjustment of the GaN sub-layer
growth time. The DA-MPEG AlGaN layer with a
GaN sub-layer growth time of 21 s, unlike other
samples, appeared as double peaks corresponding to
x of 17.67� and 17.31�, as shown in Fig. 2a. These
double AlGaN peaks may suggest that this AlGaN
layer consisted of AlGaN phases with two different
Al compositions. One of the important characteris-
tics of the group III nitride materials is their

compositional inhomogeneity, which has also been
reported as a compositional fluctuation, composi-
tional modulation, or phase separation in InGaN
materials14–16 and AlGaN materials.17 The compo-
sitional inhomogeneity has been well investigated
in the low Al composition AlGaN on GaN, but it has
been less studied in AlGaN with Al compositions
higher than 50% on AlN. However, the double peaks
in HR-XRD can be caused not only by compositional
inhomogeneity but also by non-uniform strain
relaxation beyond the critical thickness.18 The
RSMs for (105) asymmetric diffraction were carried
out to investigate the strain status of the DA-MPEG
AlGaN layers with GaN sub-layer growth times of
18 s and 21 s grown on AlN templates. Figure 3a
and b show a uniform contour around the peaks
from the substrate and the layer, indicating a good
crystalline quality. In Fig. 3, the blue dotted line
(i.e., a vertical line intersecting an AlN reciprocal
lattice point having the same reciprocal lattice
vector, Qx, as AlN) represents a fully-strained
(pseudomorphic) layer material, while the red
dotted line (i.e., a line connecting the AlN reciprocal
lattice point to a GaN reciprocal lattice point)
represents a fully relaxed (having bulk lattice
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Fig. 2. (a) HR-XRD x–2h scans for (002) diffraction of the
DA-MPEG AlGaN layers with GaN sub-layer growth times of 9 s,
15 s, 18 s, and 21 s, and (b) XRD peak position of DA-MPEG AlGaN
with GaN sub-layer growth time.
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parameters) layer material. Because the lattice
points for the AlGaN layer and the AlN layer are
aligned along the vertical line, it is clear that the
DA-MPEG AlGaN layer with a GaN sub-layer
growth time of 18 s is fully strained to the AlN/
sapphire template, as shown in Fig. 3a. In addition,
the other DA-MPEG AlGaN layers with growth
times of GaN sub-layers less than 18 s are expected
to be pseudomorphic. However, in the DA-MPEG
AlGaN layer with a GaN sub-layer growth time of
21 s, the position of the layer peak is shifted along
the direction parallel to the surface, falling on the
red dotted line, which indicates that it is relaxed
from the AlN/sapphire template. Moreover, another
peak from the AlGaN layer also appeared in the
RSM, again shifted in a direction parallel to the
surface. From the RSM peak position and Vegard’s
law, the Al composition in the DA-MPEG AlGaN
was evaluated to be xAl = 75.05% for the AlGaN
with a GaN sub-layer growth time of 18 s and
xAl = 51.54% and xAl = 2.81% for the AlGaN with a
GaN sub-layer growth time of 21 s, respectively.
It suggests that the double XRD peaks in the
DA-MPEG AlGaN with a GaN sub-layer growth
time of 21 s originated not from non-uniform strain

relaxation but from the compositional inhomogene-
ity in the AlGaN layer grown in this condition by
DA-MPEG. The compositions of other DA-MPEG
AlGaN layers with GaN sub-layer growth times of
9 s and 15 s were estimated to be xAl = 97.03% and
xAl = 92.78%, respectively.

The compositional inhomogeneity of the DA-MPEG
AlGaN with a GaN sub-layer growth time of 21 s
was also confirmed by z-contrast scanning TEM, as
shown in Fig. 4. A Ga-rich area in the DA-MPEG
AlGaN was found to be located under the large
islands, while an Al-rich area was observed on a
relatively flat surface (Fig. 4). Ga-rich areas also
covered large regions and were on top of dislocations
(data not shown here but in Ref. 19). This may be
explained by the fact that the Ga adatoms generally
have weaker bonding energy than that of the Al
ad-atoms on the growing surface, which results in
the larger surface migration length of the Ga ada-
toms than that of the Al adatoms. Especially, it
could be accelerated in this DA-MPEG growth
scheme because the Ga precursor was introduced to
the chamber without the Al precursor; therefore, in
this growth scheme, the Ga atoms have enough time
to find the minimum energy site than if the con-
ventional growth scheme is utilized. This phenom-
enon is similar to that reported for the InGaN
growth, in which phase separation might be caused
by the atomic size difference, i.e., bigger atom
accumulation.20 The difference in surface migration
lengths of the group III adatoms is expected to play
an important role in the phase separation effect in
AlGaN. Also, this may be accelerated around dislo-
cations where the large numbers of dangling bonds
and the Ga atoms stick at the dislocation core and
are continuously enhanced with increasing GaN
sub-layer growth time. In addition, an increase of
the strain build-up with GaN sub-layer growth time
may expedite the surface undulation by a Stranski–
Krastanow (S–K) growth mode21 that might con-
tribute to this compositional inhomogeneity. When
the GaN sub-layer growth time was increased to
21 s, the growth of the GaN sub-layer experienced a
transition from two-dimensional growth to three-
dimensional (3-D) growth on the AlN template.
Once the S–K growth mode had started, the com-
positional fluctuation could occur, as observed in
other ternary self-assembled quantum dots grown
by S–K growth.22 This S–K growth of the repeated
GaN sub-layers results in the surface undulation for
the relaxation of accumulated strain. From XRD, it

Fig. 3. RSMs for (105) diffraction of the DA-MPEG AlGaN layers
with GaN sub-layer growth times of 18 s and 21 s.

Fig. 4. z-Contrast scanning transmission electron microscopy
(STEM) image of the DA-MPEG AlGaN layer with a GaN sub-layer
growth time of 21 s.
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is considered that the relaxation of the strain also
occurs via in-plane lattice parameter change. After
the layers had relaxed via the Ga-rich region, an
Al-rich AlGaN ternary layer was believed to have
grown layer-by-layer, as can be seen in Fig. 4.
Detailed TEM measurements have been reported
elsewhere.19

The surface morphology of the DA-MPEG layers
was explored by Nomarski microscopy in macro-
scopic scale and AFM in microscopic scale. Figure 5
shows the AFM images of DA-MPEG AlGaN sam-
ples with various GaN sub-layer growth times. The
surface morphology of DA-MPEG AlGaN layers
grown on the AlN/sapphire templates tended to be
rougher with increasing growth time of the GaN
sub-layer. The DA-MPEG AlGaN with a GaN
growth time of 9 s showed a flat surface with a root-
mean square (RMS) roughness of 1.231 nm and
0.368 nm for 5 9 5 lm2 and 1 9 1 lm2 scan areas,
respectively, which was similar to that of typical
AlN layers grown at high temperatures,11 as shown
in Fig. 5a and e. As the GaN sub-layer growth time
was increased to 15 s, however, the RMS roughness
dramatically increased and 3-D island structures
began to appear. Further increase of the GaN sub-
layer growth time to 21 s enhanced 3-D growth,
showing an RMS roughness of 18.13 nm and 3.115 nm
for 5 9 5 lm2 and 1 9 1 lm2 scan areas, respec-
tively, as shown in Fig. 5d and h. The size of the 3-D
features also increased with GaN sub-layer growth
time and reached an average height of 500 nm and
an average width of 30 nm in the DA-MPEG AlGaN
with a GaN sub-layer growth time of 18 s. This
change of surface morphology might have origi-
nated from the increase in accumulated strain with
increasing GaN sub-layer growth time caused by

lattice mismatch (�3.5%) between the AlN sub-
layer/template and the GaN sub-layer. Also, con-
sidering the surface morphology and XRD of the
DA-MPEG AlGaN with the GaN sub-layer growth
times of 15 s and 18 s in terms of S–K growth mode,
that with the GaN sub-layer growth time of 15 s
was thick enough to initiate the 3-D growth mode
while the layer was still fully strained. For the GaN
sub-layer growth time of 18 s, the relaxation of
strain occurred via in-plane lattice constant change
as well as 3-D growth mode due to a higher accu-
mulated strain of the GaN sub-layer with a thicker
layer.

In order to investigate the optical properties and
bandgap of the DA-MPEG AlGaN layers with
varying GaN sub-layer growth time, we measured
the optical transmittance in a UV spectral regime
(Fig. 6). The DA-MPEG AlGaN layers with GaN
sub-layer growth times of 9 s and 15 s showed sharp
cut-off wavelengths at �208 nm and �209 nm,
respectively. The photon which had an energy lar-
ger than the bandgap and was not fully absorbed by
a thin DA-MPEG AlGaN layer appeared as a tail
continuing to approximately 200 nm. The sloped
cut-off appeared at �236 nm and �279 nm for the
DA-MPEG AlGaN with GaN sub-layer growth times
of 18 s and 21 s, respectively. The decrease of
transmittance intensity in the sample with longer
GaN sub-layer growth time came from the larger
photon scattering at the rougher surface, which is
shown in the AFM images (Fig. 5). Especially for
the DA-MPEG with a GaN sub-layer growth time of
21 s, the transmittance intensity started to decrease
from 360 nm. It was indirectly shown that there
was compositional inhomogeneity in this sample.
According to various suggested AlGaN bandgap

Fig. 5. Microscopic surface morphology of the DA-MPEG AlGaN layers measured by AFM of a 5 9 5 lm2 scan area grown on AlN/sapphire
templates with GaN sub-layer growth times of (a) 9 s, (b) 15 s, (c) 18 s, and (d) 21 s, and of a 1 9 1 lm2 scan area with growth times of (e) 9 s,
(f) 15 s, (g) 18 s, and (h) 21 s.
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bowing parameters,23,24 the Al composition deduced
from the cut-off wavelengths lies in the range of
xAl = 0.93–0.95 for the DA-MPEG AlGaN with a
GaN sub-layer growth time of 9 s, and xAl = 0.95–
0.92 for that of 15 s, xAl = 0.80–0.72 for that of 18 s,
and xAl = 0.59–0.46 for that of 21 s, which were
well-matched with the Al compositions from the
XRD measurement.

The relationship between Al composition in the
DA-MPEG AlGaN layers and the growth time of the
GaN sub-layer was evaluated and is shown in
Fig. 7. The composition hardly changed from 97%
when the GaN sub-layer growth times were shorter
than 15 s, however, linearly decreased to 50% after
15 s, showing two distinct regions. This indicated
that a ‘latent’ period for the initiation of GaN
growth longer than 9 s existed in the GaN sub-layer
growth; once the GaN growth had ‘stabilized,’
however, the thickness of the GaN was proportional
to the growth time having the same growth rate.
From the results, we found that the DA-MPEG

method combined with a GaN sub-layer was effec-
tive in controlling Al composition in the AlGaN
layer. However, compositional inhomogeneity
appeared in the AlGaN layer with a long GaN sub-
layer growth time and low Al composition of �50%.
We believe that the control of threading dislocation
density and the suppression of the initiation of 3-D
growth induced by S–K growth can mitigate the
compositional inhomogeneity and rough surface
morphology. To resolve this problem, another
DA-MPEG method using an AlGaN sub-layer may
be required, and the results will be reported
elsewhere.25

SUMMARY

We described the digitally alloyed modulated
precursor flow growth of high quality AlGaN with
high Al content, employing precursor flow modula-
tion for the MPEG AlN sub-layer and conventional
GaN sub-layer. The overall alloy composition was
controlled from xAl = 0.97 to xAl = 0.50 by adjust-
ment of the GaN sub-layer growth time from 9 s to
21 s. The surface morphology in DA-MPEG showed
a clear tendency with Al composition in AlGaN, and
it became rough with 3-D island structures due to
increased lattice mismatch with GaN sub-layer
growth time. Double XRD peaks were observed from
the DA-MPEG AlGaN with a GaN sub-layer growth
time of 21 s. Through detailed strain investigation
by RSM and STEM analysis, it was confirmed
that there was compositional inhomogeneity in
DA-MPEG AlGaN. To improve the material’s qual-
ity and surface morphology, suppression of the ini-
tiation of the 3-D growth in the sub-layer by
conventional MOCVD may be required, which sug-
gests that a smaller strain sub-layer may be needed.
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