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This paper presents an analysis of crystalline structures of Si-doped Al
0.4
Ga
0.6
N layers grown on not-intentionally doped AlGaN

buffer layer with an AlN nucleation layer by metal organic chemical vapor deposition. Weak cubic Al
0.4
Ga
0.6
N (002) and

(103) reflection peaks are observed in high-resolution XRD 𝜃/2𝜃 scans and cubic Al
0.4
Ga
0.6
N (LO) mode in Raman scattering

spectroscopy. These cubic subgrains are localized at the bottom interface of Si-doped layer due to the pulsed lower growth
temperature and rich hydrogen atmosphere at the start of silane injection. Their appearance has no direct relationship with the
buffer and nucleation layer. This study is helpful not only to understand fundamental properties of high aluminum content Si-
doped AlGaN alloys but also to provide specific guidance on the fabrication of multilayer optoelectronic devices where weak cubic
subgrains potentially occur and exert complicated influences on the device performance.

1. Introduction

GaN and its alloys (e.g., AlGaN, InAlN, and InGaN) are foun-
dations for new optoelectronic devices such as blue/violet
light-emitting diode (LED), high electron mobility transistor
(HEMT), ultraviolet and/or infrared photodetectors, and
plasmonic Terahertz detectors [1–7]. GaN usually exists in
either a hexagonal wurtzite (h) or a cubic zinc blende (c)
structure [1, 2, 8, 9]. Devices based on the two crystalline
structures show very different optical and electrical perfor-
mances. The emitting peak or optical response wavelength
is different for the different bandgap energy 𝐸

𝑔
of c-GaN

and h-GaN. The mobility of electrons and holes in a c-GaN
film is intrinsically higher than that in a h-GaN layer due
to lower phonon scattering in cubic crystals [8]. However,
more electron and hole traps may appear in film with a
mixture of c- and h-GaN for the stacking faults among the
two kinds of crystalline subgrains [10]. The coexistence of
the two crystalline structures in a single film is possible
for the proximity of their formation energies. Therefore,
it is of great importance to understand and control the
occurrence of these crystalline structures. Previous works
have demonstrated that, in not-intentionally doped (NID)

GaN layers, an obvious lower substrate temperature is nec-
essary to obtain a pure cubic phase rather than that of
a pure hexagonal phase by metal organic chemical vapor
deposition (MOCVD) or molecular-beam epitaxy (MBE)
[8, 11–13]. Recently, uniformly distributed c-GaN and h-
GaN subgrains have been simultaneously found in NID
GaN nucleation layers grown on sapphire substrate. Both
subgrains provide templates for the subsequent epitaxial
growth, having important influence on the crystalline quality
of GaN [9, 12, 14]. However, few studies have examined the
possible mixed crystalline structures in doped AlGaN alloys
with high aluminum content.

In the present work, we report simultaneous observations
of cubic and hexagonal subgrains in a group of silicon doped
(Si-doped) AlGaN epilayers. We have designed and grown
those Si-doped Al

0.4
Ga
0.6
N samples by MOCVD. High-

resolution X-ray diffraction (XRD) and Raman spectroscopy
are employed to analyze their crystalline structures. The
possible reasons for the occurrence of weak cubic subgrains
in the epilayers are discussed. Our experimental results are
quite different from previous work in that the coexistence
of cubic and hexagonal subgrains occurs in a group of Si-
doped Al

0.4
Ga
0.6
N epilayers. Moreover, the cubic subgrains
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Figure 1: Schematic diagram of samples A, B, and C.
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Figure 2: XRD 𝜃/2𝜃 patterns of Si-doped Al
0.4
Ga
0.6
N epilayer,

sample A, from 17∘ to 36∘.

observed are locally distributed at the bottom interface of
epilayers. These results are meaningful to the growth and
understanding of multiple-interface GaN-based optoelec-
tronic devices such as quantum well photodetectors and
LEDs.

2. Experimental

Samples studied in this work were grown at a low pressure
by an in-house developed MOCVD system. The geomet-
ric structure of sample A was Si-doped Al

0.4
Ga
0.6
N/NID

Al
0.4
Ga
0.6
N (buffer layer)/AlN (nucleation layer) on a sap-

phire substrate as shown in Figure 1. The AlN nucleation
layer was a bilayer structure with its first layer grown at
a low temperature of about 750∘C to initiate nucleation,
followed by a second layer at a high temperature of about
1050∘C to achieve 2D growth. The NID Al

0.4
Ga
0.6
N buffer

layer and Si-doped Al
0.4
Ga
0.6
N layer were prepared at a

temperature of about 1000∘C. Two control samples, B and
C, were also prepared for comparison and analysis. The
geometric structures of B and C were almost the same as A
except that the buffer layer of B was a NID Al

0.6
Ga
0.4
N layer

instead and C had no buffer layer at all. All samples were
crack-free showing good crystalline qualities.

XRD measurements, with Cu K𝛼1 (𝜆 = 1.54056 Å)
as a source, were performed to analyze dislocations, crys-
talline phase, subgrain orientation, and so forth. The room
temperature Raman scattering spectra were obtained using

a LabRam HR800UV Raman spectrometer (Horiba Jobin-
Yvon) fitted with a confocal microscope and a cooled charge-
coupled device (CCD) detector. Samples were excited with
the 514.5 nm green line of a Spectra Physics Ar+ laser focused
under a microscope within a diameter of the analyzed spot
around 1.0 𝜇m. Raman scattering is a noncontact and non-
destructive spectroscopic technology [9, 12, 15]. Raman spec-
troscopy and XRDmeasurements have been used together to
investigate the crystalline structures in GaN-based thin film
heterostructures comprehensively.

3. Results and Discussion

A high-resolution XRD 𝜃/2𝜃 scan of sample A is shown in
Figure 2. During the measurement, the power of the X-ray
generator in the range from 17∘ to 23∘ remained at 40 kV
and 10mA but was increased to 40 kV and 40mA in other
ranges. Though this power increase induced a slight noise
variance, it was helpful for the effective detection of much
weaker reflected signals. Besides the strong Al

2
O
3
(006) peak

at around 20.80∘ from sapphire substrate, other reflection
peaks could be grouped into three series [16, 17]. The first
series are (002), (101), (102), and (103) reflection peaks from
the hexagonal AlN nucleation layer. The second series are
(002) and (103) peaks from the hexagonal Al

0.4
Ga
0.6
N layers.

This indicates the dominant role of the hexagonal crystalline
structure in the samples.

Two much weaker peaks at about 19.9∘ and 35.3∘ are
observed as shown in Figure 3. They are obviously different
from any possible reflections from AlN, GaN, substrate and
hexagonal Al

0.4
Ga
0.6
N, even when the considerable stress

effect and experimental errors are taken into account. These
remaining peaks have little possibility to be satellite peaks
either. Satellite peaks usually occur as continuous oscillating
structures and multiorder peaks should be observed simul-
taneously. By comparing with previous works on pure cubic
and mixed-phase GaN-based alloys, we attribute these two
peaks to the cubic Al

0.4
Ga
0.6
N (002) and (113) reflection,

respectively, which are indeed the two most intense signals
in XRD measurement on cubic GaN-based alloys [11, 18, 19].
The cubic Al

0.4
Ga
0.6
N (002) and (113) reflection peaks have

also been observed in control samples B and C. In summary,
both hexagonal andweak cubic Al

0.4
Ga
0.6
N subgrains coexist

in these epilayers.
The Raman spectra of Si-doped Al

0.4
Ga
0.6
N films shown

in Figure 4 were recorded in a back-scattering configuration
from the growth surface with a laser beam propagating
parallel to the c axis of substrate. The inset shows the whole
Raman spectra of sample A from 220 cm−1 to 980 cm−1.
Several peaks labeled with S originating from the sapphire
substrate are observed at about 751 cm−1 and in the region
from 380 cm−1 to 450 cm−1 [12]. Hexagonal AlN E

2
(low),

AlN E
2
(high), and AlN A

1
(LO) modes are also observed

at 249 cm−1, 751 cm−1, and 886 cm−1, respectively [15, 20].
The intense peak at 582 cm−1 is an overlapped structure with
broad width including signals from sapphire, h-AlGaN E

2

(high) mode, and so forth. The active h-Al
0.4
Ga
0.6
N (LO)

mode appears at 822 cm−1.These features show the dominant
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Figure 3: Comparison of XRD 𝜃/2𝜃 patterns of sample A and con-
trol samples B and C. Cubic Al

0.4
Ga
0.6
N (002) and (103) reflection

peaks are clearly observed. Dotted lines are used for visual aid.
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Figure 4: Raman spectra of Si-doped Al
0.4
Ga
0.6
N epilayers. Inset is

Raman spectra of sample A from 220 cm−1 to 980 cm−1. Dotted lines
L1 and L2 are used for visual aid. Cubic Al

0.4
Ga
0.6
N (LO) modes are

observed.

role of hexagonal crystalline structure in these epilayers.
Meanwhile, a weak shoulder (L1) to lower wave number
side of h-Al

0.4
Ga
0.6
N (LO) mode (L2) is also clearly resolved

at about 810 cm−1. This weak shoulder, also reported in
earlier studies, is attributed to the c-Al

0.4
Ga
0.6
N (LO) mode

[13, 21]. In most cases, the c-AlGaN (TO) mode, which is
nominally forbidden but becomes allowed due to any short
range perturbations, should be detected simultaneously as the
LO mode. In this study, no c-Al

0.4
Ga
0.6
N (TO) mode was

found in the Raman spectra. This discrepancy is due to two
factors: (i) the otherwise c-Al

0.4
Ga
0.6
N (TO) mode at about

606 cm−1 couples strongly with the intense and broad peak
at 582 cm−1 and (ii) the TO mode of cubic phase is fairly
weak under the excitation with a 514.5 nm laser line [21]. The
c-Al
0.4
Ga
0.6
N (LO) modes have been also observed in the

Raman spectra of control samples B andC, shown in Figure 4.
The results of Raman and XRD measurements are in good
agreement and confirm the coexistence of hexagonal and
weak cubic subgrains in the Si-doped Al

0.4
Ga
0.6
N epilayers.
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Figure 5: Distribution of cubic Al
0.4
Ga
0.6
N subgrains at the bottom

interface of Si-doped epilayers.

The favored growth conditions for hexagonal wurtzite
and cubic zinc blende structures in MOCVD epitaxy are
considerably different. The coexistence of hexagonal and
cubic GaN-based alloys could only be found in special
environments. For example, a frequently mentioned film is
GaN nucleation layers deposited at a low temperature of
about 600∘C [9, 12]. In our case, an AlN nucleation layer
instead is adopted and no cubic AlN subgrains have been
detected by either XRD or Raman measurements. Then,
an interesting question is raised as to where the cubic
Al
0.4
Ga
0.6
N subgrains are located. We could find answers

through a layer-by-layer analysis. Firstly, both the sapphire
substrate and the AlN nucleation layers have no relationship
with the occurrence of cubic Al

0.4
Ga
0.6
Nsubgrains. Secondly,

cubic subgrains are independent of the Al
0.4
Ga
0.6
N buffer

layer. The hexagonal Al
0.4
Ga
0.6
N buffer layer is grown solely

in sample A. The buffer layer in sample B is replaced with an
h-Al
0.6
Ga
0.4
N layer. In sample C, no buffer layer is prepared

at all. In spite of this diversity, characteristic features from
cubic Al

0.4
Ga
0.6
N subgrains have been observed in all the

three samples. Then, we could claim that the occurrence of
cubic Al

0.6
Ga
0.4
N has no correlation with the buffer layer.

In fact, we did perform measurements on single Al
0.4
Ga
0.6
N

buffer layer grown on AlN buffer layer and no characteristic
features of cubic subgrains have been observed in either XRD
or Ramanmeasurements. Earlier literatures also indicate that
there is little chance to find cubic subgrains in NID AlGaN
epilayers grown under similar epitaxy conditions as this work
[22]. Thus, the occurrence of cubic Al

0.6
Ga
0.4
N subgrains is

undoubtedly related to the growth of Si-doped Al
0.4
Ga
0.6
N

layers.
These cubic subgrains have two possible existing forms

in films. The first one is an even distribution. However,
characteristic features from cubic subgrains in our Si-doped
Al
0.4
Ga
0.6
N layer are particularly weak in both XRD and

Raman measurements. In addition, few researchers, includ-
ing us, have reported cubic signals in thick Si-doped AlGaN
layers grown at a high temperature of about 1000∘C. Then,
the possibility of uniform distribution could be excluded.The
second form is a local distribution at the bottom interface
between buffer layer and the Si-doped layer as shown in
Figure 5.This situation could be understood from the point of
view of growth environments. Previous works indicate that a
higher growth temperature and a rich nitrogen atmosphere
favor the growth of hexagonal GaN-based alloys, while a
lower growth temperature and a rich hydrogen atmosphere
are beneficial to the occurrence of cubic subgrains [8].
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At the onset of doping, silane (doping agent) carried by
high room temperature hydrogen fluxes was instantaneously
injected into the reaction chamber of in-house developed
MOCVD, leading to a quick decrease of reaction temperature
and a relatively high percentage of nitrogen atmosphere,
and subsequently results in the occurrence of weak cubic
subgrains. With the increase in processing time, the reaction
temperature and atmosphere recover and the pure hexagonal
crystalline phase becomes the sole structure again.This iswhy
the cubic subgrains occur locally at the bottom interface of
Si-doped layers. Meanwhile, interstitial silicon atoms in the
Si-doped layers increase the deformation of the hexagonal
crystalline lattice and cubic structure in GaN-based alloys
resulting in a deformed hexagonal lattice with stacking faults
in alternative layers [9]. Then, the interstitial silicon atoms
are the possible reason for the occurrence of cubic subgrains.
The morphology and microstructure of these weak cubic
subgrains at the interface will be considered in further works.

4. Summary and Conclusions

In summary, we have investigated the crystalline structures
of Si-doped Al

0.4
Ga
0.6
N layers grown with an AlN nucleation

layer by MOCVD. We have also observed cubic Al
0.4
Ga
0.6
N

(002) and (103) reflection peaks in high-resolution XRD
𝜃/2𝜃 scans and cubic Al

0.4
Ga
0.6
N (LO) mode in Raman

scattering spectroscopy, as well as the specific features from
hexagonal wurtzite structure of Al

0.4
Ga
0.6
N. It is found that

the cubic subgrains are localized at the bottom interface of
Si-doped layer due to the pulsed lower growth temperature
and rich hydrogen atmosphere at the start of silane injection.
This study is helpful not only to understand of fundamental
properties of GaN-based alloys, but also to provide specific
guidance on the growth of multilayer optoelectronic devices
such as LED, HEMT, and quantum well photo-detector,
where weak cubic subgrains potentially occur at the multiply
interfaces and exert complicated influences on the device
performances.
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