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Boron rich BAlN alloys have been grown on 2-inch sapphire substrates by Metal-Organic Vapor Phase Epitaxy. The surface morphology of
BAlN alloys exhibits a transition stage from a completely two-dimensional to a three-dimensional granular surface with an increased trime-
thylaluminum/group III (TMAl/III) ratio. Only a shift in the position of the 002 plane reflection peak to higher diffraction angles in the
2h� x scan along with a decrease in intensity was observed, specifying formation of layered BAlN alloys up to a TMAl/III ratio of 14. AlN
phase separation was observed while increasing the TMAl/III ratio to 25, supporting SEM observations. Secondary-ion mass spectrometry
measurements confirmed the presence of up to 17% Al in layered BAlN alloy systems. A cross sectional transmission electron microscopy
(TEM) study confirmed the layered nature of single phase BAlN alloys. It also revealed the presence of wurtzite Al rich BAlN phases in a
matrix of layered hexagonal B rich BAlN. Band to band transition around 5.86 eV has been observed, which shifted slightly to lower energy
with increasing Al incorporation. The bowing parameter (C) in boron rich BAlN alloy systems was evaluated to be around 0.656 0.05 eV.
Encouraging results were obtained on boron rich BAlN alloy formation, motivating further exploration of growth conditions and study of
BAlN fundamental properties for applications in deep UV optoelectronics.

Hexagonal boron nitride (h-BN) is a unique III-nitride, which
has interesting properties such as a layered structure, high thermal
conductivity, and a wide bandgap (�6 eV).1–5 Even though h-BN is an
indirect bandgap semiconductor, it has an impressive deep ultraviolet
(UV) emission and, hence, it is very promising for applications in
deep UV optoelectronics when compared to direct bandgap AlN and
other materials.3,6–13 The AlN alloy system, on the other hand, is the
most studied material for applications in the deep UV regime, but
growth of high quality materials and p-type doping are challenging.6,14

Both Al rich w-BAlN and B rich h-BAlN alloys may enable a desirable
bandgap and lattice/strain engineering for applications. For example,
h-BN can be made into a direct bandgap material through strain engi-
neering or alloying with Al, which would enhance emission efficiency
in the deep UV for UV LEDs. Alloying boron into AlN could also lead
to a type II BAlN/AlGaN heterojunction,15 allowing the achievement
of an electron blocking layer. BAlN has also been studied as a promis-
ing material candidate for high-reflectivity distributed Bragg reflectors

(DBRs) due to strong refractive index modification.16,17 Because of
their layered nature and reported intrinsic p-type behavior, the use of
h-BN based alloys may give more flexibility to design highly efficient
device structures.18–20 Theoretically, it was reported that BAlN alloys
can have structural crossover from hexagonal to wurtzite at 50% of
boron, and the band-gap transition from indirect to direct would
occur at 75% of boron.21,22

Apart from these theoretical investigations, boron rich BAlN
alloys have not yet been explored experimentally. The growth of boron
rich BAlN alloys and the understanding of its basic structural, as well
as the optical, properties are of high importance. In this work, we
report growth of single-phase boron rich BAlN alloys up to 17% of Al
in a Metal-Organic Vapor Phase Epitaxy (MOVPE) reactor. We first
studied in detail the relationship between morphology, Al composi-
tion, and the trimethylaluminum/group III (TMAl/III) ratio. Second,
the bandgap variation in boron rich BAlN and the bowing effect were
presented.
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The BAlN alloys were grown directly on c-plane sapphire sub-
strates without any buffer in an Aixtron MOVPE close coupled show-
erhead (CCS) reactor. Triethylboron (TEB), trimethylaluminum
(TMAl), and ammonia (NH3) were precursors for boron, aluminum,
and nitrogen, respectively. 20 nm thick of BAlN layers were grown at
1280 �C and 90 mbar pressure. The TMAl/III ratio was varied from 0
to 25; in order to increase the Al content in gas phase, all other param-
eters were kept constant.

A scanning electron microscope (SEM) was used to study the sur-
face morphology of the samples. The crystalline structure and phase
purity of BAlN alloys were examined by high-resolution X-ray diffrac-
tion (HRXRD) scans, performed in a Panalytical X’pert Pro Materials
Research Diffractometers system with Cu Ka radiation in triple axis
mode. The aluminum content was estimated by Secondary-ion mass
spectrometry (SIMS) using Csþ molecular ions. The interfaces of het-
erostructures were characterized by high-angle Annular Dark Field
Scanning Transmission electron Microscopy (HAADF-STEM) per-
formed on an aberration-corrected JEOL 2200FS electron transmission
microscope. Prior to this study, cross sectional lamellae were prepared
by the FIB process after coating a 100nm thick carbon for layer protec-
tion. Transmission spectra were measured at room temperature with a
Perkin Elmer LAMBDA 950 spectrophotometer.

The surface morphology of BAlN alloys grown on sapphire sub-
strates with four different TMAl/III ratios is shown in Fig. 1. At a low
TMAl/III ratio [Figs. 1(a) and 1(b)], we observe honeycomb like wrin-
kles on the surface, which is comparable with the standard morphol-
ogy of un-alloyed 2D h-BN. The formation of the wrinkles is the
consequence of the compressive stress from cooling process as
reported earlier by Li et al.1 This morphology confirms that these sam-
ples are completely layered. When the TMAl/III ratio is increased,
these wrinkles are less pronounced and small grains were obtained as
seen in Fig. 1(c). Subsequently at a higher TMAl/III ratio of 25, the
morphology of the BAlN alloy consists of 3D grains with complete
absence of wrinkles [Fig. 1(d)]. The 2D–3D transition of the morphol-
ogy reveals the influence of the TMAl/III ratio on the surface of BAlN
alloys. Further characterization has been performed to understand the
structural changes of these BAlN alloys.

Figure 2(a) shows High-Resolution X-Ray diffraction (HR-XRD)
of the 20nm thick BAlN alloys grown with the different TMAl/III
ratio. We have observed only the diffraction peak at around 26.0� for
samples with the TMAl/III ratio from 0 to 13.8, which confirms the
formation of layered BAlN alloys. At a TMAl/III ratio of 25, in addi-
tion to the h-BN peak, the 2h�x scan showed the presence of a sec-
ond peak at 35.9� corresponding to the (002) w-AlN. The observation
of the two peaks indicates the phase separation in this sample. By
increasing the TMAl/III ratio, the position of the (002) h-BN peak is
found to be shifted toward a higher angle (by 0.2 �), except the BAlN
alloy grown with the highest of TMAl/III ratio due to the phase sepa-
ration [inset of Figs. 2(a) and 2(b)]. Because the boron (B) atoms are
smaller than aluminum (Al), adding the Al into the h-BN layer can
give rise to the local tensile stress. This stress will lead to the increase
in the lattice parameter a and the decrease in the lattice parameter c.
According to Bragg’s law, the crystal lattice c, in our study, is calculated
to decrease from 6.92 Å (for pure h-BN) to 6.86 Å (for BAlN alloy
grown with a TMAl/III ratio of 13.8). This decrement indicates the
increase in the Al content in our BAlN alloys. In the case of the phased
separated sample, the h-BN (AlN) peak was found to be shifted
(around 0.05 �) to the higher (lower) angle, compared to the reported
values.1,23 We attribute this shift to the presence of the BAlN alloy.
High resolution TEM and SIMS measurements will be discussed later
for a more complete study of this sample. In addition to this shift, the
full width half-maximum (FWHM) of the h-BN diffraction peak
increases linearly with the TMAl/III ratio [Fig. 2(c)]. This broadened
FWHM is related to the incorporation of Al into the h-BN layer.
These results are evidence confirming the formation of BAlN alloys
and the Al content increases with the TMAl/III ratio.

To estimate the efficiency of Al incorporation into our BAlN
alloys, secondary-ion mass spectrometry (SIMS) measurements were
performed. Figure 3(a) shows SIMS elemental concentration depth
profiles of aluminum atoms in BAlN alloys with five different TMAl/
III ratios. In the first 5 nm depth, there is a thin silver layer which was
deposited on the top of the 20nm thick BAlN for charge compensa-
tion purpose during the SIMS analysis, and the interface between the
coated layer and BAlN alloys. The region from 20nm to 40nm depth
is a transition zone between BAlN alloys and sapphire substrates,
which give a higher value of Al concentration. Our measurements and
analysis were focused in the region between 5nm and �20nm depth
(flat part). We found that the Al concentration is increasing with the
enhancement of the TMAl/III ratio from 0 to 25. At the TMAl/III ratio
of 25, the Al concentration reaches the same level with the one derived
from sapphire substrate (25–40nm depth) due to the phase separation
as demonstrated by HR-XRD. In this sample therefore, we may find
some areas with Al rich BAlN or even pure w-AlN. Figure 3(b) plots
the estimation of Al composition from 0% (pure h-BN) to 100% (pure
w-AlN) as a function of the TMAl/III ratio. We obtained the Al con-
tent of 1%, 3.5%, and 17% for the TMAl/III ratios of 3.2, 7.2, and 13.8,
respectively. In the case of the TMAl/III ratio of 25, the specific value
of Al content could not be evaluated accurately due to the non-
homogeneity of the layer (phase separation). Details of Al and B con-
tents in this alloy have been further investigated in the following
STEM and EDX analysis section. To interpret this, our experimental
data were fitted by using the Lorentz function [green solid line in
Fig. 3(b)]. At a low TMAl/III ratio (�14), the fit gives a good agree-
ment with our data, confirming the enhancement of Al incorporation

FIG. 1. SEM images of BAlN alloys grown on sapphire with four different TMAl/III
ratios. (a) 3.2, (b) 7.2, (c) 13.8, and (d) 25.
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when the TMAl/III ratio is increased. However, when the TMAl/III
ratio is higher than 25, the Al composition starts being saturated. We
attribute that this saturation is due to the phase separation between
BN and AlN as also investigated by HR-XRD. Therefore, in this study
the maximum composition of Al in BAlN on sapphire without phase
separation is up to 17%. Compared to the theoretical value of BAlN on
AlN, this experimental value is higher than 9% predicted in Ref. 24
and lower than in Ref. 21.

As direct evidence of the crystal phase, the cross section high-
resolution TEM images of 20 nm BAlN alloys grown with the TMAl/
III ratio of 3.2 and 25 are shown in Figs. 4(a) and 4(b). At a low Al
content, the TEM image exhibits a uniform crystalline growth feature
with the lattice oriented along the c-axis [Figs. 4(a)]. The BAlN alloy
forms a 2D layered structure from the beginning without generating
any dislocations, which indicates a good quality of this alloy. The inset
of Fig. 4(a) presents the fast Fourier transform (FFT) pattern, corre-
sponding to the selected area indicated by a white box. It can be clearly

identified as a single crystalline hexagonal phase of the BAlN alloy, in
agreement with the HR-XRD measurement. The TEM image and FFT
pattern in the inset for the different areas of the sample grown with a
TMAl/III ratio of 25 are shown in Fig. 4(b). In the beginning of the
growth, the hexagonal BAlN alloy was formed as identified from the
FFT pattern. Then, the wurtzite BAlN forms. The wurtzite BAlN layers
are confined in short domains and irregularly oriented, losing the long
range order. This confirms the phase separation occurring in this
sample as already investigated by HR-XRD and SIMS. To deeply
understand this feature, we recorded the complementary cross section
high-angle annular dark field scanning transmission electron micros-
copy (HAADF-STEM) image and the energy dispersive X-ray spectros-
copy (EDX) element mappings of Al and B for this sample as
presented in Fig. 4(c). Five different zones were selected [green boxes in
Fig. 4(c)] to estimate the element contents of B and Al atoms in this
BAlN alloy. The results of B and Al atoms for each corresponding zone
are shown in Table I. Zone 1 has 64% Al and the content of B is below

FIG. 2. (a) High-Resolution X-Ray Diffraction (HR-XRD) 2h � x scan of the BAlN alloys grown on sapphire with five different TMAl/III ratios. The inset shows a clear shift of
the 002 h-BN peak toward a higher angle. (b) and (c): The 002 h-BN peak position and full width half-maximum (FWHM) as a function of TMAl/III ratio, respectively.

FIG. 3. (a) SIMS elemental concentration depth profiles of Al for the BAlN alloys grown on sapphire with four different TMAl/III ratios; (b) Al composition as a function of TMAl/
III ratio.
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the detection limit, indicating a pure w-AlN crystallite formed which is
in agreement with SIMS measurement. From zone 2 to zone 4, B rich
BAlN alloys were obtained with around 44% of B and 5%–7% of Al,
supporting the hexagonal phase. However, in zone 5, 49% of Al and
17% of B were found, indicating the Al rich BAlN alloy in this area. We
thus conclude that in this sample, there is a matrix of the Al rich BAlN

in the wurzite phase and the B rich BAlN in the hexagonal phase
together with the pure w-AlN.

Transmission spectroscopy was utilized to investigate the bandgap
variation in the BAlN layers. Figure 5(a) shows transmission spectra,
which were recorded at room temperature for the three different Al
compositions of the BAlN alloys. All spectra exhibit a light shift
to higher wavelengths with an increase in Al content. The squared
absorption coefficient (a2), which was calculated from these transmis-
sion measurements, is plotted as a function of the photon energy as seen
in the inset of Fig. 5(a). A well-defined linear behavior is observed in
the high-energy side (dashed line in the inset of Fig. 5). The optical
bandgap of those samples was estimated based on the basic equation:
a
2 ¼ a

2
0 ðE � EgÞ. We obtain a shift to lower energy from 5.86 eV to

5.82 eV when the Al content is increased from 1% up to 17%. The red-
shift of the bandgap in our alloys can be understood using the bandgap
bowing concept. Figure 5(b) plots our estimated bandgap of BAlN alloys
vs the Al composition (blue sphere) together with the fit (red line) using
a modified Vegard’s law: Eg ¼ 1� xð ÞEh�BN

g þ xEw�AlN
g � Cxð1� xÞ

FIG. 4. Cross section high-resolution TEM image of 20 nm BAlN grown on sapphire with the TMAl/III ratios of (a) 3.2 and (b) 25; (c) bright-field HAADF-STEM image of BAlN
grown on sapphire with a TMAl/III ratio of 25 and the energy dispersive X-ray spectroscopy (EDX) elemental mappings of Al and B.

TABLE I. Content of Al and B elements in the different zone of the BAlN alloy grown
on sapphire with a TMAl/III ratio of 25.

Element

Wt.%

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Al �64 �5 �7 �7 �49

B Below the detection
limit

�44 �44 �42 �17

FIG. 5. (a) Transmission spectra of the B1�xAlxN grown on the sapphire substrate with different Al compositions. Inset: the squared absorption coefficient (a2) vs photon 
energy for estimating energy bandgap; (b) bandgap variation vs Al composition. Inset: bandgap bowing parameters for nitride compounds vs the lattice mismatch between the 
end point binaries. Data for AlGaN is from Ref. 26, for InGaN is from Ref. 27, and for BGaN is from Ref. 28.
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where C is the bowing parameter. In our fit, the bandgap of
AlN¼ 6.12 eV,14 the optical gap of h-BN¼ 5.87 eV,1 and we obtained
the bowing parameter C¼ 0.656 0.05 eV. The relatively low value of C
in BAlN may be attributed to the small difference between the indirect
gap of h-BN and the direct gap of AlN. Thus, the alloy bandgap exhibits
only small deviation from linear interpolation. It is in agreement with
the theoretical study of BGaN alloys. Turiansky et al. reported a bowing
parameter of 0.55 eV for the indirect bandgap of BGaN.25 In addition,
the comparison of our value C¼ 0.656 0.05 eV with the recommended
bowing parameters for other nitride-based systems is considered. The
inset of Fig. 5(b) illustrates the general trend for the bandgap bowing
parameter in the III-nitride alloy systems by presenting C value vs the
lattice mismatch between the end point binaries: AlGaN (C¼ 1 eV26)
InGaN (C¼ 2.87 eV27) BGaN (C¼ 9.2 eV28), and BAlN. Our experi-
mental value of C¼ 0.656 0.05 eV thus is in a reasonable range of the
bowing parameters for nitride compounds.

In summary, boron rich BAlN alloys have been grown by Metal-
Organic Vapor Phase Epitaxy (MOVPE). The surface of BAlN alloys
presents a morphology ranging from a completely 2-dimensional (2D)
to a three-dimensional (3D) granular surface with increasing Al con-
tent. The HR-XRD study shows only a shift in the position of the 002
plane reflection peak to higher diffraction angles, which indicates sin-
gle hexagonal phase BAlN alloys up to a TMAl/III ratio of 14. Further
increases of the TMAl/III ratio up to 25 resulted in phase separation.
The Al composition in the BAlN layer was estimated by SIMS to be up
to 17%. The TEM study confirmed the layered nature in single phase
BAlN alloys. It also revealed the presence of wurtzite Al rich BAlN
phases in a matrix of layered hexagonal B rich BAlN. Band to band
transition around 5.86 eV has been observed, which shifted slightly to
lower energy with increasing Al incorporation. The bowing parameter
(C) in the boron rich BAlN alloy system was evaluated to be around
0.656 0.05 eV. The growth of flexible boron rich B(Al)N alloys brings
a new alloy for the next generation of the nitride family, which is very
promising for the development of applications such as deep UV LEDs.
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