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ABSTRACT
BGaN is an emerging ultrawide bandgap semiconductor with important applications ranging from power electronics to ultraviolet light
emitters. To date, BGaN boron composition has been limited to <10% in the wurtzite phase. Herein, a 200 nm thick high quality mixed-
phase BGaN film was grown via horizontal–reactor metalorganic chemical vapor deposition with boron composition exceeding 10%. The
growth was performed under low temperature and pressure conditions of 600 ○C and 75 Torr, respectively, with a growth rate of 0.29 μm/h.
Triethylborane and triethylgallium were used as the source gases for boron and gallium, respectively. Pure nitrogen gas was used as the
carrier for all reactants. A root mean square roughness value of 2.56 nm was determined using an atomic force microscopy scan on an area
of 5 × 5 μm2. X-ray diffraction (XRD) 2θ–ω scans show a nearly lattice-matched BGaN/AlN film corresponding to a boron composition of
∼10%. A mixed wurtzite and zincblende phase was confirmed via an XRD pole figure and transmission electron microscopy. Additionally,
the high crystalline quality of the mixed (002)wz/(111)ZB planes was shown using an XRD rocking curve with 810 arcsec full width at half
maximum. The boron composition was precisely measured as 15% using Rutherford backscattering spectrometry combined with nuclear
reaction analysis.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0113666

III-nitride semiconductor materials have several technical
applications in advanced optical and electronic devices.1 III-nitrides
typically crystallize in the hexagonal wurtzite phase; however, they
only crystallize in the cubic zincblende phase under specific con-
ditions because of the higher stability of the wurtzite phase of
the classical nitrides AlN, GaN, and InN.2–4 Optical devices using
these wurtzite nitrides can operate over various wavelengths due
to their highly tunable bandgaps from 0.7 to 6 eV.5,6 This tunabil-
ity arises from the precise selection of AlN, GaN, and InN alloys
at different compositions. Metalorganic chemical vapor deposition
(MOCVD) is the leading technique for the mass production of
different III-nitride devices due to its flexibility in a wide selec-
tion of pressures, temperatures, chemicals, and precursor flow rates
among other growth conditions. This enables MOCVD to create
complex structures layering alloys under different conditions such as
the common AlGaN/InGaN heterostructures in blue and ultraviolet
light-emitting diodes (LEDs).

Boron-containing III-nitrides, including BAlN and BGaN, have
been investigated widely due to their applications in ultraviolet and
power devices.7–18 Alloying III-nitrides with boron is useful for lat-
tice engineering and matching within the nitride family and other
materials, such as SiC and Ga2O3.19,20 Additionally, alloying with
boron could increase bandgaps, reduce optical absorption, and,
interestingly, enable types I and II band alignments, allowing for
novel device engineering.21

As Fig. 1 depicts, most previous studies of wurtzite BGaN, in
specific, have been confined to boron compositions <3%, with the
highest being 7%–7.5%.17,22 These fall far from achieving the full
range of compositions for maximum tunability of the material’s
properties. Many studies find a structural change from the hexag-
onal wurtzite phase to the cubic zincblende phase at higher boron
composition films, which is confirmed in our study. Experimen-
tally, it is typically found that as the boron incorporation increases,
the film tends to have a more zincblende phase mixed with the
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FIG. 1. Summary of notable MOCVD-grown BGaN films in
literature.8,17,18,22–24,26–37

wurtzite.17,23,24 Furthermore, theoretical calculations show that the
cohesive energies of wurtzite and zincblende are extremely close at
low compositions.25

Additionally, the theoretical prediction shows that the layered
hexagonal phase, typically seen in pure BN, becomes more dominant
at very high boron compositions.25 This result has also been found
experimentally where layered hexagonal BGaN is found at boron
compositions >92%.26

Herein, we report the growth of a 200 nm thick, mixed-phase
BGaN thin film with a boron composition of 15%. The goal of
this study is to push the current limit of boron composition in
BGaN films by MOCVD. The growth was performed in a Taiyo
Nippon Sanso horizontal reactor MOCVD system on a commercial
c-plane AlN(∼1.3 μm)/sapphire template from Luan UV. Trimethy-
laluminum (TMA), triethylborane (TEB), and triethylgallium (TEG)
were used as metalorganic sources. TEG is used instead of the typical
trimethylgallium (TMG) for its compatibility with the low growth
temperature used here.38 Ammonia (NH3) was used as a nitrogen

source, and nitrogen gas was used as the carrier gas for the pre-
cursors. The use of nitrogen instead of hydrogen as a carrier gas
has been shown to increase the crystalline quality of BGaN films
by us and by others in literature (see the supplementary mate-
rial).17 The pressure and temperature were maintained at 75 Torr
and 600 ○C during the BGaN growth, respectively. Herein, V/III
and TEB/III ratios of 2100 and 0.51 were used, respectively. The
high TEB/III ratio is likely needed due to the gas phase parasitic
reactions that reduce the efficiency of boron incorporation into the
film.16,22 A small growth rate and a film thickness of 0.29 μm/h
and 210 nm were estimated by the reflection curves, respectively.
These conditions were optimized to yield high boron composi-
tions and crystalline quality according to the 2θ–ω peak shifts
and rocking curves’ (RCs) full width at half maxima (FWHM),
respectively.

To characterize the surface of the BGaN film, a Bruker Dimen-
sion Icon is used to perform atomic force microscopy (AFM) scans
with a resolution of 512 samples/line, an area of 5 × 5 μm2, and a
rate of 0.996 Hz. To roughly estimate the boron composition and
to show the film’s epitaxial nature, a x-ray diffraction (XRD) scan
is performed using a Bruker D2 Phaser. To study the wurtzite and
the zincblende phases in the film and to quantify the film quality,
XRD scans were performed using a Bruker D8 Ultra. For the atomic-
resolution scanning transmission electron microscopy measurement
(STEM), an FEI Themis Z was operated at 200 kV with a probe
size of 1–2 nm. The STEM lamella’s thickness is around 50 nm.
Rutherford backscattering spectrometry (RBS) and secondary ion
mass spectrometry (SIMS) were performed to characterize the con-
centrations of different elements within the BGaN and AlN layers.
RBS was combined with nuclear reaction analysis (NRA) to more
accurately and directly estimate the boron composition in the BGaN
film. He++ ions at an energy of 2.275 MeV with detector and grazing
angles of 160○ and 100○, respectively, were used for the RBS–NRA
measurements. The SIMS conditions were tuned to give a depth
resolution of around 8 nm in the BGaN layer. The H elemental back-
ground levels are tuned to ∼1017 atoms/cm3 in the BGaN film, while
O and C are tuned to ∼1015 atoms/cm3.

Figure 2(a) shows an AFM scan on an area of 5 × 5 μm2 of the
BGaN surface. The root mean square (rms) roughness value is found
to be 2.56 nm. Figure 2(b) shows the 2θ–ω scan of the sample, show-
ing the BGaN, AlN, and sapphire peaks, and BGaN and AlN both

FIG. 2. (a) AFM scan of BGaN film with
rms roughness value of 2.56 nm. (b)
XRD 2θ–ω scan showing peaks from
sample and template.
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exhibit low and high order peaks, highlighting the epitaxial nature
of the films. Using the 2θ peak, the boron composition of the BGaN
film can be roughly estimated by linear interpolation between the
GaN and BN peaks. Using this method, boron-to-III molar com-
positions of 10.2% and 9.7% are estimated, assuming wurtzite and
zincblende films, respectively. By simply examining the 2θ–ω scan,
it is difficult to determine whether a wurtzite phase or a zincblende
phase occurs due to similarities in the inter-planar distances of the
(002)WZ and the (111)ZB planes. This difficulty in discerning the
phase necessitates better characterization approaches to distinguish
the two phases.

Figure 3(a) depicts a pole figure scan that clearly shows reflec-
tions relating to the cubic and hexagonal phases. Unfortunately, the
wurtzite BGaN peaks are too close to the AlN peaks, whereas the
cubic peaks are too difficult to observe by 2θ–ω scans, thus making
a precise phase-purity quantification difficult.39 Additionally, high-
resolution transmission electron microscopy (HRTEM) images and
fast Fourier transform (FFT) of selected areas [Fig. 4(a)] confirm that
the film is a wurtzite–zincblende mixture with stacking faults caus-
ing the mixed symmetry. Interestingly, the wurtzite and zincblende
phases are quite similar on the atomic scale, where they can only
be distinguished by observing the patterns in their layer stacking.
The ABC stacking corresponds to the zincblende phase, whereas the
ABAB stacking corresponds to the wurtzite phase [Figs. 3(b) and
3(c)].40 The inset of Fig. 4(a) shows that the higher-order diffrac-
tion peaks, indicating the dominant phase, are missing. This trend
is another characteristic of the mixed-phase material within the
examined area.

The TEM image qualitatively shows the crystalline quality of
our BGaN film on the atomic scale. To quantitatively estimate the
average crystalline quality of the film, x-ray RC measurements were
conducted [Fig. 4(b)]. The FWHM of the (002)WZ/(111)ZB peak is
only 810 arcsec. Although this is not at the same level as that of
the highest-quality homo- and heteroepitaxial wurtzite III-nitride
films, this crystalline quality is reasonably high for a high boron
content BGaN alloy. Unfortunately, the majority of BGaN related
works do not report the FWHM of XRD RCs. However, some of
the reported values are by Kadys, Ougazzaden, and Gunning at
2500–9400, 2000–7000, and 250–3600 arcsec, respectively.17,18,20

Finally, RBS-NRA and SIMS were performed to characterize
the concentrations of different elements within the BGaN and AlN
layers. A boron-to-III molar composition of 15% ± 2% was deter-
mined using the RBS-NRA measurement [Fig. 5(a)]. The figure
shows a small amount of gallium in the AlN regrowth layer, prob-
ably due to the MOCVD memory effect, where gallium sticks to the
pipes and the flow channel then diffuses to the film during growth.
Furthermore, Fig. 5(b) shows a considerable amount of boron in
the AlN regrowth layer, which is likely due to a combination of the
memory effect of boron and diffusion from the BGaN film, since
boron is a small atom.

Interestingly, by using SIMS, a strong correlation is observed
between the boron and hydrogen concentrations within the BGaN
and AlN layers as the B-to-H ratio remains nearly constant at
∼3:1. Unfortunately, SIMS cannot examine this correlation on the
nanoscale. However, this result is somewhat reminiscent of the
atom probe tomography measurement of BAlN.41 Some insights are

FIG. 3. (a) XRD pole figure at 2θ of 71.8○. The blue-dashed circles and the black circles are likely zincblende (311) and wurtzite (201) planes, respectively. The light-blue
circles are likely a superposition of the zincblende (311) and the wurtzite (112). The green circles are the sapphire (208) planes. The zincblende peaks result from only
BGaN, whereas the wurtzite peaks may be superposed AlN and BGaN peaks. (b) and (c) ABAB and ABC stacking of wurtzite and zincblende structures, respectively.
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FIG. 4. (a) HRTEM image showing the
mixed wurtzite and zincblende structures
of the film. The inset FFT diffractogram
highlights the lines corresponding to
stacking faults indicating mixed hexago-
nal and cubic structures. The zone axis
is (11-20) of the AlN template. (b) RC of
the (002)WZ/(111)ZB planes. The FWHM
is 0.225○ or 810 arcsec.

FIG. 5. (a) Simulated depth profile based
on RBS-NRA measurement. Boron has
an atomic concentration of 7.5 at. %,
corresponding to a 15% III-nitride alloy
composition. (b) SIMS measurement of
B and various impurities in BGaN and
AlN. B concentration using SIMS is not
as precise as using RBS in the BGaN
layer (top ∼1600 Å).

provided by examining the theoretical calculations of the H impuri-
ties within BN, GaN, and AlN.42,43 Based on these, we hypothesize
that H is interstitial mostly between the B and N sites, acting as an
amphoteric impurity. This hypothesis implies that H may prevent
boron-containing nitrides from being conductive as H compensates
the n- and p-type carriers in the film. As no H2 is supplied dur-
ing the BGaN growth, we believe this hydrogen comes from the
decomposition of NH3 and perhaps metalorganic sources. In addi-
tion, oxygen and carbon impurities were found in high quantities in
the film, implying that the growth recipe needs further optimization
to use BGaN as a functional material in electronic and optoelectronic
devices.

In conclusion, a 200 nm thick, high-quality BGaN film was
grown via MOCVD with a boron composition of 15%. The growth
was performed at low temperature and pressure conditions of 600 ○C
and 75 Torr, respectively. TEB and TEG were used as source gases
for boron and gallium, respectively. An rms roughness of 2.56 nm is
determined via AFM scan on a 5 × 5 μm2 area. The XRD 2θ–ω scans
implied a nearly lattice-matched BGaN/AlN film. A mixed-phase
film was found via the XRD pole figure and HRTEM. Addition-
ally, an 810 arcsec FWHM of the RC indicated a reasonably high
crystalline quality of the (002)WZ/(111)ZB planes. Moreover, a high
boron composition of 15% was determined via RBS–NRA measure-
ments. Finally, H, O, and C impurities were investigated using SIMS,
and large quantities were detected in the BGaN film. We believe that

the low growth temperature and the predicted band alignment might
make it an ideal p-type layer in different device structures, such as
LEDs and PIN neutron detectors.21 However, further investigation
is needed to reduce the impurities, which may affect its ability to
conduct holes.

See the supplementary material for a discussion of why pure
nitrogen, instead of the usual hydrogen, was used as a carrier gas in
our growth.
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