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ABSTRACT

In this work, the local atomic level composition of BAIN films with ~20% B was investigated using atom probe tomography. Dislocations
and elemental clustering were confirmed along which Al atoms tend to segregate. The presence of local compositional heterogeneities
(dislocations and small clusters) and impurities is related to the variation of local alloy stoichiometry of the BAIN films. The roughness and
interface abruptness of BAIN/AIN were investigated, and a few nm of B and Al composition gradient in BAIN adjacent to the interface was
observed. The nanoscale compositional analysis reported here will be crucial for developing BAIN films with a high B content and larger

thickness for future high power electronics and optical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027861

Wourtzite BAIN is a promising ultra-wide bandgap III-nitride
alloy with exciting and tunable properties including wide bandgaps
in the deep ultraviolet range (~7¢eV),' refractive indices,” band
alignment,” ” and a wide range of lattice constants.”” Due to these
attractive properties, BAIN is highly desirable for application in high-
reflectivity distributed Bragg reflectors (DBRs), vertical cavity surface
emitting lasers (VCSELSs), barrier layers in power devices, and electron
blocking layers (EBLS) in optoelectronics.” ~ BAIN layers with a high
B content are crucial for achieving a lower refractive index, which ena-
bles DBR operation in the DUV regime.” Despite the tremendous
potential of BAIN in future electronics, optics, and photonics, it is
extremely challenging to achieve a high B content or high crystallinity
wurtzite BAIN films with large thicknesses.'”'" The B content in BAIN
has been limited by the possible phase separations, the short diffusion
length of B, and strong parasitic reactions within the reactor, which
may require complex growth methods to address such as flow modu-
lation epitaxy.”™' >

A previous study has shown that BAIN with a 12% B content,
grown by metal organic vapor phase epitaxy (MOVPE), had a single
phase wurtzite structure that was limited within the first 10nm of
material.'® Beyond this thickness, phase separation was observed
resulting from the formation of an undesired tilted-cubic phase due to
a lower formation energy of the tilted-cubic phase compared to that of

15,16

the wurtzite phase. BAIN with an increased B composition
(14.4%) was grown by MOVPE’ that retained the single phase over a
larger thickness (~100 nm). The microstructure of these BAIN films
was subjected to screw dislocation defects that significantly deviate the
local stoichiometry. Also, lattice parameters used for determining the
B composition in BAIN with varying B% were not reliable due to the
unavailability of the correct parameters that resulted in an ~2% error
in the reported B content.'” Recently, single phase wurtzite BAIN with
>20% B has been reported.'” The B content was measured using x-ray
diffraction (XRD), secondary neutral mass spectrometry (SNMS), and
Rutherford backscattering spectrometry (RBS). While the XRD result
suggested a high B content of ~30.9%, the B% measured by SNMS
and RBS was only ~22%."” The accuracy of the measured composition
is usually compromised in XRD due to the lack of knowledge about
the exact BAIN lattice constants at B >20%."> Also, the composition
measurement in XRD can be affected by strain and defects in the
films.'” Any regions in the films not parallel to the substrate would not
contribute to the XRD intensity during the 0/20 scanning.' Also, the
BAIN peaks being much weaker than AIN peaks pose a critical chal-
lenge in reciprocal space mapping (RSM) in XRD.'”'” On the other
hand, the higher sensitivity of RBS to larger atoms than that for
smaller atoms like B could present significant uncertainty in the mea-
sured composition.'” XRD combined with secondary ion mass
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spectroscopy (SIMS) also provided a significant discrepancy in the B
composition, which was attributed to the fact that most of the B
formed possible B-related clusters instead of BAIN alloys.'' This B seg-
regation was substantiated by the compositional inhomogeneity of Al
and N observed by scanning transmission electron microscopy-
electron diffraction spectroscopy (STEM-EDS).'" However, it was not
possible to observe the B distribution in STEM-EDS due to the detec-
tion limit of the system. Another factor that significantly alters the
alloy stoichiometry is the presence of impurities,"* which was not well
studied in the previous works. Impurities such as C, H, and O can be
incorporated in BAIN from the trimethylaluminum (TMA), triethyl-
boron (TEB), and ammonia (NH;) precursors and H, carrier gas used
during growth."™"” Tt is crucial to study the effects of these impurities
on the local stoichiometry of the BAIN films. Due to these limitations,
the B distribution at the microstructure level remained elusive. To real-
ize the full potential of single-phase wurtzite BAIN at a high B content
over a large thickness, it is critical to quantify the B composition in
BAIN as well as understanding the evolution of the structural chemis-
try of the films at the nm scale.

Atom probe tomography (APT) is a nanoscale characterization
tool that provides three-dimensional visualization of the composition
with a sub-nanometer spatial resolution and ~10 atomic parts per mil-
lion sensitivity."” ' For the last few decades, APT has become a poten-
tial characterization tool for analyzing wide bandgap materials to
provide nanoscale information of many local features such as local
compositional homogeneity/inhomogeneity,”” ** interfacial rough-
ness,” clustering/segregations,” >’ and interfacial adatom diffu-
sion.”””” Such information is significant to explain local chemical and
physical properties such as phase transitions,”” band offsets,” conduc-
tivity,”” and doping profile related to the device performance.”’ In this
Letter, the nanoscale compositional analysis of MOCVD-grown BAIN
with ~20% B was investigated using APT. The B content in BAIN
films is quantified, and the distribution of B atoms along the growth in
both BAIN films is reported. The effect of impurities on local stoichi-
ometry is explained. The atomic distribution across the BAIN/AIN
interfaces was studied. These observations reveal significant informa-
tion regarding the structural chemistry of BAIN with a high B content
over a large thickness, which will aid further development of this
material.

The wurtzite BAIN films with ~20% B were grown on an AIN
template on the sapphire substrate by MOCVD. The details of the
growth are recently reported elsewhere.'” The needle-shaped APT
specimens were prepared using an FEI Nova 200 dual-beam focused
ion beam (FIB)/scanning electron microscope (SEM) system. The
standard lift-out and annular milling techniques were adapted for pre-
paring the sharp APT tips.”’ The APT data acquisition was performed
on a CAMECA LEAP 4000X HR in the laser mode (laser wavelength,
A= 355nm). It is reported that the B atoms are subjected to preferen-
tial field evaporation, resulting in multi-hit events during APT data
acquisition that leads to significant B loss and quantification artifacts.”’
To quantify the B composition with confidence, we performed APT
measurements over a wide range of pulse energies, and the measured
B compositions are reported in Table 1. It was observed that for a wide
range of pulse energies, the B composition did not change significantly
that enabled us to confidently quantify the B content in BAIN. At low
laser energies (1-10 pJ), the samples were prone to premature failure
due to a very high electrostatic field. Additionally, a low signal-to-noise

scitation.org/journal/apl

TABLE I. Laser energy vs obtained B%.

Laser energy (pJ) B%
1pJ 19.7 £0.1%
10 pJ 19.8 £0.1%
30 pJ 20.1 £0.1%
100 pJ 20.5+0.2%
200 pJ 20.3 +£0.2%

ratio (high background) in the mass spectrum was observed. At higher
laser energies (100200 pJ), enhanced thermal tails for B and Al were
observed, indicating thermal migration of these ions prior to their
evaporation, which would result in inaccurate composition measure-
ments and inhomogeneous distributions.”* Controlled field evapora-
tion for all of the atoms was achieved at an optimized laser energy of
30 pJ, a base specimen temperature of 30 K, a 250 kHz pulse repetition
rate, and a 0.5% detection rate. The APT data analysis was conducted
using the CAMECA’s Integrated Visualization and Analysis Software
(IVAS 3.8). The details about APT instrumentation and reconstruc-
tion algorithms are reported in the literature.”**

The optimized condition during the experiment enabled efficient
acquisition of large datasets (>15 M ions) from BAIN films. Figure
1(a) represents the reconstructed 3D elemental map of BAIN films.
Only N atoms (1%) are shown for the ease of visualization. The local
chemical segregations were represented by 53 at. % Al isosurfaces in
red. The bulk compositions from BAIN films are measured and
reported in Table II. The presence of impurities such as H, C, and O
within BAIN films was detected and quantified from the time of flight
mass spectrum (supplementary material, Figs. SI-S3). There is an
ambiguity to accurately quantify the H content in APT since residual
H in the analysis chamber is usually adsorbed to the specimen between
each laser pulsing, which results in an overestimation of H.”” The H
measurement provided in Table 1T is a qualitative assessment for veri-
fying the presence of H impurity in BAIN rather than an exact H
quantification as it can be affected by the residual H in the APT analysis
chamber. To get rid of a possible H content overestimation resulting
from the residual H in APT, the bulk H composition in the AIN tem-
plate was determined, which would be close to the residual H concen-
trations. This H content in AIN was subtracted from the bulk H
obtained in BAIN to get the approximate H impurity in the BAIN films.
This process was repeated on multiple samples and on the single BAIN
thin film and with a BAIN/AIN structure; all of them provided similar
results. To report the alloy composition accurately within the BAIN
film, the site-IIT compositions for B and Al are reported in Table II to
eliminate the quantification artifacts from nitrogen loss, evident in
nitride semiconductors.”’®”” In the BAIN films, the average site-III bulk
composition is found to be 20.1 * 0.2% B and 79.8 = 0.8% of Al

The BAIN local stoichiometry and compositional homogeneity
can be affected by inhomogeneous chemical distribution such as local
segregations/clustering,’ nanoscale disordered precipitates,' defect
sites (dislocations and twins),'”'” or the presence of impurities.”**” To
address these issues, we have performed an in-depth analysis of the
local composition of the BAIN films. Isosurface analysis (isosurface
parameters were described previously) revealed the presence of Al rich
regions as shown in Fig. 1(a). The site-IIT bulk compositions of the
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FIG. 1. (a) 3D elemental map of the BAIN layer, showing dislocation and Al-rich clusters at 53 at. % Al isosurface, (b) Al/B ratio along the lateral plane within the volume indi-
cated by the black arrow, and (c) Al/B profile along the red dotted region in (b); (d) Al/B distribution along the lateral plane within the volume indicated by the black arrow and

(e) Al/B profile along the red dotted region in (d).

major species (B and Al) within these segregated regions and in uni-
form regions with no segregations were measured by extracting
6nm x 6nm x 6nm volumes from both areas. These segregated
regions have site-III bulk compositions of 10.2+0.03% B and
87.5 + 0.08% Al while outside these segregations, the site-III composi-
tions were 21.2 = 0.04% B and 76.7 * 0.1% Al. These Al enriched
regions extend along with the growth of the BAIN films, implying the
presence of dislocations.”’ The possible reason for Al segregation along
the dislocations could be due to the relatively higher diffusion length
of Al atoms than that of B atoms.” The variation of local chemical
heterogeneity was investigated by plotting the lateral Al/B distribu-
tions. Two representative volumes (50nm X 50nm X 4nm) were
extracted from the top and bottom parts of the BAIN film to observe
the lateral Al/B composition ratio on the XY plane. Figure 1(b) shows
the lateral Al/B ratio along the XY plane for the volume indicated by

TABLE II. The bulk compositions of BAIN films.

Element Bulk composition in BAIN with 22% B
B 11.8 £0.1%

Al 46.9 = 0.4%

N 379*0.2%

C 0.1 =0.05%

H 2.5*0.1%

(@) 0.3 £0.04%

Site-III B 20.1 +0.2%

Site-IIT Al 79.8 = 0.8%

the black arrow. While the expected Al/B ratio is ~4 from the mea-
sured B and Al compositions in APT, four regions with a high Al/B
ratio of ~8 were observed. Two of these regions were identified as the
dislocation sites where Al atoms are segregating. The other high Al/B
regions were attributed to two small volumes of Al clusters. The 1D
Al/B concentration profile along the red dotted region in Fig. 1(b) is
illustrated in Fig. 1(c) to quantify the extent of Al segregation in the
dislocations and in the clustered regions. From Fig. 1(c), an Al/B ratio
as high as 6-8 was observed in the dislocation sites and in the Al-rich
clusters, while the expected Al/B ratio of ~4 was maintained outside
these high density regions. Similar lateral Al/B distribution analysis
was performed within a volume taken from the lower regime [shown
by the black arrow in Fig. 1(a)] of this film and is shown in Fig. 1(d).
The dislocation site was identified by the high Al density region with a
high Al/B ratio of ~9, while outside this region, the Al/B ratio closely
resembles the expected value. Figure 1(e) illustrates the 1D concentra-
tion profile for the red dotted region in Fig. 1(d) where this Al segrega-
tion in the dislocation site was confirmed with an Al/B ratio of ~9,
while outside this Al segregated zone, an average Al/B ratio of ~4 is
observed. Such local variations of the Al/B ratio in the studied BAIN
films indicate that the film quality needs to be improved through the
optimization of growth parameters and techniques. The randomness
of the BAIN films away from the dislocations and Al clustered regions
within these representative top and bottom volumes was also investi-
gated and is reported in Fig. $4 of the supplementary material.

The local stoichiometry of the films can also be affected by the
presence of impurities such as H, C, and O, incorporated during the
growth that adversely affects the BAIN transmission efficiency.”” From
Table II, it was found that a high concentration of H impurities is

Appl. Phys. Lett. 117, 232103 (2020); doi: 10.1063/5.0027861 117, 232103-3
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present in the BAIN film. To avoid the ambiguity and assess the H dis-
tribution within the BAIN film, we plotted the depth profile of H
throughout the BAIN films and AIN template. To collect ions through
the BAIN/AIN interfaces, the APT acquisitions were repeated with the
same experimental conditions for a film with reduced thickness
(~60 nm) to avoid premature fracture of the specimen that was the
case for BAIN films with an ~250 nm thickness. Figure 2(a) shows the
3D atomic map of the BAIN/AIN structure with a BAIN layer thick-
ness of ~60 nm. Figure 2(b) presents the depth profile of the B, Al
and H of the BAIN film on the AIN template. The depth profile clearly
reveals that the H concentration in the BAIN layer is significantly
higher than that in the AIN template, confirming the presence of H as
an impurity in BAIN. The change in alloy stoichiometry of the BAIN
films was further investigated by observing the lateral variation of local
Al and B contents with H impurities. Similar profiles with C and O
impurities were not possible to achieve because of their low count sub-
jected to a significant noise in their respective concentration profile.
Figures 2(c)-2(f) show the concentration profile of B and Al with H in
BAIN films for the volume extracted from the top (region 1) and bot-
tom regions (region 2) of the BAIN film shown in Fig. 1(a). The lateral
variations of H compositions in regions 1 and 2 follow the change in B
concentration profiles as shown in Figs. 2(c) and 2(e), respectively.
The H concentration increases as the B concentration increases and
vice versa. In contrast, the H content in regions 1 and 2 varies inversely
with Al as shown in Figs. 2(d) and 2(f), respectively. The H impurity
atoms incorporated in BAIN during the growth would occupy in inter-
stitial sites. The in-phase relation of the H profile with B and anti-
phase variation of H with the Al concentration could be an indication
that H atoms are located to interstitial positions much closer to B and
away from Al atoms.”' This variation of the H profile with B and Al

Applied Physics Letters ARTICLE
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contents was confirmed by repeating this analysis in different regions
of the BAIN films and is presented in Fig. S5 of the supplementary
material. This significant amount of H impurities would move the Al
atoms by forming Al-H bonds and would affect the microstructure of
the BAIN films since these Al-H bonds are ~5% shorter than AI-N
bonds.*" This structural deviation may drastically affect the refractive
index property of BAIN.** Also, the presence of H impurities would
prevail the conductivity of the BAIN films by compensating charge
carriers."'

Figure 3 illustrates the interface profile of the BAIN/AIN struc-
ture. The 3D atomic map of the BAIN/AIN structure used in Fig. 2(a)
is shown with only B and N atoms in dark green and light green is pre-
sented in Fig. 3(a). The corresponding 1D concentration profile along
the growth direction is shown in Fig. 3(b). The average B concentra-
tion in BAIN was ~20%; however, from the 1D profile in Fig. 3(b), a
few nm compositional gradient of B and Al was observed across the
interface. The interfacial abruptness (compositional grading) was
determined from the distance over which the average B composition
varies from 10 to 90%" and was ~1.5 nm. The interface root mean
square roughness was measured by using 6at. % B isosurfaces to be
~0.5 nm. This interface roughness is also an indication that the inter-
face abruptness is affected by the composition gradient, possibly due
to very minor inter-diffusion of B and Al atoms at the BAIN/AIN
interface.

An in-depth nano-compositional analysis of BAIN with ~20% B
was investigated using APT. It was observed that Al atoms mainly seg-
regate along defects sites such as dislocations and found to form clus-
ters. A possible reason for this deviation in local stoichiometry could
be attributed to the short diffusion length of B compared to that of Al
The effects of H impurities on the local alloy stoichiometry were
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FIG. 2. (a) 3D atomic map of BAIN/AIN; (b) depth profile of Al, B, and H (includes residual H from the analysis chamber and H impurities) along the structure shown in (a); (c)
lateral B and H (residual H + H impurity atoms) profile in region 1 marked in Fig. 1(a); (d) lateral Al and H (residual H + H impurity atoms) profile in region 1 marked in Fig.
1(a); (d) lateral B and H (residual H + H impurity atoms) profile in region 2 marked in Figs. 1(a); and (e) lateral Al and H (residual H + H impurity atoms) profile in region 2

marked in Fig. 1(a).
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FIG. 3. (a) Analyzed volume to capture the BAIN/AIN interface with 5.9 at. % B isosurface (cross-sectional view), (b) planar view of BAIN/AIN interface, and (c) proximity histo-

gram profile showing B and Al concentrations across the interface.

investigated. The possible substitution of III-site Al by H impurities
could be responsible for local stoichiometric deviation; further analysis
with the tuning growth condition is needed. The BAIN/AIN interface
exhibited a few nm gradient change in the B and Al composition.
Further investigation is needed to understand this composition gradi-
ent at the interface. The significant structural and compositional infor-
mation regarding BAIN at a higher B content would be important in
developing high quality material for future power electronics and
optics.

See the supplementary material for the film’s randomness away
from dislocations and H distribution with B and Al
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