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A B S T R A C T

Formation of point defects in BGaN/SiC epilayers grown by metal-organic chemical vapor deposition was 
investigated by positron annihilation spectroscopy in conjunction with X-ray diffraction, photoluminescence and 
scanning electron microscopy. The increase in the point defect density was associated with the introduction of 
boron atoms and manifested in the rising relative intensity of the defect-related photoluminescence band. An 
increase in boron content in the layer up to 3.4 % resulted in higher densities of both threading dislocations and 
point defects, and the interplay between different types of defects is discussed. Further increase in boron content 
up to 5.6 % led to a strong increase in dislocation density, accompanied by a reduction in point defect density 
and formation of defect complexes. Surface morphology investigations revealed the formation of complex 
crystallites, as seen by scanning electron microscopy.

1. Introduction

Ternary BGaN materials have recently attracted considerable atten
tion due to new opportunities for the lattice constant, bandgap, refrac
tive index, strain, and polarization engineering [1]. Ideally, the 
introduction of boron would reduce the lattice mismatch with the un
derlying substrate, which, in turn, would reduce strain as well as the 
mismatch-related defect densities. A coherent lattice-matched interface 
for BGaN on AlN or SiC substrates could be achieved for boron content of 
12 % or 17 %, respectively [2,3]. However, the development of 
BGaN-based devices has been stalled due to the difficulties in obtaining 
high-quality BGaN alloys and heterostructures, mainly due to the low 
solubility of boron in GaN [4,5]. Ab initio calculations [4] and thermo
dynamics considerations [5] indicated that B incorporation strongly 
depends on growth conditions and strain occurring in BGaN, and does 
not exceed only a few percent. Previous reports on BGaN growth have 
indicated the boron content of merely 3.6 % for BGaN layers grown on 

GaN/sapphire template [2,6–10]. Far higher B incorporation up to 15 % 
was demonstrated by using AlN/sapphire template [11–13,14]. Mean
while, the maximum reported boron content was 5.6 % for the direct 
growth on SiC substrate [11].

The increasing boron content is, however, accompanied by wors
ening structural and optical quality of the layer. The structural analysis 
of BGaN layers revealed a high degree of mosaicity [15,16] with a 
drastic reduction of grain size for higher B content. The transformation 
of layer microstructure generated large densities of threading disloca
tions, despite the reduced lattice mismatch [15]. The formation of 
extended defects is also closely related to the formation of point defects, 
which might act as initiating centers for inversion layers and disloca
tions. It is generally thought that high extended defect concentrations 
are complemented with high vacancy concentrations, especially for 
high-temperature growth [17]. Recently, it has been argued that the 
increased growth temperature leads to the transfer of B atoms from Ga 
substitutional sites into the interstitial positions with the simultaneous 
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creation of gallium vacancies [16,18]. Meanwhile, the large densities of 
dislocations and point defects resulted in quenching of the 
near-band-edge emission in favor of defect-related emission [16,19].

Thus, a fundamental understanding of the defect landscape in 
connection with the growth conditions is needed to exploit the full po
tential benefits of boron-containing nitride materials. Typically, either 
threading dislocation density or point defect concentration is analyzed 
in the literature, while considerably less attention is given to the inter
play between the two types of defects [17,20–23]. In this work, we study 

the formation of the point defects in BGaN/SiC epitaxial layers with 
different boron content by using positron annihilation spectroscopy 
(PAS), and photoluminescence (PL) spectroscopy. Moreover, we discuss 
the relationship between point defects and dislocations and surface 
morphology by means of X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). Our results show that the link between the extended 
and point defects should be analyzed considering the surface features of 
the layers.

Fig. 1. RSM images in logarithmic scale of the studied BGaN layers with different boron content recorded around the 0002 (a) and 1124 (b) reflections. The RSM 
data are adopted from the ref. [15]. Vertical dashed lines indicate the positions of the GaN spot. (c) XRD Rocking curves obtained from the cross-sections of the 
reciprocal lattice spots, as highlighted with the dashed parallelogram in Fig. 1(a). Solid lines present the best fit using a pseudo-Voigt function. (d) Rocking curve 
width dependence on boron content.
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2. Experimental details

The BGaN layers were grown on 6H-SiC substrates by using metal
organic chemical vapor deposition (MOCVD) in a close-coupled show
erhead 3 × 2" reactor (AIXTRON). The SiC substrates were used without 
any special nucleation or buffer layers, except for substrate annealing at 
1050 ◦C before growth. More details related to the precursor flows and 
growth temperatures could be found in ref. [15]. Also, the 
high-resolution XRD setup used for recording the reciprocal space maps 
(RSMs) is described there.

Doppler broadening spectroscopy (DBS) measurements were per
formed at room temperature using the monoenergetic positron beam 
with adjustable energy of the Extreme Light Infrastructure Nuclear 
Physics (ELI-NP, IFIN-HH, Romania). Since the minimum dimension of 
the sample face was 5 mm, the positron beam was directed through a 
3 mm aperture positioned at 70 cm distance from the sample, thus 
ensuring that the beam struck only the mounted sample. Two HPGe 

Fig. 2. (a) S parameter in the studied BGaN layers as a function of positron implantation energy. The inset presents the corresponding W parameter dependences. For 
comparison, data obtained in SiC substrate are also presented. Solid lines present the best fit using a two-layer model (see text for more details). (b) Depth distri
butions of S parameter and positron diffusion length L obtained from the fit. (c) (S, W) map of the studied samples. The stars indicate the characteristic points for the 
BGaN layers.

Table 1 
Properties of the studied BGaN epilayers: boron content, x, mass density, ρ, 
epilayer thickness, d, S parameter, and the positron diffusion length, L. Data for 
the 6H-SiC substrate are also provided for comparison.

B 
content 
x (%)

Mass 
density 
ρ (g cm− 3)

Layer 
thickness 
d (nm)

S 
parameter 
± 0.0002

Positron diffusion 
length L (nm)

SiC 3.21 - 0.4917 191
0 (GaN) 6.15 348 0.4965 38
1.1 6.11 1080 0.5105 21
2.0 6.06 1073 0.5149 35
3.4 6.01 1230 0.5220 163
5.6 5.93 1124 0.5098 39
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detectors with 30 % efficiency and resolutions of 1.32 and 1.30 keV at 
511 keV were positioned 8 cm from the samples, oriented perpendicu
larly to the beam axis. The detectors were shielded using 5-cm-thick lead 
to minimize the detection of annihilation gamma rays originating from 
the aperture walls. For each incident positron energy, E, in the range 
from 0.5 to 25 keV, spectra were acquired until approximately 5 × 105 

counts were accumulated at the 511 keV peak. The Doppler broadening 
of the 511 keV annihilation line was analyzed using the common line
shape parameters: S was the fraction of annihilation events in the central 
part of the peak, representing annihilations with low-momentum elec
trons, while W was the fraction of annihilations with high-momentum 
electrons [24]. The averaged data from the two detectors was pro
cessed to extract the S-E dependences, further analyzed by VEPFIT 
software [25], which takes into account positron implantation, trans
port, trapping, and annihilation processes. The layer model, S(E) =
∑

jSjFj(E), where Fj(E) is the fraction of positrons annihilated in the j-th 

layer, and Sj is the characteristic parameter of the layer, was used to 
describe S-E curves.

SEM analysis was employed for the surface morphology study using a 
high-resolution field emission gun scanning electron microscope (FEI- 
NOVA NanoSEM 630) in top- and tilt-view at different magnifications.

PL spectra of the samples were measured at room temperature under 
steady-state excitation using the 4th harmonic (266 nm) of CW DPSS 
YAG:Nd laser radiation. The luminescence was collected in a front- 
surface configuration, analyzed by a monochromator, and detected by 
a UV-enhanced photomultiplier (Hamamatsu).

3. Results and discussions

Changes in the microstructure of BGaN layers due to the introduction 
of boron were studied by high-resolution XRD. RSM evolution with 
increasing B content is presented in Fig. 1(a) and (b) for the symmetric 
0002 and asymmetric 1124 reflections, respectively. The shift of the 
BGaN diffraction spot along Qz towards the SiC reflection can be noticed 
in both geometries. As shown in more detail in our previous paper, the 
positions of BGaN spots allowed evaluation of the lattice constants 
a(BGaN)using the equation (2) from ref. [15], and c(BGaN)as 2/Q0002

z . 
It was shown thata decreased from 3.194 to 3.180 Å, while cdecreased 
from 5.180 to 5.128 Å. The composition x in the BxGa1-xN layers was 
calculated by applying the Vegard’s law, and using the unstrained lattice 
parameters for wurtzite BN (a(BN) = 2.55 Å and c(BN) = 4.17 Å) taken 
from density functional calculation results [26]. The relative lattice 
mismatch at BxGa1-xN/SiC interface was evaluated as m =

a(BGaN)− a(SiC)
a(SiC) , 

where a(SiC) = 3.073 Å was determined using the positions of the SiC 
spots observed in the RSM distribution of the GaN/SiC epilayer. Thus, 
the increase in TEB/III ratio during growth from 1.7 % to 12.2 % 
resulted in the monotonous increase in the B content in the layer up to 
5.6 % as well as in the decrease in the relative in-plane lattice mismatch 
from 3.9 % to 2.9 %, indicating growth with a lower mismatch at higher 
boron content [15]. Since strain relaxation in layers grown on 
lattice-mismatched substrates proceeds by the generation of misfit dis
locations (MDs) at the interface and threading dislocations (TDs) in the 

Fig. 3. (a) Room temperature PL spectra of the studied BGaN layers with different boron content (indicated). The insets present the expanded NBE region for clarity. 
(b) Correlation between the S parameter and the FWHM of the NBE band and the ratio between intensities of the YL and NBE bands.

Fig. 4. Correlation between the S parameter and edge and screw TD density in 
the studied BGaN layers with different boron content (indicated).
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bulk of the layer [27,28], the decreasing lattice mismatch between the 
BGaN layer and SiC substrate implies a lower density of misfit disloca
tions (MDs) in layers with higher B content. However, a large number of 
MDs and TDs is yet expected, since the BGaN layer thickness signifi
cantly exceeds the critical thickness even for the largest B content of our 

samples: both Matthews-Blakeslee [29] and Frank-der Merwe [30]
models led to the critical thickness below 5 nm, while the thicknesses of 
our studied layers was ~ 1 μm.

Besides the position shift, the introduction of boron also caused the 
reciprocal lattice spot shape transformation: considerable broadening 

Fig. 5. Surface morphology images of the studied BGaN layers with different boron content (indicated) studied by SEM at different magnifications in top (left 
column) or tilt (right column) view.
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and decrease in intensity, accompanied by the emergence of a strong 
diffuse scattering component, can be observed with increasing B con
tent. The broad ellipsoidal reciprocal lattice spots indicate mosaic 
microstructure, while the observed shape transformation can be asso
ciated with the significant increase in threading dislocation (TD) den
sities [31]. The rocking curves of the 0002 (open points) and 1124 (filled 
points) reflections obtained from the cross-sections of the respective 
reciprocal lattice spots (highlighted with red dashed parallelogram) are 
presented in Fig. 1(c). A pseudo-Voigt function was used to fit the 
experimental data, as illustrated by solid lines with the extracted FWHM 
values indicated next to each curve and plotted as a function of B content 
in Fig. 1(d). It is evident that the asymmetric 1124 reflections result in 
the broader and less intense curves compared to the corresponding 
symmetric 0002 reflection, clearly indicating the predominance of edge 
TDs over screw TDs, consistent with the lower formation energy for the 
edge component [32]. For the reference GaN layer, the evaluated TD 
densities were 0.2 × 1010 and 1.2 × 1010 cm− 2 of screw and edge TDs, 
respectively. A monotonous increase in TD densities with B content was 
observed, reaching 13.4 × 1010 and 70.5 × 1010 cm− 2 of screw and edge 
TDs, respectively, in the BGaN layer with 5.6 % of boron [15]. Thus, 
contrary to the conventional framework of heteroepitaxy, where a 
smaller lattice mismatch typically leads to improved structural quality 
of the epilayer, BGaN epitaxy on SiC substrate instead favors the mosaic 
structure and the formation of high densities of TDs, despite the 
reduction in in-plane lattice mismatch.

To gain a better understanding of BGaN epitaxy, the point defects 
formed during the boron incorporation were studied using DBS with 
slow positron beam, one of the PAS techniques. Positron annihilation 
spectroscopy is an effective technique for the study of vacancy-type 
point defects in semiconductors [33]. Positrons implanted into mate
rial quickly thermalize and can get trapped in and localize at neutral and 
negative charged vacancies due to the missing positive ion core. Anni
hilation of a positron-electron pair produces two photons, each having 
an energy of ~511 keV. The component of the electron momentum 
parallel to the detection direction contributes to the Doppler broadening 
of the measured 511 keV line. In a defect-free material, the positron 
annihilates from a delocalized Bloch state, and the electron momentum 
distribution reflects the periodic lattice structure. However, in the 
presence of vacancies or negatively charged defects, the positron be
comes trapped before annihilation, and the annihilation photons pro
vide information about the electron momentum distribution at these 
trapping centers. PAS has been successfully applied to III-nitrides, 
revealing Ga vacancy and/or its complexe concentrations in the range 
of 1015-1019 cm− 3 in GaN bulk crystals and epilayers [17,34], and the 
defect distribution in GaN [35,36].

S and W parameter variations with positron energy for the SiC sub
strate are presented in Fig. 2(a). The top axis indicates the corresponding 
mean positron implantation depth, zm, which depends on the positron 
energy through a simple empirical relation [37]: zm[nm] = (40/ρ)×
E1.62[keV], where ρ is the mass density (in g⋅cm− 3) of the probed ma
terial. The gradual decrease of the S parameter of the SiC substrate, with 
increasing positron energy, illustrates a characteristic long positron 
diffusion length. On the other hand, the saturation at energies above 
15 keV of the S parameter value indicates that almost all positrons 
annihilate in the sample bulk. The observed S-E curve (see Fig. 2(a)) was 
fitted using a single-layer model. The obtained S parameter has a value 
of 0.4917. The positron diffusion length was evaluated to be 191 nm, 
which is typical for defect-free 6H-SiC [38–41].

For the BxGa1- xN layers, it was assumed that the mass density varies 
linearly with B content, and the values used in calculations are provided 
in Table 1. S-E curves observed for nearly all the BGaN layers present a 
decrease in the S value from its initial surface value at low energies, to an 
almost constant value in the range of 7–15 keV, and then gradually 
decrease at higher energies. The gradual decrease in the S parameter 
above a certain implantation energy at around 12–16 keV indicates that 

positrons start penetrating and annihilating in the substrate. Therefore, 
a two-layer model was used to fit the experimental curves for the BGaN/ 
SiC samples: the region probed by the positrons was divided into two 
blocks corresponding to the positron annihilation in the BGaN layer and 
SiC substrate. The values estimated for the SiC substrate, as discussed 
above, were set fixed in this model. Moreover, to keep the fitting model 
simple, the band bending near the surface or interface was neglected. 
The obtained fits are illustrated by solid lines in Fig. 2(a) with the 
derived depth distributions of S parameter and positron diffusion length 
shown in Fig. 2(b). All the obtained values are provided in Table 1. The 
evaluated BGaN layer thickness values are in good agreement with those 
estimated during the growth process. One can note that the positron 
diffusion length is relatively long (~163 nm) for the BGaN layer with 
3.4 % of boron, which appears to contradict its high S parameter value, 
the highest among the studied BGaN layers. In our opinion, this 
discrepancy could be given by the presence of an internal electric field 
that is the strongest in this sample. This electric field at the interface 
could drive positrons back towards the surface, leading to a long posi
tron diffusion length in the best-fit model. It is well known that the in
ternal electric field is generated by a lot of factors, such as the difference 
in the work function in heterostructures, noncentrosymmetry or piezo
electricity [42,43]. Moreover, charges that accumulate at the surface of 
a nanomaterial due to defects or specific surface terminations can create 
a strong electric field. In particular, non-uniformity of the surface (e.g. 
columns, pyramids, rods etc.) could generate an additional internal 
electric field. As will be shown below, the surface of the BGaN layer with 
boron content of 3.4 % exhibits mutually interconnected crystallites of 
irregular shape. This distinctive surface morphology might contribute to 
the strongest internal electric field in that sample.

Almost in all the BGaN/SiC samples, the S(W) parameter of the 
epilayer is higher(lower) than that in the GaN/SiC sample (see Table 1), 
indicating the presence of additional vacancies in the grown epilayers 
with B-content. The nature of different vacancy-type positron traps in 
the material can be analyzed by using the S-W plot, presented in Fig. 2
(c). The characteristic (S, W) points of the BGaN layers form a straight 
line (shown by dashed line), which indicates that the defects in these 
layers are of the same type and only their concentration is different [44]. 
Since our studied GaN and BGaN layers are n-type, the most common 
native point defect is Ga vacancy (VGa) [45,46]. As the boron content in 
the layer increases up to 3.4 %, the S parameter increases from 0.4965 to 
0.5220, which indicates increasing VGa concentration. Interestingly, the 
S parameter in BGaN layer with 5.6 % of B decreases down to a value 
comparable to that of the BGaN layer with 1.1 % of B, which indicates 
similar vacancy concentration as well. Similar nonmonotonous behavior 
of S parameter with doping was observed in Er-doped GaN, and was 
attributed to the degradation of crystallinity [47].

Ga vacancies are commonly associated with the yellow luminescence 
(YL) band in the PL spectrum of GaN [45,48]. Thus, the different con
centrations of VGa, as indicated by the S parameter, should manifest in 
the different relative intensities of defect-related PL bands. The PL 
spectra of the studied BGaN layers are presented in Fig. 3(a). A strong 
near-band-edge (NBE) emission band at ~3.4 eV accompanied by a 
weak and broad YL band can be observed in the PL spectrum of GaN 
layer. Introduction of boron resulted in the drastic change of relative 
intensities of the two PL bands: the YL band became dominant, while the 
NBE band was hardly distinguishable. As the B content was increased, 
both YL and NBE bands systematically shifted to lower energies, while 
NBE band broadened and further decreased in intensity. The observed 
red shift of the NBE band could be understood in the framework of the 
local coherent potential approximation, which predicts a decrease in the 
band gap of BGaN alloys with increasing B content up to 20 % [49]. 
Meanwhile, the red shift of the YL band resembles the behavior previ
ously reported for the deep-level related PL bands in InGaN materials 
with increasing In content [50]. This shift is associated with the radia
tive recombination mechanism responsible for the YL band in GaN, 
which is attributed to the distant donor–acceptor pair recombination 
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involving shallow donors and deep acceptors[45]. When GaN is alloyed 
with BN, the shallow donor level might be assumed to be linked to the 
conduction band edge (CBE), and hence it moves (downwards on a 
reference energy scale) together with the CBE when B content is 
increased, while the energy of the deep acceptor level is pinned at the 
same energy level (on the same reference scale) as the B concentration 
varies [51]. Consequently, the YL red shifts as the B content becomes 
larger. However, only weak emission with no discernible PL bands was 
measured for the BGaN layer with 5.6 % of boron. The drastic decrease 
in the NBE band intensity can be attributed to high densities of non
radiative recombination centers due to the increasing densities of both 
extended and point defects [3,15]. Meanwhile, the connection between 
Ga vacancies and YL band properties is further analyzed in Fig. 3(b), 
which presents the ratio between intensities of the YL and NBE bands 
(filled points) and FWHM of the YL band (open points) as functions of 
the S parameter. A clear correlation can be noticed, supporting the 
previously mentioned association.

To analyze the interplay between extended and point defects in the 
studied BGaN epilayers, the correlation between S parameter and TD 
densities is plotted in Fig. 4. Introduction of a small amount of boron 
(1.1 %) results in a significant increase in TD density accompanied by a 
considerable increase in vacancy concentration, as reflected by the in
crease of the S parameter. The simultaneous increase in both types of 
defects densities persists, although at a slower rate, with increase in 
boron content up to 3.4 %. Such correlation might indicate point defect 
clustering around the dislocations. Theoretical calculations suggested 
stable configurations of vacancies inside dislocation cores in GaN, and a 
correlation between vacancy densities and dislocations was established 
[21,22]. Enhanced formation of vacancy clusters was observed for the 
InN/GaN interface, and coincided with elevated dislocation densities in 
that area [20]. On the other hand, the increase in the S parameter might 
also be affected by the positron trapping at the shallow traps due to edge 
dislocations at the grain boundaries [23]. Meanwhile, the further in
crease in boron content to 5.6 % seems to result in lower point defect 
density, despite the increase in TD densities, and indicates either a sig
nificant degradation of the layer structural quality or additional factors 
affecting the S parameter value. A decrease in the S parameter despite an 
increase in the number of TDs could be understood if the increase in 
threading dislocations is accompanied by the formation of deeper 
trapping sites (like vacancy-jog complexes) [52] rather than large 
open-volume defects with low-momentum electrons, sensitive to the 
S-parameter. This is because the positrons are now preferentially anni
hilating at these deeper traps, which may have a different (higher) 
electron momentum distribution that results in a smaller S-parameter 
and a larger W-parameter, as observed in Fig. 2(c). The formation of 
these deeper traps could also explain the quenching of photo
luminescence observed for the sample with the highest boron content.

Besides the internal microstructure of the BGaN layers reflected by 
the TDs, the positron trapping and annihilation could be affected by the 
surface features [53]. To analyze the impact of the surface in more 
detail, SEM micrographs at low (left column) and high magnifications 
(right column) were taken and are presented in Fig. 5. A smooth surface 
over a large area was observed for the GaN epilayer, while the 
zoomed-in picture revealed interconnected fibrils and dark pits due to 
the TD termination on the surface [54]. Introduction of boron at 1.1 % 
resulted in granular surface morphology with the typical grain size 
700 nm, while the grains consisted of smaller crystallites with diameter 
of ~150 nm. For the BGaN layer with 2 % of B, the low magnification 
image indicates the presence of triangular crystallites with the density of 
~106 cm− 2, while the magnified view of the object reveals the 
four-sided pyramidal hillock with height of 1.5 µm. Further increase in 
boron content to 3.4 % resulted in the appearance of large objects 
consisting of mutually interconnected irregular shapes crystallites on the 
surface. The crystallites seem to be embedded into the continuous layer. 
Meanwhile, the BGaN layer with the highest B content of 5.6 % exhibits 
a featureless smooth surface at low magnification, and the granular 

morphology at high magnification. This reversal of the morphology back 
to the smooth surface could also be responsible for the observed lower S 
parameter. The results strongly suggest that the formed crystallite 
clusters on the surface might act as the additional source of Ga-vacancies 
in the layers.

4. Conclusions

We have studied the interplay between extended and point defects in 
BGaN epilayers grown on SiC. XRD measurements revealed the mosaic 
structure of the layers with high threading dislocation densities, that 
increase with boron content. The Doppler broadening of the 511 keV 
annihilation line indicated that the introduction of B atoms promoted 
the formation of additional point defects, most likely VGa, which was 
confirmed by the increase in the relative intensity of YL band. Mean
while, the drastic decrease in the NBE band was associated with high 
densities of nonradiative recombination centers. A clear correlation 
between extended and point defects was observed for boron content up 
to 3.4 % suggesting point defect clustering around dislocations. For
mation of complex crystallites on the surface was indicated as the source 
of extra defects in the layers. Meanwhile, the correlation ceased for 
higher boron content of 5.6 % indicating additional factors affecting the 
structural quality, most likely by formation of defect complexes which 
act as deep traps for carriers. The presented results on BGaN ternary 
alloys are important for the further development of B-containing nitride 
materials grown on various substrates.
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