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In the family of Ill-nitride compounds, ByGa;_N is particularly attractive because it can be lattice matched to AIN or SiC substrates. In this work we
studied in detail the relationship between morphology, composition, and boron surface segregation in ByGa;_xN layers grown on GaN template
substrates by MOVPE. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) observations reveal the formation of large polygonal
crystallites for the growth regimes with triethylboron (TEB/III) ratios and film thicknesses exceeding the optimum values. XPS measurements
demonstrate that the boron content at the surface is higher compared to that in the volume of the film and it increases with the TEB/III ratio and/or the
film thickness. From a given surface boron segregation, drastic variations in the film morphology occur and are attributed to phase separation. Our study
demonstrates the possibility to grow B,Ga;_,N/GaN/sapphire films of a single phase up to x = 3.6% by reducing the thickness of the BGaN layers.

1. Introduction

Wide bandgap boron nitride films have attracted special
attention due to their unique properties such as thermal
conductivity, hardness, and excellent chemical stability. Further-
more, the lattice constants of BGaN alloys can be matched to that
of SiC or AIN if sufficient boron incorporation into the lattice is
achieved. In addition, these materials offer the possibility of using
quaternary BAIGaN alloys in the UV spectral range and hence,
provide more degrees of freedom in designing optoelectronic
device structures for the short wavelength range. However, phase
separation has been reported for BGaN limiting the full exploita-
tion of this potentially useful material. Because BN and GaN
binary compounds have large structural dissimilarities, it is quite
difficult for the ByGa;_xN alloy to be grown in a broad range of
composition. It has been reported that at the typical growth
temperature for ByGa;_xN (about 1000°C) the phase diagram
contains regions of spinodal decomposition or phase separation in
the interval of 0.028<x<0.995 [1,2]. The first experimental
results reported by Polyakov et al. [3] showed that the highest
boron solubility in GaN grown at 1000 °C on sapphire was about
1%. Wei et al. [4] reported single-phase BGaN alloy on AIN/SiC
with the highest boron content of 1.5%. Recently, Ougazzaden
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et al. [5] reported 5% of boron incorporation for thin multilayers of
BGaN/GaN. Besides the interest in BGaN materials for the wide
bandgap engineering, it can also be used as a substrate for GaN
overgrowth. For instance, Akasaka et al. [6] proposed BGaN micro-
islands as a novel buffer for the lateral overgrowth process (ELO)
to obtain a low threading dislocation density.

In this work we argue for the possibility of growing B,Ga;_xN
single phase layers with higher boron content compared to what
has been theoretically predicted and, we discuss the possibility to
use single phase B,Ga;_,N as a novel buffer layer for the growth of
high quality GaN. Our analysis is based on a detailed structural
and morphological study of B,Ga;_,N materials grown by MOVPE
on GaN templates. We emphasize the relationship between
morphology, composition, and boron segregation.

2. Experimental procedure

The ByGa;_xN thin films were grown in a T-shape MOVPE
reactor [7] using 100% nitrogen as a carrier gas. The trimethyl-
gallium (TMGa), triethylboron (TEB), and ammonia (NH3) were
used as precursor sources for Ga, B, and N, respectively. All the
growths were performed at 1000 °C on 3.5 pum thick GaN template
substrates on sapphire. A 150nm thick GaN buffer layer was
deposited onto the template substrates followed by the growth
of BGaN thin films. The molar ratio of TEB in the vapor phase
(TEB/III) was varied from 4% to 8% where III is the total number of
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moles of the group-IIl sources (TMG+TEB). More details on the
growth conditions of BGaN can be found in Ref. [5].

The surface morphology was studied by in situ reflectometry,
scanning electron microscopy (SEM), and atomic force microscopy
(AFM). The thickness was measured by cross-sectional SEM.

The surface and the subsurface chemical compositions of
the films were deduced from XPS measurements before and after
sputtering. Sputtering with argon ions for several minutes was
utilized in order to remove 6-10 mono-atomic layers. Broad range
and elemental XPS spectra were measured using Al Ko X-ray and
Mg Ko X-ray sources to avoid the overlaps with Auger lines. All the
spectra were charge-corrected with respect to the C 1s photo-
electron component peak corresponding to adventitious carbon at
a binding energy of 285.0eV. The peak intensity was normalized
to experimental conditions (number of scans, accumulation time,
etc.) and to atomic sensitivity factors. The chemical composition
was calculated from the area under the corresponding peak with
the quantitative accuracy better than +10% for all elements.

The composition of boron in the solid phase of BGaN layers was
determined by using X-ray diffraction (XRD). The 0-20 scans and
reciprocal space maps for symmetric (0002) and asymmetric
(1124) reflections demonstrated complete relaxation of the
BGaN layers. The measured lattice mismatch determined from
the angular separation between GaN and BGaN diffraction peaks
for the (0002) reflection was used for the boron composition
calculation in the assumption of no residual strain between the
film and GaN substrate. Note that the boron content (TEB/III ratio)
in the gas phase of 4%, 6%, and 8% is higher than the solid-phase
boron composition of 1.7%, 2.7%, and 3.6%, respectively, as
determined with the help of the Vegard’s law. More details on
XRD data analysis of our samples have been reported in Ref. [5].

3. Results and discussion

The surface morphology of BGaN layers has been investigated
as a function of TEB/III ratios by in situ optical reflectometry. For a
given TEB/III ratio, the intensities of the reflectometry peaks (not
shown here) are strong and remain unchanged with the thickness
increase until a certain optimum thickness has been achieved.
After that, the reflectometry signal suddenly drops down to the
background noise level. This degradation is related to an enhanced
surface roughness which occurs beyond the optimum thickness.
This optimum thickness decreases as TEB/III ratio increases.

In order to understand the relationship between TEB/III ratio
and optimum thickness, SEM measurements were performed. The
surface morphology of the B,Ga;_,N layers changes drastically
with the TEB/III ratio and with the layer thickness, as shown in
Fig. 1. At 4% TEB/III ratio, the corresponding images (Fig. 1(a)
and (b)) show a homogeneous surface composed of a matrix of
small crystallites and numerous V-defects. These pits are known
to be formed when threading dislocations intersect the epilayer
surface. When the TEB/IIl ratio increases from 4% to 8%, the
morphology changes drastically: V-defects are fully covered by
small crystallites and large crystallites with polygonal shape
appear, as shown in Fig. 1(g) and (h). The thickness of the film
plays an important role as well as the TEB/III ratio.

For a TEB/III ratio of 4% (x=1.7), no large crystallites are
shown in a broad range of film thicknesses. This composition falls
within the stable region, which corresponds to a BGaN single
phase of the calculated phase diagram, at the growth temperature
of 1000°C [1,2]. However, for a 1 um layer one can notice that in
addition to the same crystallites as that for the 175 nm layer, some
different crystallites emerge upon the surface.

For BGaN thin layers (50 nm) grown with a TEB/III ratio of 6%
(Fig. 1(d)), the morphology is similar to that for 4%. We have also
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Fig. 1. SEM surface images of ByGa;_xN of different thicknesses grown with
different TEB/III ratios.

investigated by AFM the surface topography of the GaN buffer
layer (Fig. 2) and the 50 nm thick overgrowth Bg 027Gagg73N layer
(Fig. 3). Hexagonal pits with the high density of 10° cm™—2 appear
on the smooth surface of the GaN buffer layer (Fig. 2(a)). These
pits are conical in shape with an apparent mean depth of around
25nm (Fig. 2(b)). AFM surface topography of the overgrowth
50 nm thick Bgg27Gagg73N (TEB/IIl = 6%) presents small crystal-
lites and less obvious V-defects, as shown in Fig. 3(a). The
corresponding cross-sectional AFM scan (Fig. 3(b)) reveals a
drastic decrease in pits depth meaning that pits filling is enhanced
with thickness. This smooth BGaN layer could be proposed as
a buffer for high quality GaN overgrowth with reduced density
of threading dislocations.

For a TEB/III ratio of 6%, an increase in the thickness from
50 to 250 nm leads to bury the V-defects and to the formation
of large polygonal crystallites. Their size and density increase
with the thickness until coalescence and then the full matrix
surface coverage, as shown for the 250 nm thick layer (Fig. 1(f)).
The mean in-plane size of these polygonal crystallites is about
100 nm and their average height is 56 nm, which results to an RMS
surface roughness of around 13nm deduced from the AFM
measurements (Fig. 4). This value is much higher than that
of 0.7nm obtained for the 50nm layer thickness, i.e. before
the formation of large crystallites. These results are in agreement
with in situ reflectometry measurements from which the signal
intensity decreases drastically when the roughness of the
surface increases, i.e. the formation of large crystallites upon
the surface.

In general, critical thickness for stress relaxation may affect
morphology of BGaN film and if the layer thickness exceeds a
critical thickness, the morphology can change. Based on XRD data,
our BGaN layers are completely relaxed, even for surfaces
composed of small crystallites. Thus, we conclude that the change
in morphology of our samples is not affected by the critical
thickness. Similar modification in the film morphology was
observed and attributed by other authors to phase separation
[4,6]. In their case, AES analysis gave lower boron content for the
large crystallites compared to the surrounding regions (matrix of
small crystallites).

According to our previously mentioned results, for a given
TEB/IIl ratio large crystallites appear beyond the optimum
thickness. This growth feature, observed for thick films or high
TEB/IIl ratio, could imply that phase separation occurs close
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Fig. 2. (a) 3 x 3 um? surface AFM image and (b) cross-sectional scan of GaN buffer layer. The solid line on the 2D AFM image corresponds to the cross-sectional scan.
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Fig. 3. (a) 3 x3um? surface AFM image and (b) cross-sectional scan of 50 nm thick Bggy7Gago73N film. The solid line on the 2D AFM image corresponds to the

cross-sectional scan.
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Fig. 4. The 5 x 5um? and 1 x 1 um? (inset) 2D AFM topography and corresponding cross-sectional scan of 170 nm thick BGaN epilayer grown at the TEB/III ratio of 6%. The

solid line on the 2D AFM image corresponds to the cross-sectional scan.

to this optimum thickness. This optimum thickness t;,, which
corresponds to the starting point of phase separation for a given
TEB/III ratio, decreases as the TEB/III ratio increases.
Measurements of the composition for the surface and subsur-
face film levels were performed by XPS analysis prior and after
sputtering, respectively. Typical XPS spectra are presented in Fig. 5
which exhibits the characteristic lines for all the basic elements
of BGaN, i.e. gallium, boron, and nitrogen. Besides these peaks,
oxygen and carbon were detected on the surface and the
corresponding signal drops drastically after surface sputtering
meaning that a large percentage of C and O concentrations is
related to the surface contamination. The binding energy of the
B 1s peak is located between 190.2 and 191.1 eV (insets in Fig. 5),
in good agreement with the value of 190-191eV given for B-N

bonds [8,9]. The N 1s asymmetric peak with a shoulder at higher
binding energy could be decomposed into two maxima centered
at 397.0-398.1 eV and 400 eV, which are attributed to nitride and
N-O bonds, respectively. The N 1s nitride single peak with peak
position varying from 397.0 to 398.1 eV, depending on the boron
content of the sample, is a characteristic signature of the BGaN
ternary films with different boron concentrations. A similar
feature was reported by Witthaut et al. [10] for BAIN material.
In addition, for our BGaN samples, the sputtering treatment leads
to a noticeable decrease in the intensity of the B 1s core level, and
a shift of the nitride N 1s peak towards lower binding energy, i.e.
the GaN peak position. These results, B 1s core intensity decrease
and nitride N 1s peak shift, are strong indications of boron
accumulation on the surface.
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Fig. 5. Typical XPS spectra of BGaN film deposited for TEB/III ratio of 6% (a) before
and (b) after surface sputtering. The insets compare the boron peaks evolution
with sputtering.

Fig. 6 presents the B,Ga;_yN boron composition (%) versus
TEB/III ratio (%) deduced from XPS and XRD analysis and the insets
of Fig. 6 present corresponding SEM images. The boron composi-
tion deduced from XPS analysis after sputtering (triangles)
varies linearly with the TEB/III ratio. These values are in a good
agreement with the XRD measurements (circles). Furthermore,
taking into account the accuracy of XPS, the boron surface
composition (square marks) is higher than that in the sub-
surface and in the volume for any TEB/III ratio and the surface
morphology. For 4% TEB/III ratio (175nm) with a surface
composed of small crystallites as well as for the 6% TEB/III ratio
(250nm) with a large crystallites surface morphology, the
surface boron content is higher than that of the subsurface.
This feature means that the boron surface segregation is not
morphologically dependent. Moreover, the boron composition
(deduced from XPS) of the as-grown surface (square marks)
increases drastically from 3.6% to 8.9% for film thickness of 175
and 1000 nm, respectively. This means that the surface boron
accumulation is higher with increasing thickness for the same
TEB/IIl ratio. The combination of these two parameters, TEB/III
ratio and thickness, can explain why the value of surface boron
content obtained for 6% TEB/III ratio (250 nm) is higher than that
for 8% TEB/III (120 nm).
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Fig. 6. B,Ga;_ 4N boron composition (%) versus TEB/III ratio deduced from XPS
measurements before (squares) and after sputtering (triangles). Error bars
represent the accuracy of the method (+10%). XRD data are shown with circles.
The insets present BGaN surface morphology before sputtering.

We can deduce from our results that the phase separation
occurs above an optimum thickness t,. Moreover, once a critical
surface boron concentration is reached, phase separation occurs
resulting in the change of the growth mechanism of BGaN. Indeed,
the nucleation rate is modified with the supersaturation, adatom
concentration, and adatom diffusion on the surface, as it has
recently been reported for BAIN material [11]. As for BAIN alloy
[11], boron surface segregation in BGaN affects the surface
diffusion, the Ga and N adsorption, and the nucleation rates. We
can conclude that these effects result in the nucleation and
growth of subsequent second phase BGaN.

4. Conclusion

B.Ga;_xN materials were grown by LP-MOVPE for different
thicknesses and TEB/III ratios. SEM and AFM observations clearly
reveal the formation of large polygonal crystallites for TEB/III ratio
and film thickness exceeding the optimum values. XPS measure-
ments demonstrate that surface boron content is higher compared
to that in the volume and it increases with the TEB/III ratio and
the thickness. Moreover, surface accumulation of boron enhances
the phase separation phenomenon. As a result, this effect limits
the growth of uniform single phase BGaN. We have demonstrated
the possibility to grow boron contained films B,Ga;_,N/GaN/
sapphire up to x = 3.6% of single phase by limiting the layer
thickness ( <tsp). In addition, we have also proposed that below
the t,p, thickness the small BGaN crystallites could play a role of
barriers for threading dislocations.
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