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B,Ga, N films were deposited on 6H-SiC (0001) substrates at 1000°C by low
pressure MOVPE using diborane, trimethylgallium, and ammonia as precur-
sors. The presence of boron was detected by Auger scanning microprobe, the shift
of the (00.2) x-ray diffraction peak, and low-temperature photoluminescence. A
single-phase B,Ga, N alloy with x = 1.5% was produced at the gas phase B/Ga
ratio of 0.005. Phase separation into wurtzite BGaN and the B-rich phase
occurred for a B/Ga ratio in the 0.01-0.2 range. Only BN was formed for B/Ga >
0.2. The B-rich phase was identified as h-BN with sp? bonding based on the
results of Fourier transform infrared spectroscopy. As the diborane flow exceeds
the threshold concentration, the growth rate of BGaN decreases sharply,
because the growth of GaN is poisoned by the formation of the slow growing BN
phase. The bandedge emission of B,Ga, N varies from 3.451 eV for x = 0% with
FWHM of 39.2 meV to 3.465 eV for x = 1.5% with FWHM of 35.1 meV. The
narrower FWHM indicates that the quality of GaN epilayer is improved with a
small amount of boron incorporation. The PL linewidths become broader as more
boron is introduced into the solid solution.
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INTRODUCTION

GaN has attracted considerable interest for the
fabrication of blue/green light emitting diodes (LEDs),
blue laser diodes (LDs), and high-power electronic
devices. Sapphire is the most commonly employed
substrate for GaN growth, but has several shortcom-
ings including a large lattice constant mismatch
(~14%),' a poor thermal conductivity, and it is electri-
cally insulating. In contrast, 6H-SiC has a smaller
lattice mismatch (~3%),? a closer thermal expansion
coefficient, and a higher thermal conductivity (by a
factor of 10) than sapphire. Moreover, SiC is a conduc-
tive substrate, which simplifies the fabrication of
LEDs or laser structures having a single top and
substrate contact.

By adding boron to GaN forming a B,Ga, N alloy,
it may be possible to reduce or eliminate the lattice
constant mismatch between GaN epilayers and 6H-
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SiC substrates.? However, the large disparity of crys-
tal structures between BN and GaN seriously limits
the growth of single-phase BGaN alloy. To enhance
the boron solubility in GaN, wurtzite BN (w-BN), a
metastable structure of BN, is the preferable struc-
ture for alloy growth, but hexagonal BN (h-BN) is
normally produced by MOCVD or MBE. It is hoped
that in alloys with low boron content w-BN can be
stabilized by the presence of GaN.

Several groups attempted to grow epitaxial B,Ga, N
alloys using sapphire as the substrate. A.Y. Polyakov
et al. observed that the highest boron solubility in
GaN was about 1% at 1000°C by MOVPE.*V K. Gupta
et al. reportedsingle crystals B,Ga, . N withxupto 2%
by MBE.? In our study, 6H-SiC (0001) was chosen as
the substrate, since less boron incorporation
(Bo17GaggsN) would be necessary to eliminate the
lattice constant mismatch. In addition, SiC substrates
could be more favorable for substitutional incorpora-
tion of higher boron in BGaN from elastic energy
consideration.®
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Fig. 1. Surface morphology of BGaN films grown at B/Garatio of (a) 0.005; (b) 0.01; (SEM images magnlflcatlon 1kx)(c)0.05; (d) 0.2 (AFM images).

Another motivation for developing B,Ga,; N alloys
is the possibility of fabricating BGaN-based semicon-
ductor devices. Based on the calculation of Honda et
al.,” the transparency carrier density of B, ;;Ga, ssN is
only slightly smaller than that of GaN, which is
possibly used in the UV spectral region. Therefore,
there is an obvious need to determine how the energy
bandgap changes with boron content in BGaN alloys.

In this paper, BGaN films were grown on 6H-SiC by
low pressure MOCVD to determine the boron solubil-
ity in the single-phase GaN, the ability of reducing the
lattice constant mismatch, as well as the effects on the
structural and optical properties of GaN. The films
were characterized using scanning electron micros-
copy, atomic force microscopy, scanning Auger micro-
probe, double-crystal x-ray diffraction, Fourier trans-
form infrared spectroscopy, and photoluminescence.

EXPERIMENTAL PROCEDURE

BGaN films were deposited on the Si face of on-axis
6H-SiC (0001) substrates in a vertical reactor by
MOVPE at 76 torr. The 6H-SiC substrates were
ultrasonically degreased in sequential baths of trichlo-
roethylene, acetone and methanol, rinsed in deion-
ized water, then dipped into a 10% HF solution to
remove the native oxide layer. Prior to growth, the
6H-SiC substrates were annealed in hydrogen at
1100°C for 10 min. Trimethylgallium (TMG) and
ammonia (NH;) were Ga and N source gases with
hydrogen as the carrier gas. The boron precursor was
0.01% diborane (B,Hg) diluted in H,. A GaN buffer
layer with 20—-30 nm thickness was first grown at
565°C and ramped to 1000°C in 10 min for crystalli-
zation. As the substrate temperature was raised to
1000°C, BGaN films were deposited for 1 h. The low-
temperature buffer layer was essential for wetting
the 6H-SiC substrates for continuous film growth.
The TMG, NH; and H, were fixed at 18 umol/min,
1.25, and 1.8 slm, respectively, while the gas phase
B/Ga ratio was varied from O to 1.

The surface morphology of the samples was exam-
ined by scanning electron microscopy (SEM) or atomic
force microscopy (AFM). The compositions and phases
of films were investigated using a PHI 660 scanning
Auger microprobe (SAM) after bombarding the sur-
face with argon ions for several seconds to remove
surface contamination. The boron composition x in
B,Ga, N was calculated by the shift of the GaN (00[2)
x-ray diffraction peak applying Vegard’s law.® Fou-
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Fig. 2. Auger spectra of BGaN deposited at B/Ga = 0.01.

rier transform infrared (FTIR) spectroscopy was em-
ployed to characterize the chemical bonding of B-rich
phases. To determine the bandedge emission of the
samples, low temperature photoluminescence (PL)
spectra were measured by using a picosecond laser
spectroscopy system with an average output power of
about 20 mW, and a tunable photon energy upto4.5eV.
Finally, the thickness of the films for the estimation
of growth rate was obtained either from cross-sec-
tional SEM for thick films or the argon-ion sputtering
rate on thin layers during Auger measurements.

RESULTS AND DISCUSSION

The surface morphology of films grown with gas
phase B/Ga ratios of 0.005, 0.01, 0.05, 0.2 at 1000°C
are shown in Fig. 1a—d. Apparently, the well-faceted
crystals decrease with more boron incorporated into
the film. Without adding any boron, the GaN surface
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Fig. 3. Auger spectra of samples grown at B/Garatio of (a) 0.05; (b) 0.1;
(c) 0.2.

is specular and mirror-like. However, starting the
B/Ga ratio of 0.005 (Fig. 1a), the surface morphology
becomes rough and is covered with ridged-like crys-
tals. For further increase in B/Ga ratio to 0.01, the
surface displays several distinct features as seen in
Fig. 1b: well (000) oriented epicrystals with an aver-
age size of about 4 pm and smaller agglomerated
deposits on top as well as a matrix film around the
hexagonal crystals. These suggest that multiple phases
with various boron concentrations existin this sample.
As the B/Ga ratio is increased above 0.02, the growth
rate drops significantly and the grown layers look
shiny, smooth to the eye. AFM images of layers
deposited at B/Ga ratio of 0.05 and 0.2 are shown in
Fig. 1cand d. The well-faceted crystals disappear and
dome-shaped aggregates are observed with an aver-
age size of 0.2 um in Fig. 1cand 0.1 pm in Fig. 1d. The
average height of the aggregates in Fig. 1 ¢cis 450 nm
and 200 nm in Fig. 1d. These features indicate that
the layers are composed of the boron-rich phase, since
the dome-shaped growth features are often observed
in BN deposition by CVD.?

The presence of B in the solid phase was confirmed
by Auger measurements. Auger spectra of the films
deposited at different B/Ga ratios are presented in
Figs. 2 and 3. Only Ga and N peaks were detected for
the low B/Ga = 0.005 sample. Since Auger is not
sufficiently sensitive to detect the low concentration
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Fig. 4. 6-26 XRD scans of films deposited at different B/Ga ratios.
(a) 0.05; (b) 0.01; (c) 0.005.
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of B (detection limit: 2 atomic %), other measure-
ments such as XRD and PL were used to examine the
boron composition in this sample. Next, to verify the
existence of multiple phases as seen in Fig. 1b, Auger
spectra obtained from three different features are
shown in Fig. 2. The matrix film and agglomerated
deposits on top reveal formation of the B-rich solid
phase, as shown in Fig. 2a and b. However, the well-
oriented hexagonal crystals are nearly pure GaN
crystals (Fig. 2c). Figure 3 shows Auger spectra of
samples grown with higher B/Ga ratios. Clearly, the
boron concentration in the solid phase increases with
anincreaseinthe diborane flow. Note that asdiborane
in the gas phase exceeds a certain concentration (B/
Ga = 0.2 in Fig. 3c), it completely poisons the growth
of GaN and the solid phase contains only BN with no
Ga incorporation. Besides the B, Ga, and N main
peaks, oxygen and carbon were detected in all samples.
We speculate that these impurities originate from
the reaction between diborane, ammonia, and me-
thyl groups not from surface contamination, because
the amounts of C and O are slightly reduced after Ar
ion sputtering.

If all the boron detected by Auger were substitution-
ally incorporated into GaN, one would expect a signifi-
cant shift of the GaN (00-2) diffraction peak toward
higher 26 angles. X-ray diffraction pattern for the
sample grown with B/Ga = 0.05 is plotted in Fig. 4a.
The broad GaN (002) peak shows no obvious shift
suggesting that the actual composition of B,Ga, N
corresponds to x less than 1%; the rest of the boron
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Fig. 5. IR reflectance of the films in the 1000—-1500 wavenumber (cm™).

apparently forming a second boron-rich phase. It is
difficult to obtain the x-ray diffraction from the B-rich
phase due to the small x-ray cross-section area of
boron. However, a very low-intensity, broad hump
feature at 25-30° was observed (not shown) and
ascribed to the turbostractic BN (t-BN), in which the
sp? hexagonal rings formed by B and N atoms are
irregularly rotated around the c-axis.’® The XRD
pattern of the sample with multiple phases is plotted
in Fig. 4b. The high intensity of GaN (00-2) peak
arises from the well-oriented hexagonal crystals, while
an extra peak centered at 36.84° is from GaN (10-1)
reflection, confirming the polycrystalline nature of
the film after spinodal decomposition. Eventually, as
the B/Ga ratio is lowered to 0.005, the 20 GaN (00-2)
diffraction angle changed from 34.56° to 34.67° indi-
cating the c-lattice constant decreased from 0.5186
nm to 0.5171 nm. This means that the composition of
epitaxial B,Ga, N corresponds to x = 1.5%, and its
XRD pattern is shown in Fig. 4c. The large difference
in bond lengths between the binary constituents
leads to a very low mutual solubility and wide unstable
composition region. Therefore the alloy layers are prone
to phase separation or spinodal decomposition.!
The chemical structure of BN deposits containing
sp?or sp®bonding was studied using FTIR. As seen in
Fig. 5, the peak at 1370 cm™! corresponds to the TO
mode of h-BN for films deposited with B/Ga = 0.01.12
No h-BN sp? bonding is observed for the single-phase
B, 015Ga, 45N alloy, most likely because the boron
atoms are substitutionally grown into GaN lattice.
Low-temperature (10 K) PL spectra of six samples
grown with B/Garatio varying from 0 to 0.1 are shown
in Figs. 6a—f. The dominant peak in the GaN (x = 0%)
PL spectrum centered at 3.451 eV with FWHM of
39.2 meV is attributed to near bandedge emission.
The energy of bandedge emission increases from
3.451 eV to 3.465 eV (FWHM = 35.1 meV) with
increasing boron composition (x) from 0% to 1.5 %
(Fig. 6b). Two emission lines with energy peak posi-
tions at 3.267 eV and 3.178 eV are from donor-
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Fig. 6. 10 K PL spectra of samples measured at B/Ga ratio (a) 0;
(b) 0.005; (c) 0.0065; (d) 0.01; (e) 0.02; (f) 0.1.
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Fig. 7. BGaN growth rate as a function of B/Ga ratio.

acceptor (D-A pair) recombination. The narrower
linewidth suggests that the quality of BGaN alloy is
improved with a small amount of boron incorporation.
From Fig. 6¢, although the B/Ga ratio is increased to
0.0065, the boron composition, x, remains unchanged
at 1.5% and the bandedge emission occurs at 3.469 eV
with broader FWHM compared with Fig. 6b. It ap-
pears that the bandedge emission shifts to higher
energy with increasing the gas phase diborane con-
centration. However, as the B/Ga ratio is increased
from 0.01 to 0.1, the dominant emission line starts to
decline, as seen in Fig. 6d—f. Since these samples are
characterized as containing h-BN phase with sp?
structure, the emission peaks at near 3.3 eV could
originate from the bandgap energy of h-BN.!? Several
emission peaks are seen in every PL spectrum due to
the compositionally inhomogeneous BGaN layer or
from the impurity-related transitions. The broad PL
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linewidths indicate poor crystalline quality as more
boron is introduced into the solid.

Based on the above, the B/Ga ratio is critical for
growing and controlling phases of BGaN. Figure 7
shows the growth rate of BGaN as a function of B/Ga
ratio. For a low diborane flow (B/Ga <0.01), the growth
rate is almost unaffected by the presence of boron, and
uniform single crystals BGaN alloys can only be pro-
duced in this range. When diborane in the gas phase
reaches the threshold concentration (B/Ga = 0.02 in
this case), the growth of GaN is poisoned by the onset
of formation of very slow growing BN phase, causing
the growth rate to drop-off. There are regions on the
substrate surface not completely covered by BN that
can still facilitate the growth of wurtzite GaBN.
However, GaN growth on BN surface is hindered by
thelacking of active sites protruding from the hexago-
nal rings of BN, which results in the B-rich phase.
This explains the observation of both Ga- and B-rich
phases in our sample seen in Fig. 1b. GaN growth is
totally poisoned for a high diborane flow (B/Ga >0.2).
Therefore, BGaN growth rate goes down to virtually
zero and only BN layer is formed.

CONCLUSIONS

Up to 1.5% B can be substitutionally incorporated
into GaN grown on 6H-SiC (0001) substrates at 1000°C
by MOCVD. As the diborane flow is increased, the
solid solution of BGaN decomposes into wurtzite
GaBN and the second B-rich phase. The B-rich phase
was characterized as h-BN with sp? structure. XRD
and PL examinations indicate that higher boron con-
centration leads to poor crystalline quality and defect
formation. However, the film grown with low B/Ga =

Wei, Xie, Edgar, Zeng, Lin, Jiang,
Chaudhuri, Ignatiev, and Braski

0.005 shows higher crystalline quality and narrower
PL linewidth compared with the pure GaN sample.
PLmeasurements alsodisplay anincrease in bandgap
energy up to x = 1.5% and then decrease for higher B
composition in the films.
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