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ABSTRACT: The small lattice constants of the boron pnictides present exciting new
opportunities for strain engineering and lattice-matching of III−V semiconductor
heterostructures. However, the challenging synthesis of boron-containing III−V alloys
has limited the achievable B concentrations to only dilute amounts, hindering both
the ultimate application of these materials and experimental investigations of their
electronic and optical properties. Using BxGa1−xAs on GaAs and GaP substrates as
prototype, we demonstrate a highly kinetically limited molecular beam epitaxy growth
regime capable of achieving high substitutional incorporation of boron. By combining
the eﬀects of low growth temperature and surfactant-mediated epitaxy with the high
boron ﬂuxes accessible with electron-beam evaporation, we achieved substitutional
boron incorporation up to a 15% mole fraction, nearly double that of previous reports.
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incorporation,11,12 interstitial incorporation,13,14 and phase
separation of boron15,16 inhibiting the growth of high-quality
materials. As with other highly mismatched alloys, optimization
of growth conditions has proven critical to increasing the
substitutional incorporation of B. In materials grown with
molecular beam epitaxy (MBE), fast growth rate17 and reduced
substrate temperatures,13,14 in concert with large V:III ﬂux
ratios13 and surfactant-mediated epitaxy,14 have been shown to
promote substitutional incorporation of B. Similarly, low
growth temperatures,15,16,18 high V:III precursor ratios,15 and
optimized precursor chemistry19 have enabled the highest
concentrations of B in metal-organic chemical vapor deposition
(MOCVD)-grown BxGa1−xAs. Despite these optimizations,
substitutional B concentrations in BGaAs reported in the
literature remain limited to less than ∼8% in both MBE-13 and
MOCVD18-grown materials. The inability to incorporate
nondilute concentrations of boron places a practical limit on
the use of boron for strain engineering applications. To this
end, we demonstrate an optimized highly kinetically limited
MBE growth approach that enables an ∼2× increase in
substitutional boron incorporation over previously reported
values, expanding the applicability of these alloys for strain
engineering.

INTRODUCTION
The boron pnictides (B-V) remain as some of the least
explored III−V compound semiconductors. The lattice
constants of these zinc-blende compounds are signiﬁcantly
smaller than those of the conventional zinc-blende III−V
semiconductors, with values ranging from 4.55 Å for BP1 to 5.1
Å for BSb.2 Owing to the challenges in pseudomorphic
heterostructure growth arising from compressive mismatch of
many III−V materials with commercially available substrates,
the B-V compounds have received attention for their potential
application in heterostructure strain engineering. To date,
dilute-boride alloys have been shown to eﬀectively reduce
compressive strain through alloying with InGaAs3,4 and
GaAsBi5 for solar cell devices and InGaAs6,7 for quantum
well optical sources on GaAs and to compensate highly
compressively strained quantum well optical sources on GaPon-Si virtual substrates.8,9 In analogy to dilute-nitride III−V
alloys, the large tensile mismatch of B-V compounds with
conventional substrates provides new avenues for compensation of compressively strained layers using III−V alloys
incorporating relatively small amounts of B. However, despite
predictions of increased solid solubility of B over N in
analogous highly mismatched nitride alloys,10 reports of highquality BxGa1−xAs alloys have thus far remained limited to
dilute concentrations, limiting their ultimate application for
strain engineering. For example, BxGa1−xAs is particularly
enticing for potential monolithic integration of direct-gap III−
V materials with Si. However, the incorporation of ∼ 25% B is
necessary for lattice-matched epitaxial growth of BxGa1−xAs on
Si.
Nonsubstitutional incorporation of B in these alloys has
proven to be a signiﬁcant challenge as the B concentration is
increased beyond dilute concentrations, with reports of antisite
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Figure 1. (a) HR-XRD ω-2θ scans of 100 nm B0.05Ga0.95As/GaAs heterostructures grown with (red) and without (black) Bi-surfactant ﬂux. (b)
AFM surface morphology measurements and (inset) RHEED diﬀraction patterns from the samples shown in panel (a).

Figure 2. AFM surface morphology measurements and (inset) RHEED diﬀraction patterns from B0.10Ga0.90As/GaAs heterostructures grown at 500
°C (left), 450 °C (middle), and 400 °C (right).

■

EXPERIMENTS AND DISCUSSION
Our dilute-boride growth approach builds on the work of
Groenert et al.13 and Ptak et al.14 In particular, Groenert et al.
demonstrated that interstitial B incorporation increases in
MBE-grown BGaAs at substrate growth temperatures exceeding 500 °C.13 Ptak et al. expanded on this work by
investigating surfactant-mediated epitaxy of BGaAs and
showed that the introduction of a Bi-surfactant ﬂux during
BxGa1−xAs MBE growth can reduce interstitial B incorporation
in dilute (∼1% B) BxGa1−xAs ﬁlms at substrate growth
temperatures exceeding 500 °C.14
We ﬁrst addressed the challenging elemental B ﬂux
requirements necessary for MBE growth of high B-content
alloys. Boron has the lowest vapor pressure of the group-III
elements, necessitating deposition sources capable of prolonged operations above 1800 °C to achieve even moderate B
ﬂuxes, prohibiting the use of conventional PBN crucibles,
which thermally decompose above ∼1400 °C. The choice of a
deposition source is further complicated by the formation of Brefractory eutectics,20 limiting the use of conventional
refractory metal high-temperature eﬀusion cell sources. Our
initial growth experiments utilized a high-temperature eﬀusion
cell with a tungsten crucible, which exhibited severe structural
degradation after several hours of operations at 1850 °C.
Pyrolytic graphite crucible liners are often used to mitigate
such eutectic reactions12 but are critically limited by the
unintentional codeposition of electrically active C. To avoid
the limitations of conventional eﬀusion cell sources, we
employed an electron-beam evaporation source for B
deposition. The water-cooled evaporator hearth eﬀectively
suppresses B eutectic reactions with the refractory metal hearth
liner while simultaneously providing a higher local evaporant
temperature, enabling B ﬂuxes >4× larger than those accessible

with a conventional high-temperature eﬀusion cell and
subsequently the growth of nondilute BGaAs alloys at typical
MBE growth rates of ∼0.5−1 μm/h.
We then investigated the impact of surfactant-mediated
epitaxy in nondilute BGaAs alloys by growing nominally
identical 100 nm B0.05Ga0.95As ﬁlms at a growth temperature of
400 °C with and without a Bi-surfactant overpressure of 5 ×
10−8 Torr. In situ reﬂection high-energy electron diﬀraction
(RHEED) patterns, monitored during growth to provide a
qualitative assessment of surface morphology, showed
signiﬁcant improvement with the addition of a Bi-surfactant
ﬂux. As shown in Figure 1 (inset), the sample grown without
Bi exhibited a spotty (1 × 1) reconstruction, consistent with
the roughening of the epi surface during growth, while the
sample grown with a Bi-surfactant ﬂux exhibited a streaky (1 ×
3) reconstruction, in agreement with ﬁndings of Ptak et al.14
and consistent with reports of Bi-terminated GaAs surfaces.21,22 Atomic force microscopy (AFM) was used to quantify
changes in the surface morphology and showed good
correlation with the observed RHEED diﬀraction patterns.
Growth without Bi resulted in a rough, irregular morphology,
with a root-mean-square (RMS) roughness of 6.2 nm. The
addition of Bi resulted in a smooth surface morphology,
reducing the RMS roughness to 0.34 nm, comparable to that of
homoepitaxial GaAs.
The changes in surface morphology also correlated to
changes in bulk structural quality, as measured using highresolution X-ray diﬀraction (HR-XRD) ω-2θ measurements.
Growth without Bi resulted in a broad BGaAs diﬀraction peak
with low-intensity ﬁnite-thickness fringes, indicating interfacial/structural disorder within the BGaAs epilayer. The
addition of a Bi-surfactant ﬂux signiﬁcantly improved the
bulk structural quality, simultaneously narrowing the BGaAs
B
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layer diﬀraction peak and producing distinct ﬁnite-thickness
fringes, consistent with increased crystalline quality. The
improvement in structural quality was accompanied by a
shift of the BGaAs diﬀraction peak to larger diﬀraction angles,
indicating an increase in substitutional B incorporation with
the use of a Bi-surfactant ﬂux. In contrast to the ﬁndings of
Ptak et al. at elevated temperatures,14 we observed no clear
dependence of substitutional B incorporation on Bi-surfactant
ﬂux, suggesting that the Bi ﬂux does not need to be tightly
controlled for unity substitutional B incorporation at reduced
growth temperatures.
To assess the impact of substrate temperature on substitutional B incorporation in nondilute BGaAs alloys grown with
surfactant-mediated epitaxy, we grew 100 nm B0.10Ga0.90As
ﬁlms while maintaining a Bi overpressure of 5 × 10−8 Torr and
varied the substrate temperature from 400 to 500 °C in 50 °C
steps across a series of samples. As shown in Figure 2, changes
in the growth substrate temperatures produced signiﬁcant
changes in the surface morphology of the BGaAs epilayer.
Samples grown at 500 °C exhibited an extremely rough,
irregular surface morphology, with an RMS roughness of 34
nm measured using AFM. The corresponding (1 × 1) RHEED
pattern consisted of spotty, chevron-like features, consistent
with the rough AFM surface morphology measurements.
Decreasing the substrate temperature to 450 °C resulted in a
lower AFM RMS roughness of 9.5 nm, and reducing the
substrate temperature to 400 °C restored the streaky (1 × 3)
RHEED reconstruction and reduced the measured RMS
roughness still further to 0.42 nm. As shown in Figure 3, the
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increasingly limited as the substrate temperature is reduced
during BGaAs growth. Finally, the introduction of surfactant
ﬂux, originally employed to inhibit 3D growth of GeSi on Si,25
and later extended to III−V strained layer heterostructures,26 is
thought to reduce adatom surface diﬀusion lengths by
enhancing the incorporation of surface adatoms through
preferential exchange reactions.27−29 Substitutional incorporation of Bi is minimized under MBE growth conditions with
large As/Bi ﬂux ratios or at substrate temperatures >350 °C,30
making it an ideal surfactant in III−V epitaxy, where it has
been shown to inhibit 3D growth in highly strained InGaAs
layers31 and increase the incorporation of N in dilute-nitride
alloys.32,33 Accordingly, combining the elevated growth rate
enabled by an e-beam B source with a low substrate growth
temperature and the use of a Bi-surfactant ﬂux deﬁnes a highly
kinetically limited growth regime, in which the B surface
adatom diﬀusion length is reduced signiﬁcantly. The observed
decrease in surface roughness and the corresponding increase
in apparent B concentration with the reduction of substrate
temperature and introduction of Bi-surfactant suggest a
preference for elemental boron to self-segregate to the epilayer
surface during MBE growth, consistent with previous reports
of surface B accumulation in MOCVD-grown BGaAs.16 This
surface-segregation phenomena may arise from the formation
of thermodynamically stable boron subpnictide crystal phases
(B12As2)34,35 or through the formation of B−B clusters,15,36,37
which should be reduced by minimizing the interaction of B
surface adatoms by kinetically limiting their surface diﬀusion
length.
To access the higher B concentrations necessary for ﬂexible
strain engineering, we grew a series of 100 nm BGaAs ﬁlms,
increasing the supplied B ﬂuxes while maintaining constant Ga
and Bi ﬂuxes, As:III ﬂux ratios, and a growth substrate
temperature of 400 °C. As the B concentration was increased,
the streaky (1 × 3) reconstruction and corresponding
monolayer-scale RMS roughness in AFM were maintained in
all samples. HR-XRD ω-2θ measurements of the samples
incorporating <10% B (Figure 4) showed narrow diﬀraction
peaks with full width at half-maximum (FWHM) values
ranging from 0.0496 to 0.0556° and pronounced ﬁnitethickness fringes, indicating high structural quality. XRD
reciprocal space maps about the (224) diﬀraction peak
(shown in Supporting Information Figure S1a) conﬁrmed
coherent nucleation of the BGaAs layers incorporating up to
9.7% B, enabling straightforward calculation of the B
concentration in epilayers exhibiting high structural quality.
Repeated growths of BGaAs ﬁlms incorporating <10% B
exhibited comparable structural quality, as measured using HRXRD, demonstrating high repeatability using this optimized
growth approach. Estimating the B concentration (∝ B ﬂux)
from the BxGa1−xAs HR-XRD diﬀraction peak from a series of
samples grown with varying e-beam power across a single
growth day, we observed the expected Arrhenius dependence
of B concentration on the B e-beam evaporator power (∝
temperature), suggesting near-unity substitutional incorporation of B. The observed Arrhenius relationship between the B
concentration and e-beam evaporator power was highly
repeatable across multiple growth days, providing an
alternative to conventional beam equivalent pressure measurements for B ﬂux calibrations, which are complicated by the
formation of B-W eutectics.
Films incorporating >10% B exhibited signs of structural
degradation in HR-XRD, as indicated by the absence of ﬁnite-

Figure 3. HR-XRD ω-2θ diﬀraction measurements from 100 nm
B0.10Ga0.90As/GaAs heterostructures grown at 500 °C (black), 450 °C
(blue), and 400 °C (red) and (inset) estimated substitutional B
incorporation as a function of growth temperature; corresponding
AFM surface morphology and RHEED diﬀraction patterns are shown
in Figure 2.

changes in morphology correlated with a signiﬁcant change in
the apparent B concentration, as estimated from the diﬀraction
angle of the BGaAs layer peak in HR-XRD ω-2θ measurements. The apparent B concentration decreased linearly as the
substrate temperature was increased, ranging from ∼10.5% at
400 °C to ∼1.5% at 500 °C (Figure 3, inset).
Previous reports of adatom surface diﬀusion as a function of
epilayer growth rate in GaAs MBE heteroepitaxy indicate a
linear decrease in surface diﬀusion length with increasing
epilayer growth rate,23 indicating that the fast growth rates
enabled by e-beam deposition of B reduce surface adatom
diﬀusion lengths. Likewise, following the Arrhenius dependence of surface adatom diﬀusion on the substrate temperature,24 the diﬀusion length of surface B adatoms is
C
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Figure 4. (a) HR-XRD ω-2θ diﬀraction measurements from 100 nm BxGa1−xA/GaAs heterostructures grown under optimized growth conditions;
excellent structural quality was maintained in ﬁlms incorporating up to ∼10% B. (b) HR-XRD B concentration as a function of the inverse of the B
e-beam evaporator power.

Figure 5. (a) HR-XRD ω-2θ diﬀraction measurements from 100 nm BxGa1−xA/GaAs heterostructures with B concentrations spanning coherent
(black, red, blue) and structurally degraded (green) compositions. (b) B secondary ion yield in SIMS versus apparent B concentration determined
from the HR-XRD measurements shown in panel (a).

Figure 6. (a) HR-XRD ω-2θ diﬀraction measurement and (inset) XRD reciprocal space map from 50 nm B0.12Ga0.88As/GaAs heterostructures. (b)
AFM surface morphology measurements showing atomic-level RMS surface roughness and (inset) RHEED diﬀraction patterns from B0.12Ga0.88As/
GaAs heterostructures.

the SIMS B ion yield to the B concentrations calculated from

thickness fringes and an increase in the BGaAs layer diﬀraction
peak FWHM to 0.0775° at ∼18% B and 0.2147° at ∼21% B, as
shown in Figure 4. Following the work of Groenert et al., who
noted a signiﬁcant disparity between BxGa1−xAs B concentrations measured using secondary ion mass spectrometry
(SIMS) and XRD under unoptimized growth conditions,13 we
probed the origin of this structural degradation by comparing

the BxGa1−xAs diﬀraction peak position in HR-XRD. Assuming
complete relaxation of the structurally degraded BxGa1−xAs
sample, we observed a linear relationship between the SIMS B
ion yield and the concentrations estimated from HR-XRD
measurements (Figure 5), consistent with near-unity substituD
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that the ultimate B concentrations achievable in BxGa1−xAs
alloys grown on GaAs are limited by strain relaxation, rather
than solubility. These initial results also highlight the future
potential for heterostructure strain engineering using III−V
alloys with nondilute B concentrations.

tional B incorporation, and suggesting an alternative source of
structural degradation.
As the BxGa1−xAs B concentration was increased beyond
10%, the tensile lattice mismatch of the BxGa1−xAs epilayer
with the GaAs substrate increased to >1.5%. The tensile
mismatch corresponds to a critical thickness of <8 nm before
the onset of strain relaxation, as estimated using the model of
Matthews and Blakeslee.38 Additionally, crack-like features
were observed in dark-ﬁeld microscope images of the
structurally degraded samples at elevated B concentrations,
consistent with reports of grooves/cracks in relaxed tensile
InGaAs/InP heterostructures.39 This suggests that structural
degradation observed in 100 nm BxGa1−xAs/GaAs heterostructures incorporating >10% B was simply due to strain
relaxation. Indeed, decreasing the sample thickness to 50 nm
increased the maximum achievable B concentration to 12%
before the onset of structural degradation. As shown in Figure
6, the 50 nm B0.12Ga0.88As ﬁlm exhibited excellent structural
quality in HR-XRD while maintaining planar surface
morphology. Further increasing the B concentration reduced
the estimated critical thickness to <5 nm, necessitating growth
on substrates with lattice constants smaller than GaAs. GaP
was an ideal choice to further probe the range of accessible B
concentrations as it provides a smaller lattice constant for
BxGa1−xAs alloys <23% B. To this end, we transitioned our
optimized growth approach to GaP substrates, ﬁrst growing a
20 nm GaP buﬀer followed by a 50 nm BxGa1−xAs ﬁlm while
maintaining the Ga and Bi ﬂuxes, As:III ﬂux ratios, and 400 °C
substrate temperature used in the growth on GaAs. While the
Matthews−Blakeslee critical thickness considers only the
absolute value of the epilayer lattice mismatch, studies of
relaxation in tensile and compressive epilayers have shown that
the relaxation mechanisms change as the sign of the mismatch
changes, with relaxed tensile layers exhibiting grooved or
cracked morphology and relaxed compressive layers exhibiting
ridge or island morphology.40 Additionally, studies of
relaxation in tensile and compressive InGaAs/InP heterostructures have shown an increase in critical thickness in tensile
layers over comparable strained compressive layers.39 Accordingly, we targeted >14% B concentrations for our initial
growths on GaP so that the absolute value of the lattice
mismatch with GaP was <75% of the maximum mismatch
observed in coherent samples grown on GaAs. HR-XRD
measurements of BxGa1−xAs ﬁlms incorporating 15% B on GaP
(Figures 7 and S2) showed structural quality comparable to
that of ﬁlms incorporating <10% B on GaAs, further suggesting
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CONCLUSIONS
In conclusion, we have developed an optimized MBE growth
approach for BGaAs alloys to achieve elevated levels of
substitutional B incorporation. Utilizing an electron-beam
evaporation source for B deposition, we achieved B ﬂuxes
suﬃcient for the growth of BGaAs at elevated B concentrations
and typical MBE growth rates. Consistent with previous
reports of increased substitutional B incorporation with
increased growth rates,17 our ﬁndings indicate that the
increased growth rate accessible with larger elemental B ﬂuxes
is critical to the realization of high-quality BxGa1−xAs alloys
incorporating nondilute concentrations of B. Combining
elevated boron ﬂuxes with low substrate temperatures and
surfactant-mediated epitaxy, which had previously been shown
to improve substitutional B incorporation in dilute BxGa1−xAs
alloys,13,14 yielded a highly kinetically limited growth window
capable of near-unity substitutional B concentrations up to
15% in BGaAs, nearly double the highest reported literature
values. This enabled coherent growth of BGaAs on GaP
substrates for the ﬁrst time and, owing to the near-latticematch between GaP and silicon, suggests the possibility of
coherent growth of direct-band-gap B-III−V alloys on silicon.

■

EXPERIMENTAL METHODS

The samples in this study were grown using solid-source molecular
beam epitaxy on the exact (100)-oriented semi-insulating GaAs and
GaP substrates. The transparent GaP substrates were indium-bonded
to Si carrier wafers prior to epitaxial growth to ensure uniform heating
from the substrate heater. Dual-ﬁlament SUMO eﬀusion cells were
used for the deposition of Ga and Bi, a Mark IV-valved As cracker
source operated at 850 °C was used to supply dimeric As2, a single
zone eﬀusion cell with a Ga collecting baﬄe inset was used to supply
elemental P through thermal decomposition of the GaP source
material, and an MBE Komponenten electron-beam evaporation
source was used for B deposition. The substrate temperature during
growth was monitored using optical pyrometry, with a wavelength
response centered at 900 nm to provide accurate measurements at
low temperatures. The Ga ﬂux was maintained at a value of 3.8 × 1014
atoms cm−2 s−1, corresponding to a GaAs growth rate of 0.63 μm/h
(1.75 Å/s), a GaP growth rate of 0.57 μm/h (1.57 Å/s), and BGaAs
growth rates of ∼0.65−0.68 μm/h (1.8−1.9 Å/s). The group-V/Ga
beam equivalent pressure ratio was maintained at ∼18:1, corresponding to a group-V/Ga ﬂux ratio of approximately 3.5:1. Ga ﬂuxes were
measured using conventional group-III limited RHEED oscillations,
and group-V ﬂuxes were approximated by modifying the method of
Svensson et al.41 to measure the transition from group-III to group-V
limited RHEED oscillations and subsequently the group-V BEP
corresponding to a 1:1 incorporation of III and V ﬂuxes. HR-XRD
measurements were performed using a Rigaku SmartLab diﬀractometer equipped with a 9 kW Cu anode. Estimates of the BGaAs
concentrations from coupled ω-2θ scans were performed with
dynamic X-ray scattering simulations using BGaAs elastic constants
interpolated between known values for GaAs from the International
Crystal Structure Database, as well as predicted values for BAs from
ﬁrst principles.42 AFM measurements were performed with a Veeco
Dimension 3100 AFM. SIMS measurements were performed in the
negative-ion collection mode using an IONTOF TOF-SIMS 5 with a
Bi3+ primary ion beam.

Figure 7. HR-XRD ω-2θ diﬀraction measurement from a 50 nm
B0.15Ga0.85As/GaP heterostructure.
E
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