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ABSTRACT
We report the room temperature photoluminescence and electroluminescence properties of boron incorporated into highly strained InGaAs,
forming BGaInAs, grown on GaAs substrates. X-ray diffraction was used to determine the alloy composition and strain of BGaInAs quantum
wells on GaAs. As expected, the addition of boron reduced the quantum well compressive strain, preventing strain-relaxation and enabling
extension of the peak emission wavelength of InGaAs quantum wells to 1.3 lm on GaAs. We also report both the longest wavelength emission observed from BGaInAs (1.4 lm) and electrically injected photoemission from a dilute-boride active region. We observed a blueshift in
electroluminescence, due to unintentional in situ annealing of the active region, which we mitigated to demonstrate a path to realize true
1.3 lm emitters in the presence of in situ annealing.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0011147

Near-infrared (NIR, 1–3 lm) emitters are important for a
wide range of high-volume applications such as telecommunications, LiDAR, and facial recognition. GaAs-based vertical cavity
surface-emitting lasers (VCSELs) offer an inexpensive solution at
these wavelengths as they leverage the monolithic integration of
AlGaAs-GaAs distributed Bragg reﬂectors and AlOx native oxide
technologies. However, few active regions are available nearly lattice matched to GaAs at these wavelengths. NIR emitters have been
demonstrated at 1.3 lm utilizing In(Ga)As quantum dots1 (QDs)
or InGaNAs2 active regions. The comparatively low modulation
bandwidth of InAs QD lasers emitting at 1.3 lm (Ref. 3) and the
difﬁculty in promoting the substitutional incorporation of nitrogen
in InGaAs quantum wells (QW)4 motivate the search for an alternative active region. Similar to dilute nitrides, in which the small
lattice constant and favorable band anti-crossing are exploited to
reduce the strain and extend the emission wavelength of InGaAs on
GaAs,5 the addition of boron can be used to reduce the strain of
highly compressively strained InGaAs QWs required to reach NIR
wavelengths on GaAs. The advantage of dilute borides over the
dilute nitrides is a predicted higher solid solubility of boron than
nitrogen, enabling higher incorporation and simpliﬁed growth of
dilute-boride alloys compared to nitride alloys.6
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While the growth of dilute borides on GaAs has been previously
demonstrated by several groups,7–16 the growth of boron pnictides has
proven to be more challenging than other III–V material systems.
These challenges are due to the high melting point and low vapor pressure of boron, the stable sub-pnictide phase of B-V materials, and the
large lattice mismatch between B-V binaries and conventional substrates.17 Recent progress in the epitaxial growth of B-III-V alloys has
focused on increasing the substitutional incorporation of boron.7
While the theoretical estimates predict that boron has a higher solid
solubility in GaAs than nitrogen,6 most demonstrations of B-III-V
remain limited to low concentrations of B. Previous alloy concentrations have been restricted to high In concentrations (40%) and low
boron concentrations (2%) or low In (6%) and higher B (5%)
concentrations.8–10 The difﬁculty in simultaneously incorporating
high indium and high boron concentrations has limited the emission
wavelength of BGaInAs alloys to <1.2 lm.8–13 As with other highly
mismatched alloys, the key to improving material quality is optimizing
the growth regime to promote the substitutional incorporation of B.
Combining the effects of low substrate temperature (400  C)7 and Bi
as a surfactant,14 we have recently demonstrated a highly kinetically
limited growth regime allowing us to incorporate higher B (>12%)
concentrations in BGaAs.18 Here, we tailored the same approach to
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increase the solid solubility of B in InGaAs, extending the photoluminescence (PL) emission wavelength from a dilute-boride QW beyond
1.2 lm and demonstrating electroluminescence (EL) from a boroncontaining active region electrically injected emitter.
Samples were grown in an EPI Mod Gen II solid-source molecular beam epitaxy (MBE) system equipped with a Veeco Mark IV
valved cracker for arsenic, Veeco SUMO effusion cells for gallium and
indium, and an MBE Komponenten electron-beam evaporation boron
source. The B e-beam source was operated at powers between 70 and
120 W depending on the desired B ﬂux, with a ﬁgure-8 raster pattern.
In situ characterization of the surface was limited during QW growth
due to interference between the boron electron beam and the reﬂection
high-energy electron diffraction (RHEED) electron beam. However,
the “streaky” RHEED patterns indicative of 2D growth were observed
after the e-beam was turned off. The substrate temperature was 380  C
as measured by pyrometry. Photoluminescence structures with a
200 nm GaAs buffer, a 10 nm (B)GaInAs QW, and a 50 nm GaAs cap
were grown on an on-axis semi-insulating (100) GaAs substrate. The
As2:Ga ﬂux ratio was 3 (beam equivalent pressure ratio of 15). The
GaAs growth rate was 1.3 Å/s, and the BGaInAs growth rate was
2.5–3 Å/s. BGaInAs compositions were determined using a combination of calibrations of the constituent ternaries, InGaAs and BGaAs,
as well as post-growth metrology. Speciﬁcally, InGaAs/GaAs superlattices were grown to determine the relationship between relative Ga/In
ﬂuxes, cell temperatures, and the resulting alloy compositions. BGaAs
ﬁlms were grown to determine the relationship between the boron
ﬂux and e-beam power, assuming Vegard’s law as per Ptak et al.14
Secondary ion mass spectrometry (SIMS) conﬁrmed the unity sticking
growth regime of both the BGaAs and BGaInAs alloys, enabling alloy
compositions to be determined by high-resolution x-ray diffraction
(HR-XRD) x-2h coupled-scan analysis about the (004) reﬂection of
GaAs using a Rigaku SmartLab HR-XRD.19,20 Based upon the ternary
alloy beam-equivalent pressure (BEP) to ﬂux calibrations, prior to
growth, in situ BEP measurements were used to determine the In and
Ga ﬂuxes and achieve the desired In:Ga ﬂux ratio. Due to incompatibility between the beam ﬂux ion gauge and elemental boron, HR-XRD
was performed during post-growth to conﬁrm the B concentrations as
well as the QW strain. Photoluminescence was measured using a
Nd:YAG laser at 532 nm, a 0.5 mm grating spectrometer, and a
thermoelectric-cooled InGaAs detector. Reported spectra were all
measured compared to a standard sample to facilitate a direct comparison of PL intensity and wavelength across samples.
Our approach was similar to that of Tansu et al.,21 we increased
the In concentration in InGaAs QWs on GaAs until no PL was
observed (40% In). We then grew BGaInAs QWs at that In concentration in order to reduce the compressive strain in the QWs. Figure 1
shows the effects of increasing indium and boron concentration on the
structural and optical quality of (B)GaInAs quantum wells. As shown
in the room temperature PL of the InGaAs QWs [Fig. 1(b)], increasing
the indium concentration resulted in a severe degradation of the material optical quality, such that no PL was observed. This increase in the
indium concentration also resulted in a reduction in crystalline quality
as observed in HR-XRD [Fig. 1(c)] through the complete loss of the
previously well-deﬁned ﬁnite thickness fringes, as well as broadening
of the QW peak in the higher In concentration QW. The addition of
2%–6% boron reduced the compressive strain (from approximately
3% without B to between approximately 2.7% and 2.1%) in the
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FIG. 1. (a) Layer structure of the (B)GaInAs PL samples. (b) PL of the (B)GaInAs
QWs on GaAs targeting 1.3 lm emission. Increasing the In concentration of the
InGaAs QW resulted in a complete loss of PL strength. With the addition of 2% B,
a strong emission peak at 1.3 lm was observed. (c) HR-XRD of (B)GaInAs QWs
on GaAs. A loss of well-deﬁned ﬁnite thickness fringes and well-deﬁned QW peak
was observed as the In concentration was increased. With the addition of B, a
recovery of thickness fringes and well-deﬁned QW peak suggests improved structural quality from the reduction in strain.

material, as indicated by the shift of the QW peak to larger diffraction
angles with increasing B in HR-XRD. The recovery of well-deﬁned
thickness fringes and QW peaks suggest improved structural quality.
In PL, optical quality material was recovered and the desired wavelength extension to 1.3 lm was observed [Fig. 1(b)]. Additionally, the
decrease in optical quality with the addition of 2% B was not as severe
as that observed in the dilute nitrides, where the addition of even 1%
nitrogen signiﬁcantly degraded the optical quality of the material.22,23
To demonstrate the potential for B-containing optoelectronic
devices, we grew a nominally identical B0.02Ga0.54In0.44As active region
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between n- and p-type AlGaAs contact layers. The EL structure was
grown on n-type (100) GaAs substrates. The n-contact (Si-doped)
layer of the EL structures was grown in a Varian Gen II solid-source
MBE system equipped with an aluminum cell, As-capped, and transferred in situ to the MBE with the boron cell for the growth of the
active region under the same growth conditions as described previously. The sample was then As-capped and transferred in situ back to
the Al-containing MBE for the growth of the p-contact (Be-doped)
layer. The AlGaAs growth temperature was 580  C, as measured by
kSA BandIt blackbody thermometry, and the growth rate was 3 Å/s.

Electroluminescence was measured at room temperature using an
InGaAs detector, under pulsed conditions with a 1% duty cycle. The
sample structure, light-output vs input current (L–I) curve, and emission spectrum are shown in Fig. 2. While the thin PL structure emitted
at 1.3 lm, the otherwise identical active region embedded in the EL
structure emitted at <1.25 lm. A similar blueshift is observed in
dilute-nitride device growth due to thermal annealing of the active
region.24–26 In situ annealing of a BGaInAs PL structure of near identical composition, but grown under different growth conditions, also
exhibited a blueshift in the wavelength and an increase in PL intensity.
Therefore, we performed ex situ annealing on the PL structure
[Fig. 1(a)] to understand the effects on the active region of the high
growth temperature required to grow the AlGaAs p-type contact layer.
Rapid thermal annealing (RTA) allows for ex situ annealing of samples
in order to examine the effects of annealing. Annealing conditions
were chosen to observe the increase in PL intensity and blueshift in the
wavelength observed in the EL structure. While ex situ annealing does
not allow for a direct comparison of temperature and time to in situ
annealing, it facilitates further understanding of thermal annealing
effects without the restrictions (time, sample size, and cleanliness) of in
situ annealing. The sample was placed on a Si carrier wafer, and a
GaAs proximity cap wafer was placed on top in order to prevent As
out-diffusion from the sample. The temperature was monitored using
a pyrometer below the Si carrier wafer. The identical PL structure was
annealed at temperatures from 550  C to 750  C for one minute. As
shown in Fig. 3, annealing of the QW resulted in a blueshift of the
emission wavelength comparable to that of the EL structure. In the
dilute nitrides, this blueshift in the wavelength has been attributed to
the rearrangement of In-N nearest neighbors.25,26 Further investigation
is required to better understand the root cause(s) in the dilute borides.
Annealing of the QW also resulted in over an order of magnitude
improvement in PL intensity (Fig 3). Similar to the dilute nitrides,24–28
thermal annealing appears to be crucial for high luminescence efﬁciency in the dilute borides. However, the accompanying blueshift in
the emission wavelength necessitates increasing the as-grown emission

FIG. 2. (a) Layer structure of the EL structure with a BGaInAs QW active region.
(b) Light output vs input current (L-I) curve and (c) emission spectra (at J ¼ 0.5 kA/
cm2) of the boron-containing active region electrically injected emitter. While the
nominally identical PL structure with 2% B and 44% In emitted at 1.3 lm, a
blueshift in the wavelength to <1.25 lm was observed in the EL structure.

FIG. 3. A blueshift in the wavelength similar to the EL structure was observed by
ex situ annealing of the nominally identical PL structure. Shown in red is the peak
PL wavelength with annealing temperature. Shown in blue is the peak PL intensity
with increasing annealing temperature; the enhancement is similar to that observed
in dilute nitrides.24–28
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DATA AVAILABILITY
The data that support the ﬁndings of this study are available
from the corresponding author upon reasonable request.
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