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BAs was predicted to have an unusually high thermal conductivity at room temperature of
2000Wm−1 K−1, comparable to that of diamond. However, the experimentally measured ther-
mal conductivity of BAs single crystals is still lower than this value. To identify the origin of this
large inconsistency, we investigated the lattice structure and potential defects in BAs single crys-
tals at atomic scale using aberration-corrected scanning transmission electron microscopy (STEM).
Rather than finding a large concentration As vacancies (VAs), as widely thought to dominate the
thermal resistance in BAs crystals, our STEM results showed enhanced intensity of some B columns
and reduced intensity of some As columns, suggesting the presence of antisite defects with AsB
(As-atom on B site) and BAs (B-atom on As site) with significant concentrations. Additional cal-
culations show that the antisite pair with AsB next to BAs is preferred energetically among the
different types of point defects investigated, and confirm that such defects lower the thermal con-
ductivity for BAs. Using a concentration of 1.8(8)% (6.6±3.0×1020 cm−3 in density) for the antisite
pairs estimated from STEM images, thermal conductivity is estimated to be 65–100Wm−1 K−1, in
reasonable agreement with our measured value. Our study suggests that AsB-BAs antisite pairs
are the primary lattice defects suppressing thermal conductivity of BAs. Possible approaches are
proposed for growth of high quality crystals or films with high thermal conductivity. Employing a
combination of state-of-the-art synthesis, STEM characterization, theory and physical insight, this
work models a path toward identifying and understanding defect-limited material functionality.

PACS numbers: 68.37.Ma, 61.72.Ff, 66.70.Df

As microelectronic devices develop towards miniatur-
ization and faster processing, thermal management plays
a crucial role in the design of electronics packaging.
Therefore, materials with a high thermal conductivity
(κ) are becoming increasingly essential for new gener-
ation electronic devices [1]. Recently, cubic boron ar-
senide (BAs) was predicted to possess an exceptionally
high κ over 2000Wm−1 K−1 at room temperature based
on first-principles calculations [2, 3], comparable to that
of diamond. The high κ in BAs is attributed to the com-
bination of a large acoustic-optic frequency gap and a
bunching of the acoustic phonon dispersions, which sig-
nificantly reduce phonon-phonon scattering [2–4]. This
remarkably high κ attracted intense attention, however,
the experimental values for κ are still below the pre-
dicted one [5–10]. While previous ab initio calculations
[11] and X-ray photoelectron spectroscopy (XPS) studies
[5, 6] suggested As vacancies, even with very low con-
centrations, could effectively suppress κ, there has been
no direct observation of As-vacancies in BAs crystals or
films, and the real cause of the suppression of κ remains
unclear. Identifying the defects that suppress κ, could
provide effective guidance for the growth of defect-free
BAs crystals or films with further greatly improved κ

and future applications of this material. Since lattice
defects are in general quite local, atomic scale scanning
transmission electron microscopy (STEM) is a powerful
tool for such investigations.

In this Letter, we investigate possible defects in
BAs single crystals at atomic scale utilizing aberration-
corrected STEM combined with DFT calculations. AsB-
BAs antisite pairs are identified as the primary lattice
defects suppressing the thermal conductivity of BAs.
Using a concentration of 1.8(8)% (6.6±3.0×1020 cm−3

in density) for the antisite pairs estimated from STEM
images, thermal conductivity is estimated to be 65–
100Wm−1 K−1, comparable to our measured value.

BAs single crystals were grown by the vapor transport
method using iodine as the transport agent [12]. The
room temperature κ of as-grown single crystals was mea-
sured to be ∼ 140Wm−1 K−1 [13], comparable to the
values reported by other groups [5, 6]. STEM specimens
were prepared by crushing BAs crystals. The STEM
experiments were performed in an aberration-corrected
Nion UltraSTEM 100TM, operating at 100 kV accelerat-
ing voltage [14]. High-angle annular dark-field (HAADF)
images were collected with a probe convergence angle of
30 mrad and an inner collection angle of 86 mrad. Thick-
ness for each imaging region was measured from the cor-
responding electron energy loss (EEL) spectrum using
the log-ratio method with an inelastic mean free path
(λ) calculation as described in Refs. [15, 16].

BAs crystallizes in a zinc blende cubic structure
with space group F43m and lattice parameter a =
4.7776 Å[17]. As shown in Fig. 1(a), its perfect struc-
ture in the projection of [001] reveals each atomic col-
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umn involving single type of atoms, either B or As. Fig.
1(b) displays a typical HAADF image along [001] for a
region with thickness of ∼1.7 nm (∼3.6a), as measured
from the corresponding EEL spectrum (Fig. 1(c)). In
most areas of Fig. 1(b), only As columns show visible
intensities, which are as expected since the HAADF im-
age intensity is roughly proportional to Z2 (Z is atomic
number) and thus in the perfect structure the intensi-
ties of B columns should be negligible compared to those
of As columns. However, obvious intensities for some
B columns and intensity weakening for some As columns
are observed as highlighted by the intensity profile in Fig.
1(d), indicating the appearance of As-atoms on B sites
(AsB antisites) and B-atoms on As sites (BAs antisites)
or As vacancies (VAs). Note that crystals were grown
starting with high-purity As and B materials and no for-
eign atoms were observed by elemental analysis and EEL
spectroscopy measurements for the defected areas (see
Fig. S1 [18]). To assess the possible effects of the crystal
edge, a much thicker region (with thickness of ∼4.7 nm)
far away from the edge was chosen for HAADF imaging
(see Fig. S2 [18]) and similar features were also observed.

Image simulations were then performed to better visu-
alize the intensity variations caused by possible AsB in
B columns and BAs or VAs in As columns (See Supple-
mentary materials for more details [18]). Simulations of
the intensity profile with the intensity of a pristine As
column normalized to 1 suggest that the intensity of a
B column with 1AsB could vary between 0.18 and 0.4,
while that of an As column with 1BAs or 1VAs could
be in the range of 0.55 and 0.94, due to probe channel-
ing [20]. We then measured intensities for the visible B
columns in Fig. 1(b) and other images with same thick-
nesses. As exemplified by two B columns containing AsB
antisite defects marked by red asterisks in Fig. 1(d), in-
tensities of almost all visible B columns are between 0.18
and 0.4, much weaker than the simulated intensities for
a B column with 2AsB (0.69–0.84) or 3AsB (0.87–0.93)
(see Fig. S4 [18]), suggesting only one AsB antisite defect
in each of them. By counting the AsB defects in over
ten HAADF images of different regions with comparable
thicknesses as in Fig. 1(b), the concentration was esti-
mated to be 1.8(8)% (6.6±3.0×1020 cm−3 in density).
The large error bar comes from the fact that the con-
centration estimation at very thin regions is affected by
various facts such as the type of atoms on the top and
bottom surfaces.

Although the HAADF imaging and simulations
strongly suggest the presence of AsB antisite defects in
BAs, we cannot distinguish the origin of the reduced in-
tensity on the As columns directly, whether the intensity
drop is due to BAs or VAs. We thus carefully analyzed
the local area variation in HAADF images. Our analy-
sis indicates no obvious lattice expansion or contraction,
suggesting B-atoms on As sites rather than the vacan-
cies produce the intensity features. Meanwhile, as shown
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FIG. 1. (Color online) (a) The crystal structure of BAs in
the projection of [001]. Note that each atomic column along
this direction is constructed of atoms of a single type. (b)
A HAADF image along [001] for a region with thickness of
1.7 nm (∼3.6 unit cells). The thickness for this region was
calculated from its EEL spectrum in (c). The intensity pro-
file for the dashed rectangular region in (b) is displayed in
(d), revealing AsB antisite defects and intensity weakening
for their neighboring As columns. The intensities of the two
B columns marked by red asterisks in (d) are 0.38 and 0.19,
respectively, revealing 1AsB in each of them, and the intensity
difference between them is due to the probe channeling (see
details in Fig. S3 in Supplementary Materials [18]).

in Fig. 1(b) and (d), B columns with enhanced inten-
sities are always found neighboring to As columns with
reduced intensities, indicating pairing of BAs and AsB
antisite defects in the structure. We also performed a
careful search of other types of defects, with special at-
tention paid to As vacancies, which have been widely
believed to suppress κ of BAs. However, we did not find
any trace of them with comparable concentration to that
of the BAs-AsB pairs. Defect formation energy calcula-
tions discussed below show BAs-AsB pairs are the most
energetically preferred.

To further understand the origin of this particular de-
fect type in BAs, the formation energies of different types
of defects are calculated (See Supplementary Materials
for detailed computational methods [18]). Fig. 2 shows
the calculated formation energies of native point defects
(vacancies, interstitials, and antisites) in BAs. The Fermi
level is pinned approximately at the crossing point be-
tween the formation energy lines of the lowest-energy
donor (V +

B ) and acceptor (B2−
As ) defects (indicated by

the vertical dotted line in Fig. 2). At this Fermi level,
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FIG. 2. (Color online) Formation energies of native point
defects (including vacancies, interstitials, and antisites; the
red label is for the BAs-AsB pair) in BAs as functions of the
Fermi level. The slope of the formation energy line indicates
the charge state of the defect. The Fermi level is pinned
approximately at the crossing point between the formation
energy lines of the lowest-energy donor (V +

B ) and acceptor
(B2−

As ) defects (indicated by the dotted line).

the antisite pair, AsB-BAs, has the lowest formation en-
ergy (1.95 eV) among all native point defects, consistent
with the STEM result. However, the calculated thermal-
equilibrium concentration of AsB-BAs (density on the or-
der of 1013 cm−3) at the growth temperature of 850 oC
(using Eq. (5) in Supplementary materials [18]) is signifi-
cantly lower than that observed in HAADF images. The
high defect formation energies indicate strong covalent
bonding in BAs, which is consistent with the predicted
high thermal conductivity. The high concentration of an-
tisite defects as seen in HAADF images is likely because
thermal equilibrium is not reached during crystal growth.
The gas-phase species react to form solid-state BAs in
the vapor transport synthesis. It is likely that a large
number of antisite pairs are trapped in the crystal lat-
tice. Thermal annealing is supposed to reduce the defect
concentration to its thermal-equilibrium value provided
that sufficient atomic diffusion can take place. However,
the atomic diffusion in BAs is likely limited especially
for As even at the growth temperature of 850 oC for the
following reasons: (1) The As interstitial (Asi) and As
vacancy (VAs) defects both have very high formation en-
ergies as shown in Fig. 2. Thus, the concentrations of
Asi and VAs are likely orders of magnitudes lower than
that of AsB-BAs regardless of whether thermal equilib-
rium can be reached. (2) BAs has a small lattice con-
stant but a large size mismatch between B and As. As a
result, the diffusion of the large Asi interstitial is likely
difficult. The diffusion of VAs involves creating two VAs

and one Asi at the transition state of the diffusion path,
which may lead to a high diffusion barrier because both
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FIG. 3. (Color online) Calculated thermal conductivity (κ)
of BAs at room temperature for AsB antisite defects (purple
curve), As vacancies (black curve), and neighboring AsB and
BAs antisite defects (red curve) as a function of defect den-
sity. The horizontal green line gives the room temperature
calculated κ for BAs with natural isotope variation.

VAs and Asi have very high formation energies. Thus,
the low concentration and high diffusion barrier of Asi
and VAs may severely limit As diffusion in BAs. This
prevents the AsB-BAs defect from reaching its thermal
equilibrium; thereby, trapping a substantial amount of
AsB-BAs defects in BAs as seen in HAADF images.
Extrinsic thermal resistance in a material with ex-

tended and point defects becomes significant as in-
trinsic anharmonic resistance becomes weak, for ex-
ample with decreasing temperature. For high ther-
mal conductivity (κ) materials this can be exagger-
ated, as is the case for diamond and graphene where
phonon-isotope scattering has been shown to reduce
their κ by more than 50% even at RT [39, 40]. In
BAs with predicted κ >2000Wm−1 K−1 [2] phonon-
defect scattering may also be extremely important, espe-
cially in validating the prediction by experiment. Pre-
vious theoretical work demonstrated that 0.004% As
vacancies (∼1.5×1018 cm−3) reduces the predicted κ

by half [11]. Thus, the large concentration of anti-
site defects observed here are likely a leading factor in
the much reduced thermal conductivity observed exper-
imentally, κ ∼140Wm−1 K−1 [13]. Fig. 3 shows κ of
BAs calculated using the full solution of the Peierls-
Boltzmann transport equation with first-principles in-
teratomic force constants [31–33]. A parameter-free ab

initio Green’s function methodology [11, 34, 35], which
has demonstrated good agreement with measured κ data
[41, 42], was used to include phonon-defect scattering
from different defect types with varying concentration
(See Supplementary materials [18]). Using the esti-
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mated density of AsB-BAs pairs from the STEM mea-
surements here (6.6±3.0×1020 cm−3), calculations give κ
65–100Wm−1 K−1, comparable to the measured value.

The identification of AsB-BAs pairs as the primary de-
fects suppressing κ of BAs and the high formation energy
from DFT calculations provide important information
and highlight the importance of kinetic factors during
synthesizing high quality BAs materials with predicted
high κ. Tuning the pressure and/or temperature might
change both the chemical potential of vapor species inside
of the growth ampoule and the growth kinetics in vapor
transport synthesis. Chemical vapor transport growth
starting with BAs or BP seeds seems to facilitate the nu-
cleation process and deserves further study [7–9]. Growth
of BAs crystals out of flux might be another promising
approach, though challenging due to the limited solubil-
ity of B in most low melting fluxes. A thorough inves-
tigation of phase diagrams suggests Ni- or alkali metals-
based fluxes are promising with reasonable solubility of
B [43–46]. Considering the growth of B12As2 out of NiB
melt [47], the B content in the Ni-based flux should be
carefully controlled and an As-rich Ni-based flux is rec-
ommended to avoid the precipitation of B12As2. For the
growth of high quality BAs films, molecular beam epi-
taxy (MBE) might be a good option.

In summary, with a combined effort of STEM imag-
ing and DFT calculations, we identify AsB-BAs antisite
pairs are the primary lattice defects rather than As va-
cancies suppressing thermal conductivity of BAs single
crystals. Further studies are needed to understand the
kinetic factors leading to the formation of these lattice
defects during vapor transport growth. Flux growth out
of alkali metals-based or Ni-based melts might be a good
option for high quality crystals. Considering the sensi-
tivity of thermal conductivity to lattice defects, MBE is
suggested for the growth of BAs films.

Note: During the review process of this manuscript,
we became aware of three papers published in Science

[8–10] that reported the growth of single crystals of BAs
with thermal conductivity values near 1000Wm−1 K−1.
Based on our findings, these new crystals presumably
have fewer antisite-pair defects as compared to previous
work [5–7].
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