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THERMAL CONDUCTIVITY

Experimental observation of high
thermal conductivity in
boron arsenide
Joon Sang Kang, Man Li, Huan Wu, Huuduy Nguyen, Yongjie Hu*

Improving the thermal management of small-scale devices requires developing materials
with high thermal conductivities. The semiconductor boron arsenide (BAs) is an attractive
target because of ab initio calculation indicating that single crystals have an ultrahigh
thermal conductivity. We synthesized BAs single crystals without detectable defects and
measured a room-temperature thermal conductivity of 1300 watts per meter-kelvin. Our
spectroscopy study, in conjunction with atomistic theory, reveals that the distinctive band
structure of BAs allows for very long phonon mean free paths and strong high-order
anharmonicity through the four-phonon process. The single-crystal BAs has better thermal
conductivity than other metals and semiconductors. Our study establishes BAs as a
benchmark material for thermal management applications and exemplifies the power of
combining experiments and ab initio theory in new materials discovery.

T
he decreasing size of modern electronics
makes heat dissipation one of the most crit-
ical technological challenges. The worldwide
semiconductor industry, which has powered
the information technology revolution since

the 1960s, acknowledged in 2016 thatMoore’s law
is nearing its end (1). A major issue is the enor-
mous amount of waste heat generated during
electronic device operation (2, 3). For example,
a U.S. data center devotes about 50% of its total
electricity use to cooling (4). At the nanoscale, the
power density of hot spots in current transistors is
approaching that of the Sun’s surface (5). Low
thermal conductivity and heat dissipation rates
severely degrade the performance and energy effi-
ciency of electronic and photonic devices. Thermal
management is arguably the biggest roadblock for
next-generation devices, such as microprocessors
and integrated circuits, light-emitting diodes, and
high-power radio frequency devices, to name just
a few (1, 5).
Discovering high thermal conductivity (HTC)

materials is needed to enable efficient heat dissi-
pation from hot spots and improve device per-
formance. So far, much of the research has been
focused on carbon-based crystals—diamond, gra-
phene, and carbon nanotubes. Although these
materials can have exceptional heat transfer
properties, there are several drawbacks for
widespread use. Diamond, the most developed
material for passive cooling of high-power elec-
tronics, suffers from high cost, slow synthesis
rates, low quality, and challenging integration
with semiconductors. Degradation of thermal con-
ductivity plagues graphene and nanotubes when

assembled into practical sizes, owing to ambient
interactions anddisorder scattering. Their intrinsic
anisotropy creates other challenges for applications.
Fundamentally, understanding the origins of

HTC remains a challenge. The conventionally ac-
cepted criteria for HTC materials are (i) small
average atomic mass ( �M); (ii) strong interatomic
bonding; (iii) simple crystal structure; and (iv)
low anharmonicity (6–8). Criteria (i) and (ii) im-
ply a large Debye temperature (QD) and provide
the commonly used rule of thumb that thermal
conductivity increases with decreasing �M and
increasing QD. Diamond is the prototypical crys-
tal. Diamond’s two-atom primitive unit cell, light
carbon mass, and stiff covalent bonding result in
an exceptionally high value for thermal conduc-
tivity. Recent ab initio calculations show excellent
agreement with the measured thermal conductiv-
ity of a wide range of materials (8–16), including
silicon, diamond, graphene, and carbon nano-
tubes. Such calculations provide new physical
insights into the nature of phonon thermal
transport and the HTC mechanism.
Recent ab initio theoretical work indicates that

the conventional criteria for HTC materials are
incomplete and points to new ones stemming
from fundamental vibrational properties that can
lead to HTC (8, 16–18). These new criteria applied
to binary compounds are (i) a large mass ratio of
constituent atoms; (ii) bunching together of the
acoustic phonon branches; and (iii) an isotopi-
cally pure heavy atom. The large mass ratio pro-
vides a large frequency gap between acoustic and
optical phonons (a-o gap). According tomaterials
examined thus far, bunching of the acoustic pho-
non dispersions tends to occur in crystals with
light constituent atoms, such as boron and car-
bon, where it derives from an unusual inter-
atomic bonding that lacks core p electrons (19).

Criteria (i) and (ii) contribute to unusually weak
phonon-phonon scattering (20) and a large intrin-
sic thermal conductivity, whereas criteria (i) and
(iii) cause relatively weak scattering of phonons
by isotopes (21, 22). The ab initio theory identified
the III-V zinc-blende compound, defect-free boron
arsenide (BAs), as having an exceptionally high
thermal conductivity of more than 1000 W/m·K
(8, 16–18). This predicted HTC exceeds that of
most state-of-the-art HTC materials and more
than triples that of the current industrial HTC
standard, i.e., silicon carbide. BAs possesses an
advantageous combination of properties that
incorporates both conventional (light boronmass
and stiff, almost pure, covalent bonding) and new
criteria [large arsenic-to-boronmass ratio, bunch-
ing together of its acoustic phonon branches, and
isotopically pure As (heavy) atom] (8, 16–18).
Experimental efforts to synthesize and char-

acterize BAs have been scarce (17). Although the
growth of cubic BAs was reported in the 1950s,
its detailed structural characterization and prop-
ertieswere not reported (23–28). Generally, boron-
related materials are notably difficult to obtain
in dense bulk form (29). The synthesis of BAs is
further complicated by the high volatility of ar-
senic and the introduced vacancy defects, as
well as the possible formation of subphases
(e.g., B12As2). In a collaborative effort, we reported
the earliest thermal measurements on cubic
BAs using the time-domain thermoreflectance
technique (30). Our thermal conductivity value
of 190 W/m·K measured in BAs samples with a
high density of defects is far below the theoret-
ical expectation. Later studymade improvement,
but the samples still show defects and grain
boundaries that degraded the crystal quality and
thermal properties (31). On the basis of subse-
quent analysis and calculation, defect scattering
plays a dominant role in those samples, which
makes probing the actual intrinsic thermal con-
ductivity of BAs impossible in the absence of high-
quality BAs crystals (32).
Here,we synthesized high-quality single-crystal

BAs and measured an ultrahigh thermal conduc-
tivity of 1300 W/m·K in our BAs crystals. This
value exceeds that of most HTC materials and is
consistent with the ab initio prediction (8, 16–18).
We characterized our sampleswith scanning elec-
tron microscopy, Raman spectroscopy, powder
x-ray diffraction (P-XRD), single-crystal x-ray
diffraction (S-XRD), and high-resolution trans-
mission electron microscopy (HRTEM). BAs has
a zinc-blende face-centered cubic (fcc) crystal
structure in the F�43m space group, where boron
and arsenic atoms are interpenetrating and co-
valently bonded to form a tetrahedral geometry
(Fig. 1A). The Raman spectroscopy data (Fig. 1C)
clearly show two peaks, at 700 and 720 cm−1,
corresponding to the separate vibrational be-
haviors of two boron isotopes (10B and 11B) in
their natural abundance, respectively. The P-XRD
peaks that we observed (Fig. 1D) are in agreement
with the zinc-blende fcc crystal structure. Our
S-XRD confirmed the F�43m space group and the
crystal quality, and was performed to unambig-
uously verify the single domain, single-crystalline
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nature over entire crystals (33). Each of the re-
flections in the x-ray diffraction pattern (Fig. 1E)
appears clearly as a single dot without distortion,
indicating that the sample has no grain bounda-
ries. To collect a complete dataset of all recipro-
cal lattice points through the whole crystal, we
rotated BAs samples over 360° under x-ray ex-
citation and collected diffraction data at every
0.3° rotation. The reconstructed reciprocal lattice
images from the S-XRD [see [100] plane in Fig. 1F
and (34)] confirms the single-domain, single-
crystalline zinc-blende fcc structure with a cubic
lattice constant of 4.78 Å over the entire BAs
sample. We used a focused ion beam to thin
samples to ~100nm forHRTEM (Fig. 1G).HRTEM
images (Fig. 1H) clearly demonstrate the atom-
ically resolved single-crystal lattice of our BAs
sample. The reciprocal lattice peaks obtained
from two-dimensional Fourier transforms of the
lattice-resolved image (inset to Fig. 1H) were in-
dexed in the zinc-blende structure with the zone
axes along the [111] direction. The measured
distance between each fringe is 1.69 Å, which is
consistent with (�202) lattice spacing of BAs crys-
tals (23) given the diffraction selection rules (35).
We characterized the thermal properties and

phonon transport using ultrafast optical pump-
probe spectroscopy based on the time-domain
thermoreflectance (TDTR) technique (15, 30, 36).
TDTR is well suited for the study as no phy-
sical contact is required with the sample and
the measurement can provide high spatial reso-
lution at the micrometer scale. We exposed our
sample to a train of short pulses from a pump

laser that creates a temperature rise at the
sample surface (Fig. 2A). The transient temper-
ature decay, caused by the heat impulse, was
monitored with another probe pulse that is
delayed in time with respect to the pump using
a mechanical delay stage. The thermal conduc-
tivity was obtained by fitting the full transient
decay curve, acquired by varying the time delay,
to a thermal model (Fig. 2B). We measured a
room-temperature thermal conductivity of our
high-quality BAs crystals of ~1300W/m·K. This
value exceeds that of any knownmetal and semi-
conductor and is more than three times as high
as that of industrial standards (copper and sili-
con carbide).
We simultaneously performed TDTR measure-

ments on single-crystal BAs, diamond, and cubic
boron nitride (BN) samples to ensure accuracy and
provide direct comparison between thematerials
(34). We measured the temperature-dependent
thermal conductivity of these samples from 300
to 600 K (Fig. 2C). Our thermal conductivity val-
ues for diamond (from 2200 to 1050 W/m·K for
the temperature range) are consistent with val-
ues from the literature (37–39) and validate our
approach. All samples had decreased thermal
conductivities with increased temperature, indi-
cating Umklapp scattering due to increasing
phonon population. This also indicates a high
single-crystal quality as phonon-defect scatter-
ing behavior is not observed. The thermal con-
ductivity of BAs is almost twice that of cubic BN,
making BAs the second-highest thermally con-
ducting material among all known isotropic

materials, exceeded only by diamond. As a semi-
conductor, BAs has a high potential for manu-
facturing integration and holds promise for
thermal management applications.
Fundamentally, thermal transport in solids

can be described by the interactions of phonons,
i.e., the quantum-mechanical modes of lattice
vibrations (6). Thermal conductivity results from
phonon scattering processes that are closely rel-
ated to the structure of materials. Phonon scatter-
ing usually includes Umklapp phonon-phonon
scattering (tU), phonon-electron scattering (tph-e),
mass fluctuation scattering (tM), and boundary
scattering (tB) that can be characterized by the
following relaxation rate 1/t (t is the correspond-
ing relaxation time):

1

t
¼ 1

tU
þ 1

tph‐e
þ 1

tM
þ 1

tB
ð1Þ

Previous research indicates that the last two
terms of this equation—tM and tB—play impor-
tant roles in the thermal conductivity of crystals
with defects andgrain boundaries (32). tph-e is non-
negligible for doped semiconductors, or metals
with sufficiently high electron density. Notably,
the first term of the equation—tU—describes the
thermal conductivity of perfect single crystals with-
out any defects, and therefore is expected to be
the dominant transport mechanism in our high-
quality BAs single crystals. However, a persistent
fundamental question regarding the high-order
phonon anharmonicity, in particular for BAs,
remains in the field of atomistic phonon theory.
For many decades, thermal transport in solids
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Fig. 1. Structural characterizations of single-crystal BAs. (A) Sche-
matic of the zinc-blende crystal structure of cubic BAs, resembling that
of diamond. (B) Scanning electron microscope (SEM) image of BAs.
Scale bar: 5 mm. (C) Raman spectra of BAs crystals. (D) Powder x-ray
diffraction measurements. (E) Single-crystal x-ray diffraction image of
BAs. (F) Constructed reciprocal lattice of BAs from the complete dataset
of single-crystal x-ray diffraction measurements, representing a clear

single-crystal reciprocal space over the entire crystal. The lattice constant
was measured as 4.78 Å for cubic BAs. (G) SEM image of a BAs
sample thin slice (~100 nm) prepared by focused ion beam for HRTEM
studies. Scale bar: 3 mm. (H) HRTEM image of BAs showing atomically
resolved lattices. Inset: Two-dimensional Fourier transforms of the image
depicting the [111] zone axes of BAs; the arrow indicates the crystal

direction of (�202). Scale bar: 2 nm.
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was considered tobegovernedby the three-phonon
scattering process (6, 40), and the effects of four-
phonon and higher-order scattering processes
were believed to be negligible. The three-phonon
scattering was deployed in the initial ab initio
calculations of the BAs thermal conductivity (8),
but according to recent theory (16, 41), the four-
phonon scattering is important in certain mate-
rials such as BAs. The two density functional
theory (DFT)–based calculations predict different
thermal conductivity values for BAs. We com-
pared our experimental measurements at differ-
ent temperatures with two DFT theory predictions
(Fig. 2D). In addition, to compare and exclude
the effect of point defects, we performed three-
phonon DFT calculation with vacancies (34) and
included it in the figure. We found that our ex-
perimental results are in good agreementwith the
four-phonon DFT calculation, verifying that the
Umklapp phonon scattering dominates phonon
interactions. Moreover, our experiments indicate
that, unlike in most materials, the probability of
higher-order phonon scattering in BAs is impor-
tant and cannot be ignored even around room
temperature. The high-order anharmoniciy that
we observed for BAs is due to its distinctive band
structure (i.e., large a-o gap and large mass ratio)
that leads to a relatively weak three-phonon pro-
cess and provides sufficient numbers of pos-
sible four-phonon scattering configurations.
Another important phononmechanism forHTC

in BAs is the unique phonon mean free path
(MFP) spectra that come from its extraordinary
phonon band structure. MFPs represent the char-
acteristic lengths corresponding to the distance
over which heat carriers transmit thermal energy
before being scattered; in general, MFPs can
span several orders of magnitude—usually from

∼1 nm to ∼100 mm. According to the ab initio
theory, BAs has a large phononic band gap be-
tween acoustic and optical phonon branches,
which minimizes acoustic-optical phonon scatter-
ing and leads to MFPs longer than those of most
common materials. In particular, BAs phonons
with MFPs longer than 1 mm contribute to more
than 90% of its total thermal conductivity (18). By
comparison, for diamond and cubic BN, phonons
with MFPs longer than 1 mm only contribute to
about 30% of their total thermal conductivity. To
gain further insight and verify the phonon MFP
distribution in BAs, we probed the phonon spec-
tral contribution by exploiting the size-dependent
ballistic transport (15). In essence, thermal con-
ductivity represents the spectral contribution
from many different phonon modes and can be
quantified using the cumulative thermal conduc-
tivity (42) expressed as

kðLmÞ ¼ � ∫
LM

0

1

3
C � v � L dL

dw

� ��1

dL ð2Þ

where C, v, and L are the phonon mode (w)–
dependent heat capacity, group velocity, and
phonon MFP, respectively. The cumulative ther-
mal conductivity—k(Lm)—represents the contri-
bution to the total thermal conductivity from all
phonons withMFPs shorter than a certain value,
Lm. This quantitative spectral information proj-
ects the contributions to thermal conductivity
into characteristic length scales and is key to
understanding thermal properties in connection
with atomistic phonon theory (42).
Experimentally, this phononMFP distribution

information can be investigated by exploiting
the ballistic (or nonequilibrium) heat conduction
around a small heating area, with the physical

concept described in our recently developed ther-
mal spectral mapping spectroscopy technique
(Fig. 3A) (15, 36). In this measurement, hot pho-
nons travel from the heated area into the un-
derlying substrate material. The heat transfer
regime is controlled by a characteristic thermal
length, which is proportional to the heating size
D, in comparison to phonon MFPs. In the dif-
fusive limit, when D >> L, propagating phonons
experience enough scattering to reach local ther-
mal equilibrium. In this case, Fourier’s law accu-
rately describes the transport and heat flux, and
the thermal conductivity ofmaterials is simply the
bulk value (kbulk). From the kinetic theory (6),
the contribution to the total thermal conduc-
tivity from a specific phonon mode is kw;bulk ¼
1
3Cw � vw � Lw. As the heater size D decreases,
phonons with D < L will have fewer opportu-
nities to scatter. In the ballistic limit (D << L),
phonons propagate analogously to the thermal
radiation over the whole region with a charac-
teristic length of ~D. Therefore, the actual heat
flux will deviate from the Fourier’s law predic-
tion for the quasi-ballistic, or ballistic, regimes
(Fig. 3A). Mathematically, the actual heat flux is
measured and fitted to Fourier’s law to obtain an
effective thermal conductivity (keff), which grad-
ually decreases in value for smaller Ds, as a
higher portion of phonons evolves from diffusive
to ballistic transport. The decrease in keff (D) re-
presentsMFP spectra and should follow the same
trend in k(Lm). Therefore, the size-dependent
thermal conductivity measurement can provide
a fundamental understanding of suchMFP spec-
tra, although the exact relationship between keff
and D requires careful atomistic and multiscale
simulations and is a function of the heating ge-
ometry and materials (15, 36).
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Fig. 2. Temperature-dependent thermal
transport measurements. (A) Schematic of
the setup for ultrafast pump-probe spectros-
copy via the time-domain thermoreflectance
(TDTR) technique. (B) Typical TDTR data:
thermal reflectance phase signal versus time
(red circles), fitted to the thermal transport
model (blue line). Calculated curves (black
dashed lines) with the thermal conductivity
changed by ±10% of the best values to illustrate
measurement accuracy. (C) Temperature-
dependent (300 to 600 K) thermal conductivity
of the three materials with the highest
thermal conductivities: diamond, BAs, and
boron nitride (BN). Black squares, red circles
and blue triangles indicate cubic BN, BAs, and
diamond, respectively. Also shown are literature
data for diamond [open blue circles (38),
squares (37), and triangles (39)]. (D) Experi-
mentally measured thermal conductivity of
BAs in comparison to ab initio predictions by
DFT, considering the three-phonon scattering
process (black dashed line) (8), the three- and
four-phonon scattering process (blue dashed
line) (16), and the three-phonon scattering
process with point defects (green dashed
line) (34).
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In our experiments, the laser beam served as
the heater, andwemeasured the effective thermal
conductivity of materials by varying the laser
heating size from 21 to 1.6 mm. The thermal con-
ductivity of BAs, diamond, and cubic BN were
measured simultaneously as a function of the
heating sizes (Fig. 3B). The results clearly show
that ballistic transport occurs in all three mate-
rials, but that their thermal conductivity decreases
differ. For diamond and cubic BN, keff decreases
by ~26 and 23%, respectively, when reducing the
laser heating size from 21 to 1.6 mm. By compar-
ison, under the same conditions, a strong thermal
conductivity reduction of ~50% is observed for
BAs, indicating that long MFP phonons contrib-
ute substantially more to heat conduction in BAs
crystals. Our measurements (Fig. 3B) are consist-
ent with the DFT-predicted results for these ma-
terials (8, 16, 18). Phonons with long phonon
MFPs (1 to 10 mm) contribute to a very high por-
tion of BAs’s total thermal conductivity (>50%).
By comparison, in most known materials, pho-
non MFPs are distributed over a wider range
(1 nm to 100 mm). Thus, we demonstrated that
the ultrahigh thermal conductivity of BAs orig-
inates from the enhanced MFPs resulting from
its distinctive phonon band structure.
We experimentally observed an ultrahigh ther-

mal conductivity of 1300W/m·K at room temper-
ature in synthetic high-quality single-crystal BAs.
Our study verifies the prediction from ab initio
theory and establishes BAs as a benchmarkmate-
rial with the highest isotropic thermal conduc-
tivity of bulk metals and semiconductors. Our
temperature-dependent data suggest that, unlike
most common materials, high-order phonon an-

harmonicity strongly affects heat conduction in
BAs. Furthermore, the phonon spectral contribu-
tion to thermal conductivity, investigated by ex-
ploiting the ballistic thermal transport, shows that
compared to most materials, in BAs long phonon
MFPs contribute to a substantially higher portion
of the thermal conductivity. The investigation
of fundamental transportmechanisms represents
an important breakthrough in advancing the
experiment-theory synergy for the rational de-
sign of new materials. Looking to the future,
the ultrahigh thermal conductivity of BAs, to-
gether with its semiconducting nature andman-
ufacturing integration, could revolutionize the
current technological paradigms of thermal man-
agement and possibly extend the roadmap for
high-power electronics.
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Fig. 3. Probing phonon mean free path spectra of BAs through size-dependent ballistic
transport. (A) Schematic of heat flux for a fixed temperature difference as a function of the Knudsen
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respectively. Insets show that the thermal transport evolves from a diffusive to a ballistic regime
when the heating size is gradually reduced. When the actual heat flux was measured and fitted to
Fourier’s law to obtain an effective thermal conductivity (keff), a gradual reduction in keff was
expected with a decreasing heating size. Essentially, the keff decrease is due to the evolution from
diffusive to ballistic transport for the phonons with a mean free path comparable to the heating size,
and thereby represents the phonon MFP spectra. (B) The normalized effective thermal conductivity
was measured for the three best thermal conductors (BAs, diamond, and BN), as a function of
heating diameters from 21 to 1.6 mm. Experimental results, compared with the MFP spectra
calculated with DFT (8, 16, 18), indicate that in BAs, a large portion of phonons have long mean free
paths, owing to the distinctive band structure of BAs.
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Materials and Methods 

Material synthesis and sample preparation  

High-quality single-crystal boron arsenide (BAs) was prepared through chemical vapor 

transport. To minimize defects and built-in stress introduced by lattice mismatch and thermal 

expansion, single-crystal cubic boron phosphide (BP) was used as the growth substrate. We 

previously developed high-quality single-crystal BP and the details for their synthesis and 

preparation are described in our recent publication (36). High-purity boron and arsenic coarse 

powders (99.9999% purity, from Alfa Aesar) were ground by using mortar and pestle, prior to 

introduction into a quartz tube at a stoichiometric ratio of 1:2. After we loaded our reaction 

sources, the quartz tube was evacuated and flame sealed under high vacuum (10-5 Torr) before 

placement into a customized three-zone reaction furnace with a 1083 K hot zone, 1058K center 

zone and a 1033K cold zone. After 5 weeks at these temperatures, the quartz tube and its content 

were slowly cooled down to room temperature. These reaction steps were repeated until BAs 

single crystals of high quality were obtained. For thermal measurements, BAs samples were 

loaded together with single-crystal cubic boron nitride (BN) and diamond samples (from 

Element Six) into a cryostat (Janis ST-100 Optical Cryostat, from 4 to 800K) with a precise 

proportional-integral-derivative (PID) temperature controller (Lakeshore Model 335). 

Simultaneous thermal conductivity measurements  on the three materials with the highest 

thermal conductivity, i.e. BAs, diamond, and BN, were performed with the time-domain 

thermoreflectance (TDTR) technique (see Thermal Transport Measurements section below) to 

guarantee measurement accuracy for high conducting materials, and enable direct comparisons 

between them to understand the phonon physics. For each measurement temperature, once the 

set temperature was reached, an additional waiting time of over 30 minutes was added before the 



actual thermal measurement was performed to ensure that the samples had reached a complete 

thermal equilibrium and steady temperature.       

 

Structural Characterizations 

1. X-ray diffraction (XRD) measurements 

Powder XRD was conducted with a Panalytical X'Pert Pro XRD machine with a Cu Kα 

radiation source. Samples of BAs crystals were gently separated from the growth substrate and 

transferred to the zero-diffraction substrate. The diffractometer was operated at 45 kV and 40 

mA. After measurement, the diffraction peaks were matched with the material data directory and 

identified as BAs crystals.  

  Single-crystal XRD was performed using a Bruker SMART APEX II single-crystal XRD 

machine equipped with a charge-coupled device (CCD) detector. A single piece of BAs crystal 

(~50 μm size) was separated from the growth substrate and mounted onto the goniometer stage 

for measurement. First, the crystal quality was carefully examined by full-angle rotation images. 

The BAs sample was rotated over 360 degrees under x-ray excitation, while the diffraction data 

was continuously collected by the CCD detector and subsequently combined into a single plot. 

The combined rotation images showed that the BAs crystal sample was a single crystal in its 

entirety. Next, to determine the unit-cell crystal structure and examine the possibility of any 

crystal twinning and defects, single-crystal XRD data were collected with 0.3 degree of frame 

width and 60s/frame of exposure time. A Mo Kα radiation source was used for data collection. 

Following the measurements, the Bruker APEX software was used to determine the lattice 

constant and crystal structure. The BAs crystal sample demonstrated a perfect zinc-blende FCC 

crystal structure with a lattice constant of 4.78Å. In combination with the measured diffraction 



patterns from each frame, the reciprocal lattice space (k space) of the BAs crystal sample was 

constructed and plotted (Fig. S1). Fig. S1a and S1b show the measured reciprocal lattice of the 

BAs crystal in the (001) and (010) direction, respectively. After verification of the 

crystallographic direction in the reciprocal lattice, we concluded that the entire BAs crystal was a 

homogeneous single-crystal domain without any impurity or lattice twinning.     

 

2. Transmission electron microscopy (TEM) measurement  

     TEM samples were prepared by using a focused ion beam (FIB) machine (Nova 600, 

FEI). First, a single piece of BAs crystal was cut by FIB into small size pieces: 8 μm×8 μm×2 

μm (width × height × thickness), and  placed on top of a TEM grid (PELCO FIB Lift-Out, Ted 

Pella) with a nanomanipulator. The BAs crystal was further milled by FIB until the sample 

thickness was thin enough (< 100 nm) to be traversed by the electron beam for effective TEM 

imaging. After FIB, we used concentrated argon ion beam (Nanomill, model 1040, Fischeone) to 

clean the BAs sample surface. After cleaning, we took the high angle annular dark field 

(HAADF) image by using aberration-corrected high-resolution scanning TEM (Grand ARM, 

JEOL, 300 kV). Atomic-resolution TEM images and their fast Fourier transform images were 

processed with the Gatan TEM software. 

 

3. Raman spectroscopy 

Raman spectra were taken with a Raman microscope (inVia, Renishaw) under laser 

excitation at 633 nm with a 1800 /mm grating. The laser was polarized and backscattered and the 

Raman microscope operated with the Leica DM2500 optical system.   

 



Thermal Transport Measurements 

TDTR is routinely used to measure the thermal conductivity of a wide range of materials 

(14, 15, 36, 43–45). The details of the TDTR measurements are as follows. A Ti:Sapphire 

oscillator (Tsunami, Spectra-Physics) generates femtosecond laser pulses (100 fs) at a repetition 

rate of 80.7 MHz and a central wavelength at 800 nm. The laser pulse is split into pump and 

probe beams. The pump beam passes through an electro-optic modulator (EOM) with a sine-

wave modulation up to 20 MHz and then through a bismuth triborate (BIBO) crystal, where its 

frequency is doubled to a wavelength of 400 nm. The modulated pump beam heats up the sample 

surface, creating a sharp temperature rise. The transient temperature decay is monitored by the 

probe beam, which is delayed with a mechanical delay stage for a sub-picosecond resolution of 

the temperature decay. The thermal conductivity of a sample is extracted by measuring changes 

in its reflectance signal with a photodetector connected to a lock-in amplifier. The lock-in 

amplifier transmits in-phase (Vin) and out-phase (Vout) reflectance signals. A thin aluminum film 

(~100 nm) was deposited on top of the sample surface for thermal transduction. The thickness of 

the Al film was verified by picosecond pulse-echo measurements. Sensitivity analysis is 

performed to optimize the experimental conditions and ensure the measurement accuracy for 

high thermal conductivity materials(36). Ten experimental measurements are plotted together in 

Figure S3. 

A description of the modeling analysis to extract thermal conductivity is provided below 

and can be found in details in previous publications(14, 15, 36, 43–47). For each measurement, 

we carefully measured the root-mean-square (RMS) diameter (1/e2 diameter) of the pump and 

probe beams by using the beam offset method (45). The pump beam was swept by a piezo-mirror 

mount with a step resolution of 0.7 µrad, which is equivalent to 2 nm. We used the in-phase 



signal to fit the Gaussian distribution of the laser spot.  

The measured signal from the linear time invariant system in the lock-in amplifier is 

expressed as:  

0 0( ) ( ) exp( )s s
N

Z R H N iNω ω ω ω τ
∞

=−∞

= +∑           (E1)  (see Ref (46)) 

where R is the constant which includes the thermoreflectance coefficient, the electronics gain. 

The N, ω0, ωs, and τ are the integer, modulation frequency, probe frequency, and time delay. The 

real part in equation E1, or the in-phase signal, Re[Z(ω0)], is related to the temperature response 

from the sample at short delay times. On the other hand, the out-of-phase signal, or the 

imaginary part of equation E1, Im[Z(ω0)]), is proportional to the imaginary temperature 

oscillation. 

The transient heat conduction model in cylindrical coordinates is expressed as:  
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After Hankel transform and Fourier transform, equation (E2) becomes: 
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where ρ, Cp, and κ are the mass density, specific heat, and thermal conductivity, respectively. 

Rearrangement of equation E3 leads to: 
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Thus β is defined as:  
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The thermal response of a sample in a given frequency domain is expressed as:  
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where Tb, Tt, qb, and qt are temperatures of bottom and top sides, heat flux of bottom and top 

side, and  d is the layer thickness. For multi-layers: 
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In the semi-infinite n-th layer:  
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Heat flux at the top boundary surface is expressed by the Hankel transform of the Gaussian 

distribution of the beam spot which is:  
2 2
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where A0 and w are the laser power and radius of beam. By taking the inverse Hankel transform 

of equation (E8) with the weight average by co-axial probe beam, the frequency domain solution 

of H in equation E1 is expressed as:  
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The derivations and thermal modeling analysis can be found in more details elsewhere (7, 8).    

 

Specific Heat Measurement 

The specific heat of boron arsenide was measured using the differential scanning 

calorimetry (PerkinElmer DSC 8000) across the temperature range from 300K to 600 K. The two 



furnaces and the StepScan mode of this machine enable the precise specific heat measurement. 

During each measurement, there are two crimped aluminum pans scanned across the desired 

temperature range, in one of which the sample was loaded while the other one was empty. The 

difference of heat flux through the two pans is used to calculate the thermal energy required by 

our boron arsenide sample to elevate its temperature. Before each measurement run, a 

background run was performed in advance to eliminate the measurement errors of heat flux 

brought by the system itself. The DSC machined was calibrated with aluminum first. We 

performed the temperature scanning with the heating rate of 10 K/min, temperature interval of 10 

K and thermalization time of 1 min under the nitrogen purge flow rate of 20 mL/min.  

For mass density, we experimentally measured the lattice constant of BAs sample to be 

4.78 Å using single crystal x-ray diffraction (Figure 1f in the main text and Figure S1 in the 

Supplement information). Considering the crystal structure and unit cell volume so we obtained 

the mass density is 5.214 g/cm3.  

 

Crystal stability of BAs 

To evaluate the stabilities of BAs crystals(48), we measure the thermal conductivity of our BAs 

crystal after 10 month from its growth. We keep our sample in the atmosphere condition (300K, 

1atm, and ~ 60% of relative humidity). We found that there is no degradation in the thermal 

conductivity of BAs, indicating that BAs crystal is stable in the air up to 10 month. Furthermore, 

we confirmed temperature stability of our BAs crystal. We heat up our crystal up to 600K in the 

vacuum and cooling down to room temperature. We repeat the temperature cycle twice and the 

measured thermal conductivity remains the same. These indicate that BAs crystal is stable under 

these conditions. 



Ab initio Calculation to Evaluate the Effect of Point Defects  

We performed ab initio calculation to consider the effect of arsenic vacancy defects at 

different temperatures (T), following the settings in recent literature (8, 18, 32). The 

nonequilibrium phonon distribution function 𝑛𝑛𝜆𝜆  under an applied temperature gradient can be 

described by the Boltzmann transport equation (BTE) as 

𝐯𝐯𝜆𝜆 ∙ ∇𝑇𝑇
𝜕𝜕𝑛𝑛𝜆𝜆
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   (E11) 

where 𝜆𝜆 ≡ (𝐪𝐪,𝑝𝑝) labels the phonon mode with wave vector 𝐪𝐪 and polarization 𝑝𝑝, and 𝐯𝐯𝜆𝜆 is the 

phonon group velocity. In Eq. (E11), the phonon drift due to temperature gradient on the left side 

is balanced by the phonon scattering on the right side. The scattering term on the right side of the 

equation includes intrinsic phonon-phonon scattering and phonon-isotope/defect scattering,  
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For phonon scattering due to isotopes or point defects, a perturbation to Hamiltonian due 

to mass disorder is considered. Using Fermi’s golden rule, the phonon-isotope/defect scattering 

term (49) in BTE is expressed as  
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where 𝜔𝜔𝜆𝜆 is the angular frequency of phonon mode 𝜆𝜆, 𝐞𝐞𝜆𝜆(𝑏𝑏) is the vibrational eigenvector of the 

bth atom in unit cell and phonon mode 𝜆𝜆, and N is the number of unit cells in the crystal. 𝑔𝑔(𝑏𝑏) is 

a factor that describes the mass variance of the bth atom in unit cell,  
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where 𝑓𝑓𝑐𝑐(𝑏𝑏) and 𝑀𝑀𝑐𝑐(𝑏𝑏) are the fraction and the atomic mass of the ith isotope of the bth atom 

respectively, and 𝑀𝑀�(𝑏𝑏)  is the average atomic mass of the element of the bth atom. Arsenic 



vacancies are treated as an isotope to arsenic with zero mass. In this method, the changes of 

interatomic potential are ignored, whose influence to lattice thermal conductivity is negligible at 

low vacancy concentration (< 0.01%) (32). For the calculation of Figure 2d in this paper, we 

used a vacancy concentration ~ 0.002% to match the calculated thermal conductivity with the 

measured value at room temperature. The calculated curve (green dashed line, Figure 2d) 

represents the prediction of temperature-dependent thermal conductivity when three-phonon 

process and defect scattering dominate the thermal transport (i.e. four-phonon process is 

negligible). 

According to Eq. (E13), the isotope scattering term is determined by nonequilibrium 

phonon distribution function 𝑛𝑛𝜆𝜆. Similarly, using Fermi’s golden rule, phonon-phonon intrinsic 

scattering term �𝜕𝜕𝑛𝑛𝜆𝜆
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 considering three-phonon process can be expressed as a function of 

nonequilibrium phonon distribution function and third-order interatomic force constants(11, 50). 

Hence, the unknown 𝑛𝑛𝜆𝜆 is on both sides of the BTE. To calculate the thermal conductivity of 

most common materials, a single mode relaxation time approximation (RTA) is usually applied 

to derive the phonon lifetime time, and subsequently the thermal conductivity can be derived 

from kinetic theory(6). Within the single mode RTA, the phonon distribution for mode 𝜆𝜆′ in Eq. 

(E13) (or mode 𝜆𝜆′  and 𝜆𝜆′′  for three phonon process) follows the equilibrium Bose-Einstein 

distribution, and a perturbation is given to mode 𝜆𝜆, so that one can compute the phonon lifetime 

for mode 𝜆𝜆  by BTE. However, the single mode RTA approximation can underestimate the 

thermal conductivity for high thermal conductivity materials such as graphene and diamond (11). 

This is due to inaccurate treats of the normal phonon-phonon scattering process and the 

breakdown of the local equilibrium for materials with small phonon scattering rates. Therefore, 

instead of RTA, we used the iterative solution of BTE (11) here to calculate the thermal 



conductivity of BAs. For a small temperature gradient (∇𝑇𝑇 ), the nonequilibrium phonon 

distribution 𝑛𝑛𝜆𝜆  can be linearly expanded as 𝑛𝑛𝜆𝜆 = 𝑛𝑛𝜆𝜆
0 + �−𝜕𝜕𝑛𝑛𝜆𝜆

0 𝜕𝜕𝑇𝑇⁄ �𝐅𝐅𝜆𝜆 ∙ ∇𝑇𝑇 , where 𝑛𝑛𝜆𝜆
0  is the 

Bose-Einstein distribution under equilibrium state. 𝐅𝐅𝜆𝜆 can be derived by iteratively solving the 

BTE. The lattice thermal conductivity tensor 𝜅𝜅𝛼𝛼𝛼𝛼  can be calculated by summing over all the 

phonon modes in first Brillouin zone(11, 50), 
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where  ℏ is the Plank constant over 2𝜋𝜋, 𝛺𝛺 is the volume of unit cell. Here, the first Brillouin zone 

is discretized by a 28 × 28 × 28 q mesh. 𝑣𝑣𝜆𝜆
𝛼𝛼  is the group velocity of phonon mode 𝜆𝜆 along 

direction 𝛼𝛼, which can be calculated from phonon dispersion relation,  

𝑣𝑣𝜆𝜆
𝛼𝛼 = 𝜕𝜕𝑑𝑑

𝜕𝜕𝑞𝑞𝛼𝛼
             (E16) 

where 𝑞𝑞𝛼𝛼 is the wave vector along direction 𝛼𝛼.  

We calculated the second and third order interatomic force constants (IFCs). Second-

order IFCs are required for deriving phonon dispersion relation. We obtained second-order IFCs 

based on density functional theory (DFT) (51, 52) and density functional perturbation theory 

(DFPT) (53) using Quantum ESPRESSO (54, 55) package respectively. In self-consistent 

calculations of electronic structure using plane-wave basis, we used norm-conserving 

pseudopotentials under local density approximation for both boron and arsenic (56). The kinetic 

energy cutoff for electronic wavefunctions was set as 80 Ry. The lattice constant of BAs is 

determined by minimizing the total energy of the system in ground-state. After self-consistent 

calculations of electronic structure, DFPT was applied to obtain the second-order IFCs. For both 

DFT and DFPT calculations, we used 6 × 6 × 6 Monkhorst-Pack k-points meshes. Third-order 

IFCs are required for three phonon process of the intrinsic phonon-phonon scattering. The third-



order IFCs were obtained from a 4 × 4 × 4 supercell with 128 atoms, using finite displacement 

method in real space. Up to fifth nearest neighbors were considered. A package thirdorder.py 

(57) was used to generate an irreducible set of displacements and then extract third order IFCs 

from the forces acting on atoms under each displacements. The forces acting on atoms was 

calculated by DFT. After obtaining the IFCs, the lattice thermal conductivity was computed 

using ShengBTE package (50, 58).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S1. Verification of the crystal quality of BAs. The reciprocal lattice of the BAs crystal 

sample measured from the single-crystal X-ray data for the (001) plane (a), (010) plane (b), and 

(100) plane (Figure 1F in the main text), validates that the entire BAs crystal sample is a single-

crystal domain without any impurities or lattice twinning. 

 

 

 

 

 



  
 

Figure S2. Temperature-dependent volumetric heat capacity of BAs. 

 

 

 

 

 

 



 
 

Figure S3. Ten representative TDTR measurement curves (color lines) are shown. The black 

dashed curves are calculated using the thermal conductivity changed by ±10%. 
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