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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:  
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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: 

2
2

2

( ) ( )T T
z
ω ωβ∂

=
∂

         (E4) 

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:  
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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:  

2 2 2
22

0
21

( )
( ) exp( )

2 8
pump probek w waAH kdk

ap
ω

∞ +−
= −∫           (E10)  (see Ref. (46)) 

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 
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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
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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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