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Fig. 1. (a) First-principles calculation of thermal conductiv-
ity of semiconductor materials (solid line), different colors
correspond to different materials. In addition, the discrete
points are derived from the thermal conductivity data
measured experimentally in existing literature. The olive
circles??, squaresP” and trianglesP!! correspond to BP. Red
circles!'), squares!’” and triangles!'¥ correspond to BAs.
Black circles!™, squaresP®? and trianglesP correspond to
diamond. (b) Outer product of phonon group velocities per
unit volume of various semiconductor materials as a func-
tion of frequency(wvy ® vx/Vh). (¢) Phonon relaxation time
of various semiconductor materials at 100 K as a function

of frequency.
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Table 1. Maximum vibration frequency of trans-
verse optical mode, maximum vibration frequency of
transverse acoustic mode, frequency gap, atomic
mass of elements of compound and elastic force con-
stant of boron phosphide, boron arsenide, boron anti-

monide and silicon.

Yy BAs BP BSb Si
wro /THz, 19.19 22,60 16.90 14.84
wra /THz 893 1515 6.48 11.09

A/THz 1026 745 1042 3.75

m/amu 10.8 10.8 10.8 28.09

M/amu 7495 3097 121.8 28.09

( /% — 4 /ﬁ)/amu 05 0.188 0.124 0.213 0

FHHEC/(eV-A2) 15.2911 19.0982 12.3004 12.3523
VC /(eVO5.A ) 3.910 4.370 3.507 3.514
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Fig. 2. (a) Lattice vibration spectrum of diamond (violet); (b) lattice vibration spectrum of boron arsenide (red) and silicon (olive);

(c) lattice vibration spectra of boron phosphide (black) and boron antimonide (blue); (d) phonon lifetime of boron phosphide, boron

arsenide, boron antimony and silicon.
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Fig. 3. Coupling matrix element of BP, BAs and BSb as a

function of frequency.
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Table 2. Atomic p orbital energies of each group of ele-

ments (in Ry), and the specific names of the elements are
listed.

E;ﬂ IMASEIIB# IIIAME IVAWE VAW VIARK
|YEEN
Be B C N O
2p
~0.1608 —0.2795 —0.4044 —0.5382 —0.6819
Mg Al Si P S
3p
~0.1068 —0.2103 —0.3125 —0.4174 —0.5288
7n Ga Ge As Se
4p
~0.0964 —0.2073 —0.3040 —0.3985 —0.4956
Cd In Sn Sb Te
5p
~0.1034  —0.2044 —0.2907 —0.3734 —0.4557
Hg Tl Pb Bi Po
6p

-0.0928  —0.1957 —0.2788 -0.3569 -0.4335
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Fig. 4. (a) Lattice vibration spectra of boron arsenide and
gallium arsenide; (b) outer product of group velocities per

unit volume of boron phosphide, boron arsenide, boron anti-

mony, gallium phosphide and gallium arsenide.
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Abstract

Over the past half-century, according to Moore’s law, the sizes of transistors continue shrinking, and the
integrated circuits have approached to their physical limits, which puts forward higher requirements for the
thermal dissipation capacity of material. Revealing the physical mechanisms of heat conduction in
semiconductors is important for thermal managements of devices. Experimentally, it was found that boron
arsenide has a very high thermal conductivity compared with diamond, and boron arsenide has lattice constant
close to silicon’s lattice constant, which can be heterogeneously integrated into silicon to solve the thermal
management problem. However, group III-V boron compounds show abnormal thermal conductivities: the
thermal conductivity of boron arsenide is significantly higher than that of boron phosphide and boron
antimonide. Here, we use the first-principles calculation and the Boltzmann transport equation to study the
thermal conductivity properties of the group III-V boron compounds. Comparison between the IV and II-V
semiconductors shows that the high thermal conductivity of boron arsenide is due mainly to the existence of a
large frequency gap between the acoustic and the optical branches. The energy sum of two acoustic phonons is
less than energy of one optical phonon, which cannot meet the energy conservation requirements of three-
phonon scattering, and then seriously restrict the probability of scattering of three phonons. The high thermal
conductivity of diamond is due mainly to its great acoustic phonon group velocity. Although the boron
phosphide also has a relatively large acoustic phonon group velocity, the frequency gap is relatively small, which
cannot effectively suppress the three-phonon scattering, so the thermal conductivity of boron phosphide is less
than that of boron arsenide. Although the frequency gap of boron antimonide is similar to that of boron
arsenide, the thermal conductivity of boron antimonide is lower than that of boron arsenide due to its smaller
acoustic phonon group velocity and larger coupling matrix element. The research provides a new insight into

the design of semiconductor materials with high thermal conductivities.

Keywords: group III-V semiconductors, boron arsenide, thermal conductivity, anharmonicity
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