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Recent measurements of an unusual high-thermal conductivity of around 1000 W m~!' K~! at room
temperature in cubic boron arsenide (BAs) confirm predictions from theory and suggest potential applica-
tions of this semiconductor compound for thermal management applications. Knowledge of the thermal
expansion coefficient and Griineisen parameter of a material contributes both to the fundamental under-
standing of its lattice anharmonicity and to assessing its utility as a thermal-management material.
However, previous theoretical calculations of the thermal expansion coefficient and Griineisen parame-
ter of BAs have yielded inconsistent results. Here, we report the linear thermal expansion coefficient of
BAs obtained from the x-ray diffraction measurements from 300 K to 773 K. The measurement results
are in good agreement with our ab initio calculations that account for atomic interactions up to the fifth
nearest neighbors. With the measured thermal expansion coefficient and specific heat, a Griineisen param-
eter of BAs of 0.84 4 0.09 is obtained at 300 K, in excellent agreement with the value of 0.82 calculated
from first principles and much lower than prior theoretical results. Our results confirm that BAs exhibits a
better thermal expansion coefficient match with commonly used semiconductors than other high-thermal
conductivity materials such as diamond and cubic boron nitride.
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I. INTRODUCTION

Because of the shrinking size and increasing density of
transistors, heat dissipation has become a critical challenge
for microelectronic devices [1]. Inefficient heat removal
from localized hot spots in semiconductor devices com-
promises device performance and accelerates electromi-
gration and thermomechanical failures [2,3]. One approach
to addressing this challenge is to identify alternative
semiconducting materials with a much higher thermal con-
ductivity (k) than existing values in current semiconductor
devices. The highest known room-temperature « values,
around 2000 W m~! K~!, have been found in diamond and
graphite [4—6]. However, diamond is an electrical insu-
lator and graphite is a semimetal. In addition, the « of
graphite is highly anisotropic with a low crossplane ther-
mal conductivity of only about 10 Wm™! K~! [5]. Mean-
while, high-quality diamond is expensive and has not been
synthesized on a large scale. An additional key problem
with diamond is the considerable mismatch between its
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thermal expansion coefficient («) and the larger o values
of common semiconductors such as silicon (Si) and gal-
lium arsenide (GaAs). This mismatch can lead to thermally
induced failure of the bonding between a semiconductor
device and a diamond heat-spreading layer.

First-principles calculations have predicted that cubic
boron arsenide (BAs) could have a high ¥ comparable
to that of diamond and graphite [7,8]. This theory has
motivated experimental efforts to synthesize and mea-
sure thermal transport in BAs crystals [9—12]. Although
the presence of impurities [13] and defects [14] has
been shown to reduce the x of the BAs crystals, high
k values of around 1000 Wm~'K~! at room tempera-
ture have recently been measured in BAs crystals grown
using a chemical vapor transport (CVT) method [15—17].
In addition, the measured x exhibits strong tempera-
ture dependence that reveals an unusually important role
of four-phonon scattering in the thermal transport of
BAs [15].

Along with the thermal conductivity, the thermal expan-
sion coefficient and Griineisen parameter (y) are two
other important properties that contribute to fundamental
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understanding of the lattice anharmonicity and help assess
the utility of a material in thermal-management applica-
tions. Prior theoretical calculations have obtained some-
what different o values for BAs. A molecular dynamics
(MD) simulation of BAs based on a three-body Tersoff
potential has obtained a room-temperature linear thermal
expansion coefficient (o) of 4.1 x 107¢ K~! [18]. In com-
parison, first-principles calculations of BAs have yielded
a different «; value of 3.04 x 107® K~! at 300 K [19].
Recently, a large volumetric thermal expansion coeffi-
cient (a,) of 3.27 x 10> K~! corresponding to an o; of
10.9 x 107® K~! at 300 K for BAs has been obtained
by another first-principles method [20]. However, there
has been no experimental report of the thermal expansion
coefficient of BAs. In addition, three existing theoretical
calculations of BAs have obtained y values based on dif-
ferent models and approximations [20—22]. Because the
Griineisen parameter characterizes the lattice anharmonic-
ity, it is necessary to investigate this important funda-
mental property further via both experiments and rigorous
theoretical calculations.

Here, we report both experimental and theoretical stud-
ies of thermal expansion coefficients, specific heat (C,),
and the Griineisen parameter of BAs. The linear ther-
mal expansion coefficient from 300 K to 773 K is
determined by high-temperature x-ray diffraction (XRD)
measurements. The room temperature «; is found to be
(42+04)x107% K~! at 300 K and to increase with
increasing temperature. We find good agreement between
our measured data and our first-principles calculations over
the full temperature range considered when interatomic
interactions up to fifth neighbors are accounted for in the
calculations. The « values of BAs make the compound
a much better match to silicon and other III-V semicon-
ductor compounds than diamond, and give insight into
the phonon and anharmonic properties of BAs. Together
with the separately measured bulk modulus, the measured
thermal expansion coefficient and specific heat data are
used to obtain the Griineisen parameter as 0.84 +0.09 at
room temperature, in very good agreement with our first-
principles calculation result of 0.82 and much smaller than
two prior calculation results [20,21].

II. EXPERIMENTAL AND THEORETICAL
METHODS

The single crystals of BAs are grown by a CVT method
in a sealed quartz tube [15]. The XRD patterns of BAs
at different temperatures are acquired using a Scintag X1
Theta-Theta Diffractometer with a Cu Ko radiation source.
For the XRD study, several BAs crystals are ground into
powder. The C, of BAs is measured using a Physical
Properties Measurement System (Quantum Design).

In order to provide theoretical values for comparison
with the measurement results, we perform first-principles

calculations of the thermal expansion coefficient of BAs,
which can be defined in the quasiharmonic approximation
as [23]

1
= — Cyvs, 1
o 3BT; 2 (1)

where B7 is the bulk modulus of the BAs, the sum is
over phonon modes A, and C,, and y, are, respectively, the
mode specific heat and mode Griineisen parameter. Here,
we calculate y;, as
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with Eu(k,I'K') =)y Papy Ok, I'K 'K Yrpjer,. In the
equations, V' is the volume, w, is the phonon angular fre-
quency, A, B, y are Cartesian components, /k labels the kth
atom in the /th unit cell, &2, is the ath component of the
phonon eigenvector, M is the isotope-averaged mass of
atom k, R; is a lattice vector, and rj is a vector locat-
ing the kth atom in the Ith unit cell. The terms ®u4, =
(Ok, 'k ,I"’K") are the third-order anharmonic interatomic
force constants (IFCs). The details of their calculation
and those of the phonon frequencies are similar to those
described in Ref. [19]. Calculations are performed within
the framework of density functional theory with norm-
conserving pseudopotentials in the local density approxi-
mation (LDA). The calculated phonon dispersions of BAs
at different temperatures show only a slight softening of
optic modes [24].

As a check of the calculated results, Fig. 1 shows
the BAs mode Griineisen parameters plotted along
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FIG. 1. The calculated mode Griineisen parameters of BAs.
The open and solid symbols are determined using the frequency
derivative approach and third-order IFC approach, respectively.
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high-symmetry directions. This figure shows results from
both a frequency derivative approach according to the first
expression of Eq. (2) and the third-order IFC approach
based on the second expression in Eq. (2). The two sets
of results are in good agreement with some small devia-
tions seen in the lowest transverse acoustic branches. As
discussed below, the thermal expansion coefficients calcu-
lated using the two expressions in Eq. (2) are almost the
same.

III. RESULTS AND DISCUSSION

BAs exhibits a cubic zinc blende crystal structure with
a space group of F43m, as shown in Fig. 2(a). Figure 2(b)
shows a photo of a typical BAs crystal grown by the CVT
method [15]. Similar to some other BAs crystals, the sam-
ple exhibits a semitransparent reddish color and platelike
shape with a lateral dimension on the order of 2—3 mm that
are adequate for this study, although larger crystals have
also been grown.

Figure 3 shows the temperature dependence of the C, of
BAs. At low temperatures, the C, of semiconducting BAs
consists of contributions from phonons and electrons as

12xNmkg ( T \°
C,(T) = — A~ 78 bT. 3

where N, is Avogadro’s constant, M is the molar mass,
T is temperature, kp is the Boltzmann constant, 8p is the
Debye temperature, x is the number of atoms per for-
mula unit, and b is the Sommerfeld coefficient. The fitting
of low-temperature C, according to Eq. (3) is shown in
the inset of Fig. 3. The obtained 6p is about 668 K,
which is consistent with the value of 700 K obtained
from the first-principles calculation [7]. In addition, the
obtained b is about 6.5 x 1077 Jg~! K~2, which is due to
the semiconducting nature of BAs.

The specific heat at constant pressure (C,) and constant
volume (C,) of BAs are calculated by the first-principles
method. The calculated values agree well with the exper-
imental data and approach the Dulong-Petit limit at high
temperature, as shown in Fig. 3. It should be noted that the
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FIG. 2. (a) The crystal structure of BAs. The blue and yellow
spheres represent As and B atoms, respectively. (b) A photo of a
BAs crystal grown by the CVT method.
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FIG. 3. Temperature dependence of measured C, for BAs in
comparison with the calculated C, and C,. The inset is a plot
of C, (T)/T vs T?. The pink line in the inset is the fitting curve
according to Eq. (3).

C, value is significantly higher than C, above 400 K as a
result of thermal expansion.

Figure 4 shows the obtained XRD patterns of BAs in air
for temperatures between 300 K and 773 K. We found that
the BAs sample is stable up to 773 K since no phase change
is observed. The observation is consistent with a previous
study in which cubic BAs was reported to be stable up to
1193 K [25]. It should be noted that the XRD intensity of
BAs is reduced with increasing temperature, which could
be due to the enhanced lattice vibrations [26].
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FIG. 4. The XRD patterns of BAs measured at different
temperatures.
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The lattice parameter a of BAs is calculated according
to Bragg’s law [27]

nAx_ray = 2dhkg sin9, (4)

where n is the order of diffraction; Ay is the x-ray
wavelength; d is the interplane distance; 6 is the Bragg’s
angle; and 4, k, and ¢ are the Miller indices. The inter-
plane distance d is related to the lattice constant a of the

cubic crystal system as d = (a/ h + K+ Ez). The lat-

tice parameter is obtained using the Jade software [28]
with displacement correction. Figure 5(a) shows the tem-
perature dependence of the lattice parameter for BAs.
The value of a is 4.7785 4 0.0002 A at 300 K, in good
agreement with previous reports [9,11,35]. The a value
increases monotonically with temperature. The temper-
ature dependence of a can be fitted by a second-order
polynomial as [36]

a(l) =ap+a\ T+ a, T, (5)

where ag, a;, and a, are fitting parameters. Fitting the
measurement data with a third- or fourth-order polyno-
mial results in increased fitting errors. The obtained val-
ues are ag=4.7735 A, a; =1.29141 x 10> AK™', and
ay =1.22755 x 1078 AK~2.

According to the definition of the linear thermal expan-
sion coeflicient «;, oy = (1/a)(da/dT), we obtain the tem-
perature dependence of the thermal expansion coefficient
as

a(T) = (a1 +2a;T) /(ag + a1 T+ ax T?). (6)

Due to the second-order polynomial fitting, the obtained
a; of BAs increases linearly with temperature from

(a)
4.794

4792
4790}
4788}
<4786
© L
4784]
4782]
4780}
4778}

300 400 500 600 700 800
T(K)

FIG.5.

(424+04)x 107K at300K to (6.7£0.7) x 1076 K~!
at 773 K. The «, of cubic BAs can be approximated as
o, = 3oy, which gives about 1.26 x 107> K~ at 300 K.

In comparison, the present first-principles calcula-
tions using the second expression in Eq. (2) yields
a;=4.0x107% K~ at 300 K, considerably larger than
the value of a; =3.04 x 107% K~! calculated in Ref. [19].
Using the same IFCs as used in Ref. [19], we estab-
lish that this difference is primarily due to the longer
range of the third-order IFCs used in the present cal-
culation, extending to the fifth-nearest neighbor here as
compared to only the third-nearest neighbor in Ref. [19].
In addition, the bulk modulus of By = 1.46 Mbar obtained
here is consistent with several other previously reported
values calculated within the LDA [37-39] and a recent
measurement [40], but smaller than the 1.57 Mbar deter-
mined in Ref. [19]. A small (approximately 5%) error also
occurred in Ref. [19] due to the calculations being per-
formed for a rock salt rather than a zinc blende structure. It
is worth noting that a similar room-temperature «; value of
4.1 x 1078 K~! was obtained from a MD calculation using
empirical potentials [18].

Figure 5(b) compares the measured « to the calculated
values using the two expressions in Eq. (2). The BAs «
curves from the present first-principles calculations are in
excellent agreement with the measured data for tempera-
tures below about 600 K, beyond which the measurement
data becomes slightly higher than the calculated curves.
This small discrepancy at high temperatures may be due to
either higher-order anharmonic effects that are not captured
with the theoretical approach used here or the second-order
polynomial fitting of the measured lattice parameter data.
It should be noted that the calculated «; using the fre-
quency derivative method according to the first expression
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(a) The lattice parameter a of BAs at different temperatures. The red line is the polynomial fitting according to Eq. (5). (b) The

measured o; of BAs at different temperatures. Shown for comparison are the calculated «; values of BAs by the MD method [18] and
the density functional theory (DFT) method [19] and the reported measured linear thermal expansion coefficient values of GaAs [29],
AlAs [30], BP [31], ¢-BN [32], silicon [33], and diamond [34]. The red and black lines in (b) are the calculated «; using the first and

second expressions in Eq. (2), respectively.
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in Eq. (2) is very close to the values obtained using the
third-order force constant approach according to the sec-
ond expression in Eq. (2), with the former being only about
4% higher than the latter above 300 K.

Also shown in Fig. 5(b) is a comparison of the measured
and calculated «; data of BAs with other cubic-phase mate-
rials that have been commonly used or are being explored
for electronic and optoelectronic devices. In this figure,
the «; values of both BAs and boron phosphide (BP) [31]
lie between those of Si [33] and AlAs [30] or GaAs [29],
while those of diamond [34] and cubic-phase boron nitride
(c-BN) [32] both lie well below the «; values of these com-
monly used semiconductors. Specifically, BAs shows an
approximately 50% higher and approximately 40% lower
oy value at room temperature than Si and GaAs, respec-
tively. In comparison, the thermal expansion coefficient of
diamond is almost three times smaller than that of Si and
almost seven times smaller than that of GaAs. Thermal
stress analysis indicates that a BAs substrate can lead to
a much smaller thermal stress for a GaAs thin-film device
than both diamond and ¢-BN substrates [24].

The measurement results allow us to determine the
mode-averaged Griineisen parameter of BAs. The macro-
scopic formulation of y is given by [41]

avBT
Cop’

Yy = (7)

where p is the density of the sample. With the measured
specific heat and «,, in this work as well as the By obtained
from a separate measurement [40], the y of BAs is calcu-
lated to be 0.84 4-0.09 at 300 K. It should be noted that
the measured C, is used in the calculation since the cal-
culated difference between C, and C, is small at 300 K.
Using the calculated value of «; from Eq. (1) along with
the calculated C, and By gives a y value of 0.82, in excel-
lent agreement with the value obtained from the measured
data. In comparison, a recent density-functional perturba-
tion theory simulation has obtained a y of about 1 for the
phonon mode at about 700 cm~! [22]. It should be noted
that the obtained y of BAs in this work from both mea-
sured data and first-principles calculations is less than half
of the value calculated by a first-principles approach that
extracts specific heat and Griineisen parameters employing
a Debye approximation and without explicitly calculat-
ing the per mode contributions [20], and about half that
obtained using a shell model [21]. This highlights the
importance of fully performing first-principles calculations
to determine the thermal properties of materials.

IV. CONCLUSIONS

In summary, we investigate the specific heat, thermal
expansion coefficient, and Griineisen parameter of BAs

both experimentally and theoretically. The measured ther-
mal expansion coefficient value is higher than the previous
first-principles calculation results that used short-ranged
anharmonic force constants [19]. It is found that exten-
sion up to fifth-nearest neighbor is necessary for the
first-principles calculation to obtain results in agreement
with the measurements. With this extension, the calculated
room-temperature «;, 4.0 x 107¢ K=, is close to the cor-
responding measured value, (4.240.4) x 107® K~!, and
the difference between the calculation result and mea-
surement is within the measurement uncertainty over the
temperature range between 300 K and 773 K. Based on
this comparison between the measurement and calculation
results, long-range atomic interaction plays an important
role in the lattice anharmonicity of BAs. Importantly, the
results validate that cubic-phase BAs exhibits a much
smaller thermal expansion mismatch to common semicon-
ductors compared to diamond and cubic boron nitride. This
reduced mismatch is a desirable attribute for the integra-
tion of BAs in existing silicon and other III-V semicon-
ductor device architectures. Together with the separately
measured bulk modulus [40], the specific heat and thermal
expansion coefficient measured here allow us to determine
a room-temperature value of 0.84 &+ 0.09 for the Griineisen
parameter, which is in excellent agreement with the cor-
responding value of 0.82 calculated from first principles
and much smaller than previous theoretical results. These
findings give fundamental insight into the thermal proper-
ties of BAs and confirm it as a technologically promising
material for thermal management applications.
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