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Point defects that exist widely in solid materials can strongly suppress thermal conductivity κ , a key property
that determines the performance of electronic devices, photovoltaics, thermoelectric materials, etc. The κ of
materials with point defects is essentially determined by the competition between the intrinsic and extrinsic
phonon scattering. In this work, we have employed an ab initio Green’s function method combined with the
Boltzmann transport equation to investigate the influence of typical point defects on the κ and phonon-scattering
landscape in cubic BP and BAs, which have recently attracted intense interest due to their high κ . We show the
magnitude and temperature dependence of κ can be strongly suppressed by point defects in both materials due
to the weak intrinsic phonon-phonon scattering, even for extremely low defect fractions at low temperatures,
e.g., 0.001% P vacancy reduces the κ of BP by 23% at 100 K. The competition between phonon-defect and
phonon-phonon scattering depends on the type and fraction of point defects, as well as temperature. For both
materials, vacancies result in stronger phonon scattering than substitutions. For the SiB substitution in BP, the
mass difference (V M ) results in several times smaller phonon-scattering rates than force-constant perturbation
(V K ) for most phonons, while the V M produces comparable or even stronger phonon scattering than V K within
3.5–9.4 THz for SiAs in BAs mainly due to the large As-to-Si mass ratio. Also, the frequency dependence of
phonon-defect scattering rates by vacancies and substitutions follows ∼ω4 in the low-frequency range for both
materials, a typical behavior of Rayleigh scattering. Furthermore, the scattering strength of different phonon
branches by point defects varies and depends on the defect type. These results provide deep insights into phonon
scattering in materials with point defects and will be helpful for manipulating the thermal properties of materials
by defect engineering for relevant applications.
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I. INTRODUCTION

Thermal conductivity κ is a key property that determines
the performance of electronic devices, photovoltaics, thermo-
electric materials, etc. [1–6]. For many of these applications,
naturally present and/or intentionally introduced point defects
can largely decrease the κ of materials, especially at low
temperatures or large defect concentrations [7–9]. Particu-
larly, doping is often used to tune the electronic properties
of semiconductors. However, the suppression of thermal con-
ductivity due to dopants can deteriorate heat dissipation and
thus reduce the reliability and performance of electronic
devices [4,10,11]. On the contrary, reducing thermal conduc-
tivity often favors the heat-to-electricity conversion efficiency
of thermoelectric materials [5,6,12].

Thermal transport in nonmetallic materials is typically
dominated by phonons. κ of nonmetallic materials with point
defects is determined by both intrinsic phonon-phonon scat-
tering and extrinsic phonon scattering caused by point defects
(hereafter called phonon-defect scattering). Phonon-defect
scattering can strongly affect the magnitude of κ and its tem-
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perature dependence. The strong influence of point defects
on κ was already observed in the 1950s. In 1957, Slack re-
ported that Ca doping reduces the κ of KCl by almost 60%
at 10 K [13]. In 1961, Klein showed that the κ of NaCl
crystals decreases by >90% at 2 K due to oxygen impurities
[14]. In 1962, Pohl reported that the κ of KCl containing
KNO2 (4×1017 cm−3) exhibits a great reduction and a dis-
tinct dip in the temperature dependence within 2–10 K and
attributed it to phonon resonance scattering [15]. Recent ex-
periments have also highlighted the dramatic suppression of
thermal conductivity induced by point defects. For instance,
the κ of SnTe at room temperature can be reduced from
∼3.1 to 0.52 Wm−1 K−1 with the substitutions of Se and S
(Sn1.03Te0.85Se0.075S0.075) [16]. A nearly 60% reduction of κ

at 850 K compared to the pristine polycrystalline SnSe was
achieved with 3% Cu substitution at the Sn site [17]. The κ

of Fe2Si5 at 300 K decreases from 17.57 to 10.06 Wm−1 K−1

after 1% Al doping at the Si site [18].
For a long time, κ of materials with point defects had

been modeled using Callaway-like models [19] combined
with empirical phonon-scattering rates. Particularly, Kle-
mens’s model [20] for phonon scattering by point defects
has been widely used to study the effect of point defects
on phonon transport. Because these models are limited to
small perturbations and are often simplified by assuming a
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linear phonon dispersion combined with fitting parameters,
they may be helpful for qualitative analysis of κ , rather than
quantitively understanding phonon scattering and predicting
κ in materials with defects. To understand how point de-
fects affect the behavior of κ , it is required to quantitatively
investigate the competing mechanism between the phonon-
phonon and phonon-defect scattering. This becomes possible
because of the recent progress of ab initio approaches in accu-
rately calculating phonon-scattering rates and lattice thermal
conductivity. In 2007, Broido et al. [21] developed an ab
initio approach combined with phonon Boltzmann transport
equation (BTE) to accurately predict the κ of crystalline ma-
terials by considering only three-phonon scattering [22–25].
In 2016, Feng et al. [26] extended the approach by further
including four-phonon scattering to predict the κ of materials
(e.g., BAs and AlSb [27,28]) with large acoustic-optic gap
and that at high temperatures, for which the contribution of
four-phonon scattering to κ cannot be neglected. More re-
cently, it has been demonstrated that phonon renormalization
and coherence phonon contribution need to be considered for
calculating the κ of strongly anharmonic materials [29–31].
To predict the κ of materials with point defects, an ab initio
Green’s function approach [32–35] has been recently devel-
oped to accurately calculate the phonon scattering by point
defects by considering both mass difference and interatomic
force constants (IFCs) perturbation. This approach has been
successfully applied to the study of phonon-defect scatter-
ing of several materials [34–48]. These works demonstrate
the failure of low-order perturbation theory in calculating
phonon-defect scattering and provide insights into phonon
resonance [36] and Mie scattering [44] caused by point de-
fects.

In this work, special attention has been paid to under-
stand the competing mechanism between phonon-phonon and
phonon-defect scattering in cubic BP and BAs. Both materials
have received intense interest recently because of their high κ ,
which is very sensitive to point defects. The κ of high-quality
BP and BAs is as high as ∼ 490 and ∼ 1000 Wm−1 K−1 at
room temperature, respectively [49–52]. However, because of
the difficulties in synthesizing high-quality crystals [53,54],
considerable amounts of point defects often exist in BP and
BAs samples, resulting in largely reduced κ . For example,
the κ of BP was reduced by ∼18% at room temperature [55]
mainly due to the existence of impurities such as Si [56]. Sim-
ilarly, several earlier works reported the suppressed κ lower
than 400 Wm−1 K−1 for BAs [54,57,58], which was ascribed
to the existence of point defects such as vacancies [58] and Si
impurity [47]. In addition, four-phonon scattering has a much
stronger influence on the κ of BAs than that of BP, which
allows us to evaluate the relative importance of four-phonon
scattering and phonon-defect scattering for κ .

We have combined the ab initio Green’s function approach
and Boltzmann transport equation to investigate the influence
of typical point defects (vacancies and substitutions) on the
κ and phonon-scattering landscape in cubic BP and BAs.
Specifically, we first accurately calculate the κ of BP and
BAs within the temperature range from 100 to 1000 K by
considering the three-phonon, four-phonon, phonon-isotope,
and point-defect scattering based on ab initio calculations. We
find that point defects can strongly suppress thermal transport

in both materials, even for extremely low defect fractions. We
then evaluate how the competition between phonon-defect and
phonon-phonon scattering affects the κ of both materials by
analyzing the spectral κ and phonon modal scattering rates
at different temperatures. Particularly, we compare the effect
of force constant perturbation (V K ) and mass difference (V M)
on phonon-defect scattering and κ for silicon substitutions
on the pnictogen site in both materials. We also show the
phonon-defect scattering strength of different branches varies
and depends on the defect type. Our results deepen the funda-
mental understanding of phonon scattering in materials with
point defects and will be helpful for tailoring the thermal
properties of materials by defect engineering.

II. METHODOLOGY

A. Thermal conductivity calculation

Within the framework of the BTE [59,60], the lattice ther-
mal conductivity can be calculated as the sum of contribution
over all the phonon modes λ:

κ = 1

�

∑

λ

h̄ωλ

∂Nλ

∂T
ν2

λτλ, (1)

where h̄ is the reduced Planck constant, ωλ is the phonon
frequency, � is the unit-cell volume, Nλ is the Bose-Einstein
distribution, T is temperature, and νλ is the phonon group
velocity. τλ is the phonon lifetime that depends on the involved
scattering events. Here, τλ is determined by considering four
scattering terms according to Matthiessen’s rule:

τ−1
λ = τ−1

3ph + τ−1
4ph + τ−1

iso + τ−1
d , (2)

where τ−1
3ph is the three-phonon scattering rate, τ−1

4ph is the four-

phonon scattering rate, τ−1
iso is the phonon-isotope scattering

rate, and τ−1
d is the phonon-defect scattering rate.

When a phonon mode λ is scattered into another
phonon mode λ′ elastically by a point defect, the scattering
cross section can be calculated using the Green’s function
method [32,33]:

σλ = �π

ωλvλ

∑

λ′
|〈λ′|T+(ω2)|λ〉|2δ(ω2

λ′ − ω2
λ

)
. (3)

The T matrix is defined as

T+ = (I − V G+
0 )−1V , (4)

where I is the identity matrix, V = V M + V K is the pertur-
bation matrix representing the differences of atomic mass
and IFCs induced by the points defect. G+

0 is the retarded
Green’s function of the perfect system, which is calculated
numerically by the analytical tetrahedron method [61].

The mass difference is expressed as

V M
iα, jβ = − (M ′

i − Mi )δi jδαβ

Mi
ω2, (5)

where i and j are the lattice sites, α and β are the directions
in the Cartesian coordinate system, M ′

i and Mi represent the
atomic masses of defective crystals and perfect crystals at the
lattice site i, respectively.
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FIG. 1. Ab initio thermal conductivity as a function of temperature for BP (a) and BAs (b), in comparison with the experimental results.
Black solid lines represent the calculated κ with only three-phonon and phonon-isotope (natural isotope) scattering while the red solid lines
represent the results after further including four-phonon scattering. The other lines correspond to the κ of materials with point defects, which
all include three-phonon, four-phonon, phonon-isotope, and phonon-defect scattering. Inset is in a log-linear scale to give a better view of the
four-phonon scattering effect in BP. The symbols represent experimental results from Zheng et al. [49] and Kang et al. [70] for BP, and Kang
et al. [50], Li et al. [51], Chen et al. [47], and Tian et al. [52] for BAs.

The force constant perturbation is expressed as

V K
iα, jβ = K ′

iα, jβ − K iα, jβ

(MiMj )1/2 , (6)

where K ′
iα, jβ and K iα, jβ represent the IFCs of defective crys-

tals and perfect crystals, Mi and Mj represent the atomic
masses at lattice sites i and j in the perfect crystal, respec-
tively. The translational and rotational invariance rule must
be enforced in the calculation of the V K , which can be done
by slightly modifying the harmonic IFCs using the Lagrange
multiplier method [62]. Similar treatment has been reported in
previous works [34,35].

Assuming the concentration of point defects is sufficiently
low that the interaction between them can be negligible, the
elastic scattering rate of a phonon by point defects τ−1

d can be
calculated as [35]

τ−1
d = f vλσλ/Vd , (7)

where Vd is the volume of a point defect and f is the volume
fraction of the point defect, which is defined as the ratio of the
volume of all defect atoms to total volume of the supercell.

B. Ab initio computational details

All ab initio calculations based on density-functional the-
ory (DFT) [63] were implemented using the Vienna Ab
initio Simulation Package (VASP) [64] with the projected
augmented-wave method [65,66]. The local-density approx-
imations [67] and the Perdew-Burke-Ernzerhof [68,69] gen-
eralized gradient approximation were used for the exchange-
correlation functional for BP and BAs, respectively. The two
pseudopotentials were chosen in this study because they can
well predict the lattice structures and phonon properties, as
demonstrated in previous works [35,46,49]. The energy cutoff
was set to 400 eV in all calculations. For the primitive cell
relaxation of both materials, the total energy and Hellmann-
Feynman force convergence thresholds were set to 10−8 eV

and 10−6 eV/Å, respectively. The optimized lattice constant
is 4.49 Å for BP and 4.82 Å for BAs, which agree well with
the experimental values (4.54 Å for BP [70] and 4.78 Å for
BAs [50]). The structures with a single vacancy or substi-
tutional atom were constructed by removing or replacing an
atom in a 4×4×4 supercell, and were then relaxed using the
same settings.

Based on the optimized crystal structures, we calculated all
the harmonic and anharmonic IFCs using a 4×4×4 supercell
and a 3×3×3 Monkhorst-Pack k-point grid. All these IFCs are
downloadable in the Supplemental Material [71]. The second-
, third-, and fourth-order IFCs were obtained using PHONOPY

[72], THIRDORDER.PY [73], and FOURTHORDER.PY [74], re-
spectively. Specifically, the interaction distance was restricted
to seventh- and second-nearest neighbors for calculating the
third- and fourth-order IFCs, respectively. Then, we obtained
the τ−1

3ph and τ−1
4ph using the third- and fourth-order IFCs using

SHENGBTE [73,74]. To effectively reduce the computational
cost, τ−1

4ph was computed at the single-mode relaxation time

approximation (RTA) level only. The τ−1
d and τ−1

iso was
calculated using Green’s function method and Tamura’s
model [75], respectively. Next, we obtained the convergent
κ by exactly solving BTE with a 16×16×16 q-mesh in
an iterative scheme involving three-phonon scattering only,
while other scattering terms were treated at the RTA level.

III. RESULTS AND DISCUSSION

In Fig. 1, we show the calculated κ of BP and BAs as a
function of temperature, in comparison with the experimen-
tal results. Natural isotope-phonon scattering is considered
in all calculations. For BP, the calculated κ at 300 K is
497 Wm−1 K−1 by considering three-phonon and phonon-
isotope scattering, which agrees well with the previously
reported DFT result (486 Wm−1 K−1) [49]. Further including
the four-phonon scattering slightly decreases the κ , producing
better agreement with the experimental results, as shown in
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the inset of Fig. 1(a). However, the predicted κ is substantially
higher than the measured data at temperatures below 200 K,
suggesting the presence of point defects, as pointed out in
the previous experimental work [49]. We therefore consider
two typical point defects, i.e., phosphorus vacancy (VacP) and
silicon substitution on the boron site (SiB) that may cause
the reduction of κ in BP. The dopant impurities preferentially
reside on the B site since the formation energy of the B-site
substitution is lower than the corresponding P-site substitu-
tion [56]. We find that considering 0.003% VacP or 0.016%
SiB can well reproduce the magnitude and temperature de-
pendence of the κ measured by Zheng et al. [49] and Kang
et al. [70]. Note that there could be different types of point
defects in the samples and we can expect the same suppression
effect of κ in the low fraction range of point defects, for which
the interactions between point defects are negligible.

Compared to BP, four-phonon scattering has a much
stronger influence on the κ of BAs [Fig. 1(b)]. As reported
in previous studies [27,28], the κ considering only three-
phonon scattering is largely overestimated compared to the
experimental data over the entire temperature range. After
further including the four-phonon scattering, the predicted κ

achieves much better agreement with the measured values.
By considering the three-phonon, four-phonon, and phonon-
isotope scattering, the calculated κ in the present study and
previous works [28,52,74] all fall within the range of the
reported experimental values above 300 K [50–52] although
a slight difference is observed between them (Fig. S1(a) in the
Supplemental Material [71]), which could be due to different
cutoff distances and/or pseudopotentials used in the calcula-
tions (see Supplemental Material [71]). In general, all these
results reasonably agree with the experiments above 300 K.
However, the deviation between the predicted and measured
κ becomes substantially larger as the temperature decreases
below 300 K, indicating that extrinsic phonon scattering needs
to be considered in the calculation of the κ . Meanwhile, we
notice that the κ of different samples varies in magnitude
and temperature dependence. The deviations between calcu-
lations and experiments, and that between measurements are
probably due to point defects. For the high-quality samples
in two of the cited experimental works [51,52], the authors
ruled out the presence of grain boundaries by characteriza-
tions and presumed that there could be some point defects
whose concentration is too low to be detected. Impurities
such as Si and C were detected in the BAs samples by Chen
et al. [47]. Earlier efforts have been devoted to understanding
the influence of point defects on the κ of BAs [35,40,46].
However, Protik and Zheng et al. [35,40] ignored the four-
phonon scattering in investigating the effect of vacancies and
antisite pairs on thermal transport in BAs. After considering
the strong four-phonon scattering, the relative influence of
point defects on its κ will be much weaker. Fava et al. [46]
considered four-phonon scattering but mainly focused on the
defect concentration dependence of κ for BAs with substitu-
tions.

Here, we consider two types of point defects (arsenic va-
cancy VacAs [58] and silicon substitution on the arsenic site
SiAs [47,76]) that possibly exist in the BAs samples according
to previous experimental observations and DFT calculations,
and predict their influence on the temperature dependence of κ

by considering both three-phonon and four-phonon scattering.
Note that here we used neutral defects in the calculations and
considering the charge states of the point defects may pro-
duce stronger or weaker phonon-defect scattering, depending
on the defect types and charge states according to previous
works [46,47]. We find that considering 0.0018% VacAs or
0.0055% SiAs can well reproduce the magnitude and tem-
perature dependence of the measured κ of the sample No. 5
reported by Tian et al. [52] and that by Li et al. [51] in the
temperature range of 150–600 K. By using relatively lager
defect concentrations, i.e., 0.0041% VacAs or 0.0129% SiAs,
the predicted κ decreases and exhibits a weaker temperature
dependence, well reproducing the experimental values of the
sample No. 3 of BAs by Tian et al. [52]. Also, considering
0.031% SiAs can well reproduce the measured κ of the sample
No. 2 reported by Chen et al. [47] in the temperature range of
150–300 K. The concentration of Si impurity was detected to
be 0.05% in sample No. 2, which is close to that used in our
calculation. It should be noted that 0.047% Si impurity was
detected [47] in the sample No. 5 reported by Tian et al. [52],
which is much higher than the value we used (0.0055%).
The deviation between the calculated and experimental de-
fect concentrations could be attributed to the nonuniform
distribution of the impurities in the samples, as detected by
Chen et al. [47]. As reported in a previous work [77], the
aggregation of point defects results in weaker suppression of
κ than the uniformly distributed point defects assuming the
same volumetric defect concentrations. For both BP and BAs,
a very small amount of point defect can largely weaken the
temperature dependence of κ and decrease its magnitude at
low temperatures. This highlights the importance of includ-
ing phonon-defect scattering for explaining experimental κ ,
particularly for materials with weak phonon-phonon scatter-
ing. The largely different fractions of point defects used for
reproducing the experimental κ indicate that vacancies and
substitutions result in varied phonon-scattering strength and
scattering behaviors in both materials, which will be explained
in detail below.

To explore how the concentration of point defects affects
the κ of BP and BAs, we calculated the temperature-
dependent κ of both materials with varying fractions of
vacancies and substitutions, as shown in Fig. 2. Overall,
compared to the natural materials, the suppression of κ by
0.0001% point defects is negligible in both materials. As
the defect concentration increases, the κ of both materi-
als decreases and exhibits weaker temperature dependence,
particularly at low temperatures. For example, as the concen-
tration of VacP increases from 0.0001 to 0.01%, the predicted
κ of BP decreases by 49% at 150 K and the temperature
dependence of κ within 500–1000 K decreases from T −1.3

to T −1.0 [dotted lines in Fig. 2(a)]. Compared with the sub-
stitution, vacancy results in lower κ and weaker temperature
dependence for both materials. For example, 0.01% VacP

results in a 29% reduction of κ at 300 K, which is much
larger than that (11%) by 0.01% SiB. Similarly, vacancies
also result in a larger reduction of κ than substitutions in
diamond [34] and InN [38]. The temperature dependence of
κ within 500–1000 K in BP obeys T −1.0 for 0.01% VacP,
which is relatively weaker than that (T −1.2) for 0.01% SiB. At
low defect concentrations, the temperature dependence of κ of
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FIG. 2. Calculated κ as a function of temperature for BP (a) and BAs (b) with different point defects: VacP and SiB in BP, VacAs and SiAs in
BAs. Four fractions (0.0001, 0.001, 0.01, and 0.1%) are considered for each point defect. Dotted lines serve as guidelines for the temperature
dependence of κ .

BAs is steeper than that of BP since the four-phonon scattering
results in a larger reduction of κ in BAs compared to that
in BP. As derived in the previous theoretical study [27], the
temperature dependence of κ follows κ ∼ 1/(AT + BT 2) at
high temperatures when both three- and four-phonon scatter-
ing are considered, in contrast to the κ ∼ 1/T when only the
three-phonon scattering is considered. Because the phonon-
defect scattering is temperature independent [20,78], point
defects result in stronger suppression of κ at low temperatures
than at high temperatures. It is also observed that point de-
fects substantially affect the magnitude and the corresponding
temperature of the κ peak of both materials at low temper-
atures. As shown in Fig. 2, there is no clear κ peak within
the present temperature range for both materials with the
defect concentration below 0.01%. As the defect concentra-
tion increases to 0.1%, the κ peak appears in both BAs and
BP at ∼ 100 K. We notice that the magnitude of the κ peak
decreases while the temperature corresponding to the peak
increases with the increasing defect concentration in both
materials (see Fig. S2 in the Supplemental Material [71]). The

shift of the κ peak is due to the weakened temperature depen-
dence of the total phonon lifetime as the defect concentration
increases.

We next calculated the spectral κ versus frequency to
understand the suppression of κ by point defects in detail.
Figure 3 shows the spectral results for BP and BAs with
0.01% vacancies and 0.01% substitutions at 200 and 800 K.
We choose the two representative temperatures considering
the reduction of κ is substantial at 200 K but negligible at
800 K. The contributions to κ of BP and BAs are mainly from
low-frequency acoustic phonons below 16.1 THz [Fig. 3(a)]
and 9.4 THz [Fig. 3(b)], respectively, which are the primary
heat carriers. Both vacancies and substitutions result in a large
reduction of the spectral κ of acoustic phonons at 200 K
for both materials. Specifically, vacancies suppress κ more
strongly than substitutions within 2.5–10.5 THz for BP and
2.5–8.5 THz for BAs. The effect of point defects on κ at
800 K is negligible for both BP and BAs, which is expected
considering that the intrinsic phonon-phonon scattering rates
become orders of magnitude larger.

FIG. 3. Spectral κ as a function of phonon frequency for defective and natural BP (a) and BAs (b). Solid and dashed curves represent
the results at 200 and 800 K, respectively. Considered point defects include 0.01% vacancies (VacP for BP and VacAs for BAs) and 0.01%
substitutions (SiB for BP and SiAs for BAs).
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FIG. 4. Calculated phonon-scattering rates for BP (a) and BAs (b) with 0.01% point defects at 200 and 800 K, respectively. Considered
point defects are VacP and SiB for BP and VacAs and SiAs for BAs. Squares, triangles, diamonds, and circles represent three-phonon, four-
phonon, phonon-isotope, and phonon-defect scattering rates, respectively.

To better understand the competition between phonon-
phonon and phonon-defect scattering at different tempera-
tures, we plotted the modal scattering rates for three-phonon
τ−1

3ph, four-phonon τ−1
4ph, phonon-isotope τ−1

iso , and phonon-

defect τ−1
d scattering processes for both BP and BAs in

Figs. 4(a) and 4(b). For BP with 0.01% VacP at 200 K, the
τ−1

d of VacP are comparable to τ−1
3ph within 3–10 THz while

τ−1
4ph are almost two orders of magnitude smaller than τ−1

3ph in

the whole frequency range. The τ−1
d of VacP is an order of

magnitude larger than that of SiB for phonons < 5 THz and
several times larger than that of SiB for most phonons within
8–16 THz. The τ−1

iso is comparable to the τ−1
d of SiB for most

acoustic phonons. At 800 K, three-phonon scattering is the
only dominant term because τ−1

4ph is an order of magnitude

smaller than τ−1
3ph for most acoustic phonons < 16.1 THz. We

also observe the ω4 frequency dependence of phonon-defect
scattering rates for VacP below 3.1 THz and SiB below 4.5
THz, indicating the typical behavior of Rayleigh scattering for
long-wavelength phonons.

Figure 4(b) compares the phonon-phonon and phonon-
defect scattering rates by 0.01% VacAs and 0.01% SiAs for
BAs. At 200 K, the τ−1

d of many modes are comparable to
or even much stronger than the τ−1

3ph within 2–8.5 THz for
VacAs, which are several times of magnitude larger than the
τ−1

4ph for most phonon modes. Similar to BP, the three-phonon
scattering and phonon-defect scattering dominate the κ of
BAs at 200 K. The τ−1

d of VacAs is an order of magnitude
larger than that of SiAs within 2–3.5 THz and several times
larger than that of SiAs for most modes within 4–9.4 THz. In
contrast to BP, the τ−1

iso is close to the τ−1
4ph at 200 K and much

weaker than τ−1
d of SiAs in BAs. The τ−1

4ph of BAs increases by
almost an order from 200 to 800 K and becomes comparable
to the τ−1

3ph above 4.5 THz at 800 K. This is because the temper-

ature dependence of τ−1
4ph ∼ T 2 is stronger than that of τ−1

3ph ∼
T [27]. As temperature increases, both three- and four-phonon
scattering become stronger and dominate high-temperature
phonon transport in BAs because the phonon-defect scattering
is almost temperature independent. Similar to BP, the phonon-
scattering rates by both point defects in BAs exhibit the typical
Rayleigh scattering behavior and follow ∼ ω4 for VacAs below
1.5 THz and SiAs below 1.8 THz.

Since the substitutions cause both mass difference (V M)
and force constant variation (V K ), we further compare the
effect of the two terms on the phonon scattering and spectral κ

of both materials, as shown in Fig. 5. For BP with 0.01% SiB,
the τ−1

d contributed by V K is several times larger than that by
V M below 16.1 THz. To gain a clear picture of the suppression
of κ by different perturbations, we plot the spectral κ as
a function of frequency for BP with 0.01% [Fig. 5(b)] and
0.1% SiB [Fig. 5(c)] at 200 K, in comparison with the natural
material. As expected, the V K results in a relatively stronger
suppression of κ than V M . For BP with 0.01% SiB, the V M

suppresses the κ mainly within 4.6-7.8 THz, which is slightly
weaker than that by V K . As the SiB concentration increases to
0.1%, the V K results in a substantially larger suppression of
κ than V M within a broader frequency range (3.6–11.8 THz).
Nevertheless, the suppression of κ by V M is non-negligible.
Note that the suppression of κ by either 0.01 or 0.1% SiB is
negligible below 1.9 THz at 200 K due to the dominance of
the three-phonon scattering [Fig. 4(a)].

In contrast to BP with 0.01% SiB, the phonon-defect scat-
tering in BAs with 0.01% SiAs is dominated by V K below
2.7 THz while that caused by V M is comparable to or even
stronger than that by V K within 3.5–9.4 THz. Correspond-
ingly, the V M results in a relatively larger reduction of κ than
V K within 4.8–7.8 THz, as shown in Fig. 5(e). Below 4.8
THz, the V M and V K result in a negligible difference in the
suppression of κ , which can be attributed to the low concentra-
tion of the SiAs. As the SiAs concentration increases to 0.1%,
a clearer difference is observed for the suppression of κ in
the frequency range where V M or V K dominates. Specifically,
the V K leads to a stronger suppression of κ below 4.6 THz
but a much weaker suppression of κ within 4.6–8.5 THz, in
comparison with that by V M [Fig. 5(f)]. Compared to BP,
V M plays a relatively stronger role in reducing the κ of BAs,
particularly within the frequency range 4.6–8.5 THz, which is
mainly due to the larger As-to-Si relative to the Si-to-B mass
ratio. To further evaluate the effect of mass difference, we also
calculated the phonon-defect scattering caused by V K and V M

in BAs with 0.01% SiB. As shown in the inset of Fig. 5(d),
the τ−1

d contributed by V K is almost one order of magnitude
larger than that by V M for most phonons below 9.4 THz.

We next look into the influence of point defects on each
acoustic phonon branch in both materials. As shown in
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FIG. 5. (a) Phonon-defect scattering rates caused by the force constant perturbation (V K ) and mass difference (V M ) for BP with 0.01%
SiB. Spectral κ as a function of frequency for defective BP with 0.01% (b) and 0.1% SiB (c) as compared to the natural BP at 200 K. (d) Same
as (a) but for BAs. Inset (d) shows the phonon-defect scattering rates by V K and V M in BAs with 0.01% SiB. (e) Spectral κ as a function of
frequency for defective BAs with 0.01% SiAs at 200 K, in comparison with the natural BAs. (f) Same as (e) but for 0.1% SiAs. Blue and red
circles represent phonon-defect scattering rates caused by V K and V M , respectively. Black, blue, red, and green curves represent spectral κ of
natural materials and that further including phonon-defect scattering by V K , V M , and V K + V M , respectively.

Figs. 6(a) and 6(b), we plotted the relative contribution of κ

(κr−c) and the relative suppression κr−s of acoustic phonon
branches with respect to temperature for BP. The relative sup-
pression κr−s by point defects corresponding to the nth phonon
branch is defined as κn

r−s = (1 − κn
d /κn

p )×100%, where κn
p

and κn
d is the thermal conductivity contributed by the nth

phonon branch in the pristine and defective materials, respec-
tively. The acoustic phonons contribute more than 98.9% to
the total thermal conductivity of pristine BP within 100–1000
K, with the largest contribution from the TA1 branch, then the
TA2 and LA. For example, the TA1, TA2, and LA branches
contribute 41.4%, 35.3%, and 23.0% of the total κ at 300 K,
respectively. Overall, negligible variation is observed for the
κLA

r-c and κTA2
r-c in BP containing VacP and SiB, respectively. In

contrast, the κr-c of other branches is substantially changed by
the point defects. Compared with the branch contribution of
κ in pristine BP, VacP and SiB increases the κTA2

r-c and κLA
r-c ,

respectively, while both defects decrease the κTA1
r-c over the

whole temperature range. In general, point defects result in
larger variations in κr-c at lower temperatures. For example,
VacP significantly changes the relative contribution of κ for
TA1 and TA2 branches within 100–265 K, which becomes
κTA1

r-c < κTA2
r-c in contrast to κTA1

r-c > κTA2
r-c in the pristine BP.

This is because VacP results in much stronger suppression of
κ of the TA1 branch than that of the TA2 branch, e.g., κTA1

r−s

(54.9%) vs κTA2
r−s (44.6%) at 150 K. As temperature increases,

the κr-c of each acoustic branch for both defects gradually
recovers that in the pristine BP because phonon-phonon scat-
tering becomes stronger and dominates the thermal transport
at high temperatures. Compared with the SiB, VacP results

in a much larger suppression of κ for each acoustic branch,
as shown in Fig. 6(b). Also, the two types of point defects
in BP produce varying κr−s of acoustic branches, which is
in the descending order of TA1 > LA > TA2 for VacP and
TA1 > TA2 > LA for SiB.

Figures 6(c) and 6(d) show the κr-c and κr−s of acoustic
phonon branches for BAs. The acoustic phonons contribute
more than 99.8% to the total thermal conductivity of pristine
BAs within 100–1000 K. Specifically, the TA2 branch con-
tributes most to the κ in comparison with others, e.g., 44.2% at
300 K. The influence of point defects on the κr-c varies greatly
for the TA1 and LA branches. Compared with the branch
contribution of κ in the pristine BAs, VacAs increases κTA1

r-c
and decreases κLA

r-c while SiAs almost does not change κTA1
r-c

and increases κLA
r-c over the entire temperature range. The vari-

ations of κr-c result from the κr−s of acoustic branches, which
is in the descending order of LA > TA2 > TA1 for VacAs and
TA2 > TA1 > LA for SiAs, as shown in Fig. 6(d). Similar to
BP, point defects in BAs lead to larger variations in κr-c at
lower temperatures. Also, the κr-c gradually approaches that in
the pristine BAs while the κr−s decreases significantly for each
acoustic branch with increasing temperature. For example,
the κTA1

r-c of pristine BAs (26.4%), VacAs (27.2%), and SiAs

(26.5%) are very close to each other at 1000 K. Meanwhile,
the κr−s of each acoustic branch decreases substantially with
the increase of temperature, e.g., κTA1

r−s in VacAs decreases from
76.1% at 100 K to 10.6% at 1000 K.

To quantitatively describe the suppression of κ by point
defects, we define the defect effect by P = κp/κd−1, where
κp and κd is the thermal conductivity of pristine and defective
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FIG. 6. κ relative contribution and relative suppression of each acoustic branch as a function of temperature for BP (a), (b) and BAs
(c), (d). Solid, dashed, and dotted lines represent results of natural materials, 0.01% vacancies (VacP for BP and VacAs for BAs), and 0.01%
substitutions (SiB for BP and SiAs for BAs), respectively.

materials, respectively. In Fig. 7, we show the P value of
point defects at varying temperatures for both BP and BAs.
The magnitude of P is an indicator of the competition be-
tween intrinsic phonon-phonon and extrinsic phonon-defect
scattering. A greater P value indicates stronger suppression
of κ by phonon-defect scattering. P value approaching 0
means negligibly weak phonon-defect scattering compared
to intrinsic phonon-phonon scattering. The P value decreases
as temperature increases since the suppression of κ by point
defects weakens with increasing temperature. P = 1 corre-

sponds to a 50% reduction of κ , and P � 1 can be considered
as a large reduction of κ . P = 0.1 corresponds to an ∼ 10%
reduction of κ , and the suppression of κ can be consid-
ered as negligible when the P value is lower than 0.1.
For example, as shown in Fig. 7(a), the P value of BP
with 0.01% VacP decreases from 1.79 to 0.11 as tempera-
ture increases from 100 to 1000 K, quantifying the sharp
contrast in the reduction of κ . The P value of BAs with
0.01% VacAs is 2.78 at 150 K and 1.09 at 300 K, suggest-
ing large suppression of κ by VacAs. The P value of BAs

FIG. 7. Calculated defect effect as a function of temperature for BP (a) and BAs (b) with different point defects: VacP and SiB in BP,
VacAs and SiAs in BAs. Two fractions (0.001 and 0.01%) are considered for each point defect. Solid and dotted curves correspond to results
of vacancies and substitutions, respectively. P = κp/κd−1, where κp and κd is the thermal conductivity of pristine and defective materials,
respectively.
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with 0.01% SiAs is 0.04 at 1000 K, indicating negligible
suppression of κ .

IV. CONCLUSION

In summary, we have studied the effect of point defects on
the thermal conductivity of cubic BP and BAs using ab initio
Green’s function approach combined with phonon Boltzmann
transport equation, with a special focus on the competition
between phonon-defect and phonon-phonon scattering. Our
calculations show that the magnitude and temperature de-
pendence of κ can be largely weakened by point defects in
both materials, even for extremely low defect fractions. For
instance, 0.001% VacP reduces the κ of BP by 23% at 100
K while 0.01% VacP decreases its temperature dependence
within 500–1000 K to T −1.0, as compared to T −1.3 in the
pristine material. Specifically, considering point defects with
a low concentration of ∼ 0.001%-0.01% can well reproduce
the experimental κ of both materials below 300 K, which
are largely overestimated when only three-phonon and four-
phonon scattering are considered. Also, the suppression of κ

by point defects becomes stronger as temperature decreases.
The dominant phonon-scattering terms vary for temper-

atures and materials. In general, phonon-defect and four-
phonon scattering plays more pronounced roles at low and
high temperatures, respectively. For example, for BP with
0.01% VacP, phonon-defect and three-phonon scattering are
comparable within 3–10 THz and dominate the κ at 200 K,
while three-phonon scattering is the major scattering term in
the whole frequency range at 800 K. For BAs with 0.01%
VacAs, phonon-defect and three-phonon scattering are com-
parable within 2–8.5 THz at 200 K and play dominant roles
in determining its κ , while three- and four-phonon scattering
dominate the κ over almost the entire frequency range at
800 K.

In addition, vacancies result in stronger phonon scattering
than substitutions in both materials. For SiB substitution in BP,
the phonon-defect scattering rate contributed by V K is several
times larger than that by V M for most acoustic phonons.
In contrast, for SiAs in BAs, the phonon-defect scattering is
dominated by V K below 2.7 THz while that caused by V M is
comparable to or even stronger than that by V K within 3.5–9.4
THz, mainly because of the large As-to-Si mass ratio. For
both materials, the frequency dependence of phonon-defect
scattering rates by vacancies and substitutions follows ∼ ω4

in the low-frequency range, a typical behavior of Rayleigh
scattering. Furthermore, the scattering strength of different
phonon branches by point defects depends on defect type.
Vacancies result in scattering strength in the descending or-
der of TA1 > LA > TA2 in BP and LA > TA2 > TA1 in
BAs. The scattering strength caused by substitutions is in
the descending order of TA1 > TA2 > LA for SiB in BP and
TA2 > TA1 > LA for SiAs in BAs.

The results obtained in this work deepen the understanding
of phonon transport in materials with point defects and will
be helpful for tailoring the thermal properties of materials by
defect engineering for applications in electronics, optoelec-
tronics, thermoelectrics, etc.
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