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ABSTRACT

Boron arsenide (BAs) is a covalent semiconductor with a theoretical intrinsic thermal conductivity approaching 1300W/m K. The existence
of defects not only limits the thermal conductivity of BAs significantly but also changes its pressure-dependent thermal transport behavior.
Using both picosecond transient thermoreflectance and femtosecond time-domain thermoreflectance techniques, we observed a non-
monotonic dependence of thermal conductivity on pressure. This trend is not caused by the pressure-modulated phonon–phonon scattering,
which was predicted to only change the thermal conductivity by 10%–20%, but a result of several competing effects, including defect–phonon
scattering and modification of structural defects under high pressure. Our findings reveal the complexity of the defect-modulated thermal
behavior under pressure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0113007

Thermal management posts a critical challenge when power den-
sity in electronics keeps scaling up. High thermal conductivity semicon-
ductors that can dissipate heat quickly may help solve this problem as
an effective means. As a result, a number of highly thermally conductive
materials have been considered for thermal management of high-power
electronics.1–4 Diamond has the highest thermal conductivity
(>2000W/m K)5 but is electrically insulated. Graphite has a high in-
plane thermal conductivity close to 2000W/m K6 but with a cross-plane
thermal conductivity only less than 10W/m K,7 which limits the heat
dissipation capability. Furthermore, the in-plane thermal conductivity of
monolayer and few-layer graphene is strongly affected by substrates.8 A
perfect candidate to help solve this issue would be a bulk semiconductor
with high and isotropic thermal conductivity.

Boron arsenide (BAs) is a promising candidate for high-power
electronics with thermal conductivity values on the same order of mag-
nitude as those of diamond and graphite along its in-plane direction. As
early as 2013, Lindsay et al. predicted with ab initio calculations that

cubic BAs could have a thermal conductivity as high as 2200W/m K if
only three-phonon scattering is considered.9 The large mass ratio
between boron and arsenic atoms generates a large energy gap between
acoustic phonon and optical phonon branches and greatly suppresses
the three-phonon (3-ph) scatterings. This study initiates efforts to grow
cubic BAs by a vapor transport technique. In 2018, three independent
groups reported high thermal conductivity values measured in cubic
BAs, ranging from 900 to 1300W/m K.10–12 Theoretical studies sug-
gested that the discrepancy between the calculation and experiments
comes from previously neglected four-phonon (4-ph) scatterings, which
was generally ignored in common materials but becomes significant
when a large phonon energy gap exists.12

Defects present in as-grown BAs affect both the electrical and
thermal transports in BAs, hence limiting its applications in electronic
devices.13 The ultrahigh thermal conductivity values were only
observed in certain areas on the as-grown BAs. In general, these as-
grown BA crystals possess various types of defects, such as impurity
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atoms, vacancies, and dislocations, which can further suppress its ther-
mal conductivity to be lower than 200W/m K.10,14–16 Understanding
the fact that how these defects would interact with heat and charge
carriers is crucial for designing high-performance electronic devices.
Previously, we reported the defect-modulated optical bandgap under
high pressure and found that the C and Si defects can form donor–
acceptor pairs (DAP) that can trap charge carriers and let them recom-
bine at the defect energy levels.17 The large compressive strain exerted
by a high-pressure environment can also modulate thermal transport
behavior via tuning the phonon–phonon scattering, phonon–defect
scattering, and even structural defects like dislocations. In this study,
we aim to investigate the defect-modulated thermal transport behavior
of BA crystals under high pressure. We found that the specific trend of
thermal conductivity with pressure is a combined effect from both
point-defects and structural defects, with a minimal contribution from
the competition between various phonon–phonon scattering channels.
Our findings reveal the complexity of the defect-modulated thermal
transport behavior under pressure.

The BA single crystals used in this study were grown via the
chemical vapor transport (CVT) method. Details of the sample growth
can be found in a previous report.17 The sample was cut by a stainless
steel special knife to a size of about 150 � 75lm2 to be placed inside
the diamond anvil cell (DAC) for high-pressure measurements. The
DAC device consists of two diamond cutlets of �400lm, and a Re
gasket pre-indented to approximately 50lm thick and drilled with a
hole of 200lm for the sample chamber. Silicon oil was filled into the
chamber as a pressure transmitting medium due to its low thermal
conductivity.18 The pressure is measured in situ with the fluorescence
of a few ruby spheres placed near the sample, with a typical uncer-
tainty of less than 1GPa in the pressure range of our study.

The picosecond transient thermoreflectance (ps-TTR) system
consists of a picosecond pump laser as the heating source (Coherent
Talisker laser with a pulse width of 15 ps, the central wavelength of
1064nm, and repetition rate of 200 kHz) and a continuous wave
(CW) probe laser (Coherent Verdi 532 nm). An 80nm thick gold layer
is deposited onto the sample surface as a thermal transducer. Both the
pump and probe beams are collinearly incident on the sample through
a Mitutoyo 10� IR long working distance objective lens, with pump
and probe spot sizes being 120 and 10lm (1/e2 diameter), respectively.
The reflected probe signal is then monitored by a fast Hamamatsu
APD detector (Hamamatsu C5658, 1GHz bandwidth) and recorded
by an oscilloscope (TDS 744A, 2 Gbs sampling rate).

In the time-domain thermoreflectance (TDTR) measurements,
the output of a Ti:sapphire laser (Spectra-Physics Mai Tai) with a cen-
tral wavelength of 785nm is split into pump and probe beams. Here,
an �80nm thick aluminum (Al) layer is deposited on the sample,
serving as a thermal transducer. The pump beam, modulated at
8.7MHz, heats up the Al layer, causing variations in temperature and
optical reflectivity. Wemonitor the temporal evolution of the tempera-
ture by detecting the reflected probe beam intensity. Principles of the
TDTR were detailed in the literature.19,20

Thermal conductivities of the BA crystals were measured using
both TTR and TDTR systems in high-pressure DACs. The samples
measured by TTR and TDTR were different (sample No. 1 and sample
No. 2, respectively). For each sample, the thermal conductivities on
four selected spots were measured. Thermal reflectance spectra from
TTR and TDTR measurements at each given pressure were fitted to

derive the thermal conductivity of the sample, which is plotted in
Figs. 1 and 2. In the fitting, the density of the sample at high pressure
is calculated using the equation of state of BAs reported in the litera-
ture by Ravichandran and Broido.21,22

At ambient pressure, the thermal conductivity values were mea-
sured with the ps-TTR range from 600 to 900W/m�K at selected spots
on a single piece of the sample. With TDTR, the values range from
100 to 200W/m�K, again at different spots on a single piece of the
sample (not the same sample used for ps-TTR). Two different samples
are used for ps-TTR and TDTR measurements. The thermal conduc-
tivity values at ambient pressure show that the sample quality varies
drastically, and there is significant chemical inhomogeneity in defect
concentrations even on the same sample. This phenomenon has been
reported previously.23–26

In our previous work,17 we conducted the time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) measurements and
confirmed that the most abundant point defects in our BA samples are
Si and C. Both Si and C have four valence electrons in the outermost
shell (3s23p2 for Si and 2s22p2 for C) and hence can replace either
boron or arsenic sites and serve as both donors (providing extra elec-
trons) and acceptors (receiving electrons or providing extra holes),
respectively.

With TTR measurements of sample No. 1, shown in Fig. 1, at all
the four selected positions, the derived thermal conductivity shows an
obvious increase with pressure up to �15–20GPa. There may be a
decreasing trend at higher pressure, but the uncertainties are too large
to be ascertained. The red symbols are experimental results when
releasing the pressure (in decompression), which follows well with
those of increasing pressure. Error bars are plotted for all ps-TTR mea-
surements. Because ps-TTR only measures the amplitude signal, large
uncertainty usually shows up for high thermal conductivity materials.
On the other hand, the TDTR measurements on a different BA crystal
(Fig. 2) show a first increasing and then decreasing trend at all four
selected positions. For example, the thermal conductivity at the first
spot increases from 150W/m K at ambient to 600W/m K at 12GPa
but then decreases to �400W/m K at 14GPa. Since TDTR measures
both the amplitude and phase information, the overall uncertainty of
TDTR measurements is lower, about 10% to 20% over the pressure
range we studied. BAs is known to show large variations from sample
to sample and large inhomogeneity even in the same sample. The dis-
crepancy of absolute values of thermal conductivity as well as the pres-
sure of saturation (turning) likely comes from the fact that the TTR
and TDTR are performed on different samples. Nevertheless, the first
increasing and then decreasing trend was observed in seven out of the
eight measurements, suggesting that these trends are universal with
important physics behind.

Thermal conductivity can be estimated as k¼ 1/3c�2s, where c is
the heat capacity, � is the group velocity, and s is the phonon lifetime.
The overall thermal conductivity is a summation of all phonon modes.
Compressive strain applied through pressure in a high-pressure dia-
mond anvil cell would shorten the interatomic distance of the BA lat-
tice and increase its interatomic bonding strength. Heat capacity
depends on the density. When the interatomic distance decreases
under pressure, density and heat capacity increase. Stronger inter-
atomic bonds give higher phonon group velocity. At the same time,
stiffer bonding increases the anharmonic scattering among phonons,
which decreases the phonon lifetime and hence the thermal
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conductivity. When the pressure reaches a certain threshold and the
interatomic distance is small, it would be more and more difficult to
further compress the materials due to the repulsive component of
Coulomb interaction among electrons. A combination of these effects
could result in the first increasing and then saturation trend with pres-
sure, which has been observed in many covalently bonded solids as
well as 2D vdW materials,27,28 unless some phase transitions occur.
Under this general phenomenon, the first increasing trend observed in
BAs is consistent with other materials. What is uncommon is the
decreasing trend when the pressure continues to increase.

The first possible reason for this non-monotonic trend (first
increasing and then decreasing) could be a phase transition. In some

materials, when the interatomic distance exceeds some threshold, the
energy accumulated in the system becomes very high. If there exists
another phase that has lower ground energy, the atoms will rearrange
according to the new phase. The signature of the emerging new phase
is the appearance of new phonon modes. In our previous study, we
measured the Raman spectra of BAs up to 20GPa and observed a fine
splitting of LO and TO phonons of isotope 11B. We did not observe
any new phonon modes of BAs under high pressure, which indicates
that no phase transition occurs in BAs within this pressure range.27

The other factors that need to be considered are the pressure-
modulated phonon–phonon interactions, as well as phonon–defect
interactions. In BAs, Ravichandran et al. predicted an increasing and
then decreasing trend of thermal conductivity with pressure, which
comes from competing responses of 3-ph and 4-ph scattering pro-
cesses.21 4-ph scattering has been shown to be important in BAs due
to the large energy gap between the acoustic and optical phonon
branches, where the 3-ph processes can no longer satisfy the energy
conservation and therefore the 4-ph processes are necessary.21 The 4-
ph scattering rates decrease with pressure, and thus, increase the ther-
mal conductivity, while 3-ph scattering rates increase with pressure
and tend to decrease the thermal conductivity. At the low to interme-
diate pressure region (<20GPa), the 4-ph reduction effect dominates
and gives an overall increasing trend of thermal conductivity with
pressure. At the high-pressure region (> 20GPa), the 3-ph scattering
increase dominates and hence the overall thermal conductivity
decreases. A peak thermal conductivity appears around 17.5GPa.
Recently, Ravichandran et al. also predicted a peak in the pressure-
dependent thermal conductivity of boron phosphide (BP) and

FIG. 1. Pressure-dependent thermal conductivity measured with TTR at selected sample spots on sample No. 1. Both compression (blue open circles) and decompression
(red open circles) data were collected from the samples.

FIG. 2. Pressure-dependent thermal conductivity measured with TDTR at different
spots of sample No. 2. The measurement uncertainties are �10%.
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attributed it to the interlaying role between 3-acoustic phonon scatter-
ing (AAA) and 2-acousticþ 1-optical phonon scattering (AAO).29 For
all these calculations, there is only about a 10%–20% increase in ther-
mal conductivity from ambient pressure to the peak. Compared to our
experimental results, Fig. 2 shows an increase in about four times in
the thermal conductivity, and Fig. 1 shows an increase in about two
times. Therefore, the pressure-modulated phonon–phonon interac-
tions are too small to be the dominant mechanism for the observed
phenomena in our experiments.

Another key factor to consider would be the phonon–defect
interaction. It is well known that the BA samples prepared with cur-
rent methods suffer from various types of defects that cause inhomo-
geneity and relatively low thermal conductivity. The two most
common types of defects are point defects and structural defects. The
point defects would affect the thermal conductivity in two ways: (i)
scatter the phonons directly and (ii) provide extra carriers (either elec-
trons or holes) that can also scatter phonons. It is known that boron
has two isotopes, 10B and 11B, whose concentration ratio is about 1:4
in the synthesized BAs. These isotopes would show different behavior
under pressure. Our previous study shows that the Raman peak corre-
sponding to 10B shows a blue shift with pressure, and its intensity
drops significantly.17 The 11B peak split into two peaks at high pres-
sure, corresponding to the splitting of LO and TO phonons. Our pre-
vious PL measurements revealed an indirect bandgap around 1.73 eV
and two lower transitions corresponding to the donor–acceptor pair
(DAP) transitions of Si and C defects (1.4 eV for C-DAP and 1.6 eV to
Si-DAP). Under pressure, the indirect bandgap shrinks from 1.73 to
1.62 eV at around 19.2GPa, and the ionization energy of Si and C
donors also decreases by 0.1 and 0.04 eV, respectively. Smaller ioniza-
tion energy from the defect donor levels means under the same ther-
mal fluctuation background, more carriers initially bound at the defect
level could be excited into the conduction band and become free car-
riers when pressure increases. A first-principles calculation suggested
that phonon scattering by a high concentration of free carriers can
considerably reduce the lattice thermal conductivity of P-type silicon.30

In comparison, the unique phonon band structure of BA results in not
only weak phonon–phonon but also weak electron–phonon scattering,
so the effects of free carrier scattering of phonons in the lattice thermal
conductivity were not considered as important in recent studies.13,31

Furthermore, a recent calculation suggested that ionization of group
IV impurities can reduce the bond distortion to decrease impurity

scattering of phonons compared to neutral impurities.31 Hence,
pressure-induced ionization of impurities can lead to both increased
free carrier–phonon scattering and reduced impurity–phonon scatter-
ing, resulting in a nontrivial effect on the lattice thermal conductivity.

Structural defects are also abundant in BAs. According to the
previous reports, several types of structural defects could exist in the
as-grown BA samples, such as micro-cracks,32 twin boundary/grain
boundary,12 and phase segregation.13 Under hydrostatic pressure, the
compressive strain along all directions would squeeze the microcracks
and boundaries, which can increase the thermal conductivity by
increasing the interface phonon transmission. At the same time, differ-
ent phases and grains could shift their locations and orientations,
which would also alter the thermal conductivity of the probed area.
Hence, the overall effect would depend on a combination of various
factors. Figure 3 presents the measurements with TDTR on a sample
(sample No. 3) possibly with a large number of structural defects. For
the regions initially having low thermal conductivity at low pressure,
the values increase with pressure; while for some high-thermal con-
ductivity regions, the values even decrease with pressure. Eventually,
the values converge above 30GPa. These results directly show that
applying high pressure reduces the nonuniformity of as-grown BA
crystals possibly caused by structural defects. As mentioned before,
simulations only predicted about 10%–20% increase in the thermal
conductivity in BAs with pressure, so the drastic increase in the ther-
mal conductivity with pressure observed in Figs. 1 and 2 could indicate
that some structural defects (such as microcracks and twin/grain
boundaries) are compressed to a great extent. At the highest pressures,
as shown in Figs. 1, 2, and 3(b), when these defects could not be fur-
ther compressed, other factors, such as phonon scattering with point
defects, would dominate and reduce the thermal conductivity.

We also want to point out some practical difficulties encountered
in this study. Ideally, all the experiments should be performed on the
same sample and also exactly at the same spot, so a clear correlation
between defects and thermal conductivity might be established, which
is (unfortunately) not possible at the current stage. It has remained a
challenge to grow high-quality BA crystals with low or uniform defect
concentration. With either ps-TTR or TDTR measurements, the sam-
ples are polished and coated with different thin metal films, making it
even more difficult to identify the regions with good quality and per-
form measurements at same sample/spot between two techniques. For
high-pressure measurements, the whole DAC device needs to be taken

FIG. 3. Pressure-dependent thermal conductivity measured with TDTR at different spots of sample No. 3 with a large number of structural defects. (a) Experiment performed
up to 40 GPa. (b) Experiment performed up to 60 GPa. The measurement uncertainties are �10% before 30 GPa and �20% at 60 GPa.
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out of the spectrometer to adjust the pressure. Even though much care
has been taken to measure the same region of the sample, it is impossi-
ble to measure on the exact same spot. Furthermore, the samples can
be easily damaged under high pressure, so a new sample is used for
every set of measurements. Even though with these difficulties, apply-
ing both ps-TTR and TDTR does verify the consistency of the
observed trend and reveals the rich physics behind.

Finally, we are aware of a recent work posted on arxiv.org about
the pressure-dependent thermal conductivity of BAs, which reveals a
nearly constant trend with pressure.33 The discussion of that work
focused on the pressure dependence of pure phonon–phonon scatter-
ing. As we pointed out earlier, the effect of pure phonon–phonon scat-
tering would only give a change of thermal conductivity of about
10%–20%, comparable with the uncertainty of thermal conductivity
measurements, so it is not surprising to observe a constant trend if the
phonon–phonon scattering dominates especially in samples without
too many defects. According to our discussions above, the thermal
conductivity changes measured by both ps-TTR and TDTR show sig-
nificant changes in the thermal conductivity with pressure, and several
physical mechanisms may have contributed to the trend observed in
our experiments.

In conclusion, the pressure-dependent behavior of thermal con-
ductivity of as-grown BA samples could exhibit complex features
resulting from the competition of different physical mechanisms.
Based on the simulation results reported in the literature and our own
experimental results, there are five possible mechanisms that can affect
the behavior: (i) competition between 3-ph and 4-ph scatterings; (ii)
competition between different channels of 3-ph scatterings; (iii) com-
petition between defects–phonon and phonon–phonon scattering; and
(iv) pressure could temporarily modify structural defects, which may
restore when pressure is released. According to the literature, the first
two only consider the intrinsic ph–ph scattering in perfect BA crystals
and can induce thermal conductivity change of less than 20%, which is
much smaller than what was observed in our experiments. Thus, the
behavior observed here should mainly reflect the effects of point
defects and structural defects.
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