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ABSTRACT: Heat dissipation is an increasingly critical technological challenge in modern electronics and photonics as devices
continue to shrink to the nanoscale. To address this challenge, high thermal conductivity materials that can efficiently dissipate
heat from hot spots and improve device performance are urgently needed. Boron phosphide is a unique high thermal
conductivity and refractory material with exceptional chemical inertness, hardness, and high thermal stability, which holds high
promises for many practical applications. So far, however, challenges with boron phosphide synthesis and characterization have
hampered the understanding of its fundamental properties and potential applications. Here, we describe a systematic thermal
transport study based on a synergistic synthesis-experimental-modeling approach: we have chemically synthesized high-quality
boron phosphide single crystals and measured their thermal conductivity as a record-high 460 W/mK at room temperature.
Through nanoscale ballistic transport, we have, for the first time, mapped the phonon spectra of boron phosphide and
experimentally measured its phonon mean free-path spectra with consideration of both natural and isotope-pure abundances. We
have also measured the temperature- and size-dependent thermal conductivity and performed corresponding calculations by
solving the three-dimensional and spectral-dependent phonon Boltzmann transport equation using the variance-reduced Monte
Carlo method. The experimental results are in good agreement with that predicted by multiscale simulations and density
functional theory, which together quantify the heat conduction through the phonon mode dependent scattering process. Our
finding underscores the promise of boron phosphide as a high thermal conductivity material for a wide range of applications,
including thermal management and energy regulation, and provides a detailed, microscopic-level understanding of the phonon
spectra and thermal transport mechanisms of boron phosphide. The present study paves the way toward the establishment of a
new framework, based on the phonon spectra−material structure relationship, for the rational design of high thermal conductivity
materials and nano- to multiscale devices.

KEYWORDS: Boron phosphide, high thermal conductivity materials, thermal management, heat dissipation, phonon mode,
mean free path spectra, ballistic thermal transport, Boltzmann equation, variance-reduced Monte Carlo simulation, ab initio calculations,
time-domain thermoreflectance

With the continuous shrinking of modern electronic and
photonic devices, heat dissipation is an increasingly

critical technological issue for a broad range of applications
encompassing nanoscale transistors, thumbnail-size chips, smart
phones, and vehicle electronics as well as data server farms.1−8

A key challenge and urgent need for effective thermal
management is the discovery and development of new high
thermal conductivity materials that can effectively dissipate heat
from hot spots.1,2,9 Currently, diamond is the most-developed
candidate as a heatsink substrate to enhance cooling efficiency
in high-power electronics. However, diamond is far from an

optimal candidate given its high cost, slow growth rate,
degraded crystal quality, and integration difficulties resulting
from high chemical inertness.10,11 Cubic boron nitride, with its
attractive properties, is another candidate benchmark material
for thermal management, but production difficulties are a major
drawback.12 Common ways to prepare high-quality cubic boron
nitride crystals are borrowed from diamond synthesis and
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require energetic ion-bombardment-assisted methods,13 high-
temperature and high-pressure techniques,14,15 or epitaxy
growth using diamond as a substrate.16 The lack of easy
chemical synthesis routes, along with the issue of suppressing
the growth of hexagonal phases, compromise the potential
applications of boron nitride. 1D or 2D nanomaterials, such as
carbon nanotubes and graphene, are limited by their intrinsic
anisotropic thermal conductivity and performance degradation
caused by ambient scattering, even though the individual
materials offer high thermal conductivities.9,17

Presently, the fundamental origin of high thermal con-
ductivity remains unclear. Many recent theoretical works,
including first-principles simulations, aim at understanding and
developing new high thermal conductivity materials.18 Among
candidate materials, cubic boron phosphide (BP) is an isotropic
semiconductor with high thermal conductivity and exceptional
chemical refractory properties, high thermal stability, and large
elastic modulus as well as a unique potential to be used in
nuclear and radiation detectors.19,20 In addition, in comparison
with diamond and cubic boron nitride, the finite semiconductor
bandgap of BP provides a flexible control of its electronic
properties. Although BP synthesis was first studied in 1957,21

early studies on BP thermal conductivity are sparse22,23 and lack
detailed descriptions of the structures studied and their
measurement characteristics. Understanding the thermal and
phonon transport mechanism of BP is critical to appreciating its
potential for high thermal conductivity applications. So far,
challenges in the synthesis of high-quality crystals12 and thermal
characterization of nanostructures24 have precluded the
experimental investigation of BP as a thermal management
candidate. Here, we describe the chemical synthesis of high-
quality single BP crystals, the measurement of their temper-
ature- and size-dependent thermal conductivity using ultrafast
optical pump probe spectroscopy and the exploration of their
phonon spectra through nanoscale ballistic thermal transport.

Furthermore, by combining experimental measurements and
modeling based on the phonon Boltzmann transport equation
and the multiscale variance-reduced Monte Carlo simulation,
we determined the intrinsic phonon mean free path spectra of
BP and quantified the contribution of the spectral phonon
mode dependent scattering to the thermal conductivity of BP.
The synergistic experiment-modeling approach presented here
may provide insights into a mechanistic understanding of the
origin of high thermal conductivity and opens up new
opportunities toward the rational design of advanced thermal
materials.
Single-crystal BP was synthesized by chemical transport

reaction from metal-phosphide solutions through a multistep
crystallization process and followed by careful structural
characterization to ensure high crystal quality (see the
Supporting Information). Figure 1a shows a typical scanning
electron microscopy image of the as-synthesized BP crystal.
Synthetic BP crystals vary in size from 50 to 500 μm and are
mostly hexagonal in shape with the main top crystal surface in
the {111} orientation. The crystal morphology of BP is
consistent with its crystal structure and growth kinetics: BP is a
zinc-blende structure in the 4̅3m space group (inset of Figure
1a), where boron and phosphorus atoms with tetrahedral
geometry are covalently bonded and form interpenetrating face-
centered cubic structures. During BP crystal growth, its {111}
crystal orientation has the slowest growth rate as a consequence
of the high nucleation energy and usually tends to form the
smooth top surface of BP crystals (Figure 1a). This growth
restriction results in the stable formation of hexagonally shaped
BP crystals bound by {111} plane and allows faster crystal
growth in the {110} and {100} directions.25 The BP single
crystal structure was verified by powder X-ray diffraction (P-
XRD), single crystal X-ray diffraction (S-XRD), and Raman
spectroscopy measurements. P-XRD data show very sharp
diffraction peaks of minimum width, which are in agreement

Figure 1. Material synthesis and structural characterization of single-crystal boron phosphide (BP). (a) Scanning electron microscopy image of a
sample of BP crystals. The scale bar is 50 μm. The inset schematic illustrates the crystal structure of cubic BP. (b) Powder X-ray diffraction patterns.
(c) Single crystal X-ray diffraction image of chemically synthesized BP crystals. (d) Raman spectra of synthetic BP crystals. TO and LO represent the
transverse and the longitudinal optical phonon mode, respectively.
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with the diffractions from different BP crystal planes (Figure
1b). No additional impurity peaks are present in the P-XRD
data and energy-dispersive X-ray spectroscopy data (see the
Supporting Information). The lattice constant obtained from
XRD measurements is 4.54 Å, which is the second smallest
among zinc blende III−V materials and indicates strong lattice
bonding of BP.26 The compact structure and light atomic mass
of BP leads to a large overlap of atomic orbitals in the crystal,
resulting in high crystal stability27 and very high melting
temperature of ∼3000 °C.19 The single crystallinity was further
verified by S-XRD: under X-ray excitation, the BP sample was
rotated over 360°, and the diffraction data were collected at
every 2° and merged into the same plot. In the merged plots of
the S-XRD image (Figure 1c), each diffraction spot appears
clearly as a single dot and no distortion (ring shape or blurred
spot) is observed, meaning that all diffraction patterns obtained
through the whole crystal are consistent, thus confirming that
the entire BP sample has perfect single crystallinity and that
there are no grain boundaries. For BP, the optical phonons in
the nonmetallic zinc-blende structure are triply degenerated
because of the cubic symmetricity. Consequently the optical
phonon of BP split into two modes: the transverse optical
(TO) and the longitudinal optical (LO) phonon modes.28 The
Raman spectroscopy data of the BP crystal sample (Figure 1d)
clearly shows the two peaks at 799 and 829 cm−1,
corresponding to the TO and LO phonon modes, respectively.
In addition, no difference was observed for the structural

characterization performed with different crystals, which
indicates a very high crystalline quality and uniformity of
grown BP crystals.
The thermal properties of single BP crystals were

characterized using a time-domain thermoreflectance (TDTR)
method, illustrated in Figure 2a (also see the Supporting
Information). TDTR is a reliable technique to measure thermal
properties of materials4,24,29−33 and is used to develop novel
experimental spectroscopy techniques to study phonon
spectra.4,34 In our setup, a femtosecond Ti/sapphire laser
pulse is split between a pump and a probe pulse. The pump
pulse generates a sharp temperature rise on the sample surface.
The transient temperature decay, due to the heat impulse, is
detected by the probe pulse at different delay times controlled
with a mechanical delay stage. The full transient decay curve is
then fit with a multilayer thermal model to obtain the thermal
conductivity (κ).29,30 It should be noted that TDTR is well-
suited to study BP crystals because it requires no physical
contact with the sample, and measurements can be performed
over micrometer-size sample. In addition, it allows the
investigation and quantification of the phonon spectra through
nanoscale ballistic transport, as described below. Figure 2b
shows experimental data from our TDTR measurements and
fittings. We measured a record high thermal conductivity of BP
crystals of ∼460 W/m·K at room temperature. This value is
exceeding that of common highly conductive metals, such as
copper and silver, and is three times higher than that of single-

Figure 2. Thermal transport measurements and phonon spectral mapping of boron phosphide (BP). (a) Schematic of ultrafast pump−probe
spectroscopy, the time-domain thermoreflectance (TDTR) method used for thermal conductivity measurement. (b) Measurement data and model
fitting. Experimental data (red circles) and fits from the multilayer thermal transport model (black line) for the TDTR phase signal. Calculated
curves (black dashed lines) using the thermal conductivity changed by ±10% of best values are plotted to illustrate the measurement sensitivity. (c)
Scattering sensitivity analysis of different phonon-scattering mechanisms. (d) Measurement data and modeling results of the temperature-dependent
thermal conductivity (κnature) from 77 to 298 K. Experimental data (blue squares) and modeling fit considering multiple phonon scattering processes
(dashed blue line). (e) Temperature-dependent thermal conductivity of isotope-pure BP (κintrinsic) extracted from experimental data (red squares)
compared to that obtained from density functional theory (DFT) calculations (red dashed line, ref 41). (f) Experimental study of ballistic phonon
transport consisting of measuring size-dependent effective thermal conductivity (κeff) at different temperatures.
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crystal silicon, which underscores the potential of BP for high
thermal conductivity applications.
To investigate the high thermal conductivity transport

mechanisms of BP, temperature-dependent thermal conductiv-
ity (κnature) of BP crystal samples was measured from 77 to 298
K (Figure 2d). Following the general temperature-dependent
trend of single crystals, thermal conductivity of BP increases
nonlinearly at low temperature, due to the suppression of
phonon scattering. At 77 K, the measured thermal conductivity
of our BP samples reaches a high value of ∼1400 W/m·K. This
temperature-dependent result is directly related to the phonon
scattering mechanisms. Fundamentally, the lattice thermal
conductivity by kinetic theory35 is expressed by:

∫∑κ ω ω ω ω= ΛC p v p p
1
3

( , ) ( , ) ( , )d
p

g
(1)

where C(ω,p) and νg(ω,p) represent the spectral volumetric
specific heat and the group velocity, respectively, for the
phonon mode with frequency ω and polarization p. The
phonon mean free path (MFP), Λ(ω,p) = νg(ω,p) · τ(ω,p),
describes the average distance that a phonon travels between
two successive scattering. The total phonon relaxation time
τ(ω,p) is contributed by the Rayleigh scattering (τr) from
impurities or isotopes, the Umklapp scattering (τa) from an
harmonic phonon−phonon scattering, and the boundary
scattering (τb), following the Matthiessen rule:36

τ τ τ τ= + +− − − −1
r

1
a

1
b

1
(2)

Importantly, the temperature and the frequency dependence
vary for different scattering contributions:37

τ ω=− Ar
1 4

(3)

τ =− v L/b
1

s (4)

where νs is the sound velocity and L is the crystal size. The
Umklapp scattering follows the modified Callaway model38−40

as:

τ ω= −− BT C Texp( / )a
1 2

u (5)

The temperature-dependent experimental data can be well
fitted using the above phonon relaxation time model, where A,
B, and Cu are respective coefficients. Figure 2d shows plots of
both experimental and modeling data. To identify the dominant
phonon scattering mechanism in BP crystals, we analyzed the
sensitivity of thermal conductivity to each scattering contribu-
tion and defined the respective scattering sensitivity as:

κ
τ

= − −S
d(ln )

d(ln )i
i

1
(6)

where τi
−1 refers to one of the different phonon scattering rates,

as defined in eqs 2−5. The scattering sensitivity analysis in
Figure 2c shows that τr affects κ most strongly at low
temperature (77 K), while τa plays the most-significant role at a
high temperature (300 K). This result is consistent with our
physical understanding of different scattering mechanisms: at
low temperature, phonons with long MFP are prone to
scattering due to impurities or limited crystal size, whereas the
Umklapp scattering becomes more dominant at higher
temperatures. Based on our measurements, we derived the
limit for intrinsic thermal conductivity of isotope-pure BP
(κintrinsic) by only considering the Umklapp scattering and

eliminating the impurity/isotope scattering. Interestingly, the
measured temperature-dependent thermal conductivity of
isotope-pure BP is in very good agreement with the calculation
using the density functional theory (DFT)41 (Figure 2e). At 77
K, κintrinsic reaches a very high value of 26000 W/m·K for
isotope-pure BP (versus 1400 W/m·K for κnature), which
confirms the presence of very strong Rayleigh scattering from
isotope impurities at low temperature.
To quantify the phonon spectral contribution to heat

conduction in BP crystals from different phonon modes, we
designed an experiment to measure the heating size dependent
thermal conductivity by probing nanoscale quasi-ballistic
transport.4 The effective heating size (D) on the BP crystal
samples is controlled by varying the laser spot size, which
determines a characteristic thermal length to control the heat-
transfer regime. In the diffusive limit, i.e., when D is larger than
the phonon mean free paths (Λ) of all of the phonon modes,
the measured thermal conductivity approaches the bulk value
(κbulk) because all propagating phonons experience enough
scattering to reach local thermal equilibrium and the transport
can be accurately described using Fourier’s law. However, if D
is reduced, phonons with Λ(ω,p) > D will not have enough
chances to scatter and thus experience ballistic thermal
transport, analogously to thermal radiation. Importantly, the
heat flux for the ballistic transport is suppressed from that for
the diffusive transport, and the deviations provide information
about the contribution to thermal conductivity from MFPs of
different phonons. The key metric to evaluate ballistic phonon
transport and spectral contribution to thermal conductivity is
the effective thermal conductivity (κeff), which is defined
following Fourier’s law. For smaller heating sizes (D) or
increased phonon MFPs (Λ) at lower temperature, a high
portion of phonons will have Λ > D and experience ballistic
transport, therefore leading to a gradual reduction in κeff.

4,42

Experimentally, κeff of BP is measured as a function of heating
sizes at variable temperature (Figure 2f). Ballistic transport can
be clearly observed in the size-dependent measurements. For
example, from D = 30 to 4.5 μm, κeff decreases by 24% at 298 K
and by 42% at 77 K. Note that our study also indicates that the
BP crystal boundary scattering in small-size samples can
actually dominate phonon transport at low temperature when
a high portion of the phonon mean free paths are larger than
the sample size, which leads to an underestimation of the
thermal conductivity, as it will be lower than the intrinsic bulk
value of the material.
To quantitatively understand the ballistic phonon transport

in BP crystals and interpret our experimental results, we solved
the three-dimensional spectral-dependent phonon Boltzmann
transport equation (BTE) with the relaxation time approx-
imation given by:

τ
∂
∂

+ ·∇ = −
−f

t
v f

f f
g

0
(7)

where f is the phonon distribution function, and f 0 is the
equilibrium Bose−Einstein distribution at local temperature.
νg(ω,p) and τ(ω,p) are, respectively, the phonon group velocity
and the phonon relaxation time at a certain angular frequency
ω and a polarization p. However, it should be noted that it is
challenging to solve the three-dimensional (3D) spectral-
dependent BTE, especially using deterministic methods.
To solve the BTE for the 3D experimental geometry, we

calculated the spectral-dependent phonon BTE in the
experimental geometry using the Monte Carlo method. In

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b03437
Nano Lett. 2017, 17, 7507−7514

7510

http://dx.doi.org/10.1021/acs.nanolett.7b03437


the Monte Carlo simulation, a large number of phonon bundles
are computed to get a convergent result. Each phonon bundle
is processed independently following an “advection−sampling−
internal scattering” process, which is repeated until a given
simulation time is reached. In the advection procedure, the
phonon bundle is moved under the group velocity without
internal scattering. In the sampling procedure, the energy of the
phonon bundle at a certain position is counted. In the internal
scattering procedure, the frequency of the phonon bundle is
randomly redistributed. Conventional Monte Carlo simulation
has several limitations. First, as illustrated in the inset of Figure
3a, rigorous energy conservation during the phonon internal
scattering is challenging because the conventional Monte Carlo
simulation conserves the energy by artificially adding or
deleting phonon particles until the energy before and after
scattering matches within a certain tolerance.43 However, this
method cannot rigidly conserve energy and may cause error in
some cases. Second, the conventional Monte Carlo method is
time-consuming in the case of small temperature differences
due to the need for higher accuracy. Generally in this scenario,
a larger quantity of phonon bundles is needed to meet the
computational accuracy and ensure that uncertainties are
smaller than the finite temperature differences, hence resulting
in higher computational costs. Third, the required sampling of
the temperature field is also likely to further increase the
computational costs. Because the local pseudotemperature is
needed to determine the local equilibrium of the Bose−Einstein
distribution, a mesh size and time step are required to update
the temperature field, which may also lower the accuracy if the
mesh size and time step are not small enough.

To enhance the computational accuracy and speed of the
simulations, we performed a simulation based on a recently
developed variance-reduced Monte Carlo (VRMC) meth-
od.44,45 In this method, the required convergence time is
greatly reduced, and the errors introduced by internal scattering
are avoided.44−46 VRMC is most useful in situations with small
temperature differences, which is inevitable in TDTR measure-
ments, because the enhanced requirements for computational
accuracy at small temperature differences can be easily satisfied
without greatly increasing the computation time. The VRMC
method solves the deviational energy based on the BTE, as
given by:

τ
∂ *
∂

+ ·∇ * = −
* − *e

t
v e

e e
g

0
(8)

where e* = e − eTeq

eq = ℏω( f − f Teq

eq ) is the deviational energy

distribution, and e0* = eloc − eTeq

eq = ℏω( f Tloc

eq − f Teq

eq ) is the
equilibrium deviational energy distribution at local temperature.
ℏω is the energy of a single phonon with frequency ω. f is the
actual phonon distribution function, and f Teq

eq is the Bose−
Einstein distribution function at equilibrium temperature Teq =
300 K.
VRMC solves the three challenges of conventional Monte

Carlo simulations. First, as we calculate the deviational energy
distribution e* instead of the distribution function f, the energy
carried by each phonon bundle is independent from the
phonon frequency. Thus, the energy conservation can be
rigorously guaranteed during internal scattering,44 as shown in
the inset of Figure 3a. By rigorously following energy

Figure 3. Phonon spectral dependent multiscale simulations based on the Boltzmann transport equation (BTE) and the variance-reduced Monte
Carlo (VRMC) method. (a) Schematic of the simulation domain representing the practical experimental geometry. The inset schematic illustrates
the comparison between conventional Monte Carlo and VRMC. (b−e) Spectral heat flux contributed from the longitudinal acoustic (LA) and
transverse acoustic (TA) phonon modes, respectively, are calculated in the in-plane and cross-plane directions and different heating sizes. (f)
Examples of effective thermal conductivity fitting by matching the BTE-calculated temperature decay curve to the Fourier solution at different
heating sizes.
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conservation during internal scattering, we avoid the uncertain
small energy difference before and after internal scattering and
consequently enhance the accuracy. For VRMC, there is no
need to add or delete phonons in the cell to conserve energy.
Second, we only consider the deviational energy from the
equilibrium state, which reduces the convergence time,
especially in the case of a small temperature difference.
VRMC calculates the equilibrium energy deterministically,
and only the deviational energy is determined stochastically.
The deviational energy is much smaller than the equilibrium
energy, particularly in situations of small temperature differ-
ences. Given that only a small term of the deviational energy is
determined stochastically, the absolute statistical uncertainty is
dramatically decreased, thereby greatly reducing the required
convergence time.47 Third, by linearization of the scattering
term, each phonon bundles can be simulated independently
without the sampling of local pseudotemperatures, and the
algorithm requires no integration of time steps and computa-
tional cells.45 Because there is no need to sample in the
temperature field, the computational speed is enhanced.
Furthermore, because our simulation does not have a mesh
and time step, the mesh-induced and time-step-induced
inaccuracy is eliminated (see the Supporting Information).
To better understand the anisotropic suppression of the

thermal conductivity48−50 of BP caused by quasi-ballistic
phonon transport, we developed detailed phonon spectral
flux calculations to analyze the anisotropic heat transfer. We
performed phonon spectral dependent simulations to calculate
the in- and cross-plane heat flux in BP crystals at different
heating sizes. The simulation geometry for the phonon BTE is
the same as the experimental condition, in which an Al
transducer film on top of the BP sample is heated up by a laser
with a circular and Gaussian distributed temperature profile
(Figure 3a). During one advection step, the heat flux along a
certain direction contributed by a single phonon bundle is
proportional to the product of the effective energy of the
phonon bundle and the phonon displacement along that
direction45,49 (see the Supporting Information). By cumulating
the heat flux contributed by each phonon bundle to the
corresponding phonon mode, the heat flux contribution from
each phonon mode can be obtained. Figure 3b−e shows the
normalized spectral in- and cross-plane heat flux for
longitudinal acoustic (LA) and transverse acoustic (TA)
phonon polarization. The spectral heat flux in each polarization
is normalized by the phonon mode with the smallest MFP,
given that the phonon mode with the smallest MFP at the
Brillouin zone edge is not suppressed by size confinement. In
Figure 3b,c, both polarizations show that the normalized
spectral in-plane heat flux is lower when the heating size is
smaller, which reveals the heat flux reduction resulting from the
size effect. In particular, the low-frequency phonons with long
MFPs usually get a large suppression. It is important to note
that the in-plane spectral heat flux in Figure 3b,c shows strong
dependence on the heating size, whereas the cross-plane
spectral heat flux in Figure 3d,e is independent of heating size.
Therefore, our detailed phonon spectral flux calculation here
conclusively shows that the experimentally measured size-
dependent thermal conductivity mainly comes from the in-
plane confinement of phonon transport, i.e., lateral ballistic
thermal transport takes place for phonon modes with Λ > D,
while the cross-plane heat transfer is not suppressed. The
conclusion that anisotropic suppression of thermal conductivity

occurs in our TDTR measurements is consistent with recent
studies.48,49

To make a direct comparison between our experimental
TDTR data and the multiscale simulation results calculated
with the BTE and VRMC, size-dependent effective thermal
conductivity was extracted by matching the temperature decay
curve, calculated from the BTE and VRMC results, to the
Fourier solution (see the Supporting Information). Figure 3f
shows examples of VRMC data and fitting curves for different
heating sizes. The surface temperature decays faster with a
smaller beam diameter, even though the effective thermal
conductivity is smaller, because the larger surface-to-volume
ratio of the heating area with a smaller diameter beam increases
the heat dissipation efficiency. When plotted together, our
TDTR experimental data and our VRMC and BTE calculated
results are in good agreement (Figure 4a). This study provides

a quantitative analysis based on the BP phonon spectra and
shows that the failure of Fourier’s law in the ballistic regime is
due to in-plane size confinement.
As a step further, based on our measurements, we

constructed the phonon MFP spectra of BP with both naturally
abundant (κnature) and pure isotope (κintrinsic) (Figure 4b). The
BP phonon MFP spectra was quantified by the cumulative
lattice thermal conductivity,40,51 κcum, which is defined as the
total contribution to thermal conductivity from phonon modes
with MFP up to a certain value, Λ′:

∫∑κ ω ω ω ωΛ′ = Λ
Λ′

C p v p p( )
1
3

( , ) ( , ) ( , )d
p

cum
0

g
(9)

Without isotope or impurity scattering, the intrinsic bulk
thermal conductivity of BP goes up to 681 W/m·K.
Interestingly, a crossover between κnature and κintrinsic is observed
for MFP around 100 nm, i.e., κintrinsic is smaller than κnature for
small MFPs, whereas κintrinsic is larger than κnature for large MFPs.
This observation is consistent with our previous measurements
of the phonon MFP spectra of silicon and silicon−germanium
alloy.4 Here we attribute the crossover to the fact that Rayleigh
scattering, caused by impurities or isotopes, strongly affects
high-frequency phonons (see eq 3 above) and further reduces
the MFPs of these high-frequency phonons to even smaller
values, thereby increasing the contribution from phonon modes

Figure 4. Experimentation and modeling synergy to quantify the
ballistic thermal transport and develop the phonon mean free path
spectra of boron phosphide (BP). (a) Comparison of the effective size-
dependent thermal conductivity (κeff) predicted with the Boltzmann
transport equation (red circles) and experimental measurements
(black squares). (b) BP phonon mean free path spectra constructed
from measurements: the cumulative thermal conductivity (κcum) is
plotted vs the phonon mean free path for both natural-abundance
(κnature, blue line) and isotope-pure BP (κintrinsic, red line).
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with very small MFPs to thermal conductivity. The measured
MFP spectra project the phonon spectral contributions of the
thermal conductivity into characteristic length scales and are
very useful for the direct prediction of thermal transport in
more-complex nanostructured materials and devices40 as well as
the development of a rational control of thermal properties.
In summary, we report here for the first time the phonon

spectral mapping of BP crystals and the systematic character-
ization of their thermal transport. High-quality single-crystal BP
were chemically synthesized and displayed a record-high room-
temperature thermal conductivity of ∼460 W/m·K, which is
three times higher than that of silicon and exceeds that of the
best conducting metals, such as copper and silver. We
performed temperature-dependent thermal conductivity meas-
urement using the TDTR technique and analyzed phonon
scattering mechanisms through modeling and multiscale
simulations. Additionally, we further explored the phonon
spectra of BP through quasi-ballistic thermal transport probing
and size-dependent measurements. Using the phonon BTE and
VRMC simulations, we explain the ballistic transport based on
the phonon mode dependent scattering. Furthermore, through
a combination of experimentation and modeling, we directly
constructed the phonon MFP spectra of BP for both natural-
abundance and pure isotopes. These BP spectra are consistent
with the density functional theory prediction. Our experimental
measurements and modeling analyses of the thermal transport
of BP provide a detailed understanding, at the microscopic
level, of the phonon spectra of BP and its thermal transport
mechanisms. This knowledge is key to the rational design of
thermal materials and devices based on the phonon spectra−
material structure relationship. BP characteristics unmasked by
this study, in association with its unique chemical inertness and
refractory behaviors, underscore the promise of BP as an
exceptional high thermal conductivity material for a wide range
of applications.
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