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Abstract 

 

Zinc blende BAs, BP, and BN have attracted significant interest in recent years due to their high 

thermal conductivity (Λ) predicted by first principles calculations. Here, we report our study of 

the temperature dependence of Λ (120 K < T < 600 K) for natural isotope-abundance BP and 

isotopically-enriched 11BP crystals grown from modified flux reactions. We use time-domain 

thermoreflectance to measure Λ of sub-mm sized crystals. At room temperature, Λ for BP and 

11BP are 490 and 540 W m-1 K-1, respectively, surpassing the values of conventional high Λ 

materials such as Ag, Cu, BeO, and SiC. The Λ of BP is smaller than only c-BN, diamond, 

graphite and BAs among single-phase materials. The measured Λ for BP and 11BP are in good 

agreement with our first principles calculations above 250 K. The quality of the crystals is 

verified by Raman spectroscopy, X-ray diffraction, and scanning transmission electron 

microscopy. By combining first principles calculations and Raman measurements, we reassign 

a previously misinterpreted Raman mode. BP thus is a promising material not only for heat 
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spreader applications in high-power microelectronic devices but also as an electronic material 

for use in harsh environments. 

 

Recent advances in device miniaturization have led to highly nonuniform power 

distribution in microelectronic devices, producing “hot spots” with heat fluxes on the order of 

1 kW cm-2.[1, 2] Thermal management of concentrated heat sources is a critical bottleneck for a 

broad range of applications: microprocessors, smart phones, telecommunication systems and 

data centers.[2, 3] Although strategies such as power optimization design,[4, 5] and localized 

cooling with microfluid channels or thermoelectrics have been developed,[5] mitigating the 

temperature excursion of “hot spots” remains challenging.[5] The intrinsic thermal conductivity 

Λ of diamond is exceptionally high, ≈ 2200 W m-1 K-1 at room temperature, and it is sometimes 

used as a heat spreader in electronics. Bulk diamond composites fabricated by sintering of 

microcrystalline diamond with a binder metal or by metal infiltration (with typical thermal 

conductivity of a few hundred W m-1 K-1) are often used as a board-level heat sink.[6]  However, 

direct production of wafer-scale CVD diamond for chip-level heat dissipation is still expensive. 

For example, a 30 mm diameter 500 µm thick diamond film with thermal conductivity of 900 

to 1000 W m-1 K-1 costs >$4500 (by Applied Diamond Inc.). 

Recent ab initio calculations predict ultrahigh room temperature thermal conductivities Λ 

in several cubic III-V boron compounds. The highest predicted value at 300 K, 2200 W m-1 K-

1 for boron arsenide (BAs), is based on the assumption that phonon lifetimes are dominated by 

three-phonon scattering.[7] A recent extension of the theory to include four-phonon processes 

predicts 1400 W m-1 K-1 at room temperature.[8] The initial measurements of Λ in BAs showed 

relatively small values from 200 to 350 W m-1 K-1 ; very recently, Λ of 1000 to 1300 W m-1 K-1 

were obtained in BAs crystals with limited yield of samples with high thermal conductivity.[9] 

For BAs samples with relatively low Λ, phonon lifetimes are presumably limited by residual 

defects and impurities.[10] Cubic boron nitride (c-BN) is also predicted to have high Λ of 940 
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W m-1 K-1. Experiments on c-BN have observed 740 W m-1 K-1 at room temperature.[7, 11] 

However, c-BN is difficult to synthesize, typically requiring high temperatures (>2000 °C) and 

pressures (10 GPa). As far as we know, there is no commercial heat spreader made of c-BN that 

is currently available in the market although we note that h-BN powder with thermal 

conductivity <200 W m-1 K-1
 is sometimes used as a filler in thermally conductive composites. 

The thermal conductivity Λ of boron phosphide (BP) was also predicted to be exceptionally 

high, Λ = 580 W m-1 K-1.[7] Prior experiments on the room temperature thermal conductivity of 

BP with natural isotopic abundance (19.9 wt. % of 10B and 80.1 wt. % of 11B; P is naturally 

isotopically pure) range from 360 to 460 W m-1 K-1,[12-14] close to the results of first principles 

calculations.[7] Further enhancement of Λ in BP should be possible through isotope enrichment 

of boron and improvement in crystal quality.[15]  

In addition to high Λ, BP also has other outstanding properties such as chemical 

inertness,[16] stability at high temperatures,[16] and high mechanical hardness.[17] BP is extremely 

hard, with a bulk modulus of 172 GPa and a Vickers microhardness (39 GPa) twice that of 

sapphire, 30% greater SiC, and a factor of 2.5 smaller than the hardness of diamond, ≈100 

GPa.[17] The high hardness of BP should not limit the application of BP as thick film heat 

spreader since processing techniques such as diamond saw or laser cutting, mechanical and 

chemical-mechanical polishing that are routinely used in SiC film fabrication may also be 

applied to BP. [18] BP has a relatively low density of 2.9 g cm-3 which is slightly higher than Al 

(2.7 g cm-3) and slightly less than SiC (3.2 g cm-3). According to our first principles calculations, 

BP has a thermal expansion coefficient of 2.8 ×10-6 K-1 at 300 K close to that of Si (2.6 ×10-6 

K-1), indicating that BP can be readily integrated with Si-based devices. Cost efficient large-

scale synthesis of BP powder can be realized by mechanochemical and self-propagating high 

temperature methods.[19]  

BP has modest bandgap (2 eV) and the attendant relatively high dielectric constant[20] 

which facilitates the formation of shallow acceptors and donors. The highest mobility reported 
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in BP is 120 cm2 s-1 V-1 and the lowest resistivity reported is 0.15 Ω cm at 300 K (see the last 

section in the Supporting Information).[21] BP can also be deposited as thin films on Si, SiC, 

and GaN substrates by chemical vapor deposition, metalorganic vapor phase epitaxy, and co-

evaporation.[16, 22] Thus, BP is potentially useful not only as a heat spreader in high power 

microelectronics but also as an electronic device material for harsh environments.  

Here, we report the temperature dependent thermal conductivity of BP crystals with natural 

B isotope concentration and isotopically enriched 11BP crystals in the temperature range 120 K 

< T < 600 K using time-domain thermoreflectance (TDTR). Prior experimental work using 

TDTR was limited to BP with natural isotope concentration and temperatures below room 

temperature.[14] In this work, we developed a modified flux growth to synthesize high quality 

crystals of BP and 11BP. The crystals are characterized by powder X-ray diffraction (P-XRD), 

single crystal X-ray diffraction (S-XRD), scanning transmission electron microscopy (STEM), 

and Raman spectroscopy. The room temperature thermal conductivities of BP (Λnat) and 11BP 

(Λpure) are Λnat ≈490 W m-1 K-1 and Λpure ≈540 W m-1 K-1, surpassing those of conventional 

high thermal conductivity materials such as Ag (≈430 W m-1 K-1), Cu (≈400 W m-1 K-1), BeO 

(≈370 W m-1 K-1), and SiC (≈320 W m-1 K-1 for 4H SiC along c-axis), and only smaller than 

those of diamond, in-plane graphite, c-BN and BAs.[12, 23, 24, 9] The extra peak in the Raman 

spectrum of BP at 797 cm-1 observed in BP but not in 11BP and previously assigned to LO-TO 

splitting is assigned to isotope disorder induced phonon scattering.  

The measured Λ for BP and 11BP show good agreement with our first principles 

calculations for T > 250 K. In our original theoretical work on BP, we used a cut-off for 

anharmonic force constants at the third nearest neighbor. In the present work, we found that 

extending the cut-off to tenth near-neighbors and incorporating zero-point motion and thermal 

expansion gives converged thermal conductivities that are reduced by approximately 15% from 

the previous calculations near room temperature.  
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We grew single crystals of BP with typical linear dimensions of 500-800 μm and well-

formed facets, as shown in Figure 1b, following the synthesis procedure described in the 

Experimental Section. Powder XRD (P-XRD) data on crushed crystals, shown in Figure 1a, 

confirm a zinc blende structure with lattice parameter a = 4.5412(5) Å, consistent with previous 

results. [16, 25] The narrow FWHM of the P-XRD peaks indicates large crystalline domains and 

the absence of inhomogeneous strain fields in the samples. The P-XRD data are consistent with 

single crystal X-ray diffraction (S-XRD) data, see Figure 1c, where strong and round diffraction 

spots are visible. The S-XRD precession image shown in the Figure 1d is generated by 

integrating a large number of -scans. The precession images indicate that the sample 

microstructure is dominated by one domain. Weak reflections that are not consistent with a 

single crystal are also observed and are attributed to secondary domains. Quantitative analysis 

using the program TWINABS of data collected for one relatively small crystal with linear 

dimension of 300 μm reveals that the volume fraction of the primary domain is 97%; the 

fraction of the two secondary domains is approximately 3%.  

To examine the atomic-scale structure, STEM images are acquired in a cross-section of a 

BP crystal prepared by focused ion beam (FIB). As shown in Figure 2a, an annular dark field 

STEM (ADF-STEM) image of the BP crystal is acquired along the [110] zone axis (see Figure 

2b for schematic crystal structure along the same zone axis). The lattice shows no evident large-

scale structural defects, such as grain boundaries or dislocations, consistent with the results 

from single crystal X-ray diffraction.  

Room temperature Raman scattering spectra of BP and 11BP crystals are presented in 

Figure 3. We include the calculated phonon density of states (pDOS) in Figure 3 for 

comparison. The second order peaks of BP match well with singularities in the pDOS as shown 

in Figure 3c. The strong one-phonon line is generated by the longitudinal optical phonon at 

zone center, LO(Γ). The measured frequency of the LO(Γ) phonon is 826 cm-1 in BP and 819 

cm-1 in 11BP. The position of the one-phonon lines are in good agreement with previous 
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studies[26, 27] and our calculations (824 cm-1 in BP and 819 cm-1 in 11BP). The shift of the LO(Γ) 

phonon peak between BP and 11BP is mainly caused by the change in the average of the reduced 

atomic mass; the measured frequency shift is consistent with the change in the square root of 

the reduced mass (see the Supporting Information).  

An extra peak appears at 797 cm-1 (overtone at ≈1598 cm-1) next to the LO(Γ) phonon peak 

in BP natural isotope abundance and not in isotopically enriched 11BP; this peak is labeled with 

an asterisk in Figure 3a. Previous studies have attributed the extra peak to Raman scattering 

from the transverse optical phonon at the Γ point, TO(Γ), as is often observed in zinc blende 

structure crystals.[14, 26, 28] However, our calculated value of the separation of the LO-TO phonon 

frequencies at the Γ point is only ≈7 cm-1, much smaller than our observed frequency shift of 

29 cm-1. This discrepancy suggests that some other mechanism gives rise to the extra peak.  

Isotope disorder breaks translational symmetry, partially relaxes the crystal momentum 

conservation rules, and allows extrema in the pDOS corresponding to Brillouin zone boundary 

phonons to appear in the one-phonon spectra. Such isotope-disorder induced Raman scattering 

typically appear as a shoulder on the LO(Γ) or TO(Γ) phonon peak in diamond-structured 

materials such as Si, Ge and diamond with modified isotopes.[29] Based on the calculated 

phonon dispersions (see Figure S2 in the Supporting Information), we attribute the 797 cm-1 

peak in BP to isotopic disorder-induced scattering that involves LO phonons near either the X 

or K point, both of which have calculated frequencies close to 802 cm-1. Further discussion of 

this assignment is included in the Supporting Information.  

Representative TDTR data and model fitting for a sample at 300 K measured with a spot 

size w0 = 10.4 µm and modulation frequency f = 9.3 MHz are shown in Figure 4a. We adjust 

two free parameters in the thermal model to fit the data: the Al/sample interface thermal 

conductance and the thermal conductivity of the 11BP sample.[30] The diffusive thermal 

transport model based on Fourier’s law assuming isotropic thermal conductivity are used for 

data fitting (see also Experimental and Theoretical Section).[30] The model curves with the best-
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fit thermal conductivity of 11BP changed by ±10% are also included to demonstrate the 

measurement sensitivity. The error bars labeled in Figure 4b, Figure 5a and 5b as well as 

Figure S3 are uncertainty in ΛA that propagates from the experimental noise and uncertainty in 

the fixed parameters in the Fourier’s law model fitting. The typical interface thermal 

conductance as a function of temperature for Al/BP and Al/11BP are plotted in Figure S3, which 

show room temperature values of approximately 180 MW m-2 K-1 and 220 MW m-2 K-1, for 

Al/BP and Al/11BP respectively.  

In the analysis of TDTR measurements on high thermal conductivity crystals and 

semiconductor alloys, deviations from Fourier's law must be considered.[14, 31] Such deviation 

can result from ballistic phonon transport in the sample and from a mismatch in the distribution 

of phonons that carry heat across the metal/sample interface and the distribution of phonons 

that carry heat in the sample.[31, 32] In a recent study of Si, dilute SiGe alloys, and heavily boron 

doped Si,[31] the deviation from Fourier’s law was shown to produce an apparent anisotropy in 

the thermal conductivity. A reduction in the characteristic length scales of the temperature 

gradients by increasing f or decreasing w0 increases the percentage of low-frequency phonons 

with long mean-free-paths that are not in local equilibrium with the high-frequency phonons. 

Such effects cause the apparent thermal conductivity (ΛA) derived from an isotropic diffusive 

thermal transport model using temperature gradients with small characteristic length scales to 

be smaller than thermal conductivity measured on large characteristic length scales. Further 

details are given in our prior publications.[31, 33]
  We use “systematic error” below to include the 

deviation from Fourier’s law. This error originates from the deficiency of the model used to 

analyze the data and decreases the accuracy of our determination of the thermal conductivity. 

To study deviations from Fourier’s law in our TDTR measurements of BP and 11BP crystals, 

we measured the apparent thermal conductivities (ΛA) as a function of spot size w0 at 128, 298, 

and 498 K, as shown in Figure 4b. Ballistic transport is most obvious at the lowest temperature 

of 128 K: ΛA decreases by ≈30% in both BP and 11BP as w0 decreases from 26.5 to 2.7 μm. At 
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higher temperatures, the spot size dependence of ΛA becomes weaker because the distribution 

of phonon-mean free-paths shifts to smaller lengths due to stronger phonon-phonon scattering 

(see Figure S4); the decrease of the thermal diffusivity also reduces the measurement 

sensitivity to in-plane heat transfer. In-plane heat transfer is more strongly affected by 

ballistic phonon effects than heat transfer normal to the surface. [31] The differences between 

ΛA measured with w0 = 26.5 and 10.4 μm are approximately 12% and 17% for BP and 11BP at 

128 K but less than 4% at 298 K and 498 K for both BP and 11BP. The differences of 4% are 

smaller than the uncertainty of the thermal conductivity that propagates from uncertainties in 

the heat capacity per unit area of the Al transducer.  

We used w0 = 10.4 µm in the subsequent temperature dependent measurement (Figure 5b) 

because this smaller spot size provides better signal-to-noise than w0 = 26.5 µm and systematic 

errors produced by deviations from Fourier’s law should be small at T >300 K. As shown in 

Figure 4b, the spot size dependence of the apparent thermal conductivity in our data is 

consistent with recent experiments by Kang et al.[14]  

We calculate the thermal conductivity accumulation function[34] for BP and 11BP with no 

crystal imperfections at 128 K, 298 K, and 498 K (Figure S4) to gain additional insights into 

systematic errors created by the finite size of the laser spots. At 128 K, the accumulation extends 

to 10 µm, while at the two higher temperatures, most of the accumulation occurs below 1 µm, 

consistent with the observed spot size dependence of ΛA. 

Since the structure and concentration of defects in our BP samples is unknown, we did not 

attempt to incorporate the laser spot size effect in our first principles calculations. The effects 

of point defects on thermal conductivity are similar to the effects of the finite-size of the laser 

spot and we are not confident at this time that we can separate the two mechanisms by 

comparing experiment and theory. Consistent with prior work on a wide variety of single 

crystals, we do not observe modulation frequency dependence in the apparent thermal 

conductivity when we change the modulation frequency f between 1.1 and 9.3 MHz.[31, 33]  
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At 300 K, we measure Λnat = 490 ± 60 W m-1 K-1 for BP with a natural isotope abundance 

using a laser spot size of w0 = 26.5 µm. This value is higher than what was obtained in laser-

flash thermal diffusivity measurements by Kumashiro et. al. (400 W m-1 K-1)[13] and in steady-

state measurements by Slack (360 W m-1 K-1 at 300 K).[12] Our measured values for BP differ 

by <10% from recent data for a BP single crystal measured with TDTR by Kang et. al. (460 W 

m-1 K-1).[14] For isotopically modified 11BP, Λpure = 540 ± 70 W m-1 K-1 at 300 K. 

As shown in Figure 5a, the temperature dependent thermal conductivities of BP and 11BP 

measured with w0 = 10.4 µm show good agreement with our calculation above 250 K. In 

particular, calculated values at 300 K for BP and 11BP are 486 W m-1 K-1 and 552 W m-1 K-1, 

respectively, very close to the corresponding measured values. At high temperature, when 

phonon-phonon scattering dominates and the spot size dependence is weak, the isotope 

enrichment enhances Λpure by 10%, and 9% over Λnat at 300 K and 600 K, respectively. The 

measured isotope effect is in reasonably good agreement with the corresponding enhancements 

of 14% and 8% calculated from first principles. These new calculation results are approximately 

15% lower than those reported in our prior work.[7] We discuss the differences in these results 

in more detail in the Experimental and Theoretical Section.  

At low temperature, however, the experimental results deviate significantly from 

calculated values. We cannot however reliably separate reductions in the thermal conductivity 

generated by defect scattering from reductions in the apparent thermal conductivity created by 

the finite size of the laser spot.  

As shown in Figure 5b, the thermal conductivities for BP and 11BP between 300 and 600 

K are much higher than common high thermal conductivity semiconductor materials including 

4H SiC (cross plane direction,[35] which is consistent with Ref. [24]), bulk GaN[35] and Si.[36] 

Even at 600 K, the thermal conductivity of 11BP maintains a high value of 200 ± 20 W m-1 K-1 , 

approximately three times that of Si at the same temperature. 
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We plot in Figure 5c, the measured Λ multiplied by temperature, i.e. ΛT, as a function of 

measurement temperature to compress the range of the data and more clearly present the 

differences between theory and experiment. In this figure, a dependence would appear 

as a horizontal line. The slopes of our experimental data are steeper than the typical  

behavior of insulating crystals with Λpure and Λnat both showing a dependence, , in the 

range 300 K < T < 600 K. The measured results show good agreement with the first principles 

calculations, particularly at intermediate temperatures 250 K < T < 400 K. In fact, the T-1 

dependence of Λ for three-phonon limited scattering is expected for temperatures above the 

Debye temperature.[37] The more rapid rise than T-1 seen in both measured and calculated data 

below 600 K is in part a consequence of being below the Debye temperature of BP (≈1100 K)[7] 

where the decrease in resistive umklapp scattering gives a steeper temperature dependence. In 

addition, the increased lattice constant with increasing T softens optic phonon frequencies, 

which in turn increases three-phonon scattering rates between heat-carrying acoustic phonons 

and optic phonons.  This further lowers the thermal conductivity beyond that obtained from 

ignoring thermal expansion. 

The slightly higher calculated values of Λpure and Λnat suggest the presence of a small 

concentration of defects.  To investigate this, we included additional point defect scattering in 

our theoretical calculations where substitutional impurities on the B and P sites were treated as 

mass defects in the crystal within the Born approximation. We placed the point defects with 

equal mass disorder parameters[38] on B and P sites and fit the experimental data from 300 K to 

600 K as shown in Figure 5c. For BP, the natural isotope mix of the boron atom gives a mass 

disorder parameter on B of giso = 1.36 × 10-3. Using added point defect scattering strengths with 

mass disorder parameter gPD =5.19 × 10-5, and 4.05 × 10-5 in BP and 11BP respectively, we 

obtain an improved match between the theoretical calculations and experimental data around 

1T − 

1T −

1.4T − 
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and above 200 K. We note that the values for gPD in both cases are quite small reflecting the 

high quality of the samples. 

In summary, we report a time-domain thermoreflectance study of the thermal conductivity 

in high quality crystals of BP with natural isotopic abundanc and isotopically enriched 11BP 

crystals grown with flux method between 120 and 600 K. The thermal conductivities of BP and 

11BP are measured to be ≈490 and ≈540 W m-1 K-1, respectively at 300 K, exceeding those of 

conventional high thermal conductivity materials. The measured data shows excellent 

agreement with first principles theoretical calculations over a wide temperature range, reflecting 

the high quality of the measured samples.  Based on S-XRD and STEM analysis, as well as a 

comparison between the theoretical and experimental data, we attribute the slightly lower Λ in 

the BP and 11BP compared with theoretical prediction near 300 K to weak phonon point defect 

scattering. This work provides benchmark knowledge about the thermal transport properties 

and the isotope scattering effect in BP and 11BP, thus advancing their potential for a broad range 

of applications, and contributing to understanding and future development of high thermal 

conductivity materials through isotope enrichment. 

 

Experimental and Theoretical Section  

 

Single crystal growth: Crystals of BP and 11BP were synthesized through the modified flux 

method using copper phosphide as the flux. Starting materials of natural boron powder (99.99%, 

Alfa Aesar) or enriched 11B powder (99%, Cambridge Isotope), red phosphorus lump (99.999%, 

Alfa Aesar), and copper powder (99.99%, Alfa Aesar), with the mass ratio 1:10:50, were double 

sealed in fused quartz tubes under vacuum. The assembly was placed in the horizontal tube 

furnace with starting materials at the hot end, slowly heated up at a rate of 5 °C/h to 1250 °C 

for 3 days, then slowly cooled down to 990 °C at a rate of 3 °C/h. After reaching 990 °C, the 

furnace heaters were turned off and the furnace was allowed to rapidly cool to room temperature. 
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After reaction, dark red crystals, with typical linear dimensions of 500 µm, were obtained after 

aqua regia cleaning, followed by acetone and isopropanol wash. Different ratios of starting 

materials and temperature profiles have been tested for the optimization of the crystal growth. 

It is worthwhile to mention that a tube furnace with temperature gradient (> 300 °C) from hot 

end to cold end was found to be more helpful than the box furnaces with uniform temperature 

gradient during the crystal growth for the quality and size of the grown crystals.  

X-ray Diffraction: Single crystal diffraction measurements were performed using a Bruker 

Apex DUO single crystal diffractometer equipped with a 4K CCD APEX II detector using Cu 

Kα radiation. Structure determination and refinements were carried out using the Bruker Apex 

II software package. Domain analysis on the single diffraction data were performed using the 

program TWINABS. Powder diffraction measurements were performed on the Rigaku 

Smartlab. 

STEM: Annular dark field STEM images were acquired with an aberration corrected Titan 

Themis Z STEM operated at 80 kV. 20 frames of the same region, each acquired with 3.05 sec, 

were cross-correlated to reduce scan noise and sample drift and then summed to produce the 

final image in Figure 2a. The gamma (intensity scaling) in the windowed Fourier transform in 

Figure 2c has been adjusted to make the spots more visible. The specimens for STEM study 

were prepared using FEI Helios 600i DualBeam focused ion beam (FIB), with a standard lift-

out procedure and a final milling step of 2 kV to reduce surface damage. 

Raman: The Raman spectroscopy measurements were performed using an Acton Insight 

spectrometer (Princeton Instruments). The excitation wavelength is 488 nm from a Spectra-

Physics Cyan (CDRH) solid state laser. A power of ≈10 mW is used to avoid excessive sample 

heating. The backscattered signal was collected through a 20× objective (N.A. = 0.4) with laser 

spot radius ≈5 μm at the sample surface and dispersed by a 1200 gmm-1 grating. The instrument 

resolution we obtained by deconvoluting the well understood Si one-phonon 520 cm-1 peak is 

around 3.2 cm-1.[39]  
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Time-domain thermoreflectance (TDTR): Time-domain thermoreflectance (TDTR) was 

used to measure the thermal conductivity of BP and 11BP.[30, 40] Prior to the measurement, the 

sample was cleaned by ultrasonication in ethanol to remove particles and hydrocarbon 

contamination that adsorb on sample surface during shipping. The sample was then mounted 

onto a 0.025 mm copper foil with PELCO® silver paint and coated with an Al transducer layer 

with a thickness of approximately 80 nm by magnetron sputtering. The copper foil with sample 

was then mounted onto the onto a commercial Instec® vacuum heater stage using PELCO® 

silver paint for temperature dependent TDTR measurement. The stage chamber is pumped with 

a turbo-molecular pump to maintain a pressure lower than < 7.5 × 10-4 Torr in the temperature 

dependent measurement for cooling and prevent sample oxidation at high temperature. Crystal 

facets with smooth surface with a reflectivity > 95% of that of the silicon wafer were selected 

for the TDTR characterization.  

In a TDTR measurement, a train of 785 nm optical pulses at a repetition rate of 74.86 MHz, 

generated by a mode-locked Ti:Sapphire laser, were split into separate pump and probe beams 

with the optical path of the pump beam controlled by a mechanical delay stage. The pump beam 

was modulated at a frequency of f = 9.3 MHz by an electro-optical modulator. The pump and 

probe beams were typically focused on the sample through a 5 objective lens to a 1/e2 intensity 

radius of ≈10.4 μm in the temperature dependent measurement. Objective lenses with different 

magnification were used for the laser spot size TDTR measurement. The total beam power of 

30 mW created a steady-state temperature rise of <1 K at all temperature range. The changes in 

the intensity of the reflected probe beam due the thermoreflectance of the Al transducer created 

by the pump beam were measured using lock-in detection. The ratio of the in-phase (Vin) and 

out-of-phase (Vout) signal from the lock-in amplifier is then fit to a thermal diffusion model 

obtained from an analytical solution for heat flow in a layered structure based on Fourier’s 

law.[30]  
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The diffusive thermal transport model used for TDTR data fitting included parameters for 

the thermal conductivity, heat capacity, and thickness of the Al transducer layers and the BP 

and 11BP sample as well as the as the Al/sample interface thermal conductance. We assumed 

the thermal conductivity of the sample is isotropic in the analysis. The thickness of Al thin film 

was obtained from picosecond acoustics using a longitudinal speed of sound 6.42 nm ps-1.[41] 

The thermal conductivity of the Al thin film was calculated using the Wiedemann-Franz law 

and the electrical resistance of the Al film deposited on a 500 nm SiO2 on Si reference sample 

placed next to the sample in sputtering. The analysis was not sensitive to the thin Al transducer 

layer thermal conductivity.[42] The heat capacity of Al is taken from literature values.[43]  

We measured the volumetric heat capacity C of the sample by a Quantum Design Physical 

Property Measurement System (PPMS) from 10 to 393 K (see Figure S1). The volumetric heat 

capacity at constant pressure, , was also calculated using . The constant 

volume heat capacity  was obtained by integrating the phonon density of states derived from 

first principles calculation). A literature value was used for the bulk modulus B,[44] while the 

volumetric thermal expansion coefficient α was obtained from a first principles calculation.  

The calculated  is in good agreement with the measured result with deviation of less than 

3% between 100 and 393 K and is consistent with previous literature experimental data at higher 

temperature. We used the calculated  in the TDTR data analysis for measurement between 

120 K and 600 K.  

The thermal conductivity data for 4H-SiC is measured on semi-insulating wafer sample 

from TankeBlue® and the GaN data are measured on undoped n-type sample provided by 

Kyma®. 

First principles calculations: First principles lattice thermal conductivity was calculated 

by solving the Peierls-Boltzmann equation (PBE) as described, for example, in references.[45] 

Harmonic and anharmonic force constants (IFCs) were calculated using density functional 

PC
2

P VC C BT= +

VC

PC

PC
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theory. We used a plane wave and pseudopotential based approach as implemented in Quantum 

Espresso (QE).[46] Norm conserving pseudopotentials generated with the Bachelet-Hamann-

Schlüter method[47] and the local density approximation (LDA) of the exchange correlation 

functional as parameterized by Perdew and Zunger were used.[48] We set an energy cutoff of 

100 Ry to ensure the accurate calculation of forces. The crystal structure was fully relaxed at 

each temperature within the quasi-harmonic approximation (QHA).[49] As detailed in the 

Supplementary Information, the QHA, incorporates both zero-point and thermal motion of the 

atoms in determining the lattice constant at each temperature that minimizes the Helmholtz free 

energy. The obtained lattice constant at 300 K of 4.486 Å is approximately 1.2% smaller than 

the experimental one and is typical of over-binding in the LDA. The harmonic IFCs were 

calculated at each temperature on an 8×8×8 q grid within density functional perturbation theory 

as implemented in QE. From these, phonon frequencies and eigenvectors were determined. The 

Born effective charge and dielectric constant at 300 K were:  ZB = 0.67 and  = 9.27, 

respectively.  The reduced effective charge,  is in good agreement with obtained values 

in previous calculations.[50] Third-order anharmonic IFCs were computed with the 

supercell/finite difference scheme,[51] using a 5×5×5 supercell with up to 10th nearest neighbor 

interactions. We modeled isotopes and other assumed point defects as producing mass disorder 

that scatters phonons, following the formulation of Tamura.[38] The disorder is characterized by 

parameter, , where labels either the B or the P site. The PBE was solved iteratively using 

up to a 48×48×48 q grid.  

We note that calculated room temperature thermal conductivity values for BP presented in 

this work are about 15% smaller than values published previously in Ref. [7] There, the values 

obtained were too high because (i) third-order IFCs were used whose range (third-nearest 

neighbor) was insufficient to capture the full three-phonon scattering strengths. We have used 

third-order IFCs that extend to tenth nearest neighbor in the present work; (ii) the larger lattice 

e
¥

Z B / e
¥

g(b) b



    

16 

 

constant in the QHA calculations is increased by both zero-point vibrations and thermal motion 

(see the Supporting Information).  This gives softer optic phonons that increase phonon-phonon 

scattering and reduce the thermal conductivity, as described above. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figures and figure captions 

 
Figure 1. a) Powder X-ray diffraction pattern with Miller indices on crushed BP crystals. b) A 

representative SEM image of selected BP crystals. c) one diffraction frame from single crystal 

X-ray diffraction showing good crystallinity of the selected BP crystal. d) Precession images 

of (h0l) zone by using a set of measured -scan frames (1270) where the circled strong spots 

are from one domain while the weak unindexed spots (<3%) are from other domains.  
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Figure 2. a) Annular dark field STEM image of a BP crystal along the [110] zone axis, showing 

the zinc blende crystal structure. The contrast of the STEM image is proportional to Zγ (where 

1.5 < γ < 2), and thus the bright spots primarily contain contrast from phosphorus atom columns. 

b) Cartoon of BP crystal structure along the [110] zone axis. c) Windowed Fourier transform 

of the STEM image in a).   

 

Figure 3. Room temperature Raman scattering spectra of a) BP and b) 11BP with y-axis 

unit of counts per second per milliwatt. c) The phonon density of states (pDOS) of isotopically 

mixed BP (solid line) and the same (pDOS) scaled by a factor of two (dash line). The attribution 

of most Raman peaks to corresponding one phonon or combination modes are labeled with 
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solid triangles in a). The asterisk labels the peak at 797 cm-1 that we attribute to isotopic disorder 

induced scattering with the LO phonon at the X (or K) point of Brillouin zone. This feature was 

previously identified in literature as arising from the TO(Γ) phonon. The Raman spectrum 

shoulder labeled with two asterisks is the overtone of the LO(X or K) phonon.  

 

 

 

 

Figure 4. a) Example TDTR data: -Vin/Vout vs. delay time for 11BP with 89 nm Al transducer 

layer at RT measured with spot size w0 = 10.4 µm and modulation frequency f = 9.3 MHz (black 

open circles) compared to the predictions of the thermal transport model described in the text 

(red solid lines). Vin and Vout are the in-phase and out-of-phase signal, respectively from the 

lock-in amplifier. Model curves calculated using the best-fit thermal conductivity changed by 
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±10% (dashed lines) are also plotted. b) Spot-size dependent apparent thermal conductivity 

from TDTR for BP (blue open circles) and 11BP (black filled squares) at three different 

temperatures of 128, 298, and 498 K, with f = 9.3 MHz. The experimental (black open squares) 

and calculated (red dashed line) results for natural BP from previous literature at 300 K are also 

included for comparison.[14]  

 

 

Figure 5. a) Temperature dependent thermal conductivity of BP (black open squares) and 

isotopically pure 11BP (black open circles) from 120 to 600 K measured using w0 = 10.4 µm 

and f = 9.3 MHz. The first principles BTE calculation results for BP (red dashed line; includes 

three-phonon and phonon-isotope scattering), and 11BP (red line; includes only three-phonon 

scattering) are presented for comparison. Representative error bars are shown at 120 K and 600 

K. We also include the literature data of BP thin film by Kumashiro et al. (blue open squares),[13] 
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and BP crystal by Kang et al. (green open triangles).[14] b) Thermal conductivity between 300 

to 600 K for BP and 11BP compared with 4H SiC (cross plane direction),[35] bulk GaN,[35] and 

Si.[36] c) Thermal conductivity data of our samples in a) multiplied by temperature vs. 

temperature (symbols and red lines have the same indications as a)). We also include first 

principles BTE calculation results similar to a) but with extra point defects with equal mass 

disorder parameters gPD on B and P sites for BP (blue dashed line; gPD = 5.19 × 10-5) and 11BP 

(blue line; gPD = 4.05 × 10-5).  
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Thermal conductivities (Λ) of high quality natural abundance BP and isotopically-enriched 
11BP single crystals measured from 120 to 600 K using time-domain thermoreflectance shows 

good agreement with theoretical calculation. Their intrinsic high Λ, 490 (BP) and 540 W m-1 

K-1 (11BP) at 300 K, surpass many conventional high Λ materials which suggests their potential 

applications in heat dissipation and high-power electronics. 
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Supporting Information  
 

 

High thermal conductivity in isotopically enriched cubic boron phosphide  

 

Qiye Zheng, Sheng Li, Chunhua Li, Yinchuan Lv, Xiaoyuan Liu, Pinshane Huang, David A. 

Broido, Bing Lv*, and David G. Cahill* 

 

Heat capacity of BP 

 
Figure S1. Heat capacity of BP Cp measured by PPMS (black open square) and calculated 

from phonon DOS and quasi-harmonic term as described in method part of the main text (red 

line) in comparison with literature data (blue and black filled square).[1] 

Figure S1 shows the heat capacity per unit volume for BP from our calculations and 

literature experiments.[1] At 300 K, the heat capcity of BP is 2.13×106 J m-3 K-1 (0.74 J g-1 K-1) 

which is close to that of Si (0.71 J g-1 K-1) comparable with Al (0.9 J g-1 K-1) and larger than 

that of Cu (0.38 J g-1 K-1) at room temperature. We do not plot the heat capacity in the unit of J 

g-1 K-1 for two reasons. In transient heat flow, the relevant thermal properties are the thermal 

diffusivity, D = Λ/ρCp’, and thermal effusivity, E = (ΛρCp’)
1/2, where ρ is the mass density in 

the unit of g m-3, if heat capcity C’ is in the unit of J g-1 K-1. Thus, only heat capacity per unit 

volume, Cp = Cp’ρ in the unit of J m-3 K-1, is relevant. For steady state heat transfer which is the 

case for heat spreader application, heat capacity does not matter at all.  
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First principles calculations in the quasi-harmonic approximation 

     In the quasi-harmonic approximation (QHA), the Helmholz free energy, F, is approximated 

as:   where  is the static internal energy of the lattice atoms in 

their equilibrium positions, and  is the vibrational free energy given by:  

.  In the expression, a is the lattice 

parameter and  is the energy of a phonon in the mode with wave vector, q, and polarization, 

j.  The first term in brackets gives the contribution from the zero-point motion of the B and P 

atoms, while the second gives the added contribution from the thermal motion. In the QHA, 

phonon frequencies are taken to depend explicitly on the lattice parameter.  Minimization of 

 at each temperature gives . Harmonic and anharmonic interatomic force constants 

(IFCs) are then calculated at each  to obtain phonon modes, three-phonon scattering rates 

and thermal conductivity at each temperature. 

     The zero-point motion in BP is large because of the light atoms, increasing the BP lattice 

constant by 0.3%. For the calculations performed here using the LDA exchange-correlation 

functional, the QHA gives excellent agreement between the calculated and measured LO 

phonon frequency at Γ. In BP, the scattering of heat-carrying acoustic phonons by optic 

phonons is particularly important. Specifically, scattering between two acoustic (a) phonons 

and one optic (o) phonon (aao processes) dominates the intrinsic thermal resistance.  Lowering 

the optic phonon branches increases the aao scattering rates with corresponding reduction in 

thermal conductivity. The increased lattice parameter from including  in  lowers 

slightly the optic phonon frequencies, which reduces the calculated thermal conductivity values 

giving better agreement with both the magnitudes and the temperature dependence of the 

measured data, particularly in the 300K-600K range. 
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Figure S2. Phonon dispersions of BP along high symmetry directions calculated from first 

principles in the quasi-harmonic approximation at 300K. 

 

Discussion about TDTR thermal penetration depth and the interfaces involving silver paint 

The interface thermal conductance between sample and sample and silver paste and sample 

and copper foil do not matter for our TDTR measurements. The thermal penetration depth in 

the sample is , where Λ is thermal conductivity, C is the volumetric heat 

capacity, f is the modulation frequency.[2] In our study of BP and 11BP, the largest dp occurs at 

the lowest temperature (120 K) when the Λ reaches a maximum and C reaches a minimum in 

our measurement. Taking the value for 11BP, Λ = 1700 W m-1 K-1, C = 0.64 J m-3 K-1, with f = 

1.1 MHz, dp = 30 µm and at least one order of magnitude smaller than the typical sample 

thickness (>200 µm) based on SEM observation. Therefore, we do not detect the interface 

between the BP sample and the Cu foil in our TDTR measurements.  

Results of interface thermal conductance 

/ ( )pd Cf = 
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Figure S3. Representative thermal conductance at Al/BP and Al/11BP interfaces as a function 

of temperature from 120 to 600 K measured by TDTR. 

 

The thermal conductance of the interface between Al transducer and BP and 11BP samples 

that we measured in the main text are shown in Figure S3. The room temperature values are 

approximately 180 MW m-2 K-1 and 220 MW m-2 K-1, for Al/BP and Al/11BP respectively. 

Among samples grown from the same batch we measured, the room temperature interface 

thermal conductance varies by around 20% for both Al/BP (from 150 to 190 MW m-2 K-1) and 

Al/11BP (from 170 in 220 MW m-2 K-1) presumably due to the variation of the surface oxide 

thickness. Such values are commonly observed for a clean metal/dielectric crystal interface, e.g. 

≈200 MW m-2 K-1 for Al/Si, ≈200 MW m-2 K-1 for Al/GaN, ≈180 MW m-2 K-1 for Al/Al2O3.
[3]

 

The thermal conductivity of these samples measured with w0 = 10.4 µm also shows around 20% 

variation with values between 390 to 480 W m-1 K-1 in BP and 440 to 530 W m-1 K-1 in 11BP 

presumably due to the variation of the defect density. 

Discussion about the Raman spectra 
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The shift of the LO(Γ) phonon peak in 11BP from BP is mainly from the change of the 

average atomic mass. In the harmonic approximation, the optical zone center phonon 

frequencies of zinc blende compounds are proportional to the inverse square root of the reduced 

mass, i.e. where . The ratio of the first order LO(Γ) phonon 

frequency,  we obtained, is comparable to the ratio

.[4] The deviation may result from a small change of the lattice 

constant and interatomic force.[5] 

In polar semiconductors the plasmons of free carriers interact with the LO phonons via 

Long-range Coulomb interactions when the plasmon frequency is close to the LO phonon 

frequency resulting in two coupled LO phonon–plasmon (LPP) modes that are both shifted 

from the LO phonon frequency in the absence of free carriers.[6] Due to the lack of knowledge 

about the carrier concentration and effective mass in BP, we were not able to calculate the LPP 

mode shift in our samples. In a previous literature study of BP and 10BP thin film, grown by 

chemical vapor deposition (CVD), with n-type carrier concentration of 3.7 ×1017 cm-3 and 7.5 

×1017 cm-3, respectively, an extra peak appears in BP next to the LO peak, similar to what our 

Raman spectrum, but is not observed in 10BP with higher carrier concentration.[5] If the LPP is 

the cause of the extra peak in BP, two peaks with even larger splitting should be expected in 

10BP. The absence of an extra peak in the 10BP thin film is contradictory to this hypothesis. In 

addition, the LPP coupling generally leads to a broadening of the LO peak resulting in a FWHM 

on the order of tens of cm-1 when the carrier concentration is high. In contrast, the LO peak 

FWHM of both BP and 11BP in our measurement is about 7 cm-1. Therefore, we believe the 

extra 797 cm-1 peak in BP does not results from LPP. 

1/  1 1 1

cation anionm m − − −= +

11

( ) ( )( ) / ( ) 1.0085LO LOBP BP   

11( ) / ( ) 1.0071BP BP  
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Figure S4. Accumulation functions vs. phonon mean free path (MFP) for 11BP (solid lines) 

and BP (dash lines) at 128 K, 298 K, 498 K from first-principles calculations. The function is 

defined in Ref [7]. 

 

Figure S5. Electronic band structure of BP obtained from our DFT calculation. 

Electronic band structure of BP 
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The electronic structure of BP calculated using density functional theory (DFT) using local 

density approximation (LDA) of the exchange correlation functional (See Figure S5.) is in good 

agreement with that calculated previously.[4] The DFT calculations show that BP is a 

semiconductor, consistent with the other boron-based III-V compounds (BN, BAs, and BSb) 

with indirect gap of about 1.1 eV. The energy gap is about half of the measured value of 2 eV,[5] 

which is typical for the error in energy gaps calculated using DFT. The Intrinsic carrier densities 

in such a semiconductor will be extremely small and not interfere with heat management. The 

typical electrical resistivity of BP with carrier concentration of ≈1015 cm-3 is > 102 Ω cm.[10] 

The lowest resistivity value reported is 0.15 Ω cm in n-type doped BP with carrier concentration 

of 3.7 × 1017 cm-3.[6] A low electrical conductivity may provide advantage of low losses for heat 

spreader in high frequency rf electronics. 
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