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The present article describes thermophysical properties of well-characterized boron phosphide single crys-
talline wafers prepared using chemical vapor deposition up to high temperatures. The thermal diffusivity was 
measured by using unique ring flash light method. It has large value of 1.8 cm2/sec at room temperature and 
shows pronounced decrease in raising temperature due to phonon scattering. Analysis of specific heat capacity 
by differential scanning calorimetry method induces Debye temperature, and Grüneisen parameter, which dem-
onstrate low atomic mass, strong interatomic bonding, low anharmonicity and low ionicity in boron phosphide. 
The thermal conductivity calculated by the products of thermal diffusivity, specific heat capacity and density of 
the wafer produces high thermal conductivity of 4.0W·cm·K at room temperature and is comparable to that of 
boron nitride. Boron phosphide single crystal is a promising material for heat-sink substrate for semiconductor 
device. Temperature dependence of thermal conductivity almost coincides with calculated lattice thermal con-
ductivity by 3-phonon processes. Also promising thermoelectric properties employing sintered polycrystal disc 
are mentioned briefly. 
 

Introduction 
The III-V compound semiconductors are at-

tractive for thermal conductivity studies. These 
materials offer a wide range of lattice and elec-
tronic properties. They can be obtained in highly 
pure form, so that impurity effects are minimized 
and tpe intrinsic properties can be investigated 
and compared.  

Thermal conductivity is also of technological 
importance. The thermal conductivity value is 
necessary in calculating the figure of merit for 
thermoelectric devices. For power dissipating de-
vices such as diodes, transistors, or lasers it is use-
ful to know the value of the thermal conductivity 
to assist in device and circuit design.  

Boron phosphide (BP), one of the III-V com-
pound semiconductors with a wide band gap is a 
promising material for application in thermoelec-
tric device operating at high temperatures.  

The constituent atoms of BP are light ele-
ments and especially boron belongs to first law of 
III group of periodic table with small inner shells. 
Then the characteristics of boron phosphide are 
summarized as follows.  
(1) BP forms tetragonal bonded structure with 

small lattice constant and exhibits strong co-
valent bonding with small ionicity.  

(2) BP is mechanically strong and has elastic con-
stant as large as β-SiC.  

(3) BP has high melting point, high Debye tem-
perature and high thermal conductivity which 
make high thermal and chemical stabilities.  

(4) BP has wide band gap with indirect transition.  
(5) The unharmonicity of the lattice is large in 

comparison with other conventional semicon-
ductors.  
Then the thermal conductivity of BP is impor-

tant to determine thermoelectric figure of merit. 
However there are two reports, i.e., single crystal-
line wafer above room temperature [1] and small 
single crystal below room temperature [2]. How-
ever, the thermal conductivities at room tempera-
ture differ by two orders of magnitude [3]. Then 
main object of the present paper [4, 5] lies in the 
measurement of thermal diffusivity by modified 
laser flash method, because the conventional laser 
flash method many problems to apply to thick 
wafers. The present article describes the electric 
and thermal characteristics of well-characterized 
boron phosphide single crystalline wafers made 
by CVD process [6] to clarify intrinsic thermo-
physical properties.  

Theoretical 
The specific heat gives the value of Debye 

temperature θ, and Grüneisen parameter γ which 
are important parameters for the phenomena in-
volving the lattice vibrations such as electrical 
resistivity and thermal conductivity. θ is obtained 
from the specific heat at constant volume Cv, 
which is deduced by the usual thermodynamic 
formula  

CV=Cp-(β2V/K)T               (1)  
where β = 3α is the coefficient of volume expan-
sion, K the isothermal compressibility, and V the 
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molar volume. With the value [7] of K=5.3 x 10-13 

cm2 · dyn-1, V=14.07 cm2·mol-1 and the published 
data on α [8], Cp is converted to CV. β is calcu-
lated by the following formula  

( ) ( )[ ]∫ −=
x xx

V dxeexxRC
0

243 136      (2)  

x=θ/T                  (3)  
where R is the gas constant of 1.987 cal · mol-1 · 
K-1. The values of the right term in Eq. (2) are 
tabulated [9].  

γ is calculated by the following formula 
γ=βV/KCV =3αV/KCV             (4)  
We have solved difficulty in laser flash 

method to measure the thermal diffusivity of a 
wafer by using a ring flashlight, which originates 
from many-variable analysis in a two-dimensional 
model. Details of this method will be described 
elsewhere [10]. We mention only outline. Here we 
consider the cylindrical coordinate for homogene-
ous cylinder as is shown in Fig. 1, r0 indicates the 
region where temperature is measured. When la-
ser light irradiates the specimen in the from of a 
ring with inner radius r1 and outer radius, r2 the 
temperature from the central axis to the radius, of 
the disk T(x, r, t) can be derived from general so-
lutions of heat conduction equations for cylindri-
cal samples [11], and is given by  

T(x, r0, t)= T0ΣYi(x)Yi(0)ΣHj(r0)Gjexp(-Cijt) 
                                                                     (5)  
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Cij= -α(Zj
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2/b2)                                    (9)  

tan(βi) = βi(Ll + L2)/(βi
2 - L1L2)                 (10)  

ZjJ1(Zj)-LrJ0(Zj) =0                                     (11) 
where T0=Q/Cρπa2b and κ=αρC. J0 and J1 are 0th 
and 1st order Besel functions, respectively, βi and 
Zj are positive roots of Eqs. (6) and (7), respec-
tively, α, κ, ρ, C, Q, and Lm represent thermal 
diffusivity, thermal conductivity, density, specific 
heat capacity, energy of disk and dimensionless 
number of heat loss (m = 1: irradiating face, m=2: 
rear face and r: the side), respectively.  

Experimental 
The BP wafers [6] were grown on (100)-, and 

(111)-oriented Si substrates by thermal decompo-
sition of diborane (1% in hydrogen) and phos-
phine (5% in hydrogen) in a hydrogen atmosphere 
(3 l/min) at 950°C and 1050°C for Si (100), and 
1000°C for Si (111). The growth was made at gas-
flow rates of 20 or 60, 300 or 500, and 3000 
cm3/min for diborane, phosphine, and hydrogen 
respectively in these temperatures at deposition 
time of 24-28 hrs. BP wafers with the area of 10 x 
20 mm2, thickness of 200-300 µm, were obtained 
by solving away the Si substrate in an HF-HNO3 
solution.  

The results of the SIMS analysis [12] indicate 
that the majority of the impurities consist of sili-
con. In addition to sodium, potassium, calcium 

 
 

Fig. 1 Coordinate for the sample by ring flash laser [4], 
[5], [10]. 

 
 

Fig. 2  Si profiles at the substrate sides for four BP wafers 
used in the experiment [12]. 
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and chromium, special impurities such as manga-
nese, cobalt and magnesium were detected in 
sample 3, magnesium, titanium, vanadium, man-
ganese and cobalt in sample 2 and manganese, 
cobalt and nickel in sample 4, with concentrations 
of the order of ~ 1015 atoms·cm-3.  

The silicon profiles as the substrate side of the 
samples show that autodoping of silicon from the 
substrate occurs and they give an indication of the 
dependence of autodoping on the growth tempera-
ture and on the type of substrate plane as is repre-
sented in Fig. 2. Silicon contamination in the n-
type wafer grown at 950°C (sample 1) is small 
with the exception of the first 800 Å adjacent to 
the silicon substrate. Samples 1, 2, 3, and 4 were 
found to have silicon concentrations of ~1018, 5 x 
1018, 5 x 1019, and ~1020 atoms·cm-3 respectively.  

The electrical resistivity ρ, carrier concentra-
tion n and mobility µ measured by van der Pauw 
method are shown in Table 1. The carrier concen-
tration decreases with increasing silicon content 
for the n-type specimens (samples 1 and 3) and 
increases for the p-type materials (samples 2 and 
4). This indicates that silicon atoms act as accep-
tors and are incorporated at the phosphorus sites 
in BP.  

The results of the measurements of the lattice 
constants by Bond method are shown in Table 2; 
They were obtained after calibration using the 
thermal expansion coefficient [12]. The conduc-
tion types of the BP wafers were determined by 
excess boron or phosphorus; they were found to 
be either p or n-type [12]. The excess phosphorus 
atoms occupy the boron sites in the BP lattice in 

the n-type material and vice versa for the p-type 
materials [12]. The ionic radii of boron and phos-
phorus in BP are expected to be 0.88 and 1.10 Å 
respectively. The lattice shrinks in the p-type ma-
terials (sample 4), whereas it expands in the n-
type materials (sample 3). Sample 1 has more ex-
cess phosphorus atoms than sample 3 and has a 
greater lattice expansion than sample 3. Sample 2 
has more excess boron atoms than sample 4 and 
has a greater lattice contraction than sample 4.  

Specific heat capacity [4], [5] was measured 
on small wafers (4 x 4mm2) of boron phosphide 
by differential scanning calorimetry (Perkin-
Elmer, DSC-2) in the temperature range of 60°-
500°C with the use of automatic date processing 
and calibration procedures.  

The process of calculating the thermal diffu-
sivity [4,5] is as follows, firstly, known parame-
ters a, b, r, i and j are specified by measuring con-
ditions. Secondly, initial values of unknown pa-
ramerers such as α, T0 and Lm are presented. Fi-
nally, after identifying values of βi and Zj, the un-
known parameters were estimated by curve fit-
ting.  

The measurements were performed on graph-
ite and sapphire with a thickness of 0.5 mm and 
an area of 10 x 10mm2 to confirm that they coin-
cide with standard literature values. Graphite 
coated thin films with a thickness of ~5 µm were 
sprayed on both faces of the specimen by dry 

Table 2  The precise lattice constant of BP wafers [13]. 
 
Orientation Type Reflection Half 

band 
width 

Lattice constant (Å) 

No. 1 (100) n (400) 0.13° 4.538675±3 x 10-6 
No. 2 (111) p (333) 0.14° 4.537983±3 x 10-6 
No. 3 (100) n (400) 0.15° 4.538467±7 x 10-6 
No. 4 (100) p (400) 0.14° 4.538205±6 x 10-5 

Table 1  Semiconducting properties of BP wafers [12]. 
 

Orientation Type ρ(Ωcm) n(cm-3) µ(cm2·s-1·V-1) 
No. 1 (100) n 0.15 3.7x1017 120 
No. 2 (111) p 12.5 1.5x1015 36.5 
No. 3 (100) n 2.5 2.5x1016 107 
No. 4 (100) p 10.0 3.1x1016 20.0 

 

 
Fig. 3  Temperature dependence of electrical conductivity 
of four BP wafers [5]. 
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graphite film lubricant (dgf 123).  

Results and Discussions 
The temperature dependence of conductivity 

σ are shown in Fig. 3. The electric conductivity of 
wafers of n-types increases with temperature, be-
comes constant, and then begins to decrease with 
temperature; this can be understood as the result 
of a competition between decrease of mobility and 
the increase of carrier concentration [13]. The be-
havior for the p-type wafers is different: the con-
ductivity increases with temperature, and upon 
further increase of temperature the intrinsic con-
duction region is reached.  

Fig. 4 shows the specific heat capacity of n-
type, (100) plane boron phosphide wafer, denoted 
n-(100). The specific heat capacity increases with 
increasing temperature, but no appreciable differ-
ence was observed between (100) and (111) 
planes of between p-type and n-type. If multiple 
regression analysis is applied to the data, the best 
fit is given by  
Cp(cal·mol-1·K-1) = 4.1017 + 1.2579 x 10-2(T/K)  

-2.9171 x 10-6(T/K)2               (12)  
for n-(100) wafer, and by 
Cp(cal·mol-1·K-1) = 2.8105+ 1.8071 x 10-2(T/K)  

                   -9.3608 x 10-6(T/K)2                (13)  
for p-(111) wafer  

The temperature dependence of θ is also 
shown in Fig. 4. Ohsawa et al. [7] obtained a De-
bye temperature of 960±50 K at 300 K by measur-
ing specific heat capacity using AC calorimetry. 
The difference in Debye temperatures between 
theirs and ours would be caused by the measure-

ment method used. The Debye temperature and its 
temperature dependence of the present crystal 
should exhibit feature of boron phosphide. High 
Debye temperature reflects low atomic mass and 
strong interatomic bonding in boron phosphide. 
Figure 5 shows γ as a function of reduced tem-
perature T/θ. Large γ means high anharmonicity 
and the small variation would be attributed to its 
low ionicity. 

Temperature dependencies of thermal diffu-
sivity together with that obtained by photo-AC 
method are shown in Fig. 6. A fairly good agree-
ment between the two methods is established, 
which justifies the present ring flash light method. 
The thermal diffusibility has a large value of 1.8 
cm2 · s-1 at room temperature and shows a pro-
nounced decrease with increasing temperature due 
to phonon scattering.  

The temperature dependence of thermal con-
ductivity as calculated from the product of the 
thermal diffusivity (Fig. 6), specific heat capacity 
(Fig. 4) and density (Table 2) is shown in Fig. 7. 
The thermal conductivity of BP single crystalline 
wafers is ~ 4.0 W · cm-1 · K-1 at room temperature, 

 
Fig. 4 Temperature dependencies of specific heat capacity 
(Cp) [4,5] and Debye temperature (θ)[5] of n-BP(100) wafers 

 
Fig. 5 Grüneisen parameter of BP as a function of the 
reduced temperature [5] 

 
Fig. 6  Temperature dependence of thermal diffusivity of 
various BP wafers [4],[5]. 
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which is in good agreement with Slack's data [2] 
and is comparable to that of boron nitride. The 
high thermal conductivity of boron phosphide is 
similar to that of other adamantine compounds 
[2]. Boron phosphide is thus a promising material 
for heat-sink substrates for semiconductor de-
vices. In the present single crystalline wafer the 
phonon scattering predominates so that thermal 
conductivity decreases with increasing tempera-
ture with a slope of log κ vs log T plot close to -1.  

Finally, we discuss electronic and phonon 
contributions to heat conduction [14]. We treat the 
boron phosphide wafer as a nondegenerate semi-
conductor in considering its electrical properties 
(Table 1) and impurity concentrations. The elec-
tronic thermal conductivity for one sign of charge 
carrier is given by  

κel={z+7/2)Fz+5/2(ξ)/(z+3/2)Fz+1/2(ξ) 
-[(z+5/2)Fz+3/2(ξ)/z+3/2)Fz+1/2(ξ)]2} 
· (k/e)2σT = LσT            (14)  

where Fn(ξ) is the Fermi integral, k is Boltzmann's 
constant, e is the electronic charge, and L 
[=(z+5/2)(k/e)2] is the Wiedemann-Franz constant 
and ranges between 2(k/e)2 and 4(k/e)2 depending 
on reduced Fermi level ξ and scattering parameter 
z. σ = 10Ω-1 · cm-1 and T= 1000K (Fig. 3), κel of 
~10-4 · W cm-1 · K-1. In the case where both elec-
tons and holes are present, in comparable num-
bers, the total thermal conductivity κt,el is given by 
[14]  

κt,el = LtσtT             (15)  

where σt is total electronic conductivity σt = σe + σh 
Lt is given by  

Lt = (k/e)2(σeσh/σt
2)(Eg/kT+αe+αh)2 

+Leσe/σt + Lhσh/σt            (16)  
where Le and Lh are the electron and hole Lorenz 
numbers, respectively, and αe and αh are given by 
α=z+5/2. When σe~σh, Eg=84kT and appropriate 
values of z are z= -1/2 for lattice scattering, z= 3/2 
for impurity scattering.  

With Lt~1800 (k/e)2, σ=3Ω-1 · cm-1 and T = 
1000K (Fig. 3), we found κt,el ~ 10-2 W · cm-1 · K-1, 
which is two orders of magnitude higher than the 
value for one carrier. In any case electronic con-
tribution to thermal conductivity is small, and the 
thermal conductivity in Fig. 7 should correspond 
to lattice thermal conductivity.  

The lattice thermal conductivity for 3-phonon 
processes at high temperatures is given by [15]  

κ1 = (3/5)41/3(k/h)3Mδθ3/γ2T          (17)  
where M is the mean atomic mass, δ is the cubic 
root of the atomic volume, κ1 is calculated by the 
values of θ (Fig. 4) and γ (Fig. 5). The result is 
shown in Fig. 7 as a solid line is in very good 
agreement with the experimental result, so that 
thermal conduction shoud be limited by 3-phonon 
processes.  

Single crystallime wafer has comparatively 
high thermoelectric power of 400-500 µV/K [13], 
but the thermal conductivity is also high (Fig. 7), 
which reduces thermoelectric figure of merit. 
Then BP single crystalline wafer is not applicable 
for thermoelectric device.  

The thermoelectric power of BP sintered 
specimen, however, depends on the purity of start-
ing powder. Commercial available BP powder 

 
Fig. 7  Temperature dependence of thermal conductivity 
of BP wafers [4], [5]. 

Fig. 8  Temperature dependence of thermal conductivity 
of Cu 3% doped BP sintered disc [12]. 
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contains much impurities, which compensate each 
other reducing the thermoelectic power down to 
~20µV/K at entire temperature range [16].  

Then we have prepared high purity BP pow-
ders by hydroisostatic pressing [12]. In doping Si, 
Ag and Cu to BP powder, the specimens were 
sintered. The thermoelectric powder of BP sin-
tered specimen shows as high as single crystalline 
wafer. Especially the specimen doped with Cu 3% 
indicates the highest thermoelectric power of ~1.5 
mV/K ever not reported [12].  

The thermal conductivity (Fig. 8) is lower 
than that of single crystalline wafer (Fig. 7) by 
two orders of magnitude and shows weak tem-
perature dependence, indicating that the phonon 
scattering at grain boundary predominates and 
mean free path of phonon shows weak tempera-
ture dependence.  

It is demonstrated that BP sintered specimen 
doped with Cu 3% shows maximum thermoelec-
tric figure of merit, i.e., 1.0 x 10-5/K at room tem-
perature [12], being compatible to FeSi2 with 2.4 
x 10-4/K.  
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