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Electrical and thermal properties of semiconducting B12P2

wafers designed as B12(Si2)x(P2)12x were measured up to high
temperature. The wafers were grown at 11003C by thermal
decomposition of a B2H6+PH3+H2 gas mixture at 11003C on
Si(100) and Si(111) substrates in long-term experiments. The
electrical conductivity obeyed band conduction. Thermoelectric
power showed high values of 800+1000 lV/K at 400+800 K.
Measurement of the speci5c heat capacity by di4erential scann-
ing calorimetry (DSC) yielded Debye temperatures of
1200+1300 K and Gru4 neisen parameters of 0.8+0.9. Thermal
di4usivity was measured with the use of ring-6ash light in the
laser 6ash method. The weak temperature dependence of thermal
conductivity re6ects phonon scattering by Si impurities rather
than by grain boundaries. Low electrical conductivity produces
lower thermoelectric 5gures-of-merit than BP wafers despite the
high thermoelectric power. ( 2000 Academic Press

INTRODUCTION

There are two refractory boron phosphides: boron mono-
phosphide (BP) with a zinc-blende structure and boron
subphosphide (B

12
P

2
) with a rhombohedral structure. The

boron monophosphide is well known as a refractory
semiconductors (1,2), but the rhombohedral boron phosph-
ide is a wide-gap (3.3 eV) semiconductor (3).

The structure of rhombohedral boron phosphide is sim-
ilar to that of a-boron, but has chains of two phosphorus
atoms lying within the rhombohedron, connected to six
B
12

icosahedra by two-center bonds (4).
We have succeeded in preparing semiconducting B

12
P

2
wafers doped with Si atoms in a chemical vapor deposition
(CVD) process at a high temperature of 11003C (5). The
present paper describes electrical properties, i.e., high-tem-
perature electrical conductivity and Seebeck e!ect, and
high-temperature thermal characteristics, i.e., heat capacity
33
by di!erential scanning calorimetry (DSC) and thermal dif-
fusivity by ring-#ash light method, of semiconducting B

12
P

2
wafers to clarify their intrinsic thermophysical properties.

EXPERIMENTAL

The horizontal CVD apparatus was the same as that
described in our previous report on BP (6). The reaction
chamber was made of fused quartz with the upper part
cooled by running water. Two slopes (6) were placed in front
of and to the rear of the SiC-coated graphite susceptor,
which removed the vortex #ow at the susceptor, giving
a more uniform temperature at the substrate. The susceptor
was heated externally by an RF generator, and the substrate
temperature of 11003C was measured with an optical pyro-
meter. Boron subphosphide (B

12
P
2
) wafers (20]10 mm2,

0.1-mm thickness) were grown on Si(100) and Si(111) planes
under the optimum conditions (7) of #ow rates of B

2
H

6
(1%

in H
2
)"30 cm3/min, PH

3
"30 cm3/min for 16 hr and

were obtained by dissolving the silicon substrate in concen-
trated HF#concd HNO

3
(1 : 5) solution. Electrical proper-

ties at room temperature were measured by the van der
Pauw method. Electrical conductivity of the wafers was
measured by a two-probe method between room temper-
ature and 8003C under an argon atmosphere. Thermoelec-
tric voltage between hot and cold junctions was measured
under a constant temperature gradient of 2}33C (2). The
speci"c heat capacity was measured on small wafers by DSC
in the temperature range 60}5003C. Thermal di!usivity of
wafers was measured by the laser-#ash method using a ring
#ash light (8). We consider a homogeneous circular plate in
a cylindrical coordinate systems. Laser light irradiates the
specimen in the form of a ring with an inner radius and
outer radius. The temperature ¹ (x, r, t) at radius r and
distance x from the central axis of the disk can be derived
from general solutions of the heat conduction equation for
0022-4596/00 $35.00
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FIG. 2. X-Ray di!raction pattern of B
12

P
2

wafer.
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a cylindrical sample. For details see (8). Thin graphite "lms
with a thickness of &5 lm were sprayed on both faces of
the wafer with a dry graphite "lm lubricant (dgl 123 produc-
ed by Japan Ship Machine Tool Co. Limited). Thermal
conductivity was calculated from the product of the thermal
di!usivity, heat capacity, and density.

RESULTS

A. Characterization of the Wafers

The lattice mismatch between B
12

P
2

and Si(100) and
Si(111) planes is large, depending on the orientation (7).
Furthermore the existence ratios and distribution of various
B
12

P
2
(1121 0), (1011 1), (0221 1), and (1011 0) planes change along

the growth direction and are in#uenced by the location on
the substrate, whether upstream or downstream regions of
the substrate (7). These facts would produce the polycrystal-
line wafer for a long-time growth experiment [5]. A SEM
image of the B

12
P
2

wafer shows a grain size of &2 lm
(Fig. 1).

The content of Si atoms in B
12

P
2
"lm by SIMS indicates

that 1022 Si atoms/cm3 at the B
12

P
2
/Si interface decreases

to 1021 Si atoms/cm3 at the "rst 3 lm adjacent to the Si
substrate and to 1019}1020 Si atoms/cm3 in the "lm. The
concentration of Si in the wafer would average 1020}1021
atoms/cm3. Si contents are detected by IR spectra (5,9). The
absorption coe$cient in the edge tail (10) is detected due to
the Si content. The X-ray di!raction pattern of the present
B
12

P
2

wafer indicates precipitation of Si shown in Fig. 2.
The B

12
P
2
doped with Si in the present study has unit cell

parameters of a"6.00 As , c"12.0 As (10), indicating a c axis
elongated with respect to pure B

12
P

2
, i.e., a"6.000 As ,

c"11.857 As (11). This change agrees with the tendency
toward the unit parameters of B

2.89
Si (a"6.319 As ,

c"12.713 As ) (11) and the modi"cations in boron-rich
boron carbide induced by doping with silicon (12,13). The Si
atoms form Si

2
chains in these unit cells of B

12
P

2
designated
FIG. 1. SEM image of the B
12

P
2

wafer.
B
12

(Si
2
)
x
(P

2
)
1~x

(10), which would be supported by the
change in unit cell parameter depending on the P content of
undoped B

12
P
2

(14).
The electrical properties of these B

12
P

2
wafers doped

with Si are listed in Table 1. They are all p-type semiconduc-
tors. The resistivity of the wafers is lower than the cited
value (15) by 104}105 so that the autodoped Si from the Si
substrate would a!ect the electrical properties.

B. Thermal and Electrical Properties up to
High Temperatures

The temperature dependence of electrical conductivity (p)
is shown in Fig. 3, which includes the results for polycrystal-
line B

11.6
P

2
of Greiuer and Guotwski (16). The electrical

conductivity of B
12

P
2

obeys band conduction with an ac-
tivation energy of 0.85 eV, which would correspond to that
of the intrinsic region.

The temperature dependence of thermoelectric power is
shown in Fig. 4. The thermoelectric power values of B

12
P

2
wafers are high, 800}1000 lV/K at 400}800 K. High thermo-
electric power is consistent with low carrier concentration
(2) in the specimen (Table 1).

Figure 5 shows the speci"c heat capacity of semiconduct-
ing B

12
P

2
wafers. The speci"c heat capacity increases with

increasing temperature, but no appreciable di!erence was
observed between samples grown on Si(100) and Si(111)
planes. The temperature dependence of the thermal di!us-
ivity is shown in Fig. 6.
TABLE 1
Electrical Properties of B12P2 Wafer

Electrical Carrier
Conduction resistivity concentration Mobility

Substrate type () ) cm) (cm~3) (cm2 )V~1 ) s~1 )

Si (100) p 1.4]105 1.4]1012 31.7
Si (111) p 6.2]104 9.3]1013 10.8



FIG. 3. Temperature dependencies of electrical conductivities of
semiconducting B

12
P

2
polycrystals. The result for B

11.6
P
2

(16) is also
shown.

FIG. 5. Temperature dependencies of speci"c heat capacity (C
1
) and

Debye temperature (h) of semiconducting B
12

P
2

polycrystal.
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The temperature dependence of thermal conductivity,
calculated as the product of thermal di!usivity (Fig. 6),
speci"c heat capacity (Fig. 5), and density (15), is shown in
Fig. 7. The results are compared with those for boron
carbide (B

1~x
C

1~x
) (17), the structure of which is a modi"-

cation of a-B structure, being similar to the B
12

P
2

structure.
The con"guration of the specimen x"0.2, i.e., B

4
C, in

the intericosahedral chains is carbon}boron}carbon
(CBC) while that of x"0.1, i.e., B

9
C, is CBB. The tem-

perature dependence of the thermal di!usivity for B
1~x

C
x

changes from that typical of crystalline solids (falling with
increasing temperature) at high carbon concentrations of
FIG. 4. Temperature dependence of thermoelectric power of semicon-
ducting B

12
P

2
polycrystal.
x'0.18 to that characteristic of a glass (nearly independent
of temperature) at low carbon concentrations of
x(0.17 (17).

DISCUSSION

If B
12

P
2

has no impurity, the concentration of phos-
phorus atoms is 1.24]1021 atoms/cm3, which produces
x"0.07 in B

12
(P

2
)
1~x

(Si
2
)
x
. However, the concentrations

of the ionized silicon acceptor measured by the electrical
properties (Table 1) are much smaller than normal silicon
contents by about 108}109, indicating that most silicon
atoms would remain as neutral impurity and Si precipita-
tion (Fig. 2).

In comparing our data in Fig. 3 with those of Greiner and
Guotwski (16), their specimens contain (0.03 wt% Si,
(0.01 wt% Cu, and magnesium, so their sample is less
FIG. 6. Temperature dependence of the thermal di!usivity of semicon-
ducting B

12
P

2
polycrystal. The results for B

1~x
C

x
(17) are also shown.



FIG. 7. Temperature dependencies of the thermal conductivity of
B
12

P
2
. The results of Slack et al. (22) and B

1~x
C

x
(17) are also shown.

FIG. 8. GruK neisen parameter of semiconducting B
12

P
2

polycrystal as
a function of the reduced temperature.
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pure than ours. Their specimens are signi"cantly higher in
the intrinsic-like conductivity range. The determined activa-
tion energy of 0.85 eV would be correlated with a gap of
1.7 eV in rather good agreement with the optically deter-
mined value (10). This would suggest intrinsic and not
extrinsic behavior.

The thermoelectric power increases with increase in tem-
perature up to 400 K (Fig. 4). It tends to saturate and then
decreases with a rise in temperature. This result cannot be
explained by assuming only one kind of carrier. At higher
temperatures the wafer approaches the intrinsic range, and
both holes and electrons contribute to the thermoelectric
power, with cancelling contributions to the measured volt-
age. The same behavior is observed in p-type BP wafers (18).
Furthermore Pistoulet et al. (19) explained the electrical
properties of B}Si compounds of composition close to that
of B

14
Si by using a model based on medium-range disorder.

The spatial #uctuations of composition produce spatial
#uctuation in the potential, where the thermoelectric power-
versus-temperature curve has a maximum value. From
these experimental results the temperature dependence of
thermoelectric power in our specimen would be reasonable.

The speci"c heat capacity gives the value of the Debye
temperature h. The value of h is obtained from speci"c heat
at constant volume C

V
, which is deduced with the usual

thermodynamic formula

C
V
"C

1
!(b2< )/K¹, [1]

where b is the volume expansivity (b"3a, where a is linear
expansivity), K the isothermal compressibility, and < the
molar volume. There are no data on a and K for B

12
P
2

so
the data for boron carbide (20) were used with the values of
<"69.44 cm3 and the published data for a (20). K was
calculated by Young modulus E (20) and Poission ratio (20).
C

1
(Fig. 5) is converted to C

V
. Then h is calculated with the

formula

C
V
/42R"(3/x)P

x0

0

[x4ex/(ex!1)2] dx with x"h/¹,

[2]

where R is the gas constant of 1.987 cal/mol )K. The values
of the right-hand term in Eq. [2] have been tabulated (21).
The temperature dependence of h is shown in Fig. 5. Slack
et al. (22) estimated h by using a scaling law devised by
Steigmeir (23) to obtain h"1160 K at room temperature.
Our data are higher than theirs and near to b-B of 1300 K,
which would be due to the uncertainty of the parameter
used. It remains almost constant up to 650 K, where it
begins to fall (Fig. 5). This decrease is due to the excess
speci"c heat which may be associated with the anharmonic-
ity of the lattice. The Debye temperature and its temper-
ature dependence for the crystal we examined should be
typical of the results for boron phosphide: a high Debye
temperature re#ects the low atomic mass and strong in-
teratomic bonding in boron phosphide.

The GruK neisen parameter c was calculated to see the
anharmonic character of B

12
P
2
. For this purpose Eq. [1] is

rewritten as

C
1
"C

V
(1#cb¹ ), [3]

c"b</KC
V
. [4]

Figure 8 shows c as a function of reduced temperature
¹/h. c values have almost the same limiting value of about
0.8 at ¹&h and decrease with decreasing temperature.
Large c means high anharmonicity and small variations
would be its low ionicity.

Vibrational energy is transported with a charge carrier.
The present B

12
P
2

wafer has a low carrier concentration



FIG. 9. Thermoelectric "gure-of-merit for boron monophosphide (BP)
and boron subphosphide (B

12
P
2
) wafers as a function of temperature.

ELECTRICAL/THERMAL PROPERTIES OF B
12

P
2

WAFERS 37
(Table 1) so conduction of heat by a mobile carrier
may be neglected. But transported energy increases with
temperature. The electronic contribution to the thermal
conductivity is a product of transported energy, electronic
di!usion constant, and the rate of change of the carrier
density with temperature, which yield very small increases
with temperature (24). The electronic contribution to the
thermal conductivity relative to the lattice contribution is
neglected.

The thermal transport in B
4
C is crystal-like while that

in B
9
C is amorphous glass (Fig. 7) (25). In the present

B
12

P
2x

(Si
2
)
1~x

the thermal conductivity would be charac-
teristic of a crystal in the temperature dependence inductive
of thermal tranport via phonons. Low magnitude and weak
temperature dependence of the thermal conductivity would
be due to defect scattering, indicative of some disorder that
scatters the phonon in the lattice in comparison with more
perfect crystalline B

12
P
2

(22) in Fig. 7. Some disorder would
be considered as Si precipitate in the specimen con"rmed by
X-ray di!raction (Fig. 2) and absorption spectra (10). To see
any e!ects on thermal conductivity due to grain boundaries,
the lattice thermal conductivity can be discussed in terms of
a phonon gas having a particular speci"c heat (C) and mean
free path (lN ) (24, 25).

Thermal conductivity is given by

i"CollN /3, [5]

where C is the speci"c heat per unit mass, o is the mass
density, and, l the average sound velocity of phonon, which
does not change largely, so thermal conductivity is deter-
mined mainly by heat capacity and mean free path of
phonon. Using the speci"c heat and thermal conductivity
data and sound velocity of B

4
C (25), we estimate an average

mean free path of 1.1]10~3 lm at 300 K being much small-
er than &2 lm for the grain size of the wafer (Fig. 1). Slack
et al. (22) measured the thermal conductivity of isomor-
phous compounds B

12
As

2
, B

12
P
2
, and B

12
C

3
below some

temperature so the mean free path of these phonons is about
2]10~2 lm for temperatures near the Debye temperature
decreases, i.e., 1 lm at room temperature. The phonons are
scattered by grain boundarries at low temperature and by
impurities at high temperature (24). Then the thermal con-
ductivity in the present wafer would not be a!ected by
scattering from grain boundary.

The thermoelectric "gure-of-merit Z ("a2p/i) is shown
in Fig. 9. The Z value increases with increasing temperature,
reaching &3]10~8/K, but is an BP by two orders of
magnitude. The thermal conductivity of B

12
P

2
wafer is

almost same as that of BP polycrystal, but low electrical
conductivity produces lower Z, despite high thermoelectric
power (Fig. 4). Their specimens are signi"cantly higher in
the intrinsic-like conductivity range. The electrical conduct-
ivity of our wafer would increase by optimum substitution
of Si in B
12

P
2
. In this case thermoelectric power would be

reduced but the Z value would be expected to increase.

CONCLUSION

We have measured electrical and thermal properties of
semiconducting B

12
P

2
wafers by autodoped Si atoms. The

resistivity of B
12

P
2

wafers is lower than the cited value by
104}105. The Si atoms contributing to semiconduction are
far smaller than normal Si contents. The heat capacity
induces a high Debye temperature of 1200}1300 K and
GruK neisen parameter of 0.8}0.9. Thermal conductivity cal-
culated by the products of heat capacity, thermal di!usivity,
and density shows weak temperature dependence over the
entire temperature range by phonon scattering by Si impu-
rities. The low electrical conductivity of the present B

12
P

2
wafer produces lower thermoelectric "gures-of-merit than
BP by about two orders of magnitude, despite high thermo-
electric power. Then optimum doping of Si would be neces-
sary to promote electrical conductivity.
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