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Abstract

The electrical properties of n-BP films newly prepared by thermal CVD in the B2H6–PH3–H2 system were improved by a

deuterium lamp excitation. High-temperature electrical conductivity and thermoelectric power of amorphous boron and

polycrystalline boron phosphide films grown on silica glass were measured to evaluate the thermoelectric figure-of-merit (Z). In

particular, the Z-value for photo-thermal BP films was higher (10�4/K) than that of boron films, indicating that they are promising

for high-temperature thermoelectric materials.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Boron and boron compound semiconductors have high
thermoelectric power, which make them applicable for
high-temperature thermoelectric devices [1]. Previously we
have calculated first excitation energies, oscillator
strength, and potential energy surfaces of B2H6 and PH3

by using an ab initio molecular orbital method and
prepared p-type boron and boron phosphide films by the
photo-thermal CVD process using B2H6–PH3–H2 systems
[2]. As a result, deuterium lamp irradiation is effective for
the excitation of both B2H6 and PH3 in photo- and
thermal chemical vapor deposition (CVD) to grow boron
and boron phosphide films at 600–1000�C [2]. The
electrical properties of p-type boron and boron phosphide
films on silica glass were improved by deuterium lamp
irradiation. Now we have succeeded in preparing n-type
boron phosphide films by the same method through the
reduction of B2H6 gas flow rates from 20 to 4 cm3/min
under the same PH3 and H2 gas flow rates.
The present paper summarizes the thermoelectric

properties of boron and boron phosphide films by
photo-thermal and thermal CVD processes.
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2. Experimental

The reaction gases B2H6 (1% in hydrogen) and PH3

(5% in hydrogen) were used in a CVD furnace,
equipped with a deuterium lamp for optical excitation
[2]. After heat treatment of substrate [3], the two source
gases were mixed with hydrogen at the growth
temperature. An n-type BP was prepared at gas flow
rates of 4, 500, and 2500 cm3/min for diborane,
phosphine, and hydrogen, respectively, in the tempera-
ture range 600–900�C at a deposition time of 2 h with
and without the deuterium lamp excitation. The films
were characterized by X-ray diffraction (XRD). Evapo-
rated Ag, followed by annealing in argon at 400�C,
made ohmic contacts of the films. A linear relationship
between I (mA) and V (mV) was observed in the ranges
1–1000 mA and 0.3–500mV obeying the ohmic law.
Electrical properties of the films at room temperature
were measured by the van der Pauw method.
Electrical conductivity of the films was measured by

a two-probe method at temperatures between room
temperature and 800�C under an argon atmosphere [3].
Thermoelectric voltage was measured in a resistance
furnace with a temperature gradient of 2–3�C [4]. The
temperature difference was measured by two thermo-
couples attached at the film surface. A conventional
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digital multimeter was used in order to measure the
voltage between the hot and cold points.
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Fig. 2. Temperature dependence of electrical conductivity of amor-

phous boron films.
3. Results and discussion

3.1. n-Type boron phosphide films

The XRD of photo-thermal CVD n-BP on Si (100)
oriented predominately on (100), while that of the
thermal one showed various orientations. The crystal
distortion of photo-thermal n-BP films is less than that
of thermal ones. The tendency is almost the same as that
of p-type BP [2]. The XRD of n-BP films on silica glass
grown above 700�C shows a distorted polycrystalline
structure, but that of films grown below 650�C shows
amorphous structure. Strong diffractions from BP (200)
and BP (400) planes are observed for photo-thermal
CVD films grown above 700�C. Crystal distortion of the
photo-thermal CVD films is less than that of the thermal
films and that of n-type film is similar to that of p-type
film [2].
The n-type BP films grown at 600�C contain many

strong structural disorders and a high resistivity due to a
low growth temperature, so we could not obtain good
ohmic contact, which makes it impossible to measure
the Hall effect at room temperature by the van der Pauw
method. The electrical properties of the present n-type
boron phosphide films on silica glass grown above
700�C with and without optical excitation by a
deuterium lamp are shown in Fig. 1. The growth
temperature dependences of the crystallinities and
electrical properties of p-type films [2] are similar to
those of n-type films. n-Type doping of boron phosphide
film is due to excess phosphorus [5]. Photo-thermal
n-type CVD boron phosphide tends to have higher
mobility and lower carrier concentrations than thermal
CVD ones as was shown in p-type boron phosphide [2].
The supply of B2H6 gas to the reactant chamber in

n-type BP is less than that of p-type ones because the
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Fig. 1. Electrical properties of n-type boron phosphide films
flow rates of B2H6 for n-type growth are one-fifth that
for the p-type one, so hydrogen and phosphor content in
the reactant chamber increase. Then n-type BP would
contain much trap due to the hydrogen desorption
reaction [4] in the film growth. The trap density for n-BP
would be higher than that for p-type ones, resulting in a
lower carrier concentration in n-type than p-type.

3.2. Thermoelectric properties

The electrical conductivity (s) for the amorphous
boron film increases exponentially with increasing
temperature (Fig. 2). Each curve is composed of two
straight-line segments of different slopes corresponding
to different activation energies. The conductivity of
photo-thermal CVD borons (Fig. 2) was higher than
those of thermal CVD ones, indicating improvement of
the short-range order of the film. The activation energies
for the extrinsic region are 0.11 eV for photo-thermal
CVD and 0.16 eV for thermal CVD films. The activation
energies at high temperatures are 0.84 eV for both CVD
processes, being near the band gap of amorphous boron
of B1.0 eV [6,7]. The curve of photo-thermal CVD
boron (Fig. 2) in the X-axis between 1.2 and 1.4 would
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grown on silica glass at various growth temperatures.
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Fig. 4. Temperature dependence of thermoelectric power of boron and

boron phosphide films.
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Fig. 3. Temperature dependence of electrical conductivity of poly-

crystalline boron phosphide films.
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be a saturation region owing to complete ionization of
the acceptors. Details of this were not clarified because
the measurement of conductivity at increasing and
decreasing temperatures respectively ended in failure
due to the destruction of films.
Temperature dependence of the electrical conductiv-

ities for polycrystalline BP films (Fig. 3) indicates that
decomposition of reactant gases by the deuterium lamp
irradiation would reduce the defect concentrations in the
films increasing the electrical conductivities. The activa-
tion energy of 0.10 eV for photo-thermal n-BP and
0.13 eV for thermal ones at low temperatures would be
caused by doubly charged phosphorus (P2+) [5]. Our
previous work [5] indicated that the activation energies
associated with acceptor levels were 0.2 and 0.32 eV.
Then the activation energies of p-BP are 0.17 eV for
photo-thermal and 0.33 eV for thermal CVDs, due to
the formation of impurity states. Low carrier concentra-
tions at high temperatures with an activation energy of
1.9 eV in p-BP would correspond to intrinsic conduction
(Eg=2.1 eV), while 1.5 eV in n-type was not in the
intrinsic range but the transition region from saturation
to intrinsic ones. The activation energy for conductivity
in the impurity region is lower for photo-thermal CVD
films in comparison with thermal ones, which would
indicate the effect of decomposition and excitation of
B2H6 and PH3 by the deuterium lamp irradiation [2].
The temperature dependencies of thermoelectric

power (a) for these films are shown in Fig. 4. An
anomalously high thermoelectric power of B5mV/K
for amorphous Fe1�xCrSi2:O films on silica glass
indicates that Si–O would be an important factor to
determine a high thermoelectric power [8]. The high-
temperature growth would result in Si–O bonds in the
film, which would be expected to produce a high
thermoelectric power. Then high thermoelectric power
would be due to Si–O bonds in the films [4,8].
Amorphous boron films show unusual behavior:

increases with increasing temperature for thermal
CVD boron and maximum values at lower temperature
ranges or a small peak in thermoelectric power. The
absolute thermoelectric power for boron phosphide
films is almost constant, gradually increases, or gradu-
ally decreases. The absolute thermoelectric power for
thermal n-type CVD BP film tends to increase above
B800K, indicating that electron concentration ranges
in the impurity region and Fermi energy is lowered by
electron supply from the donor level with increasing
temperature [9]. The absolute thermoelectric power of
photo-thermal CVD films tends to be lower than that of
thermal ones. Especially a remarkable decrease in a for
photo-thermal CVD boron film should be noted.
However some exceptions are observed for p-BP
between 600 and 700K and for B between 300 and
500K, which would probably be caused by a stress effect
[10] or piezoresistance characteristics [11]. Thermo-
electric power is also related to disorder states in the
specimen. An increase of thermoelectric power for
p-type films would be explained by an additional term
representing the entropy associated with the transport of
vibration energy with carriers [12]. The photo-thermal
CVD film has less disorder than thermal ones, reducing
absolute thermoelectric power.
It is very difficult to measure the thermal conductivity

of a film. The thermal conductivity (k) of the present
films with several mm thickness on silica glass, 300 mm,
would be determined by that of the silica glass [4]. The
estimated thermoelectric figure-of-merit (Z=a2s/k) [4]
is calculated by measuring the thermal conductivity of
the silica glass by a laser flash method.

Z-values for the present films are shown in Figs. 5
and 6. Z-values for photo-thermal CVD boron film
increase with the increase of temperature and saturate
above 800K. That for the thermal one is lower than the
photo-thermal one at intermediate temperature ranges
and reaches 10�4/K above 800K. High Z-values are
obtained at 500–1000K for photo-thermal CVD boron
and at 800–1000K for thermal CVD boron. Z-values
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Fig. 5. Temperature dependence of thermoelectric figure-of-merit of

amorphous boron films.
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polycrystalline boron phosphide films.
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for BP films tend to increase with temperature, but
photo-thermal BP had higher Z-value than the thermal
one. Especially photo-thermal n-BP has high Z-values
of 10�4/K at high temperatures and p-type BP has 10�4/
K above 600K. Photo-thermal BP films are promising
for thermoelectric materials at high temperature. The
figure-of-merit in the present films would be character-
ized by the high electrical conductivity.
4. Conclusion

We have measured the thermoelectric power for
photo-thermal and thermal CVD boron and boron
phosphide films deposited on silica glass in the B2H6–
PH3–H2 system. The present films are characterized by
an intrinsic high thermoelectric power ofB1mV/K. The
thermoelectric figure-of-merit of these films depends on
electrical conductivity, where the increase in the
electrical conductivity produces a high figure-of-merit.
High Z-values are obtained at 500–1000K for photo-
thermal CVD boron and at 800–1000K for thermal
CVD boron. Photo-thermal BP films have high Z-values
of B10�4/K at high temperature.
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