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Abstract

We have prepared electrodeposited boron wafer by molten salts with KBF,~KF at 680°C using graphite crucible for anode and
silicon wafer and nickel plate for cathodes. Experiments were performed by various molar ratios KBF4/KF and current densities.
Amorphous p-type boron wafers with purity 87% was deposited on nickel plate for 1 h. Thermal diffusivity by ring-flash method
and heat capacity by DSC method produced thermal conductivity showing amorphous behavior in the entire temperature range.
The systematical results on thermoelectric properties were obtained for the wafers prepared with KBF,~KF (66-34 mol%) under
various current densities in the range 1-2 A/ecm?. The temperature dependencies of electrical conductivity showed thermal activated
type with activation energy of 0.5eV. Thermoelectric power tended to increase with increasing temperature up to high temperatures
with high values of (1-10)mV/K. Thermoelectric figure-of-merit was 107%/K at high temperatures. Estimated efficiency of
thermoelectric energy conversion would be calculated to be 4-5%.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Boron has a high melting point, high hardness and
high thermoelectric power with a wide gap, which would
be expected in thermoelectric materials used as a
refractory semiconductor [1,2]. We prepared a boron
film by the CVD process [3,4] and molecular beam
deposition [5] utilizing dangerous diborane gases.
Especially boron films prepared by molecular beam
deposition showed very high electrical resistivity to the
measurement of electrical properties by the van der
Pauw method, which yielded low thermoelectric figure-
of-merit values [6].

On the contrary , electrolysis process using powders
as raw materials is inherently inexpensive and yield large
area specimens. The major problem facing in molten salt
experiment is the choice of a suitable solute and solvent
system where stability at the deposition temperature is
an important requirement [7]. The solvent should have a
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high solubility, low viscosity, low melting point, low
reactivity with container and electrode. It should be
non-toxic and available in high purity at low cost. A
review was given for electrodeposition of various
semiconductors such as Si, Se, and compound semi-
conductor from molten salts [7]. As for boron, there are
only limited data by patent [8,9], using B,O3;-KBF,~KF
systems. The possibility of deposition of boron was
studied in the molten salt containing 17mol% of NaF
and variable amounts of KBF, [10]. There are only
limited data by patent [8,9], using B,O;—KBF4,KF
systems.

We have prepared the electrodeposited boron wafers
by molten salts with KBF,~KF under various conditions
and have measured electrical, thermal and thermoelectric
properties to evaluate thermoelectric figure-of-merit.

2. Experimental

The experimental apparatus for the electrodeposition
consists of graphite crucible (26 mm in inner diameter,
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30 mm in outer diameter, 28 mm in depth) for anode and
silicon wafer (8x1x0.06cm®) and nickel plate
(8 x 1 x 0.1cm?®) for cathodes. The melt KBF, (98% in
purity) and KF (99% in purity) were contained in a
graphite crucible within an argon (research grade)
atmosphere maintained within the furnace. During each
experimental run, argon was kept flowing through the
chamber. After the KBF4/KF mixtures were melted at
680°C by resistance heating, boron was deposited on
cathode for 0.5-1h under various current densities. DC
current was supplied through a silicon rectifier. DC
current and voltage were 1 A, and 15-30V, respectively.

The quality of the specimen was evaluated by X-ray
diffraction and SEM observation. The wafers were
obtained by separating from nickel plate. The purities of
the wafers were determined by X-ray photoelectron
spectroscopy (XPS).

Ohmic contacts of the wafers were made by evapo-
rated Al, followed by annealing in argon at 400°C for
1h. Electrical properties of the wafer at room
temperature were measured by the van der Pauw
method. Electrical properties of the wafers were
measured by a two-terminal method at temperature
between room temperature and 800°C under argon
atmosphere [3]. Thermoelectric voltage between hot and
cold junctions was measured under a constant tempera-
ture gradient of 2-3°C. The specific heat capacity was
measured on small wafers by DSC method in the
temperature range 60-500°C. Thermal diffusivity of
wafer was measured by the laser-flash method using a
ring flash light [11]. Thermal conductivity was calculated
from the measurement of thermal diffusivity and heat
capacity.

3. Results and discussion
3.1. Preparation of wafers

KF would act to undergo high thermal decomposition
at the bath temperature and KBF, is boron source and
is protected from thermal decomposition by being
dissolved in KF. In the presence of an excess of fluoride
ion, boron ions become fluoride. The boron would be
directly produced in a one-step reaction by electro-
reduction in fused KF.

The crystallinity of the boron film on Si (100) plane
depends on molar ratios of KBF,/KF and current
densities. The films grown by KBF;,~KF (50-50 mol%)
at current densities of 100mA/cm? contain mainly
tetragonal (201), (103) and (331) planes with other small
rhombohedral boron while decreasing of the ratio from
2 to 1 the film contains much rhombohedral boron
peaks. Change in the composition from KBF,~KF (50—
50mol%) to KBF4,~KF (66-34 mol%) produces amor-
phous structure. At current densities 33 and 50 mA/cm?,

the film did not show crystalline peak indicating
amorphous structure is independent of the molar ratios.
After the electrodeposition for 1h boron deposited on
Ni substrate was pulled upward from the melt in the
crucible and was cooled down to room temperature. The
deposited boron on the substrate was dipped into pure
water in order to take away a residue of the melt. Then
the boron wafer was peeled from the substrate by
driving a pincette between wafer and substrate. Current
efficiency of 10-14% was obtained, which would be due
to the concentration motion of low valence ions from
cathode to anode [12]. Current efficiency means the
efficiency of deposition, which would be accompanied
by simultaneous gas evolution. Total current efficiency
represents the fraction of the total number of coulombs
involved in the process. Low current efficiency in the
present experiment brings about more faradays
reaction at an electrode including side reactions, i.e.,
reduction or oxidation of solvent, supporting electro-
lyte, electrode materials or impurity. Furthermore,
semiconducting Si wafer prevented long time growth
experiment due to high resistivity, i.e. 1Qcm, so we
could not prepare boron wafer to measure thermo-
electric properties.

Replacement of Si wafer by Ni plate resulted in a
large current density above 1 A/cm? to prepare wafers
because Ni is metallic conductor to prepare wafers.
After the electrodeposition for 1h boron deposited on
Ni substrate was pulled upward from the melt in the
crucible and was cooled down to room temperature. The
deposited boron on the substrate was dipped into
pure water to take away a residue of the melt. Then
the boron wafer was peeled from the substrate by
driving a pincette between wafer and substrate. Fig. 1
shows SEM observation of the wafers. The wafer
prepared by KBF;—KF (50-50mol%) has irregular
surface and large grain, while that by KBF4~KF (66—
34mol%) has comparatively fine grain with smooth
surface.

Purity of the boron wafer electrodeposited on Ni plate
is shown in Table 1 with KBF4/KF ratios by chemical
analysis and electrical properties. The formation of Ni—
B compound was not detected. They are all p-type
conductors. We could not measure Hall effect for the
wafer prepared with KBF,~KF (25-75mol%) because
of insufficient ohmic contact. Then we prepared wafers
by KBF,-BF (66-34mol%). Current density depen-
dences of electrical properties of the wafers are shown in
Fig. 2. In increasing current density (J), hole mobility
(1) decreases but electrical resistivity (p) tends to
saturate at 2A/cm”. Hole concentration (p) increases
in increasing current density and becomes maximum at
2A/cm? and then decreases at 2.5A/cm? Low hole
concentration of 10"°-10'*/cm® indicates that high
density of intrinsic acceptor is compensated by oxygen
and fluorine.
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Table 1

(b)
Fig. 1. SEM observation of the boron wafers. (A) KBF,: KF=1:1(B) KBF;:KF=2:1.

Electrical properties of boron wafers together with the results by chemical analysis

KBF4KF (molar ratio) Hole concentration (cm™>)

Mobility (cm?/Ves)

Resistivity (Qecm) Chemical analysis for wafer (at%)

2:1 1.2x 10" 19 2.8 x 10° B: 87.6, C: 6.2, 0: 6, K: 0.1, F: 0.1
1:1 6.6 x 10" 15 6.3x10° B: 79.5, C: 11, 0: 9, K: 0.3, F: 0.2
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Fig. 2. Current density dependence of electrical properties.

3.2. Thermoelectric properties

Temperature dependencies of heat capacity (Cp) are
shown in Fig. 3, which give the Debye temperature (0).
The data include that of CVD amorphous wafer [3] as a
standard. The present heat capacity at 340 K is 2.908 cal/
mol K for CVD wafer, 2.734 and 2.783 cal/mol K for
electrodeposited wafers. That for CVD wafer is in good
agreement with cited value of 2.897 cal/mol K at room
temperature [13], while those for electrodeposited ones
deviate from the cited value owing to the impurities of
the wafer. The heat capacity for CVD wafer shows
gradual increase with increase in temperature, which is
the usual behavior. Deviation of heat capacity of the
electrodeposited wafers from that of CVD wafer and
differences in the heat capacity between two electro-
deposited wafers become large with increase in tem-
perature. Minimum or maximum value around 700K is
observed, which would be due to the purities of the
wafers (Table 1).

The value of 0 is obtained from specific heat at
constant volume Cj, which is deduced with the usual
thermodynamic formula

Cy = Cp— (B V)/KT, (1)

where f is the volume expansivity (f = 3o, where o is
linear expansivity), K the isothermal compressibility and
V' the molar volume. There are no data on o and K for
amorphous boron. The narrow range and the range
orders of a-B are closely related to those of -B [2]. Then
the data for f-B [14,15] were used with the value
of ¥ =4.59cm? and the published data for « [15]. Cp
(Fig. 2) is converted to Cy. Then 6 in calculated with the
formula

fo 2
CoJ3R = (3/%) /O [t /(e* — 1Y) dc 2)

with x =0/T,

where R is the gas constant of 1.987 cal/mol K. The
values of the right-hand term in Eq. (2) have been
tablated [16]. The temperature dependence of 6 is also
shown in Fig. 3. The data for CVD amorphous wafer [2]
are higher than those for -B, which would be due to the
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uncertainty of the parameter used. The Debye tempera-
ture and its temperature dependence for the CVD boron
wafer would be reasonable and typical of the results for
amorphous boron: a high Debye temperature reflects the
low atomic mass and strong interatomic bonding in a-B,
where external bonds of icosahedra in amorphous are
largely covalently saturated [2].

On the contrary the present electrodeposited wafers
are different from the CVD boron wafer. Decreases in 0
with increase in temperature are characteristic ones.
Especially this is remarkable for the electrodeposited
wafer with KBF,~KF (50-50 mol%). The decreases in 0
would reflect a weak bonding due to formation of boron
oxides, i.e., BOs3, 8 =259K [17].

The temperature dependence of thermal conductivity,
calculated as the product of specific heat capacity
(Fig. 3), the thermal diffusivity (Fig. 4) and density
2.354 g/em® [19], is also shown in Fig. 4. The results are
compared with that for CVD amorphous wafer [3],
where the thermal conductivity is constant in a wide
temperature range, showing characteristics of a glass as
confirmed by Golikova et al. [18]. Our previous thermal
conductivity for amorphous CVD boron wafer was
calculated by using the reported heat capacity data [13],
so that the present data would be more reasonable than
the previous one [3]. The electrodeposited wafer
prepared with KBF4,~KF (66-34mol%) has lower
thermal diffusivity and thermal conductivity than those
of films prepared by amorphous CVD one, but
temperature dependencies are similar to that of films
prepared by CVD characterized by amorphous beha-
vior. Initially the thermal conductivity increases as the
specific heat increases. The comparatively low thermal
conductivity increasing with increasing temperature is
typical of a disordered or amorphous solid where the
phonon mean free path is of the order of the interatomic
spacing and independent of temperature [20].

The behavior in the electrodeposited wafer with
KBF,—KF (50-50 mol%) differs greatly from them with
discrete maximum and rapid decrease in the thermal
conductivity, which would depend on the purity and
inhomogeneity in the wafer. Then this wafer would not
be preferable to measure thermoelectric properties.

0.015 0.025
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+E%rg2:f<‘(r):z:1(x) 1 0.02
—s—KBF4KF=1:1 ()
~ 0.014 o <
Nﬂ = fmorphius CVD . +0.015 é
c —o—KBF4KF=2:1 (M) |o " o
° —a—KBF4:KF=1:1 () 4+ 0.01 ;
< 0.005 <
+ 0.005
0 t t t t t 0
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Fig. 4. Temperature dependence of thermal diffusivity and thermal
conductivity. (The results of amorphous CVD wafer [3] is also shown.)

Temperature dependencies of electrical conductivities
prepared at various KBF,/KF ratios showed linear
relationship between conductivities and reciprocal tem-
perature with activation energies of 0.2-0.5¢V.However,
their thermoelectric powers have large values of ~1mV/
K but data scattered. No systematic behavior including
thermoelectric figure-of-merit with respect to the ratio
of KBF4/KF was observed, except for KBF,KF
(66-34mol%), which would be due to inhomogeneity
of the wafer reflected temperature dependencies of heat
capacity and Debye temperature (Fig. 3).

Then thermoelectric properties of amorphous-boron
wafer using KBF,~KF (66-34mol%) at various current
densities were examined. Fig. 5 shows temperature
dependencies of electrical conductivities as a function
of current density. No appreciable difference is observed
between them with activation energies of 0.5eV, being
nearly to absorption edge of about 0.7eV [2]. These
behaviors would be explained by almost same impurities
states in the wafers. Fig. 6 shows temperature depen-
dencies of thermoelectric powers as a function of current
density. The thermoelectric power increases with in-
crease in temperature up to about 600 K and becomes
almost a constant or slightly decreases above 600 K. An
increase of thermoelectric power would be explained by
an additional term representing the entropy associated
with the transport of vibrational energy with carrier [21].
Above 600K, it tends to saturate, being similar to
amorphous CVD wafer [3]. Thermoelectric power

1
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Fig. 5. Temperature dependence of electrical conductivity of boron
wafer. (The results of amorphous CVD wafer [3] is also shown.)
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Fig. 6. Temperature dependence of thermoelectric power of boron
wafer. (The results of amorphous CVD wafer [3] is also shown.)
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Fig. 7. Temperature dependence of thermoelectric figure of merit of
boron wafer. (The results of amorphous CVD wafer [3] is also shown.)

increases with increase in current density at a fixed
temperature and large values of 1-10mV/K above 600 K
should be noted. In the present current density, the
discharge of ions occurs on the cathode rapidly so that
growth rate becomes larger. Rapid growth in the wafer
in increasing current density would be expected to
introduce structural disorder (Fig. 2) although the
differences of these wafers in the XRD pattern and
SEM observation are not found.

The figure-of-merit (Z) is calculated by thermoelectric
power, electrical conductivity and thermal conductivity.
Fig. 7 shows temperature dependencies of Z as a
function of current density. The Z value increases with
the increase in temperature. High thermoelectric power
and low thermal conductivity contribute high Z but low
mobility leads to strong decrease in Z. This would be
due to microstructure in the wafer. Z-value for the wafer
prepared by current density of 2 A/cm? should be noted
at high temperatures.

The efficiency of thermoelectric devices with a hot
(Ty) and cold (T;) junction [22] would be estimated by
theoretical efficiency of a Carnot machine and transport
properties of Z on the condition that n- and p-types
semiconductors of otherwise equal properties are avail-
able. When the efficiency of thermoelectric energy
conversion would be estimated by 7y, = 1500°C, T, =
1000°C and Z = 5.0 x 10~*/K a value of 4-5% could be
obtained although n-type boron wafer with otherwise
similar properties is not obtained. The present efficiency
estimated is smaller than that for boron carbide of about
25% with some optimistic assumptions [22].

4. Conclusion

We have succeeded in preparing amorphous p-type
boron wafers by electrodeposition using KBF;,—KF
(66-34mol%) on nickel plate with various current
densities (1-2.5 A/cm?) to measure thermoelectric prop-

erties. The wafers prepared at 2 A/cm? have the best
results with Z value of 5x 107*/K and efficiency of
4-6% where low thermal conductivity and high thermo-
electric power contribute high Z, while low mobility
leads to the strong decrease in Z. Optimum composition
of the wafer would be expected to produce high Z and
high efficiency.
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