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Abstract

Icosahedral boron-rich solids are materials containing boron-rich units in which atoms reside at an icosahedron’s 12 vertices. These

materials are known for their exceptional bonding and the unusual structures that result. This article describes how the unusual bonding

generates other distinctive and useful effects. In particular, radiation-induced atomic vacancies and interstitials spontaneously recombine

to produce the ‘‘self-healing’’ that underlies these materials’ extraordinary radiation tolerance. Furthermore, boron carbides, a group of

icosahedral boron-rich solids, possess unusual electronic, magnetic and thermal properties. For example, the charge carriers, holes,

localize as singlet pairs on icosahedra. The unusual origin of this localization is indicated by the absence of a concomitant photo-

ionization. The thermally assisted hopping of singlet pairs between icosahedra produces Seebeck coefficients that are unexpectedly large

and only weakly dependent on carrier concentration. These properties are exploited in devices: (1) long-lived high-power high-capacity

beta-voltaic cells, (2) very high temperature thermoelectrics and (3) solid-state neutron detectors.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Icosahedral boron-rich solids are known for their
unusual structure and bonding. However, these features
also underlie other distinctive properties of icosahedral
boron-rich solids. Here several unexpected properties of
these solids are described. The manner in which these
unusual properties emerge from distinctive features of the
structure and bonding of icosahedral boron-rich solids is
emphasized. Finally, several practical applications that
exploit these exceptional properties are described.
2. Structures and bonding

Boron-rich solids are materials with boron as their
primary atomic constituent. Icosahedral boron-rich solids
are boron-rich solids based on 12-atom clusters in which
atoms occupy the 12 vertices of an icosahedron.
e front matter r 2006 Elsevier Inc. All rights reserved.
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Some of the distinctive features of the bonding of
icosahedral boron-rich solids are evident even in the
bonding of the icosahedral borane molecule, B12H12. This
molecule has each atom of its boron icosahedron
covalently bonded to an ‘‘external’’ hydrogen atom. As is
evident from Fig. 1, each boron atom of the borane
molecule is in six-fold coordination. That is, each boron
atom has five neighboring boron atoms plus the hydrogen
atom to which it is bonded. This coordination is unusual as
a boron atom is a group IIIA element with a valence of 3.
The unusual bonding is evident from X-ray diffraction
studies which indicate charge accumulation about the
center of the icosahedron’s 20 triangular faces rather than
along the lines that link adjacent boron atoms [1]. Borane
molecules are known to have a strong tendency to garner
two additional electrons thereby forming dianions.
These features are not unique to icosahedral borane. The

octahedral borane molecule, B6H6, manifests similar
features. In particular, a boron atom of octahedral borane
is in five-fold coordination. The boron atom has four
boron neighbors plus the hydrogen atom to which it is
covalently bonded. The bonding electrons of octahedral
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Fig. 1. An icosahedron of B12P2 is illustrated. The contours depict

accumulation of bonding charge on the icosahedron’s triangular faces.

Fig. 2. The structure of B12P2 and B12As2 is depicted.
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borane are centered on the triangular faces of its
octahedron. Octahedral borane molecules also tend to
form dianions.

Boron octahedral and icosahedra are essential units of
some insulating refractory solids. For example, CaB6 is an
example of a crystal in which divalent cations (e.g., Ca2+)
reside at the center of cubes whose corners are occupied by
boron octahedra, (B6)

2�. A similar structure is found for
B12P2, B12As2 and B12O2. In particular, boron icosahedra,
nominally B12 dianions, are centered at the eight vertices of
a rhombohedron while two cations reside along the
rhombohedron’s longest diagonal, the c-axis. As illustrated
in Fig. 2, the respective phosphorus and arsenic cations of
B12P2 and B12As2 are each bonded to one another and to
three adjacent boron atoms. The oxygen atoms of B12O2

are well separated from one another. As such, each oxygen
cation just bonds to the three boron atoms to which it is
adjacent [2]. Strong covalent bonds link six boron atoms of
each icosahedron to boron atoms of neighboring icosahe-
dra. The remaining six boron atoms of each icosahedron
bond to the solid’s cations.

The bonding associated with these structures is unusual.
In particular, each boron atom of an icosahedron
participates in the electron-deficient bonding of its icosa-
hedron as well as in covalent bonding to atoms outside of
its icosahedron. All of this bonding is primarily attributed
to electrons from these boron atoms’ second shell. One of
the three second-shell electrons is involved in bonding
external to the boron atom’s icosahedron. The remaining
two electrons from a boron atom’s second shell participate
in the internal bonding of its icosahedron. Thus, 24
electrons (2� 12) are available for an icosahedron’s
internal bonding.
The internal bonding of an icosahedron is associated

with electrons whose wavefunctions extend over its surface
[3–6]. As such, these electrons occupy molecular orbitals
that encompass the icosahedron’s surface. Since the
icosahedron is a spheroid, the bonding orbitals on its
surface reflect its near spherical symmetry. That is, these
molecular orbitals possess s-, p-, d- and f-symmetry with
respect to the icosahedron’s centroid. However, the crystal
field of the icosahedron (its departure from being a true
sphere) splits high-lying icosahedral orbitals. Thus, the
seven orbitals of f-symmetry are split into states that are
four- and three-fold degenerate states. Those states with
four-fold degeneracy are of lower energy. Occupation of
these orbitals places bonding charge about the centers of
the icosahedron’s triangular faces.
There are a total of 13 bonding orbitals: 1 s-orbital,

3 p-orbitals, 5 d-orbitals and the above-mentioned 4
orbitals of f-symmetry. Filling of these bonding orbitals
requires 26 electrons (13� 2). Thus, icosahedra tend to
garner two electrons, making them dianions. The asso-
ciated bi-electron affinity is especially strong because the
screening of the nuclear charge is relatively weak. In
particular, only each boron atoms’ two 1s electrons
intervene between their nuclear charge and the bonding
electrons.
Analogous arguments can be used to understand the

internal bonding of a boron octahedron [6]. There are 7
internal bonding orbitals for the octahedron: 1 molecular
orbital with s-symmetry, 3 molecular orbitals with p-
symmetry and 3 of 5 molecular orbitals of d-symmetry.
Filling of these 7 bonding orbitals requires 14 (7� 2)
electrons. However, only 12 electrons (2� 6) are available
after the external bonding requirements of a boron
octahedron are fulfilled. Therefore, a boron octahedron
tends to garner two additional electrons to become
dianions.
The high melting temperatures of these solids attest

to the strength of their internal bonding. However,
X-ray diffraction studies indicate that icosahedra deform
in order to accommodate two-atom and three-atom
inter-icosahedra chains of significantly different lengths:
P–P, As–As, O–O, C–B–C, C–B–B and B–B–B [7]. These
solids have been termed ‘‘inverted’’ molecular solids
to emphasize that the two-center covalent external bonding
is often even stronger and stiffer than that within
icosahedra [1]. As such, the application of pressure
compresses the boron cages fractionally more than the
external bonds [8].
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3. ‘‘Self-healing’’ of radiation damage in icosahedral boron-

rich solids

Since icosahedral boron-rich solids are generally very
hard solids with high-melting temperatures, they have been
utilized in extreme environments. These solids have been
observed to survive extremely well in radiation environ-
ments.

The observed radiation tolerance of icosahedral boron-
rich solids has spurred systematic study of these solids’
response to irradiation. High-resolution transmission
electron microcopy was used to interrogate several
icosahedral boron-rich solids (b-rhombohedral boron and
boron carbides) during and after heavy bombardments
[9–11]. The damage, clustering of defects and amorphiza-
tion, expected of common semiconductors was not
observed even when bombardments were carried out
at a very low temperature, �12K [7]. In particular,
high-resolution transmission electron micrographs of b-
rhombohedral boron showed no significant change follow-
ing very heavy bombardment with nitrogen ions. The
observed moderate swelling of the target was attributed to
bombarding ions trapped within the b-rhombohedral
boron film. By contrast, this bombardment level, 36
displacements per atom estimated from a TRIM calcula-
tion, is at least four orders of magnitude greater than is
needed to amorphize boron nitride, BN. The absence of
damage after such severe bombardment cannot be attrib-
uted to displacing some atoms into established interstitial
locations.

To probe the cause of the radiation tolerance without
implanting ions, several metal diborides, octahedral boron-
rich solids and icosahedral boron-rich solids were subjected
to heavy electron bombardment [12]. The diborides (e.g.
TiB2) and octahedral boron-rich solids (e.g. CaB6) were
heavily damaged within minutes. However, the icosahedral
Fig. 3. Very high-resolution transmission electron microscopy shows no damag

electrons to a net dose of about 1023 electrons/cm2. The bombardment is mor
boron-rich solids (B12P2 and B12As2) showed no signs of
damage even after much more prolonged bombardment
(several hours).
Conservation of energy and momentum ensures that

atoms of all of these solids are readily displaced by the
heavy energetic bombardments. The absence of radiation
damage in icosahedral boron-rich solids must therefore be
ascribed to the easy recombination of the radiation-
induced vacancies and interstitials. Thus, boron atoms
displaced from icosahedra must readily return.
Such a scenario is plausible if an electron from a

departing boron atom is retained by the icosahedron from
which it is knocked [12]. Then, Coulomb attraction will
foster recombination between a departing boron cation
and an icosahedron possessing an extra negative charge as
a result of its loss of a boron cation. In addition, the very
small size of a boron cation should aid its diffusion and
thereby facilitate recombination. This view is supported by
the observation that icosahedra which are ‘‘degraded’’ by
the loss of an atom do indeed garner an extra negative
charge [13]. By contrast, octahedra are not known to
survive in a degraded state.
The experiments by the Zuppiroli-group indicate re-

markable resistance tolerance of icosahedral boron-rich
solids [9–12]. To confirm the self-healing that these
experiments imply, additional radiation damage experi-
ments on many icosahedral boron-rich solids have been
conducted in collaboration with the Ewing-group at
facilities at the University of Michigan and at Argonne
National Laboratory using samples provided by T.L.
Aselage of Sandia National Laboratories. These bombard-
ments employed some heavy ions as well as energetic
electrons. As illustrated by the high-resolution transmis-
sion electron micrographs shown in Fig. 3, these recent
measurements are consistent with self-healing of radiation
damage in icosahedral boron-rich solids.
e to B12P2 after an intense bombardment (1018 electrons/cm2 s) by 400 keV

e intense than that from undiluted 90Sr (1012 electrons/cm2 s).
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4. Beta-voltaic devices with semiconducting icosahedral

boron-rich solids

The ability of icosahedral boron-rich solids to survive
extensive irradiation can be exploited in various potential
applications. One such application could be the develop-
ment of high-power, long-lived and high-capacity beta-
voltaic cells.

Beta-voltaic cells were initially developed in tandem with
photo-voltaic cells about half a century ago. Photo-voltaic
cells are used extensively to convert the power from electro-
magnetic radiation into electric power. In a somewhat
similar manner beta-voltaic cells convert the power of beta-
particles generated from radio-isotopes into electric power.

Unlike solar cells (photo-voltaic cells attuned to absorp-
tion of solar radiation), beta-voltaic cells do not require an
external radiation source. The radio-isotopes that power
these devices can be packaged together with the beta-
voltaic cell to form a self-contained source of electric
power. In the absence of degradation, the device provides
electric power for the life of the radio-isotope.

Both photo-voltaic devices and beta-voltaic devices
utilize the electric field that develops near junctions
between materials to separate electron–hole pairs that are
generated under irradiation. Whereas absorption of a
photon typically generates a single electron–hole pair, an
incident energetic beta particle can produce a millimeter
long track of 105 electron–hole pairs. To capture the energy
contained in these pairs beta-voltaic devices employ stacks
of junctions. The incident power (W/cm2) from a strong
source of beta particles (e.g., 90Sr) is comparable to that
from solar radiation at sea level.

Unfortunately, beta-voltaic devices made with conven-
tional semiconductors tend to suffer very rapid degrada-
tion due to radiation damage. In particular, beta-voltaic
cells made with silicon and 90Sr degrade significantly in a
single day, far short of the radioisotope’s half-life, 28 years
[14,15]. To avoid this degradation, beta-voltaic devices are
made with relatively weak radioactive sources. For
example, a tritium beta-particle source provides about
1% of the power per atom and about 1% of the net energy
capacity per atom as does 90Sr. As a result, beta-voltaic
cells (as once used in pace makers) have been replaced with
long-lived batteries.

The degradation problem can potentially be alleviated
by replacing conventional semiconductors with icosahedral
boron-rich semiconductors such as doped B12P2 and
B12As2 [16]. Indeed, as illustrated in Fig. 3 these
semiconductors can sustain far more bombardment with-
out damage than could be produced by even a strong
radioisotope.

This replacement, however, is not simple. Beta-voltaic
cells operate by the electron–hole pairs generated by
incident beta particles being separated by the electric field
that exists in the depletion region surrounding a junction
with a semiconductor. Efficient, even workable, beta-
voltaic cells require a significant depletion region. Since
the size of the depletion region falls with the carrier density,
efficient beta-voltaic devices require a relatively low carrier
density. Furthermore, electrons and holes created within
the depletion region must be able to diffuse apart before
being trapped or recombining. Optimally, the carriers’
diffusion length should be comparable to the depth of the
depletion region. All told, beta-voltaic cells, like solar cells,
require semiconductors with moderate densities of high
mobility (41 cm2/V s) carriers. Fortunately, this situation
is thought to exist for holes in B12P2 and B12As2; the Hall
mobility of B12P2 at 295K is reported to be 63 cm2/V s [17].
To date, only p-type B12P2 and B12As2 have been

obtained. Indeed, it has been argued that the prevalent
defects in simple icosahedral boron-rich semiconductors
will render them p-type [18]. Even so, beta-voltaic devices
could be based on (Schottky) junctions between p-type
icosahedral boron-rich semiconductors and electrical con-
ductors rather than between p- and n-type semiconductors.
In any case, a development effort would be required to
determine if beta-voltaic devices with these icosahedral
boron-rich semiconductors would be viable.
N-type materials can be obtained by heavy incorpora-

tion of some transition-metal atoms into b-rhombohedral
boron [19]. In addition, some icosahedral boron-rich solids
with rare-earth elements (RE) have been reported to be n-
type: REB22C2N and REB17CN [20]. It is unclear if these
materials can be made with sufficiently low carrier densities
and high enough mobilities to be useful in beta-voltaic
cells.

5. ‘Boron carbides’ electrical properties

Boron carbides are icosahedral boron-rich solids that
have been studied very extensively. Insights into a number
of fundamental physical phenomena have developed as a
result of attempting to understand some of these materials’
remarkable properties. In addition, some of boron
carbides’ distinctive properties have been exploited in
devising devices.
Boron carbides are compositionally disordered materials

that can exist as a single phase of a wide range of
compositions: B12+xC3�x with 0:1oxo1:7 [21,22]. The
large entropic contribution to the free energy associated
with boron carbides’ compositional disorder is thought to
stabilize the wide single-phase regime of hot-pressed boron
carbides [21].
As illustrated in Fig. 4, boron carbides’ icosahedra reside

at the corners of its rhombohedral cell. Three-atom chains
occupy the longest diagonal of each rhombohedron.
Compositional disorder occurs as carbon atoms replace
boron atoms at a number of locations within this structure.
In particular, most icosahedra are thought to contain a
single carbon atom. The locations of carbon atoms within
different icosahedra are not ordered relative to one
another. Thus, icosahedral carbon atoms are distributed
among various icosahedral sites. Carbon atoms can also
exist within the three-atom inter-icosahedral chains. Three
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Fig. 4. The structure of a boron carbide is illustrated.
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types of three-atom chain are envisioned: C–B–C, C–B–B
and B–B–B. Altering the carbon concentration changes the
distribution of three-atom chains. As the carbon concen-
tration is reduced C–B–C chains tend to be progressively
replaced by C–B–B chains. Upon lowering the carbon
concentration further C–B–B chains are replaced by
B–B–B chains.

Since C–B–C and B–B–B chains are envisioned as
positively charged while C–B–B chains are neutral, the
number of charge carriers, holes, on icosahedra simply
equals the number of C–B–B chains [22]. Thus, the carrier
density peaks near a carbon concentration of 13 atomic
percent where most chains are C–B–B chains.

Despite their high carrier densities, boron carbides
manifest the thermally facilitated electronic transport of
semiconductors rather than the thermally impeded trans-
port of metals. In particular, the boron carbides’ charge
carriers localize and move by thermally assisted hopping
between icosahedra.

Disorder facilitates the collapse of charge carriers from
moving freely (‘‘itinerant’’ transport) to hopping between
severely localized states [23]. Succinctly stated, disorder
slows a carrier sufficiently so that atoms can relax about it.
This atomic relaxation is associated with ‘‘self-trapping,’’
the phenomenon by which a charge carrier becomes bound
(trapped) within a potential well produced by atomic
displacements that the carrier’s presence induces [24]. Thus,
carriers in ordered icosahedral boron-rich solids (e.g.,
B12P2 and B12As2) manifest itinerant transport while
carriers in boron carbides move by thermally assisted
hopping.

Detailed studies of boron carbides’ electronic transport
are consistent with expectations from a temperature-
independent high-density of self-trapped holes [22,25].
Namely, the electrical conductivity rises with temperature,
achieving an Arrhenius behavior as the temperature
increases toward that characterizing the atomic vibrations.
The activation energy (�0.16 eV) of this Arrhenius
conductivity is independent of the carbon concentration.
Hall effect measurements confirm a low thermally activated
Hall mobility consistent with that of small-polaronic
carriers [26,27].
Despite the very high carrier densities (�1021 cm�3)

measurements of the magnetic susceptibility and the e.s.r.
indicate a relatively small spin density, �1019 cm�3 [28,29].
This finding implies that the carriers form singlet pairs
(singlet bipolarons).
For bipolaron formation, the energy lowering associ-

ated with the pair’s interaction with atomic displacements
must overcome its Coulomb repulsion. The Coulomb
repulsion associated with bringing holes from adjacent
icosahedra to pair on a single icosahedron is modest:
�(e2=2eR� e2=3eR)�0.15 eV, where e is the dielectric
constant (�10) and R is the radius of an icosahedron
(�0.18 nm). The first contribution to the repulsion energy
is the energy of distributing two holes on the surface of an
icosahedron and the second contribution is the Coulomb
repulsion between holes on adjacent icosahedra.
The frontier internal bonding orbitals of an icosahedron

within which the holes are to pair are four-fold degenerate.
Therefore, to pair as a singlet, rather than as a triplet
(Hund’s rule), requires symmetry-breaking atomic displa-
cements. Such displacements can lift the electronic
degeneracy, mix the singlet states and stabilize some
singlets. Two types of singlet bipolaron are possible [30].
With a strong enough electron–lattice interaction between
the holes and symmetry-breaking atomic displacements,
the singlet pair may be bound with a potential well
established by nearly static symmetry-breaking atomic
displacements. Such a singlet bipolaron is a ‘‘conventional
bipolaron.’’ Alternatively, a singlet may be stabilized by the
lowering of atomic vibration energy associated with the
singlet changing between different electronic configurations
in response to symmetry-breaking vibrations. The latter
situation describes the formation of a ‘‘softening bipolar-
on’’ [30]. In Fig. 5 the free energy of a singlet formed in a
model system is plotted against the electron–lattice
interaction associated with a symmetry-breaking vibration.
The two distinct minima of the free energy correspond to
parameters for which a softening bipolaron and a
conventional bipolaron are most likely to form. For
singlet-bipolaron formation, the appropriate minimum
must be deep enough so that the singlet bipolaron is stable
against both dissociation and triplet formation.
The existence of a conventional bipolaron is always

associated with a photo-absorption band. That is, con-
ventionally self-trapped carriers can always be excited from
their ground state. However, a photo-absorption band may
not occur with a softening bipolaron [30]. Then stabiliza-
tion of the bipolaron is primarily due to a reduction of the
free energy of atomic vibrations rather than to lowering a
carrier’s energy. No carrier-induced photo-absorption
band has been observed in boron carbides [31].
The Seebeck coefficient is the entropy transported

with a charge carrier divided by its electrical charge.
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Fig. 5. The free energy of a singlet pair formed amongst degenerate electronic states is plotted against the strength of the carriers’ electron–lattice

interaction with symmetry-breaking atomic deformations that lift the electronic degeneracy. Two energy minima are evident. With sufficiently strong

coupling, the energy of the singlet pair is low enough that it is likely to form a ‘‘conventional bipolaron.’’ The minimum at weaker coupling defines a region

in which formation of a ‘‘softening bipolaron’’ is most likely.
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A carrier-induced change of vibration entropy, as occurs
with a softening bipolaron, will make a distinctive
contribution to its Seebeck coefficient [32]. By contrast,
the predominant contribution to the Seebeck coefficient
from conventional carriers is simply the change in carriers’
entropy-of-mixing upon addition of a carrier. Thus, large
carrier densities imply small conventional Seebeck coeffi-
cients.

The Seebeck coefficients of boron carbides are very large
despite their large carrier densities [33]. In addition, boron
carbides’ Seebeck coefficients depend only weakly on
carrier density. These anomalous features are in accord
with expectations for a softening bipolaron [32]. In
particular, carrier-induced softening produces two effects
for carriers that move by phonon-assisted hopping. First,
carrier-induced softening produces a region of enhanced
vibration entropy that travels with the carrier. Second,
additional heat is transported with a carrier since carrier-
induced softening causes the energy transfers associated
with the hopping process to occur preferentially at
occupied sites. In Fig. 6 the predictions for carrier-induced
softening [32] are compared with observations for boron
carbides [33].

Thermal transport in boron carbides is also surprising.
Despite boron carbides being hard and stiff with very high
sound velocities (�106 cm/s), thermal diffusion can be
extremely slow [34,35]. In particular, reducing boron
carbides’ carbon content to about 13 atomic percent
lowers the thermal diffusivity to about 0.01 cm2/s, an
extremely small value [35].

Finally, it should be noted that Werheit and students
have opposed the view that the predominant charge
carriers in boron carbides are bipolarons or even polarons.
In particular, Werheit associates dc transport in boron
carbides with a low density of high-mobility carriers. By
contrast, my collaborators and I envision dc transport in
boron carbides being associated with a high density of low-
mobility carriers that move by thermally assisted hopping.
It is therefore useful to summarize experimental

evidence for bipolaron hopping. First, a very low thermally
activated mobility (51 cm2/V s) is found when the dc
conductivity is divided by the number of paired holes that
are introduced by replacing carbon atoms with boron
atoms: x/2 of B12+xC3�x for xo1. Second, measurements
of the Hall mobility reveal a very low thermally activated
Hall mobility that is consistent with the predictions for
polaron or bipolaron hopping [26,27]. The mobility
deduced from the Hall effect is the intrinsic mobility,
unaffected by trapping, since the magnetic field through the
Lorentz force does not deflect a trapped (stationary) charge
carrier. Third, the density of localized (hopping type)
carriers is orders of magnitude greater than the density of
observed spins, implying that the carriers pair as singlets
thereby forming singlet bipolarons [28,29]. Fourth, the
conductivity as a function of x reaches its maximum at
x ¼ 1, when the hopping conductivity, proportional to the
product of the probabilities of sites being occupied (x/2)
and of being vacant (1� x=2), has its peak [22]. Fifth, the
conductivity rises with increasing frequency and tempera-
ture in accord with predictions and common experience for
hopping-type transport [31,36]. In particular, polarization
currents associated with the hopping of localized carriers
rise with increasing frequency and temperature [37]. These
currents peak at the carbon concentration for which
bipolaron concentration is at its maximum, 13 atomic
percent carbon.
By contrast, Werheit envisions most of the holes,

introduced by replacing carbon atoms with boron atoms,
being trapped. Current is then associated with untrapped
carriers that move with high mobility. From their analysis
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Fig. 6. The Seebeck coefficient measured on a boron carbide over a wide temperature range is shown on the upper figure. The lower figure shows the two

contributions to the Seebeck coefficient for hopping carriers arising from carrier-induced softening plotted against the temperature divided by the

characteristic phonon temperature, Y.
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of their measurements of the frequency dependence of the
electrical conductivity, Werheit and associates conclude
that the charge carriers are high-mobility free carriers at all
but low temperatures [38]. They estimate a 100 nm room-
temperature mean-free-path for these free carriers, a value
comparable to that of the carriers in the highest purity
crystalline silicon. This mean-free-path corresponds to a
mobility of almost 4000 cm2/V s upon taking the charge
carrier effective mass to be the free-electron mass. Similar
measurements by other groups are taken as indicative of
boron carbides having low-mobility hopping type carriers
[31,36].

6. Devices based on boron carbides

Boron carbides’ unusual transport has practical applica-
tions. The thermally activated hopping conductivity,
anomalously large Seebeck coefficients and extremely
slow thermal transport all contribute to boron carbides
having a surprisingly large thermoelectric figure-of-merit,
Z � sS2=k, at high temperatures. Here s denotes the
electrical conductivity, S represents the Seebeck coefficient
and k indicates the thermal conductivity. For this reason,
boron carbides are used as p-type thermoelectrics in special
high-temperature applications.
Boron carbides can also be used as neutron detectors

[39]. In particular, 10B is an excellent absorber of thermal
neutrons. Therefore, thermal neutrons cannot penetrate far
(much more than a millimeter) into a boron carbide
enriched with 10B before being absorbed. Upon absorbing
a neutron, 10B decays into 7Li and 4He, thereby heating the
material in the immediate vicinity of the neutron absorp-
tion. A temperature difference is thereby established
between the face of a boron carbide upon which neutrons
are incident and the back face that opposes it. This
temperature difference can be monitored using boron
carbides’ large Seebeck effect. That is, the voltage
developed between the material’s front and back faces is
the product of the temperature difference and the material’s
Seebeck coefficient. Boron carbides’ exceptionally large



ARTICLE IN PRESS
D. Emin / Journal of Solid State Chemistry 179 (2006) 2791–27982798
Seebeck coefficient results in an unexpectedly sensitive
probe of neutron absorption.

Radiation damage arising from the decay of 10B is
minimized by the self-healing that characterizes icosahedral
boron-rich solids. The effect of whatever damage is
produced on the Seebeck measurement is also limited by
boron carbides’ high carrier density and the exceptionally
weak dependence of boron carbides’ Seebeck coefficient on
carrier density. All told, boron carbides may serve as
simple, small and robust neutron detectors.
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