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b-Rhombohedral boron (b-rh. boron) was doped with V, Cr,
Fe, Co, or Zr to investigate the relationship between occupancies
of the doping sites and thermoelectric properties. Doping with
V or Cr, which preferentially occupy the A1 sites, produces an
increase in electrical conductivity and a negative Seebeck coe7-
cient, while doping with Fe or Co, which occupy the A1 and
D sites equally, also increases the electrical conductivity though
the Seebeck coe7cient remains positive. Doping with Zr, which
does not occupy the A1 sites, slightly increases the electrical
conductivity with a resultant larger Seebeck coe7cient. Regard-
ing Co- and Zr-doubly doped p-type b-rh. boron, both properties
are determined mainly by Co content. The observed temperature
dependence of the electrical conductivity of metal-doped b-boron
clearly indicates variable range hopping conduction such that
both properties increase with increasing temperature up to room
temperature, in contrast to the behavior of ordinary metals and
semiconductors. The power factors of Co-doped p-type b-rh.
boron and V- or Cr-doped n-type b-rh. boron increased with
increasing temperature, and doping with about 1 at.% metal
atoms produced materials whose power factor at room temper-
ature is three to four orders of magnitude larger than that of pure
b-rh. boron. Finally, 1 at.% Co doping decreased the thermal
conductivity of b-rh. boron from 16 to about 4+2 W/m 'K, with
the maximum ZT of p-type Co1.0B105 being subsequently esti-
mated as 1.0]1026 at room temperature. ( 2000 Academic Press
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conductivity; Seebeck coe7cient; site occupancy; hopping con-
duction; power factor; 5gure-of-merit; covalent}metallic bond-
ing conversion; electron}phonon interaction.

I. INTRODUCTION

The pioneering research carried out in the late 1950s on
semiconductor thermoelements and thermoelectric (TE)
cooling by Io!e (1) proved to be a technology springboard
in this "eld. With respect to semiconductor TE energy
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conversion, his main principle has been particularly useful
in systematically studying semiconductors with large carrier
mobility or large e!ective mass. As this principle is derived
from the Boltzmann transport equation using the relaxation
time approximation (1}3), only the carrier concentration is
used to uniquely determine the electrical conductivity p,
Seebeck coe$cient S, and electron part i

%-
of thermal con-

ductivity i. TE materials investigated and optimized using
this principle have thus far demonstrated insu$cient perfor-
mance, and also, the principle cannot explain the transport
properties of a number of materials with a large electron
correlation or large electron}phonon interaction. On the
other hand, some materials with small carrier mobility such
as oxides (4) and borides (5}9) are known to exhibit high
performance above room temperature, which implies the
existence of new leading principles concerned with carrier
localization.

Boron-rich solids are semiconductors because they con-
sist mainly of B

12
icosahedral clusters, which have three-

centered covalent bonds owing to their electron de"ciency,
and because the electronic structure near the bandgap is
closely related to these clusters (10). Boron-rich semicon-
ductors have an extremely high melting point ('2300 K)
due to the strong bonds of intra- and interclusters (11),
a characteristic that allows them to function at high temper-
atures. Their thermal conductivity is quite low because the
network of B

12
clusters, i.e., the "vefold symmetry of

B
12

icosahedral clusters, is complex and markedly di!erent
compared with the rotational symmetry of crystals. b-
Rhombohedral boron (b-rh. boron). (6), boron carbides (5),
a-AlB

12
(6), and boron silicides (8, 9) all have large S values

and exhibit relatively high performance as a p-type TE
material at '800 K. The TE properties of b-rh. boron can
also be altered by doping metals into interstitial sites.

The values of p and S for semiconducting b-FeSi
2

phase
simultaneously increase by mixing with metallic e-FeSi

2
phase (12). Therefore, if metallic bonding and covalent
bonding can locally coexist, i.e., if materials are developed
having an electrical conductivity as high as that of metals
and a Seebeck coe$cient as high as that of semiconductors,
then semiconductor TE energy conversion can be enhanced.
As the bonding nature of B

12
clusters is convertible from
0022-4596/00 $35.00
Copyright ( 2000 by Academic Press

All rights of reproduction in any form reserved.



14 NAKAYAMA, SHIMIZU, AND KIMURA
covalent to metallic bonds by changing the environment of
intra- or interclusters (13), an electronic state optimized by
the design of the bonding nature of individual clusters, as
well as that of the arrangement of clusters, could realize
a substantial improvement in the TE properties of boron-
rich solids.

Such a possibility led to the present study in which we
investigate how to control the electrical properties of b-rh.
boron by doping b-rh. boron with several kinds of metals. In
addition, we propose new principles for similar materials
with localized carriers.

II. EXPERIMENTAL

b-Rh. boron was doped with V, Cr, Fe, Co, or Zr (99.9%
pure), each of which is known to occupy only two kinds of
sites (14}17) of the three kinds of interstitial doping sites
(A

1
/D/E) in a b-rh. boron structure (18). Brie#y, a mixture of

amorphous boron (99.9% pure) and each metal, except V,
was subjected to arc-melting in which samples were homo-
genized by placing them in a h-BN crucible and annealing
under an Ar atmosphere at 2073 K for 48 h. The V-doped
sample was annealed at 1473 K for 96 h. Excess metals were
etched by hydrochloric acid. Direct-current conductivity
and Seebeck coe$cient measurements were performed us-
ing sliced polycrystalline bulk samples, with X-ray powder
di!raction (XRD) measurements being performed on the
remaining sample after crushing.

Crushed powder samples were mounted on a substrate
made of a SiO

2
single crystal (Rigaku Co., Ltd.) which

did not allow re#ection of CuKa rays in the 2h range of
5}1503. XRD data were collected at room temperature
using CuKa rays in the 2h range of 103}803. Samples were
successively mixed with Si to provide an internal calibration
standard, and XRD data for determining the lattice con-
stants were collected in the 2h range of 373}573 as there
are few overlapping peaks in this region. Both data sets
were analyzed in turn by the Rietveld method using the
RIETAN-97b code (19); i.e., the sets were "t using the same
structural parameters such that the lattice parameters and
occupancies of the doping sites could be determined. The
coordination and isotropic thermal vibrational parameter
of each site were slightly changed by being "t to single-
crystalline structural analysis data reported previously
(14}17).

We investigated the respective relationship between the
Rietveld analysis-determined occupancy of each doping
site and the electrical properties, electrical conductivity,
and Seebeck coe$cient. The dc electrical conductivity
was measured from 20 to 300 K using the van der Pauw
method, while the Seebeck coe$cient was measured using
a stable temperature di!erence from 200 to 300 K.

The thermal di!usivity of 1-mm-thick sample slices was
measured using the laser #ash method, after which the
thermal conductivity was estimated under the assumption
that the sample's speci"c heat is equal to that of pure b-rh.
boron (20).

III. RESULTS AND DISCUSSION

1. Occupancies of Doping Sites

The unit cell of b-rh. boron consists of a B
12

frame-
work, a vertex B

12
cluster and three edge-center B

12
clus-

ters, and a B
28
}B}B

28
chain with nearly 105 boron

atoms (21), which is why it is often referred to as B
105

.
Another model assumes it consists of a B

84
framework

and B
10
}B}B

10
chain, where the B

84
&&soccerball'' cluster

has a multishell structure in which the vertex B
12

cluster
forms the "rst shell, another B

12
cluster forms the second

shell, and a B
60

soccerball cluster forms the third shell.
The 20 A sites in a B

84
cluster, i.e., 2 A

1
, 6 A

2
, and 12

A
3

sites, are truncated tetrahedral sites situated dodecahed-
rally around the B

12
second shell such that they form

a triacontahedral cluster with the second shell, and the
A

1
site is surrounded by a vertex B

12
cluster and three

edge-center B
12

clusters. Doping into the A
1
, D, and E sites,

respectively, corresponds to doping into the B
84

soccerball
cluster, interstices of the B

10
}B}B

10
chain, and interstices of

four B
84

clusters.
Rietveld analysis con"rmed that (i) metal atoms are inter-

stitially doped into b-rh. boron, i.e., the cell volume of each
metal-doped b-rh. boron sample M

x
B
105

(M"V, Cr, Fe,
Co, or Zr) is larger than that of pure b-rh. boron, and (ii)
a single phase is present in the range x41.0. Figure 1 is
a scanning electron microscope (SEM) image of Cr

2.5
B
105

,
where a small amount of the second phase, being a eutectic
phase of two di!erent Cr}B compounds, is dispersed
throughout the Cr-doped b-rh. boron matrix. From the
occupational analysis shown in Figs. 2 and 3, it was found
that V/Cr atoms occupy the A

1
site two to three times

more preferentially than the D site, whereas the number of
Fe/Co atoms in the A

1
site is nearly the same as that in the

D site; and in Zr-doped b-rh. boron, Zr atoms occupy the
D and E sites. Taken together these results indicate that
V and Cr and not Zr preferentially occupy the site in the
B
84

soccerball clusters, and that Co and Fe occupy both the
site in the B

84
clusters and that around }B

10
}B}B

10
}

chains. It should be noted that these occupational trends are
consistent with those obtained using single-crystalline struc-
tural analysis on VB

65
(14), CrB

41
(15), FeB

49
(16), and

ZrB
51

(17).
Using the maximum entropy method in combination

with the Rietveld method, we previously reported the elec-
tron density distribution in a-rh. boron (11). The same
approach is now in progress to analyze pure and metal-
doped b-rh. boron compounds such that observation of
local metallic}covalent bonding conversion of B

12
clusters

is realized.



FIG. 1. Scanning electron microscope (SEM) image of Cr
2.5

B
105

.

FIG. 2. Cr concentration dependence of electrical properties and site
occupancies for Cr-doped b-rhombohedral boron. (a) Electrical conductiv-
ity at 300 K together with the occupancies of the doping sites. (b) Seebeck
coe$cient at 290 K.
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2. Composition Dependence of Electrical Conductivity
and Seebeck Coezcient

According to Io!e's leading principle, the e$ciency of the
TE energy conversion is determined by the dimensionless
"gure-of-merit Z¹ in which Z is a material parameter called
"gure-of-merit expressed as

Z"S2p/i, [1]

and ¹ is the temperature at which the material is used.
Materials with a large S, a large p, and a small i are thus
candidates for TE materials.

Doping with V, Cr, Fe, Co, Ni, or Cu results in the
A

1
sites being occupied by doped atoms such that the

electrical conductivity of b-rh. boron is increased, being
a remarkable e!ect for V and Cr which preferentially oc-
cupy the site. Figure 2 shows how varying x in Cr

x
B

105
a!ects p, S, and site occupancy. Due to the sharp increase in
both p and the occupancy of the A

1
site for x41.0, the rise

in p is attributed to dopants occupying the A
1

site. In the
two-phase region x51.5, however, p no longer increases
due to the reduction in the Cr concentration. This occurs
because the appearance of the second phase reduces the Cr
concentration in b-rh. boron matrix. As doping with Zr does
not result in occupation of the A

1
site, only a slight increase

in p occurs (Fig. 4).
The e!ect of composition on S is also closely related to
A

1
site occupancy, since S decreases with increasing occu-

pancy, and since a transition from p- to n-type occurs by
doping with about 1 at.% Cr or V. Doping with Co, which
occupies equally the A

1
and D sites, decreases S and it

remains positive (Fig. 4b) even in the two-phase region
x51.5, while doping with Zr, which can occupy only the
D and E sites, increases S with increasing Zr concentration.
As the carrier concentration dependence of S generally
shows a tendency opposite that of p in ordinary metals and
semiconductors obeying Io!e's leading principles, increases
in both p and S of Zr-doped b-rh. boron are thought to be
attributed to a kind of hopping conduction described later.

Based on X-ray photoemission spectroscopy (XPS) and
electron energy loss spectroscopy (EELS) measurements of
pure and Li- and V-doped b-rh. boron (13, 22), we reported
that V atoms, hybridizing B atoms at the bottom of the
conduction band so that the band gap is reduced, increase
the density of states at the Fermi level, N(E

F
), whereas such

e!ects do not occur in Li-doped b-rh. boron since Li
does not occupy the A

1
site. Since an A

1
site is surrounded by

12 B atoms, with the distances from the A
1
site being almost

equal, this structure resembles that of the center of a
B
12

icosahedral cluster. If an atom is then inserted into the
center of a B

12
icosahedral cluster so that a B

13
cluster is

formed, then a covalent}metallic bonding conversion can
occur (13, 23, 24). The hybridization caused by occupying
the A

1
site with V implies a local bonding conversion from

covalent to metallic around the site. Accordingly, the



FIG. 3. Cr concentration dependence of electrical properties and site
occupancies for Cr- and Fe-doubly doped b-rhombohedral boron. (a)
Electrical conductivity at 300 K together with the occupancies of the
doping sites. (b) Seebeck coe$cient at 290 K.

FIG. 4. Co concentration dependence of p and S for Co- and Zr-
doubly doped b-rhombohedral boron: (a) p at 300 K, (b) S at 290 K.
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increase in p by doping with V or Cr can be explained
as follows: hybridization of a dopant atom occupying
the A

1
site with boron atoms around it occurs, i.e., covalent}

metallic local conversion, so that the locally metallic region
increases with an increase in the dopant concentration.
Moreover, the transition from p- to n-type implies that the
dopants occupying the A

1
site produce n-type carriers.

Li exhibits the same occupational trend (25) as Zr in that
the electrical conductivity of Li- and Zr-doped b-rh. boron
slightly increases with an increase in the dopant concentra-
tion (26}28), and N (E

F
) shows no substantial increase. It is

therefore considered that near the band edge Zr atoms do
not hybridize with B atoms around them. This is di!erent
from the case in which an increase in p due to increasing the
carrier concentration causes S to increase with increasing Zr
concentration. Although the exact reason why S increases
when doped with Zr is not fully understood, it is hy-
pothesized to be the result of a kind of hopping conduction
mechanism. Another possibility is that an expansion of the
lattice, or a distortion of clusters by interstitial doping into
the site among clusters, causes a change in the dispersion of
the density of states. To clarify this, investigations on the
band structure using EELS measurements are in progress.

Because p of b-rh. boron was found to be dependent on
the occupancy of the A

1
site, additional experiments were

performed. Cr exhibits a slightly di!erent occupational
trend compared with Fe, and therefore a series of Cr- and
Fe-doubly doped b-rh. boron samples, Cr

x
Fe

1~x
B

105
(04x41), were prepared to change the atomic ratio of the
A

1
to D sites. Figure 3 shows the relationship between the

electrical properties and occupancies of the doping sites,
where electrical conductivity remains nearly unchanged in
the region x40.5. In the range 0.5(x41.0, note that
when the number of atoms occupying the A

1
site is larger

than that occupying the D site, p increases and S becomes
negative. Since S is positive for x40.5, the dominant car-
riers are holes. Although p should decrease with an increase
in the Cr concentration because electrons available from Cr
atoms occupying the A

1
sites can compensate for the holes,

such a compensation is not observed in Fig. 3. It is therefore
postulated that dopants occupying the D sites may produce
p-type carriers such that tightly localized p- and n-type
carriers both contribute to the conduction because Cr and
Fe occupying the A

1
site, i.e., hybridizing with B atoms and

producing localized states, reduce the bandgap.
Doping with Zr increases S without reducing p, which

implies that p and S of b-rh. boron are independently
controlled, whereas those of ordinary metals and semicon-
ductors are not. Co and Zr are p-type dopants that are
di!erent from each other with respect to occupational sites
and contribution to electronic properties. As mentioned,
Co occupying the A

1
and D sites increases p, whereas Zr

occupying the D and E sites increases S. As a means of
individual control of the electrical properties, we prepared
a series of Co- and Zr-doubly doped b-rh. boron,
Co

x
Zr

1~x
B

105
(04x41). Figure 4 shows their electrical

properties, where p and S are both nearly determined by Co
concentration, with Zr addition yielding a slight increase in
these properties compared with those of Co

x
B
105

. Co atoms
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occupying the A
1

sites and hybridizing with B atoms are
considered to produce local metallic bonds around them
which strongly a!ect N(E

F
). Individual control of p and S is

therefore precluded, though it should be noted that the
tendency for simultaneous increases in p and S can be
produced by Zr addition of not only x"0 but also x"0.2
and 0.5.

3. Temperature Dependence of Electrical Conductivity
and Seebeck Coezcient

Figure 5 shows the temperature dependence of p in metal-
doped b-rh. boron, which can be explained as variable-
range hopping conduction expressed by Mott (29), i.e.,

p"p
0

expG!A
¹

0
¹ B

1@4

H , [2]

rather than by (i) phonon-assisted hopping conduction for
boron carbides as expressed by Emin and Holstein (30), i.e.,

p"
C

¹

exp A!
E

k
B
¹B , [3]

or (ii) Arrhenius-type conduction for ordinary semiconduc-
tors. In these expressions, p

0
and C are constants, ¹

0
a con-

stant inverse proportional to N (E
F
), and E the thermal

activation energy of the mobility of carriers. In Arrhenius-
type conduction, due to thermal activation of the concentra-
tion of carriers, the electrical conductivity of ordinary
semiconductors increases with increasing temperature. On
FIG. 5. Temperature dependence of p for metal-doped b-rhombohed-
ral boron.
the other hand, p for hopping conduction expressed by Eqs.
[2] and [3] increases with increasing temperature because
the mobility of carriers is thermally activated whereas the
concentration of carriers is almost constant. Since Mott's
law expressed by Eq. [2] can be adapted to disordered
systems such as those appearing in amorphous semiconduc-
tors, metal-doped b-rh. boron is considered to consist of
B
12

icosahedral clusters with a "vefold symmetry resem-
bling amorphous semiconductors in both structure and
electrical properties. Here, the deviation from linearity, es-
pecially in the case of V-doped b-rh. boron at temperatures
(200 K, is due to inclusion of a second phase, i.e., a VB

2
metallic phase, the amount of which is insu$cient to be
detected by XRD. It is already known that without the
exception of low temperatures this law reasonably explains
the temperature dependence of p of V-doped b-rh. boron if
a VB

2
phase which is contained in a V-doped b-rh. boron

sample is etched by a mixture of hydrochloric acid and nitric
acid (27). As p determined by this metallic phase is nearly
unchanged with respect to temperature, it is negligiblly
small at temperatures as high as room temperature as com-
pared with p for a V-doped b-rh. boron matrix. Note that
p
0

and N (E
F
) can be estimated from ¹

0
obtained by "tting

these lines at parts of high temperatures using Eq. [2],
where it is subsequently found that N(E

F
) for V, Cr, Fe, and

Co dopants occupying the A
1

site will increase with increas-
ing metal concentration, while p

0
will remain unchanged.

Such behavior is consistent with the results of XPS measure-
ments (13) for V-doped b-rh. boron as described above. It is
also found that N(E

F
) for Zr-doped b-rh. boron remains

nearly unchanged.
The temperature dependence of S for disordered systems

in which there occurs phonon-assisted hopping of small
polarons has been expressed by Wood and Emin (5) using

S"(¹*S@#E
T
)/q¹"A#B¹, [4]

where A and B are constants, *S@ the change in entropy due
to insertion of a carrier, E

T
the average vibrational energy,

and q the charge of carriers. Brenig et al. (31) expressed
variable-range hopping conduction using

S+
k2
B

64q
¹1@2

0
¹1@2 MN@(E )/N(E )NE

F
M1#(¹

0
/¹)1@4N, [5]

where N@(E) denotes LN(E)/LE. When the e!ect of correla-
tion between hopping length and hopping energies is taken
into account, Overhof (32) proposed that S is proportional
to ¹1@2.

Figure 6 shows the temperature dependence of S for
metal-doped b-rh. boron, where, similar to phonon-assisted
hopping conduction, S tends to increase linearly with in-
creasing temperature. While this tendency cannot be clearly



FIG. 6. Temperature dependence of S for metal-doped b-rhombohed-
ral boron.
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distinguished from variable-range hopping conduction be-
cause the measured temperature range is too narrow, it is
de"nitely di!erent from ordinary semiconductors of the
Arrhenius type, and is considered to be attributed to a kind
of hopping conduction caused by an electron}phonon inter-
action. Measurements covering a wider temperature range
should be able to clarify how S is expressed for metal-doped
b-rh. boron. Moreover, further investigations are in pro-
gress to determine whether the carriers that determine S are
the same as those that determine p.

Figure 7 shows the temperature dependence of p for
Cr

x
Fe

1~x
B

105
and Co

x
Zr

1~x
B
105

and S for Cr
x
Fe

1~x
B
105

,
where variable-range hopping-type conduction is again in-
dicated. Note that S for Cr

0.6
Fe

0.4
B
105

changes from posit-
ive to negative as temperatures are lowered, behavior that
suggests that electrons and holes are both carriers contribu-
ting to S due to a reduced bandgap. By taking into account
FIG. 7. Temperature dependence of S for Cr- and Fe-doubly doped
b-rhombohedral boron.
the results from investigations of composition dependence,
since no compensation e!ects were observed, the transport
properties of metal-doped b-rh. boron can be reasonably
explained using a two-band model in which both electrons
and holes move by hopping.

4. Composition and Temperature Dependence
of Power Factor

The power factor, P, is de"ned by

P"S2p . [6]

In ordinary metals and semiconductors, p and S show an
opposite tendency with respect to temperature dependence.
Figure 8 shows the temperature dependence of P for
M

x
B

105
, where P continues to increase up to room temper-

ature, which is not surprising since p and S both increase
with increasing temperature, representative of an electron}
phonon interaction. Because the increase in p by doping
with metals overcomes the decrease in S, P for p- or n-type
metal-doped b-rh. boron at room temperature is three to
four orders of magnitude larger than that of pure b-rh.
boron with a dopant concentration of 0.84x41.5 in the
case of M

x
B
105

. It should also be noted that P of Zr-doped
b-rh. boron increases with increasing Zr concentration due
to an increase in both p and S, i.e., Zr doping or Zr addition
produces a situation quite di!erent from ordinary metals
and semiconductors whose P values are maximum at a cer-
tain carrier concentration.

5. Thermal Conductivity and Figure-of-Merit

Doping with metals into b-rh. boron not only increases
p but also reduces i by a!ecting impurity scattering of
phonons. For example, doping with 1 at.% Co causes the
FIG. 8. Temperature dependence of the power factor of metal-doped
b-rhombohedral boron.
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thermal conductivity of b-rh. boron at room temperature to
decrease from 16 to 4}2 W/m )K, values that are also ob-
tained by decreasing the grain size to (100 mm. The max-
imum Z¹ value for p-type Co

1.0
B
105

at room temperature is
accordingly estimated to be 1.0]10~6. Providing this trans-
port mechanism continues, a further increase in thermoelec-
tric properties can be expected at higher temperatures along
with other e!ects on covalent}metallic bonding conversion.

IV. CONCLUSIONS

The arc-melting method was used to dope V, Cr, Fe, Co,
or Zr into b-rh. boron. Based on the relationship between
the occupancies of doping sites and electrical conductivity,
an increase in electrical conductivity occurs due to dopants
occupying the A

1
site; i.e., the Seebeck coe$cient decreases

with increasing site occupancy. In addition, doping with
about 1 at.% V or Cr, which preferentially occupy the site,
produces a transition from p- to n-type. Doping with Fe or
Co, which occupy the A

1
and D sites equally, also decreases

the Seebeck coe$cient although it remains positive. In Zr-
doped b-rh. boron, the electrical conductivity and Seebeck
coe$cient both increased with increasing Zr concentration,
a behavior that contrasts with that of ordinary metals or
semiconductors. A type of hopping conduction is con-
sidered to be the responsible mechanism. Since both proper-
ties in metal-doped b-rh. boron increase with increasing
temperatures, being representative of an electron}phonon
interaction, the power factor continues to increase up to
room temperature. Most noteworthy, at room temperature
(i) the power factor of V-doped n-type and Co-doped p-type
b-rh. boron was found to be three to four orders of magni-
tude larger than that of pure b-rh. boron, and (ii) doping
with 1 at.% Co caused the thermal conductivity of b-rh.
boron to decrease from 16 to around 4}2 W/m )K. The
maximum Z¹ value for p-type Co

1.0
B

105
at room temper-

ature is accordingly estimated to be 1.0]10~6.
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