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AlLiB14 crystal is examined as a potential high-temperature thermoelectric material. First-principles methods are used to inves-
tigate the thermoelectric behavior and it is found to have a band gap of 2.13 eV, and an electronic dispersion with characteristic
indicative of having a high Seebeck coefficient. Semiclassical Boltzmann transport theory predicts that AlLiB14 will have a
Seebeck coefficient greater than 200 µV/K, at temperatures near 1000 K and carrier concentrations around 1×1020 cm−3. Using
a elasticity based expression for the thermal conductivity, the thermoelectric figure of merit is approximated to be 0.45×10−3 T
at moderate doping levels.

1 Introduction

In recent decades, thermoelectric (TE) materials have been of
great interests for potential application as power generation
devices and solid-state refrigerators.1–3 Although TE-based
technologies are promising due to being emission free and
having a compact size, their applicability for broad commer-
cial deployment is limited by their relatively poor operating
efficiency. This is characterized by the dimensionless figure
of merit called ZT , and is related to the Seebeck coefficient,
S, electric conductivity, σ , thermal conductivity, κ , and op-
erating temperature, T , by the equation ZT = σS2T/κ .4–6

Achieving a large ZT (> 2), is challenging because of the
interdependence of the physical properties that yield the TE
response. For example, good electrical conductivity can be
achieved by introducing high doping levels, but doping the
material greatly reduces the Seebeck coefficient; in addition
the flow of electrons and holes carry both charge and heat,
therefore σ and κ are directly proportional. The general ap-
proach to obtain a reasonable ZT involves finding an appropri-
ate band gap semiconductor with a large Seebeck coefficient
(S > 200 µV/K) and a reasonable σ/κ ratio.

A number of material systems have been proposed for use in
TE devices. Compounds based on the Bi2Te3/Sb2Te3/Bi2Se3
crystal family may be useful near room temperature and have
a ZT of around 1.7,8 The PbTe-type compounds have poten-
tial for use at slightly elevated temperatures, T ∼ 500 K, and
also have ZT values around 1.1,8,9 Finding good TE for the
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high-temperature regime, T > 900 K, has been more challeng-
ing. Alloys of SixGe(1−x) have been considered because single
crystals of these compounds are known to have a good electri-
cal conductivity and can be easily doped p- or n-type. Unfor-
tunately, due to their high thermal conductivity and relatively
low Seebeck coefficient, the typical ZT for these compounds
is between 0.6 and 1.10,11 In addition to the relatively low TE
efficiency, the compounds such as PbTe, also suffer from be-
ing dependent on toxic elements, Pb, and rare materials, Te.
It is desirable to develop new TE materials that will not only
have good efficiency, but also will be made from elements that
are environmentally sound and plentiful.

Experimental studies have shown that many of the boron-
rich borides, which have crystal structures constructed from
stacking B12 icosahedra, have a large Seebeck coeffi-
cient.12–15 This is believed in part due to the layering of B12
icosahedra in these crystals that lowers the dimensionality of
the material.13,16,17 These compounds are chemically stable at
high temperatures and have a relatively large band gap, which
allows them to maintain a high Seebeck response even at tem-
peratures greater than 1000 K.

The class of complex boride, based on the AlLiB14 crystal
family, has been of interest in recent years due to its unique
electronic and mechanical properties.18–23 The crystal struc-
ture is composed of layers of B12 icosahedra that are arranged
in a triangular lattice. The layers of icosahedra B are stacked,
and between the layers reside metal atoms. Numerous metal
species can occupy these sites, but here the archetypical struc-
ture AlLiB14 will be the focus. The B atoms are strongly co-
valently bonded to each other forming a rigid structure and
the metal atoms contribute their valence electrons to this B-
network.24,25 Although this compound is known to posses
a number of promising properties, such as good mechanical
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strength, high melting temperature, and excellent resistance to
chemical corrosion, there is yet to be a systematic study of the
TE properties as it relates to the electronic structure.

In this article, the electronic structure, which directly de-
termines the physical properties of AlLiB14, is studied by ab
initio methods. The transport properties, in particular the TE
behavior, are determined by applying the semi-classical Boltz-
mann transport theory to the calculated electronic structure.

2 Methods

The electronic structure of AlLiB14 is determined using the
density functional theory (DFT) based approach implemented
in the Quantum Espresso source code.26 The exchange-
correlation energy is approximated as a local functional of
charge density including the local gradients (GGA).27 The
Vanderbilt-type ultrasoft pseudopotentials are used in place of
the all electron ion potentials.28 The plane-wave expression
of the wave function is truncated at 950 eV and the Brillouin
zone is sampled using a 4× 4× 4 Monkhorst-Pack mesh,29

which allows the calculated forces on the ions to have an ac-
curacy of better than 5 meV/Å. Using this method the struc-
turally optimized AlLiB14 crystal has an orthorhombic lattice
with dimensions 5.86× 10.38× 8.16 Å, which agrees well
with the experimental results reported in the literatures.18,30

Using the calculated electronic bands, the Boltzmann trans-
port equation31,32 is solved within the constant relaxation time
approximation as encoded in the BoltzTraP software.33 To en-
sure the accuracy of the transport properties a dense k-space
mesh of 30×24×24 is used.

3 Results and Discussions

Previous studies agree that the electronic density of states at
the band edges are dominated by the B 2p-states, and the
metal atoms donate their valence electrons to the entire B net-
work.23–25 This can also be seen in charge density plots, which
demonstrate covalent bonding between B atoms and charge
depletion around the metal species.34,35 As a result, the Fermi
level shifts around the band gap when changing the valency of
metal species. However, in order to understand the transport
behavior of the crystal, a more detailed analysis of the Kohn-
Sham eigenstates is required. The energy bands for AlLiB14
are plotted in figure 1. It is found to have an indirect gap with
the valence band maximum at the Γ point and the conduc-
tion band minimum along Γ–X branch. The bands near the
band gap suggest that the TE response in this material will be
large.7,36 A mixture of bands with light and heavy effective
charge carriers are observed at both the valence and conduc-
tion band edges. Quantitatively, this tends to simultaneously
increase the Seebeck coefficient and maintain large group ve-

locity.36 The complex interaction between the B atoms also
leads to a multi-valley band structure. The near equienergetic
extremum are distributed across the Brillouin zone, providing
charge carriers with low effective masses and non-zero lattice
momentums due to this band structure.
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Fig. 1 The electronic band structure of AlLiB14 plotted along
high-symmetry paths in the first Brillouin zone. The energy zero is
set at the Fermi level.

Although DFT with GGA generally does an excellent job
describing the ground state properties of solids, such as the
bond strengths and structures, it is known to predict incorrect
band gaps. To obtain a better prediction of the band gap energy
the hybrid functional developed by Heyd, Scuseria and Ernz-
erhof (HSE) is used for the exchange-correlation energy.37 ∗

Whereas DFT with GGA predicts a band gap of 1.3 eV the
HSE functional returns a gap of 2.1 eV. The general shape of
the DOS is the same for both the GGA and HSE functionals,
which validates the shape of the bands in figure 1, although
the scissor operator is needed to correct the gap. Having the
correct band gap is important for accurately predicting the TE
behavior, because a narrowed gap will results in bipolar con-
duction at low temperatures.

Werheit et al. have measured the absorption spectrum and
report that the strongest absorption occurs at 1.95 eV, which
agrees with the DFT-HSE results to within 10% and further
verifies this approach.41 Our calculation suggests that the ab-
sorption events reported at lower energies are not due to inter-
band transitions and are possibly due to the Urbach tails and
deep states in the gap that are discussed in detail in the lit-
erature.41 Interestingly, having a band gap near 2 eV places
the absorption edge in the middle of the solar spectrum, which

∗ In this work, the HSE functional calculation is performed using VASP. 38–40

For the ion potentials, the projector augmented wave method is used. The
results are fully converged for a 318.6 eV cutoff energy and a 6× 6× 4 k-
point sampling. The resulting band gap is around 2.12 eV.
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suggests that there may be applications for this compound in-
volving the absorption of sunlight.

Here, the Kohn-Sham eigenvalues are first calculated us-
ing the PW91-GGA functional in Quantum Espresso. The ob-
tained eigen-energies are then used as inputs to approximate
the transport behavior using BoltzTraP, where a scissor op-
erator is applied to open the band gap from 1.3 to 2.1 eV.
In figure 2, the various of transport quantities are presented
as a function of the charge carrier chemical potential, µ , at
T = 1000 K. The Seebeck coefficient is shown in figure 2(a),
the electrical conductivity, σ , is given in frame (b), and the
power factor, PF = S2σ , is presented in (c). The anisotropic
nature of this crystal is manifest in the TE properties with the
PF differing by as much as 50% for different orientations.
This is primarily due to variation in the conductivity.
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Fig. 2 The transport properties of AlLiB14 predicted from the
electronic band structure and the Boltzmann equation. Frame (a)
shows the thermopower, S, frame (b) the electrical conductivity,
σ/τ , and frame (c) the power factor, S2σ/τ , as a function of
electron chemical potential, µ , at T = 1000 K. The chemical
potential zero is set to be the Fermi energy at T = 0 K. To
generalize the results, the value of σ is scaled by the relaxation time
for scattering events, τ .

The best TE performance is found when the chemical po-
tential is around 1 eV below the valence band edge and 0.5 eV
above the conduction band edge. Although for many crys-
tals achieving this degree of doping may be challenging, it
is known from the recent work of Maruyama et al. that
these complex borides can be strongly doped,15 although this
contradicts recent theoretical predictions.42 Because both the

electron- and hole-type transport behaviors are potentially im-
portant for this crystal family and the impact of carrier con-
centration and temperature on S are presented in figure 3. The
thermopower, S, is plotted as a function of p- and n-doping
levels that range from 1017 to 1021 cm−3 in frames (a) and (c)
of figure 3. This data is rearranged to demonstrate the influ-
ence of temperature on S in frames (b) and (d) of figure 3. It is
observed that the influence of doping the carrier concentration
is much greater than temperature; at n(p) = 1019 cm−3, S only
increases by approximately 100 µV/K when T increases from
room-temperature to 1000 K. Even though the thermopower
decreases as the doping level increases, at high temperatures
S is still larger than 200 µV/K. This holds even at carrier con-
centrations as large as 1020 cm−3. This is due to the large
band gap of AlLiB14 that allows for single carrier conduc-
tion to continue even at high temperatures. In contrast narrow
band gap materials, such as Bi2Te3 and PbTe, will often expe-
rience bipolar conduction due to the simultaneous contribution
of both electrons and holes to the transport process.9,43

In figure 4, the PF is plotted for electron and hole carrier
concentrations ranging from 1018 to 1021 cm−3 for a series
of temperatures. The crystallographic orientation is taken into
account with the first column showing the x-direction, the next
showing the y-direction, and the right column showing the
z-direction. Although these results predict an extremely large
PF , greater than 8× 1011 Wm−1s−1K−2, for p-type conduc-
tion in the x-direction, the doping levels required to achieve
this are extremely high, around 1021 cm−3. Realistic doping
levels will likely result in a more modest PF that is in the
neighborhood of 1×1011 Wm−1s−1K−2. For a charge carrier
relaxation time on the order of 1×10−14 s this will yield a PF
of 1×10−3 Wm−1K−2.

To complete the discussion of TE performance of AlLiB14,
knowledge about the thermal conductivity is needed, which is
a challenging property to predict purely from first-principles
methods. Clarke has proposed a classical model44 to approxi-
mate the minimum thermal conductivity at high temperatures,
κmin, using

κmin = kBνm

(
M

nρNA

)− 2
3

where

νm =
[

1
3

(
2

ν 3
t

+
1

ν 3
l

)]− 1
3
.

Here, kB is the Boltzmann constant, M is the molar mass, n is
the number of atoms per unit cell, NA is the Avogadros con-
stant, and ρ is the density, which is 2.475 g/cm3 for the case of
AlLiB14. The variables νt and νl are the transverse and longi-
tudinal sound velocities, which can be approximated from the
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Fig. 3 The thermopower for hole- and electron-doped AlLiB14,
plotted as a function of carrier concentration and temperature.

averaged shear and bulk moduli

νt =

√
GH

ρ

νl =

√(
BH + 4

3 GH
)

ρ
.

The shear modulus, GH , and bulk modulus, BH , are taken from
the literature45 to be as 155 GPa and 190 GPa, which results
in κmin = 3.0 Wm−1K−1.

Based on the approximations of τ = 10−14 s and κ =
3.0 Wm−1K−1, we estimate the figure of merit ZT at n(p) =
1019 cm−3 and plot it in figure 5. Although the ZT value re-
lies upon several approximations, it is certainly the right order
of magnitude and allows for prediction of the material’s limits
that must be achieved. For example, from figure 5, it is de-
termined that the a ZT = 0.45 can be obtained by p-doping
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Fig. 4 The power factor, PF , for hole- and electron-doped AlLiB14,
plotted as a function of carrier concentration and temperature.

AlLiB14 at T = 1000 K at carrier concentration of 1019 cm−3.
At this time, there is no direct experimental measurements
about the thermoelectric response of AlLiB14, however, our
predicted ZT values are comparable with other XYB14 com-
pounds, such as YxAlyB14.46
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Fig. 5 The approximated figure of merit, ZT , for hole- and
electron-doped AlLiB14, plotted as a function of temperature at
carrier concentration of 1019 cm−3.

4 Summary

The electronic structure of AlLiB14 is examined in detail us-
ing density functional theory. The thermoelectric behavior of
the crystal is determined by solving the Boltzmann transport
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equation. The electronic band edges that determine the trans-
port properties of AlLiB14 are related to the complex interac-
tions between the B atoms. The metal atoms do not influence
the states at the band edges, but instead impact the transport
properties by controlling the charge carrier concentration, i.e.,
the metal species can in principle be used to dope the boride
compound. A nearly isotropic Seebeck coefficient is observed
and its value maintained at larger than 200 µV/K even at ex-
tremely high doping levels. The power factor, on the other
hand, is strongly orientation dependent. At T = 1000 K a
power factor of 3.8× 1011 τ Wm−1s−1K−2 is expected for
carrier concentrations of 1020 cm−3.
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