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1.3 Band Structure of Conventional Oxides

Most semiconducting oxides (e.g. ZnO, TiO2, In2O3) are natural n-type oxides;
a few oxides (e.g. Cu2O, NaxCoO2) showed p-type conduction. This asymmetry
can be understood based on fundamental principles of electronic structure.
Furthermore, oxides always have wide band gaps due to the strong metal–oxide
bond compared to the similar compounds, which are not favorable for high
electrical conductivity. Figure 1.12 shows the typical band structures of ZnO,
Ga2O3, TiO2, and In2O3. A density function theory (DFT) [18–20] calcu-
lation was performed in VASP code [21] to calculate the band structure of
In2O3. The projector-augmented wave [22, 23] technique was used and the
exchange-correlation energy is in the form of Perdew–Burke–Ernzerhof [24].

1.4 Electrical Properties

The electrical properties have been fully summarized in some literature [25, 26].
In this chapter, we describe the electrical properties (Seebeck coefficient (S), elec-
trical conductivity (𝜎), and the electronic thermal conductivity (ke)) derived from
the Boltzmann transport equation (BTE).

The formal expression of BTE is(
df
dt

)
sc
=

df
dt

+ dk
dt

∇k f + dr
dt

∇r f (1.2)

where t is time, k and r are the wave and position vectors of electrons, and f is
the nonequilibrium distribution function.

For electrons, the perturbations arise from the force exerted by an electric
field (𝜀) or the temperature gradient (along the x-direction),

dk
dt

= −e𝜀
ℏ

(1.3)

∇r f = (𝜕f ∕𝜕T)(dT∕dx) (1.4)

where −e is the unit charge of electrons.
The relaxation time (𝜏) approximation usually is applied to resolve the BTE

for f : (
df
dt

)
sc
= −( f − f0)∕𝜏 (1.5)

At equilibrium, electron distribution follows the Fermi–Dirac statistics
through:

f0(E) =
1

exp((E − EF )∕kBT) + 1
(1.6)

where E is the electron’s energy level, EF is the “Fermi energy,” and kB is the Boltz-
mann constant.
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Figure 1.13 The carrier
concentration (a) and normalized
mobility (b) as a function of 𝜂.
(Assuming m

𝜎
= md = m0, and m0 is

the mass of free electron.)
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Using Eqs. (1.16) and (1.17), we can calculate the n and 𝜇 for specific material
with the parameter of m and r. In semiconductor technology, doping is the most
common and effective method to alter the electrical conductivity. According to
Figure 1.13a, the carrier concentration can be changed with 8 orders of magni-
tude by adjusting the 𝜂. The variation of the mobility as a function of 𝜂 is different
with the scattering constant r, as shown in Figure 1.13b. It is widely accepted that
the parameter r =−1/2 is for acoustic scattering process, r = 0 for neutral impu-
rity, r = 1/2 for optical-mode scattering, and r = 3/2 is for the ionized-impurity
scattering. It is interesting to note that the mobility increases with the increase
of 𝜂 in the ionized-impurity scattering; in other words, high doping can lead to
high mobility. However, most of the experiments show opposite results in the
ionized-impurity samples.

When the Seebeck coefficient is plotted against 𝜂, as shown in Figure 1.14, a lin-
ear scale can be used when 𝜂≪ 0. For 𝜂 ≫ 0, the Seebeck coefficient becomes very
small,∼0. At fixed 𝜂, the Seebeck coefficient exhibits larger value when r = 3/2. As
seen in Figure 1.14b, for example, in order to obtain S = 200 μV K−1, the doping
concentration varies widely with different scattering mechanism.

As shown in Figure 1.15, the Lorenz number is only weakly dependent on
the Fermi energy when 𝜂 ≪ 0. When 𝜂≫ 0, the Lorenz number approaches
2.45× 10−8 WΩ−1 K−2 for metals.
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Figure 1.14 The Seebeck
coefficient as a function of 𝜂 (a)
and carrier concentration (b).
(Assuming m

𝜎
= md = m0, and

m0 is the mass of free electron.)
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Figure 1.15 Plot of Lorenz number against 𝜂.
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Figure 1.18 The normalized electrical conductivity as the function of L. Parameters are
Eb = 60 meV and w = 20 nm.
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Figure 1.19 The normalized Seebeck coefficient as the function of L. Parameters are
Eb = 60 meV and w = 20 nm.

electronic scattering time. For example, the 1% volume fraction nanoparticle in
the acoustic scattering samples can bring up over 35% enhancement in Seebeck
coefficient.

An enhancement in power factor can be observed in Figure 1.20. These results
show that the rational design of nanocomposites can improve the TE properties.

In Figures 1.21–1.23, we discuss the influence of nanoparticle size w on the
electrical properties. The electrical conductivity decreases with the increasing w
because of the increasing volume fraction of nanoparticles.
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Figure 1.22 The normalized Seebeck coefficient as the function of w. Parameters are
L = 100 nm and Eb = 60 meV.
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Figure 1.23 The normalized power factor as the function of w. Parameters are L = 100 nm and
Eb = 60 meV.

that the acoustic scattering matrix has the highest enhancement on power factor,
while the ionized-impurity scattering matrix does not have the obvious effect.

To get a more comprehensive understanding of the role of nanoinclusions in
enhancing the TE properties, we plot the electrical conductivity, Seebeck coef-
ficient, and power factor as functions of the interface potential Eb, as shown in
Figures 1.24–1.26. The interface potential plays an important role in tuning the
electrical conductivity, as shown in Figure 1.24. When Eb > 0.1 eV, the electrical
conductivity becomes lesser than 30%, which indicates strong scattering of the
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Figure 1.24 The normalized electrical conductivity as the function of Eb. Parameters are
L = 100 nm and w = 20 nm.
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Figure 1.25 The normalized Seebeck coefficient as the function of Eb. Parameters are
L = 100 nm and w = 20 nm.

electronic due to the high barrier. Therefore, the design of the interface is impor-
tant in nanocomposites.

It is interesting to observe several maximum peaks of S in Figure 1.25. In
Figure 1.25, four peaks appear when the Eb < 0.2 eV. The results show that
the barrier energy Eb is the most critical factor that determines a successful
nanocomposite design. The barrier energy Eb is related not only to the intrinsic
properties of matrix and nanofillers but also to the interface of the matrix and
nanofillers.
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Figure 1.26 The normalized power factor as the function of Eb. Parameters are L = 100 nm and
w = 20 nm.

The relationship between power factor and the function of Eb is depicted in
Figure 1.26. The power factor can be greatly enhanced by more than fourfold in
some specific interface potentials. For the interface potentials range from 0 to
0.2 eV, there are four maximum values and four worst peaks. So, the PF is very
sensitive to the interface potential, which calls for an elaborate nanocomposite
design.
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