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A theoretical calculation of thermoelectric properties of polar chalcopyrites Li2PbGeS4 single crystals is
performed in this work. The electronic transport properties are studied using the full-potential linearized
augmented plane wave technique (FP-LAPW) and the semi-classical Boltzmann theory under the con-
stant relaxation time for charge carriers and with the deformation potential approximation. The Seebeck
co-efficient, electrical conductivity, thermal conductivity and power factor as a function of chemical
potential as well as carrier concentration with different temperature is studied. The calculated power
factor value shows that Li2PbGeS4 crystals is good thermoelectric material in comparison with some
well-known thermoelectric materials.

� 2014 Published by Elsevier B.V.
1. Introduction [26], and LiEuPSe4 [27]. The new compounds Li2PbGeS4 and
In recent times there has been a renewed interest in rare-earth
chalcogenides [1–5]. The special interests to our research group are
rare earth chalcophosphates [6]. These materials consist of a rela-
tively small class of compounds which have been prepared and
investigated over the last 3 decades [7–19]. The family of LnPS4

mixtures (where Ln; Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Er, Tm, and Yb)
[7] are prominent due to their interesting luminescent behaviors.
Low-melting alkali metal polychalcogenide fluxes have proven to
be fabulous device for finding out new ternary and quaternary
chalcogenides [20,21]. In spite of large number of new compounds
discovered with this procedure, synthetic surveys have so far
approximately neglected the use of the lighter alkali metals. In
general, it is more difficult to get compounds compose of Li and
Na because as the size of the alkali metal decreases, the basicity
of the flux declines along with the possibilities that the alkali metal
will be incorporated in the last product [20]. The Li–S bonds be-
come more covalent and the nucleophilicity of the inoperable S
atoms of the S2�

x chains is reduced. In various cases, the Li ion does
not get stoichiometrically incorporated into the product, making
these fluxes apt for getting alkali metal-free phases. For example,
in the Li–Eu–Se system, only EuSe2 could be obtained [22]. How-
ever, in several other situations, lithium poly-chalcogenide fluxes
useful in incorporating Li+, yielding new lithium-containing phases
such as LiAuS [23,24], Li3AuS2 [24], Li4GeS4 [25], Li0.5Pb1.75GeS4
Li2EuGeS4 show another examples in which Li incorporation is suc-
cessful. They crystallize in the tetragonal non centro-symmetric
space assembly I-42 m and possess chalcopyrite-like structure.
The literature showed some other mixtures, namely, KAg2SbS4

[28] KAg2AsS4 [29], (NH4)Ag2–AsS4 [30], Ag2BaGeS4 [31],
Li2CaGeO4 and Li2CaSiO4 [32]. In the past decade, the ternary chal-
copyrite 1364 [33] semiconductors have arrived into distinction
because of their potential for nonlinear optics [34] and photovol-
taic applications [35].

Here, in the present work we report thermoelectric properties
of Li2PbGeS4 using BoltzTraP package [38] incorporated in the
full-potential linearized augmented plane wave (FP-LAPW) within
generalized gradient approximation (GGA) by Perdew, Burke and
Ernzerhof (PBE). Using the Boltzmann theory, we have investigated
Seebeck co-efficient, electrical conductivity, thermal conductivity
and power factor versus chemical potential as well as carrier con-
centration at different temperature (300–750 K).

The rest of the paper are organized in three parts: (1) in this
part of the paper, we discuss briefly the computational methodol-
ogy, (2) the second part contain result and their corresponding dis-
cussions and finally, the last part (3) in which we summarized
briefly the entire discussions.

2. Computational method

The calculations were performed using the all-electron-full-po-
tential linearized augmented plane wave (FP-LAPW) method based
on density functional theory (DFT). We have used the program
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package WIEN2K code [36], the relativistic effects are taken into
account within the scalar-relativistic approximation. Exchange
and correlation potential are described by the generalized gradient
approximation (GGA-PBE) of Perdew–Burke–Ernzerhof [37]. We
used RMTKMAX = 7 to control the size of basis set for the wave func-
tions. The muffin-tin radii RMT are selected to be 2.0 a.u for Li, Pb,
Ge and S atoms, respectively. We have used the semi classical the-
ory of the BoltzTraP package [38] and random phase approxima-
tion, in order to obtain the thermoelectric properties of Li2PbGeS4

compound. We calculated the transport properties like Seebeck
co-efficient, electrical conductivity, thermal conductivity and
power factor verses the chemical potential and carrier concentra-
tion with different temperature.
3. Result and discussion

3.1. Thermoelectric properties

The transport properties of Li2PbGeS4 based on the calculated
electronic structure are obtained using Boltzmann theory, with
the rigid band approximation (RBA) [39,38] to calculate electronic
transport properties. This approximation is used broadly for theo-
retical calculation of thermoelectric materials, when the doping le-
vel is not to high [38–41]. The thermoelectric power S2r/s,
electrical conductivity r/s and thermal conductivity j/s are calcu-
lated under constant relaxation time. The materials which have
greater value of Seebeck co-efficient S, high electrical conductivity
r exhibit low thermal conductivity j, which is expressed as;
j = jel + jl, where jel represents the electronic thermal conductiv-
ity and jl represents the lattice thermal conductivity, respectively.
Generally, the Wiendemann–Franz law connected the electrical
conductivity r and electronic part of thermal conductivity jel, i.e.
L(T) = j/rT. Our investigated compound Li2PbGeS4 has semicon-
ducting nature possess band gap of 2.29 eV, which is very close
to the experimental band gap (2.41 eV), and show good result as
compared to Kanatzidis et al. [42] work, due to which we can
use this compounds for thermoelectric properties.

We should emphasize that the lattice thermal conductivity jl,
caused by the phonon scattering is not considered in these calcula-
tions. In such compounds the increase in the scattering of phonon
results a decreases the lattice thermal conductivity jl.

To know the thermoelectric properties of Li2PbGeS4, we calcu-
lated and discussed the electronic transport properties in details.
In Fig. 1, we plot the Seebeck co-efficient S, thermal conductivity
j, electrical conductivity r and power factor S2r as a function of
chemical potential (l � Ef), at different values of temperatures,
where the curve below 0.0 represents the valence band maximum
(VBM) and the curve above represent the conduction band mini-
mum (CBM) along the chemical potential (l � Ef) respectively.

Fig. 1a, shows the average value of Seebeck co-efficient (Save/s)
as a function of chemical potential (l � Ef) at different tempera-
tures from 300 K to 750 K. The contribution of charge carrier is
determined from the sign of the Seebeck co-efficient (Save/s), which
dominate the transport of electronic charge carriers in the com-
pounds. Mathematically, the Seebeck co-efficient is determined
by using the following equation [38]:

Sij ¼ EiðrjTÞ�1 ¼ ðraiÞ�1Vaj ð1Þ

For given temperature gradient (rT), the Seebeck co-efficient
possess greater value, which lead to greater value of efficiency of
the material.

Fig. 1a, indicates that at four different temperatures (300–
750 K), the Save/s exhibits variations with respect to chemical po-
tential and also due to the variations in temperature, there is a shift
in the Seebeck co-efficient (Save/s) toward the CBM. The calculated
Seebeck co-efficient of the investigated semiconducting material
Li2PbGeS4 depicts greater value at low temperature (300 K), as
shown in Fig. 1a, and then tends to decrease with temperature be-
cause temperature affect the number of carrier concentration i.e.
the number of carrier concentration increases with temperature
which result a decrease in the Seebeck co-efficient (Save/s). It is
clear from Fig. 1a, that both electron doping region as well as hole
doping region has the same contribution to Seebeck co-efficient
(Save/s). We plotted the average value of power factor ((S2r)ave/s)
versus chemical potential (l � Ef) at different temperature ranging
from 300 to 750 K (Fig. 1b). One can see from Fig. 1b, that there are
two prominent peaks around the Fermi level, which presents high-
er value of thermoelectric performance of Li2PbGeS4 compound,
with suitable amount of doping [43]. The power factor ((S2r)ave/s)
at higher temperature (750 K) presents greater values, result from
the greater value of carrier concentration, as depicted in Fig. 1b. It
is obvious from Fig. 1b, that (S2r)ave/s has bigger value in the
electrons doping region as compared to the holes doping region.
In the electron doping region, the (S2r)ave/s reaches to its maxi-
mum value at 1.7 eV, at temperature 750 K. The same behavior
of the (S2r)ave/s is also observed for temperature 300 K, 450 K
and 600 K as shown in Fig. 1b. The major peaks of (S2r)ave/s is
due to the increase in temperature alone the entire energy region
and the peaks around the Fermi energy level move away from
the Fermi energy level. Fig. 1b, clarify that n-type doped region is
more suitable than p-type doped region in Li2PbGeS4.

Fig. 1(c and d), shows the average values of electrical conductiv-
ity (rave/s) and the electronic thermal conductivity (jave/s) over
relaxation time versus chemical potential (l � Ef) for different
temperatures. The electrical conductivity (rave/s) depicts two main
peaks away from the Fermi level for each value of temperatures
ranging from 300 to 750 K, which presents maximum values i.e.
16.5 � 1019 (X ms)�1 and 26.5 � 1019 (X ms)�1 at low temperature
(300 K) situated at �0.133 eV and 0.262 eV. Due to the increase in
temperature, the electrical conductivity depicts the decrease in the
values. Fig. 1c, depicts that in the conduction band, the value of
conductivity along c-axis (principal axis) is larger than the a/b-axes
above the conduction band minimum. The electrical conductivity
shows weak anisotropy but in thermal conductivity a considerable
anisotropy for all mention temperatures has been observed
(Fig. 1(c and d). On the other hand, jave/s increases due to the in-
crease in temperature in the given range of chemical potential is
clearly shown in Fig. 1d. It is obvious from Fig. 1d, that jave/s is
greater for both n-type and p-type doped region of Li2PbGeS4 at
temperature 750 K as compared to the remaining three values of
temperatures.

Here in this work, we also calculated and discussed the elec-
tronic transport properties of Li2PbGeS4 compound, i.e. Seebeck
co-efficient S, the electrical conductivity r, the electronic thermal
conductivity jel and power factor S2r as a function of the carrier
concentration (cm�3) at four different values of temperatures i.e.
300 K, 450 K, 600 K and 750 K, respectively, as displayed in Fig. 2.
Both Fermi–Dirac distribution (FD) and density of state (DOS) are
used to find the charge carrier concentration (cm�3).

The hole and electron carrier concentration is given by the fol-
lowing equations:

Np ¼ 2
Z

VB
gðeÞ½1� f0ðT; e;lÞ�de ð2Þ

Nn ¼ 2
Z

CB
gðeÞf0ðT; e;lÞde ð3Þ

Fig. 2a, shows the total charge carriers concentration, which is
equal to the electrons and holes carriers concentration difference.
The net carrier concentration is divided into electrons (n-type
doped) and holes (p-type doped). There is small anisotropy in



Fig. 1. Calculated transport coefficients of Li2PbGeS4 as a function of chemical potential at four different temperatures: Seebeck co-efficient, power factor, electrical
conductivity, thermal conductivity.
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the electrical conductivity (rave/s) of the Li2PbGeS4 compound.
The electrical conductivity (rave/s) over relaxation time versus
carrier concentration reports linear slope with temperature,
resulting from the mobility of charge carriers. From Fig. 2a, it is
clear that the mobility of electrons is greater than the
mobility of holes with the reason that r/s is greater in that region
(electrons-doped), which indicate that the investigated compound
Li2PbGeS4 is n-type semiconductor. Once can examine from
Fig. 2a, that the transport of electrons is very easy than holes
(acoustic phonons scattered holes strongly than electrons), be-
cause the valence band is relatively flat and the conduction band
is dispersive. It is also clear from Fig. 2a, that the conduction band
of Li2PbGeS4 is narrower than the valence band. The value of the
electrical conductivity rave/s decreases with the increase in tem-
perature (T).

The average value of electronic thermal conductivity (jave/s)
over relaxation time is plotted as a function of charge carrier con-
centration (Fig. 2b), which shows the same behavior as that of elec-
trical conductivity. Thermal conductivity (jave/s) also depends
robustly on temperature, as shown in Fig. 2b, which is increases
with the increase in temperature and indicates its maximum value
at higher temperature (750 K). Thermal conductivity (jave/s) show
considerable anisotropy in both regions i.e. in electrons and holes
mobility curve. The anharmonicity in lattice vibration result lattice
thermal conductivity jl, which is characterized by the classical
force fields. For such kind of chalcogenides, principal role begin
to play electron–phonon anharmonic interactions [44]. The influ-
ence of an electron–phonon subsystem on specific heat and two-
photon absorption of the semimagnetic semiconductors Pb1�xYbxX
(X = S, Se, Te) near the semiconductor-isolator phase transforma-
tion are studied [45].

We plotted the Seebeck co-efficient (Save/s) versus charge car-
rier concentration for different temperature ranging from 300 to
750 K, which exhibits linear relationship with temperature, as
shown in Fig. 2c. The holes indicate positive value and electrons
present the negative value of the Seebeck co-efficient (Save/s). At
Fermi level, there is isotropy in the Seebeck co-efficient (Save/s),
but around the Fermi level on both sides, there is considerable
anisotropy in the Seebeck co-efficient (Save/s) (Fig. 2c). In reality,
there is linear decrease in (Save/s) with chemical potential and
exponential increase in carrier concentration, which is explained
by the following mathematical relation:

S ¼ 8p2k2
B

3eh2 m�T
p
3n

� �2=3
ð4Þ

The maximum value of the Seebeck co-efficient of the Li2PbGeS4

compound (±3 � 10�4 V/K) for both holes and electrons is reported
here at temperature 750 K (Fig. 2c). The holes and electrons in
(Save/s) give similar magnitude.



Fig. 2. Calculated transport coefficients of Li2PbGeS4 as a function of carrier concentration at four different temperatures: electrical conductivity, thermal conductivity,
Seebeck co-efficient and power factor.
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Knowing the electrical conductivity and Seebeck co-efficient,
then we can find easily the power factor S2r/s, which give the ex-
act information about the material efficiency, which is also plotted
as function of carrier concentration, as illustrated in Fig. 2d. One
can analyze easily from Fig. 2d, that the (S2r)ave/s decreases with
the increase in carrier concentration and shows maximum value
at certain carrier concentration around Fermi energy level. It
should be remembered that the performance of the power factor
S2r/s is controlled by doping, which is one of the effective method
to control it. Fig. 2d, also predicts that in Li2PbGeS4 compound,
n-type doping is greater than p-type doping, proposed that the
investigated compound is n-type doped thermoelectric material.
(S2r)ave/s of Li2PbGeS4 has maximum value [46] in the n-type dop-
ing region (Fig. 2d) than p-type doping region. The thermoelectric
power factor S2r/s is also strongly depending on temperature,
which shows an increase in its value at different ranges of temper-
ature increasing from 300 to 750 K.
4. Conclusions

In conclusion, we investigate the calculated thermoelectric
properties of Li2PbGeS4 using the full potential linearized
augmented plane-wave (PF-LAPW) method and semiclassical
Boltzmann theory. The electronic transport properties of this com-
pound, like Seebeck co-efficient, electrical conductivity, thermal
conductivity and power factor and their dependence on chemical
potential and carrier concentration at different values of tempera-
tures ranging from 300 to 750 K, are studied. Our calculated results
depict that electrical conductivity increases due the increase in the
number as well as mobility of carrier concentration and decreases
with increasing temperature. The calculated thermal conductivity
exhibit strong dependence on temperature which increases
with temperature and present its maximum value 5.88 � 1015

(W/mK s) at 750 K. The entire calculated results of the Li2PbGeS4

show that n-type doped region is more suitable for thermoelectric
performance than p-type doped region. Our calculations also re-
port that the Seebeck co-efficient possess greater value at smaller
carrier concentration and vice versa. It should be remember that,
we do not consider the charge localization effect or polaron effect
in this approach [47]. The results of the power factor also indicate
maximum value at certain carrier concentration around Fermi le-
vel in the n-type doped region, and its magnitude increases with
temperature. We calculate maximum power factor and their re-
lated doping levels also present that Li2PbGeS4 is good thermoelec-
tric materials and exhibit some good thermoelectric performance.
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