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Abstract

We present here the thermoelectric properties of olivine-type Fe,GeChy (Ch = S, Se and Te)
using the linear augmented plane wave method based on first principles density functional
calculations. The calculated transport properties using the semi-local Boltzmann transport
equation reveal very high thermopower for both S and Se-based compounds compared to
their Te counterparts. The main reason for this high thermopower is the quasi-flat nature of
the bands at the valence and conduction band edges. The calculated thermopower of Fe,GeS,
is in good agreement with the experimental reports at room temperature, with the carrier
concentration around 10'8~10'°cm—3. All the investigated systems show an anisotropic nature
in their electrical conductivity, resulting in a value less than the order of 10? along the a-axis
compared to the b- and c-axes. Among the studied compounds, Fe,GeS4 and Fe,GeSe4 emerge
as promising candidates with good thermoelectric performance.

Keywords: density functional theory, electronic structure, thermoelectric properties

(Some figures may appear in colour only in the online journal)

1. Introduction

Olivine minerals are well-known magnetic semiconducting
materials. The magnetic semiconducting nature of the com-
pounds generally finds applications in optoelectronic and
magnetic devices [1]. The general formula for the olivine
structure is ApBCy, and it mostly crystallises in an ortho-
rhombic structure, where A is a transition metal, B represents
p-orbital elements and Ch is the chalcogen. The arrange-
ment of the atoms in the crystal is very closely packed and
resembles a hexagonal close-packed arrangement. Among the
olivine structures, Fe based olivines are well known because
of their diverse magnetic nature at low and high temperatures
[2-4]. Fe,GeS4 was found to possess weak a ferromagnetic
nature up to 69 K, an anti-ferromagnetic nature between 69—
143 K, and above this temperature it was reported to have a
paramagnetic nature [5]. The ferromagnetic Curie tempera-
ture is around 149.9 K in Fe,GeTe, [4]. A similar Fe-based
olivine-type silicate, Fe,Si0Oy, is well known for its magnetic
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and optical properties [6]. The popularly known structure of
pyrite FeS, with sulfur vacancy has a close relation to the
olivine structure, which was explained extensively in the
theoretical and experimental study by Yu et al [7], who also
reported on the application of this material as a photovoltaic
absorber. Following the above-mentioned work, an experi-
mental study showed that nano-structured Fe,GeS,4 can poten-
tially be used as a photovoltaic material [8]. A similar study
on highly crystalline nano-structured Fe,GeS4 was performed
experimentally by Park and co-workers [9]. It is quite certain
that there are interesting features that can be established in the
structure of olivine other than the well-known magnetic prop-
erties. Apart from the magnetic studies and the recent photo-
voltaic studies, there are no further studies available for these
materials. We are interested in studying the thermoelectric
properties of the iron-based olivine structures of Fe,GeChy
(Ch =S, Se and Te). This study mainly focuses on the pre-
diction of the thermoelectric properties, where the motivation
stems from the experimental study that showed that Fe,SiS,

© 2016 IOP Publishing Ltd  Printed in the UK
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and Fe,GeS, possess good thermopower [10], enabling us to
study the thermoelectric properties of the above-mentioned
materials.

The performance of a thermoelectric (TE) material mainly
depends on the figure of merit ZT, given by ZT = S?0T/x.
Here S, o, x and T refer to thermopower, electrical conduc-
tivity, thermal conductivity and absolute temperature, respec-
tively. x includes both the electronic x, and the lattice
contributions «;, i.e. K = Kk, + k;. For good thermoelectric
materials, the typical value of ZT is around 1 and above. To
achieve a figure of merit close to unity or above, we need
materials to meet the requirement for high thermopower
of around 200 uV K~! and above, high electrical conduc-
tivity and low thermal conductivity. These are the chal-
lenges for current researchers searching for different classes
of materials that achieve the conflicting properties of high
thermopower, high electrical conductivity and low thermal
conductivity. The successful thermoelectric materials that
have a figure of merit close to unity include Bi,Tes;, TAGS-85
(tellurium—antimony—germanium-silver) [11], filled skutter-
udites [12], PbTe/PbSe [13], etc. To explore the thermoelec-
tric properties of iron-based olivine structures, we employed
first principles-based electronic structure calculations using
semi-classical Boltzmann transport equations. The rest of the
paper is organised as follows: section 2 describes the meth-
odology, section 3 presents the results and discussion and the
conclusions are given in section 4.

2. Computational details

Total energy calculations based on first principles density
functional theory (DFT) were performed using the full-
potential linear augmented plane wave (FP-LAPW) method,
as implemented in WIEN2k [14]. The total energies were
obtained by solving the Kohn—-Sham equations self-consis-
tently. The self-consistent calculations included spin—orbit
coupling (SOC). Since the calculations using standard
local-density (LDA) or generalised gradient approxima-
tion (GGA) schemes for the exchange-correlation potential
underestimate the band gaps of semiconductors, we used the
Tran-Blaha modified Becke—Johnson [15] potential (TB-
mBJ) [16] on top of GGA-Perdew—Burke—Ernzerhof (PBE)
[17], which is quite good at reproducing the experimental
band gaps. For k-space integrations, a 6 x 11 x 13 k-mesh
was used for Fe,GeChy in the Monkhorst—Pack scheme
[18], resulting in 168 k-points in the irreducible part of the
Brillouin zones for all the compounds. All the calculations
were performed with an energy convergence criterion of 10~
Ry per formula unit. The carrier concentration (both holes
and electrons) and temperature (7') dependent thermoelectric
properties like thermopower (S) and transport functions
(%; o is the conductivity and 7 is an inverse scattering rate)
were computed using BOLTZTRAP [19] code, within the
rigid band approximation (RBA)[20-22] and the constant
scattering time (1) approximation (CSTA) [23-25]. More
details about RBA and CSTA can be found in [26] and

(a) OFe 0OGe OS

Figure 1. Crystal structure of (a) edge-sharing octahedra and
(b) vertex-sharing octahedra of Fe,GeS4 compared with
(c) marcasite FeS,.

references therein. The crystal structures were generated
using VESTA [27] software and the charge density plots
were generated with the help of the Xcrysden molecular
structure visualization program [28].



J. Phys.: Condens. Matter 28 (2016) 025502

V K Gudelli et al

Fe,GeS,

e
— |

\

Energy(eV)

N7 VPO

W

Energy(eV)

NS

Energy(eV)

Ny

3. Results and discussion

3.1. Crystal structure and electronic structure of Fe,GeChy

The olivine structure of Fe,GeChy is orthorhombic with space
group Pnma. In this the cation Fe and the anion Ch forms
a distorted octahedron FeChg. The Fe in Fe,GeChy has two
independent Wyckoff positions, 4a and 4c. The coordination
numbers of these two sites are similar, but are found to be dif-
ferent in the bond length between Fe—Ch and the orientation
of the octahedron formed by them. The crystal structure of
Fe,GeS, is given in figure 1, which shows the edge and vertex
sharing octahedra. The bond length of the Fe—S formed by

(©)

Figure 2. Calculated band structure of (a) Fe,GeSy, (b) Fe;GeSe, and (¢) Fe,GeTey.

Fe at the 4a site varies from 2.477 to 2.551 A, which shows
an average bond length of 2.494 A and the distortion index
of the octahedra is 0.011. In the case of Fe at the 4c site the
variation of the bond length is from 2.449 to 2.629, with an
average bond length of 2.539 A and a distortion index of
0.024. This is clear evidence of the difference in the distor-
tion of the octahedra formed by the two different Fe sites. We
also observed that the distortion of the Fe at the 4a site is
less than that for the 4c site Fe, which is very similar to that
for Fe,SiS,4 [10]. The two different orientations of the octa-
hedra formed by Fe are important and differ in their contri-
bution to the bands at the Fermi level, which is discussed in
detail below. Earlier, Yu et al [7] explained the close relation
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Figure 3. Schematic representation of octahedral crystal field
splitting of Fe-d states in Fe,GeChy.

of olivine-type Fe,GeSs and Fe,SiS; with pyrite FeS,, and
they also reported that these two compounds possess a similar
absorption coefficient to pyrite. We found structural similari-
ties between olivine and marcasite, which is a polymorphic
phase of pyrite FeS,. In both olivine and marcasite, we can
see a distorted octahedron formed by Fe with sulfur. The edge
sharing octahedra of olivine along the b-axis are also seen in
marcasite, see figure 1, while the vertex sharing octahedra of
olivine along the unit cell diagonal are also present in a sim-
ilar direction of the unit cell diagonal of the marcasite. This
shows that olivine-type structures have a very close relation
with the polymorphic phases of marcasite and pyrite FeS,.
Our earlier work on the polymorphic phases of marcasite and
pyrite showed a close relation between these two phases and
also reported good thermoelectric properties for both phases
[29]. This prompted us to study the thermoelectric properties
of olivine structures further, and to compare the same with the
polymorphic phases of FeS,.

With the motivation mentioned above, we intend to study
the thermoelectric properties through first principles elec-
tronic structure calculations. All the present calculations are
performed at the experimental volume [30-32]. The elec-
tronic structure properties are carried out using the TB-mBJ
exchange correlation functional. The band structure of all the
compounds along the high symmetry directions is presented
in figure 2. The corresponding energy gaps are found to be
2.01eV for Fe,GeSy4, 1.69eV for Fe,GeSes and 0.6eV for
Fe,GeTe,. The experimentally reported band gap for Fe,GeSy
is 1.40eV and the same group found it to be 1.36eV with the
GGA + U method [7]. In the present calculations, we find a
slightly higher value with the TB-mBJ functional, which is
also the case in other similar types of compounds with the
same TB-mBJ functional [33]. The SOC has a significant
effect in Fe,GeTe4 compared to Fe,GeS,4 and Fe,GeSe,. This
results in a degeneracy lift in Te-5p states of about 0.24eV
in Fe,GeTey. The band structure of Fe,GeS, and Fe,GeSey
is quite similar, whereas Fe,GeTe, is found to be different.
The valence band maximum (VBM) is at Y and the conduc-
tion band minimum (CBM) is observed along I' — Y for
Fe,GeS,4, which results in an indirect band gap semiconductor,

in agreement with earlier work [7, 10]. Similar behaviour for
the indirect band gap is also seen in Fe,GeSe4 along I' — Y of
VBM and at I in CBM. But Fe,GeTe, is found to be a direct
band gap semiconductor, with the VBM and CBM both occur-
ring at I' point. As indicated previously, the octahedra formed
by Fe and Ch provide the hybridisation between Fe—Ch states.
According to the octahedral crystal field splitting, the Fe-3d
orbitals are divided into three filled ,, and empty doublet e,
states. The crystal field splitting of Fe-3d is shown schemati-
cally in figure 3. The filled triplet states of #,, contribute to the
VBM as non-bonding states, with a very small contribution
from Fe-3d,, and S-3p. The empty doublet states of Fe-3d,,
interact with the chalcogen-p states and form the bonding
states below the VBM. The higher energy states of Fe-3d,, and
chalcogen-p form the anti-bonding states that contribute to the
CBM. The crystal field splitting is very similar to that of the
prototype Rh,ZnOy, in the low spin state of the Rh [34, 35].
The Ge states reside much lower in the valence band.

The corresponding density of states (DOS) of all the com-
pounds are shown in figure 4. From this figure, it is evident
that at both the band edges, Fe-3d states are more dominant
in all the compounds, but in the case of the valence band we
also find that the chalcogen-p states make a small contribution
(see figure 4(b)). The contribution of the Fe and S states at the
VBM and CBM is very similar to that of the pyrite, since the
Ge character in Fe,GeS; is far below the valence band. This is
evidence of the similarity between the olivine Fe,GeS, and the
pyrite FeS, [36, 37]. To further analyse the contribution of each
element to the total DOS, we also plotted the orbital resolved
DOS, i.e. the m-projected DOS of Fe,GeS,4, which is shown
in figures 4(c) and (d). The slight difference observed in the
contribution of the two Fe states in the DOS at the Fermi level
may be due to the different orientation of the FeChg octahedra
resulting in different bond lengths of Fel and Fe2 with sulfur,
as mentioned above. The states below —1eV in the valence
band are due to the S-3p orbital. The crystal orbital overlap
populations (COOP) analysis of Fe,SiS, also showed a similar
type of bonding [10]. We further investigated the nature of
the bonding among the elemental species in Fe,GeS4 and the
charge density plot is shown in figure 5. This shows that the
bonding between Fe-S is a weak covalent bond, while Se-Ge
form a strong covalent bond. The covalent bonding between
Fe-S is stronger along the b and c-axes of Fe,GeSy (see fig-
ures 5(b) and (c)), which might indicate a better flow of charge
carriers along these two axes compared to the other axis a. This
might be due to the presence of edge-sharing octahedra along
the b-axis, which is layered through the c-axis, resulting in
strong covalent bonding between Fe—S along the b- and c-axes,
while along the a-axis the effect of edge and vertex sharing
is weak, which eventually lowers the covalent bonding nature
along this direction. In addition, it should be noted that the
lattice parameter is larger along the a-axis, leading to reduced
interaction and resulting in weak bonding along the respec-
tive crystallographic direction, which leads to a weak charge
flow that results in low electrical conductivity along the a-axis,
which is discussed below. From the band structure of Fe,GeSy
and Fe,GeSe, it is evident that the dispersion of bands along the
three crystallographic directions, i.e. I' = X,I' = Y and I — Z,
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Figure 4. (a) Calculated DOS of Fe,GeChy, and m-projected DOS for (b) S-p, (c) Fel at 4a and (d) Fe2 at 4¢ positions of Fe,GeS,.

are very flat in nature, which can result in a sharp increase in
the DOS at the band edges. We observe an almost identical
increase in DOS at both the edges in all the compounds, which
might indicate favourable conditions for band-dependent prop-
erties such as thermopower for both the carriers.

The basis of this study is the prediction of the thermoelectric
properties of Fe,GeChy as a function of carrier concentration

at various temperatures. For this purpose one needs to study
the effective mass of both the carriers at the band edges. We
calculated the effective mass at the conduction and valence
band edges by fitting the energy of the respective bands to a
quadratic polynomial in the reciprocal lattice vector k. The
calculated effective mass of the bands along the' — X, ' — Y
and I' — Z directions is shown in table 1. Lower values of the
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Figure 5. Calculated charge density density along the (a) xy, (b) xz and (c) yz planes of Fe,GeS,.

Table 1. The calculated effective mass of Fe,GeChy (Ch = S, Se, Te)
in crystallographic directions of the Brillouin zone in units of
electron rest mass.

Direction Fe,GeS4 Fe,GeSe4 Fe,GeTey
VBM

r-X 6.80 3.11 0.29
r—-v 4.16 391 0.04
r-z 4.21 4.18 0.53
CBM

r—-x 3.37 3.03 0.98
r-v 3.39 3.02 0.91
r—-z 1.60 2.15 2.24

effective mass are observed for CBM compared to VBM. The
effective mass values of both VBM and CBM (except along
I' — Z of CBM) are found to decrease from sulfur to tellurium
among the investigated compounds along the three direc-
tions mentioned above. The effective mass of the carriers of
both Fe,GeS, and Fe,GeSe, are similar (slightly lower for
Fe,GeSe,) because of the similar band structure of these two
compounds, whereas in the case of Fe,GeTe, we find the effec-
tive mass of the carriers to be lower, as a result of the highly
dispersive bands along the specified directions, as mentioned
above. The higher values for the effective mass of the carriers at
both band edges might indicate high thermopower in Fe,GeS4
and Fe,GeSe4. With this preliminary idea, we calculated the
transport properties for optimised doping levels of the carriers
and this is discussed in the next section. The olivine Fe,GeS4
effective mass values are higher than those of marcasite and
pyrite FeS,, which shows that olivine-type minerals may have
higher thermopower values than marcasite and pyrite, as seen
in the present calculations and in the next section.

3.2. Thermoelectric properties of Feo,GeChy

We now look at the thermoelectric properties of Fe,GeChy.
The uniform increase in DOS at both the edges suggests
that these materials might show favourable thermoelectric

properties for both the carrier concentrations. This allows
us to calculate the carrier concentration-dependent ther-
moelectric properties, such as thermopower (S in  V K1)
and electrical conductivity scaled by relaxation time (o/7
in (2 ms)™!) using BoltzTrap code within the limit of RBA
and CSTA, as mentioned in section 2, at various tempera-
tures for both electrons and holes. As mentioned earlier, the
olivine-type structure is non-cubic, and it is very important
to analyse the direction-dependent thermoelectric properties,
e.g. along the a, b and c-directions. From earlier studies it is
evident that direction-dependent thermoelectric properties are
very important because of the anisotropic nature of the sys-
tems [38—40]. For example, the delafossite type PtCoO, and
PdCoO; revealed the importance of the anisotropic nature of
the thermoelectric properties, where we can find a huge dif-
ference in the thermoelectric properties along the in-plane and
out-of-plane directions [39]. Keeping the above consideration
in mind, we calculated the direction-dependent thermoelectric
properties such as S and o/7, which are presented in figures 6—
8, for all the compounds for both the holes (n;, for holes) and
electrons (n, for electrons) as carriers. From the thermopower
of all the compounds, we observed that there is no bipolar
conduction seen in the case of Fe,GeS4 and Fe,GeSe, (see fig-
ures 6(a) and 7(a)) because of the higher band gaps (>1¢eV),
whereas in Fe,GeTe, (see figure 8(a)) we see bipolar conduc-
tion at higher concentrations in the case of holes and at lower
concentrations in the case of electrons. Low band gap (0.6eV)
may be the reason for the bipolar conduction in Fe,GeTe,.
From figure 6, it is clear that the thermopower of Fe,GeS,
varies from 850-250 1V K~! for the optimum hole concen-
tration of 10'8-10%' cm—3, whereas for electrons, it is found
to be 800-200 1V K, and the range of the thermopower
values is apparently very high at 300 K and 500 K in com-
parison with traditional thermoelectric materials [12, 13,
41-44]. For example, the commercially used thermoelectric
material Bi,Te; has a thermopower of 225 1V K~! at room
temperature [45], and we find the same thermopower value
even at a high concentration around 10%° cm™ in Fe,GeS,
at room temperature (the thermopower value is still higher at



J. Phys.: Condens. Matter 28 (2016) 025502

V K Gudelli et al

1000

L L Il]IIII 1 L IIl]III

800
600
-~ : .\_,..,.\_,..,\.. : — 40 0

200

1 L IIIIIII L L1 IIIIl] L L L LLill

_1000 L 1l
10" 10" 10%° 1040 10" 10%° 1091
-3 -3
n,(cm”) () n, (cm?)
19
T | T a_300}|( T 10
— b-300K 18
— ¢-300 K 10
- o—oe a-500 K 17
I'EF o—o b-500 K 10
o—o ¢-500 K
£ ) 10"
% 10"
© 10"
10"
13 L L lllllll L 1 lllllll 1 L L L LLLL 1 1 IIIIIII L 1 IIIIIII L L L LiiLl 12
10
10" 10" 10%° 10%10"® 10" 10%° 102"
-3 -3
n,(cm") (b) n, (cm~)
1012
)
(4]
X
£
s
e, a-300 K
S 10 — b-300K
“'m — ¢-300K
7E o—e a-500 K
10 E o—o b-500 K
6 ul | o 500K | | | 6
1qlo18 1019 1020 1021 1018 1019 1020 1021 10
-3 -3
n,(cm?) () n, (cm”)

Figure 6. Calculated (a) thermopower, (b) electrical conductivity scaled by relaxation time and (c) power factor for Fe,GeS,.

7



J. Phys.: Condens. Matter 28 (2016) 025502

V K Gudelli et al

0 L] IIIIIIII 1 IIIIIIII T L LB L IIIIIIII T IIIIIIII 1 rrrrrnm 1000
-200 __800
§ 600
5 400 — a-300K 1
~ — b-300K 400
) — ¢-300K
o—o a-500 K
-600 o—o b-500 K 200
o—o ¢-500 K ]
-800 L L IIIIIII L L IIIIIII L L1 111l L 1 IlIIlll 1 1 IIIIIII 1 L1 i1l
10" 10" 10%° 100" 10" 10%° 1091
-3 -3
n,(cm”) (a) n, (cm”)
101QE L) T IIIIIII L T IIIIIII T T rrrrnm L) L IIIIIII T T IIIIIII L T IIIII1019
1018:E
> 107F
E -
16
c 10 — a-300K
~ — b-300 K
% 10"° — ¢-300K
o—o a-500 K
14 o—o b-500 K
10 e—eo ¢-500 K
13 L 1 IIIIIII L L llIIllI 1 L_L LLLll L L IIIIIII L L IIIIIII L L1 111 13
10 =10
10" 10" 10%° 10%0"® 10" 10%° 1031
-3 -3
n,(cm”) (b) n,(cm”)
1012 L] L) |||IITI L) T IIIIIII L L) I'III'III L LI T L] IIIIIII T T IIII"] T T IIIIIII T T 1012
11
10
0
¥ 10"
E 5
=3 10°
e 8 — a-300 K
Nb 10 — b-300 K
7)) — ¢-300 K
7 e—o a-500 K
10 o—o b-500 K
106 1L 1 Illlul 1 1 IIIIIII Iel_lol I?I-II500IKII 1 L IlIIIII 1 1 Illlul 1 1 IIIIIII 1 Ll 106
10  10° 10® 10" 10%® 10° 10®° 10*
n_(cm®) n,_ (cm”)
e (c) h

Figure 7. Calculated (a) thermopower, (b) electrical conductivity

8

scaled by relaxation time and (c) power factor for Fe,GeSey.
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lower concentrations). This shows that Fe,GeS; might have
a very high thermopower for both the carriers. In the case of
Fe,GeSey, the thermopower is found to be slightly lower com-
pared to Fe,GeS,4 because of the effective mass being smaller,
as seen in table 1, but it is also shown to be more promising
for both the carriers. In the case of Fe,GeTe,, we found lower
thermopower values compared to the other two chalcogens,
which was because of the lower values of the effective mass
of the carriers in this compound. Thermopower was found to
be below 550 2V K~ ! at a hole concentration of 10'® cm™3,
whereas we found slightly higher values compared to holes
in the case of electrons. However, there was bipolar conduc-
tion in the case of electrons at a lower concentration region.
Anisotropy was seen in the thermopower in all the compounds
along all three crystallographic axes. We also observed that
the anisotropy increased as we moved down the chalcogens
for both the carriers.

Earlier experiments on Fe,GeS,4 showed a bulk thermopower
of 750 £V K~! at room temperature and in our study we found
the same value at room temperature for the following concen-
trations: 1.14 x 10" cm™ along the a-axis, 9.31 x 10'8 cm—3
along the b-axis and 5.15 x 10'® cm~ along the c-axis for
the holes [10]. The above-mentioned concentrations along
the three directions can be achieved well within the experi-
mental conditions for the semiconductors. In the case of the
electrons we found the carrier concentration to be below 10!
cm 3 for the same thermopower of 750 1V K~! at room tem-
perature. The calculated thermopower of 750 uV K~! for
Fe,GeS, at room temperature is in good agreement with the
measured single crystal bulk thermopower of 750 xV K~ ! at a
concentration of around 5 x 10'® cm~3 [7]. This shows that the
predicted thermopower values are in line with the experimental
results. In comparison with the marcasite FeS, (~300 pV K™!
@ 500 K), the thermopower of olivine-type Fe,GeS, (~460
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Figure 9. The calculated mobility scaled by the relaxation time of Fe,GeSs.

puV K~! @ 500 K) has a higher value at a hole concentration
of 10 cm™3. We find a similar thermopower value for pyrite
FeS, (~500 uV K~!' @ 900 K) and olivine-type Fe,GeSy
(~500 uV K~! @ 900 K) at the same concentration as mentioned
above. This indicates that olivine can show better thermoelec-
tric performance if it possess high electrical conductivity and
low thermal conductivity. The electrical conductivity scaled by
the relaxation time is discussed in the next section.

The electrical conductivity in all the compounds was
found to be greater for electrons compared to holes. The
electrical conductivity for the electrons was almost one
order greater than that of the holes. We also observed a
huge anisotropy along the a-axis compared to the b and c-
axes. The o/7 along the a-axis was almost two orders lower
throughout the optimum concentrations for both the car-
riers for all the compounds. This might be due to the higher
value of the lattice parameter ‘a’ compared to ‘b’ and ‘¢’
and also the weak covalent bonding nature along this direc-
tion compared to the other two axes, as mentioned earlier.
A similar situation of lower electrical conductivity along
the direction of the larger lattice parameter was found in
the case of SnSe crystal [38]. As seen in the bonding, the
interaction or the extent of hybridisation along the a-axis
was also reduced. We found a significantly lower anisot-
ropy between the b and c-axes in all the compounds. This
eventually confirmed that the thermoelectric performance
of the investigated compounds shows better applications
along the b and c-axes compared to the a-axis. The elec-
trical conductivity value was found to increase as we moved
down the chalcogen group throughout the hole concentra-
tion. But in the case of electrons it was found to be a non-
monotonic variation, where it decreased from Fe,GeS, to
Fe,GeSey, followed by an increase in Fe,GeTe4 within the
optimum electron concentration. The electrical conductivity
of Fe,GeTe, was found to be slightly higher compared to
Fe,GeS, in the case of electrons. But the bipolar nature of
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thermopower as seen in Fe,GeTe, makes it unsuitable for
good thermoelectric performance. This allows us to state
that among the investigated olivine-type structures both
Fe,GeS, and Fe,GeSe4 emerge as good thermoelectric can-
didates for both the charge carriers. In order to understand
the lower values along the a-direction, we further estimated
the order of the mobility scaled by the relaxation time
(u = Ry X o/1), and this is shown in figure 9. From this
figure it is evident that the mobility of both carrier concen-
trations along the a-axis was very low compared to the other
two axes, which resulted in electrical conductivity that was
two orders lower along the a-axis. The lower value of the
mobility along the a-axis is consistent with the charge flow
mentioned in section 3.1.

We further studied the power factors (S?0/7) of Fe,GeS,
and Fe,GeSey, as shown in figures 6(c) and 7(c). The power
factor for electrons (above 10" W m~! K=2 s71) is slightly
higher than that for the holes (below 10'' W m~! K=2 s71)
for Fe,GeSy, and this is because of the high electrical con-
ductivity of electrons compared to the hole concentration of
10?! cm~3. But in the case of Fe,GeSe, we find nearly equal
values for both electrons and holes (~10" W m~! K2 s71).
The calculated power factors for Fe,GeS,4 and Fe,GeSe, are
found to be similar to those for the marcasite and pyrite struc-
tures of FeS, [29] and FeSe, [26]. We saw earlier that the ther-
mopower value for olivine-type Fe,GeS, is higher than that
for marcasite and nearly equal to that for pyrite FeS,, but we
find lower power factor values because of the lower electrical
conductivity of Fe,GeS; (~0.6 x 10'(2 ms)™' @ 500 K
and ~0.5 x 10"(Q2 ms)"' @ 900 K) compared to marcasite
(~1 x 10"8(Q m s)™! @ 500K)andpyrite(~1 x 10'(2 m s)~!
@ 900 K) (all the values are at 10?° cm 3 hole concentration).
Even though the electrical conductivity of olivine is lower, its
power factor is almost comparable with that of pyrite FeS,,
which implies that one needs to improve the electrical conduc-
tivity of olivine to obtain better TE performance. In general,
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we find the olivine-type Fe,GeS, and Fe,GeSe, to be good
thermoelectric candidates along the crystallographic direc-
tions of the b and c-axes.

Overall, the less dispersive bands along the high sym-
metry directions are responsible for the higher thermopower
in olivine Fe,GeS,4 and Fe,GeSe,. We find a thermopower of
above 300 1V K~! at 300 K and 500 K at a concentration of
10?° cm 2 in both the compounds. These higher thermopower
values, together with the assumption that these materials might
possess low thermal conductivity, can certainly lead to good
thermoelectric performance. As suggested by Tritt et al, the
minimum thermopower a material should possess to have a
ZT ~ 1 in the considerable range of around 160-225 1V K™,
assuming zero lattice thermal conductivity [45]. In the present
case, we find that the thermopower is high in both Fe,GeS, and
Fe,GeSey, even at the higher carrier concentration of 109 cm—3
for both electrons and holes. Earlier studies on Fe,GeSy
show this compound to possess a high absorption coefficient
(~10° cm™") [7], which implies their use as a good photo-
voltaic absorber and is similar to that of the pyrite FeS,. In
this study we also find a better thermoelectric performance for
Fe,GeS4 compared to marcasite and pyrite FeS,. This allows
us to state that olivine-type compounds can be used as an
alternative energy source material for both thermoelectric and
photovoltaic applications. We look forward to experiments
that will validate the proposed nature of the solar thermoelec-
tric behaviour of the investigated systems.

4. Conclusions

We present here the thermoelectric properties of olivine-
type Fe,GeChy (Ch = S, Se and Te) based on the Boltzmann
semi-classical transport equation using first principles calcu-
lations. The investigated thermoelectric properties showed
that Fe,GeS, and Fe,GeSe4 have a high thermopower above
300 1V K~!, even at room temperature and above, which is
unusual and can be placed in a different regime of the ther-
moelectric family. We found a good agreement between the
calculated hole concentration and the experimental measured
carrier concentration of Fe,GeS, at room temperature. The
other interesting feature of these materials is the negligible
anisotropy in the thermopower for the above two compounds,
while the electrical conductivity is two orders less along the
a-axis compared with the other two axes, b and c¢. A bipolar
thermoelectric nature is observed for Fe,GeTe4 because of the
narrow band gap. The calculated thermopower of the olivine-
type Fe,GeChy is found to be higher when compared with the
marcasite and pyrite structures. Among the investigated sys-
tems Fe,GeS,4 and Fe,GeSey4 are shown to have good thermo-
electric properties, especially along the b and ¢ axes, and this
presents substantial scope for future investigations in order to
improve TE performance.
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