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Abstract. We report the electronic structure and thermoeleetric (TE) properties of
OsX; (X: S, Se, Te), and find a giant value of thermépower of magnitude 600 uV K !
to 800 uVK~! for a wide temperature rangefof 100 K =500 K for hole doping (at
10*8em~3), which is higher than the value found for well'established TE materials. The
optimized structural parameters are in good agreement with available experimental
reports. The mechanical stability of /all the, compounds are confirmed from the
computed elastic constants. The band gap of the investigated compounds is examined
by several exchange correlation functionals, and /TB-mBJ with modified parameters is
found to be the best. The heavy valence bands stimulates the thermopower value for
hole doping and light conduction bands intensifies the electrical conductivity values for
electron doping, enabling both 'n’ and 'p” type doping favourable for TE applications
at higher concentrations (102%eém=2), which brings out the device application. Our
results unveil the possibility of'I'E applications for all the examined compounds for a
wide temperaturerange (100 K $0:500 K), and OsSs specifically is quite alternative
with the performing temperature ranging from 100 K - 900 K.
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1. Introduction

Transition metal chalcogenides and pnictides possess diverse structural, electromic
properties, and stand in the forefront of various applications[1, 2, 3, 4]. These compounds
in general possess van der Waals layered structure (MoS, type) or 3D like structure
(pyrite/marcasite). The structural and chemical properties of these two series are well
investigated. The 2D like materials are quite attractive because of théirmnano-level
applications[5, 6], and significant number of compounds from pyrite/marcasite family
have been investigated for their electronic, optical, thermoelectric_and photovoltaic
applications|7, 8]. Moreover, pyrite to marcasite structural transitions are also observed
under pressure in several materials like FeSy[9]. However Os based dichalcogenides
and pnictides are less investigated in comparison with other TMDsa €rystal structure
and Raman spectra of Os based dichalcogenides has been examiined in the very early
stage, where they confirmed the pyrite structure, whereas, Qs based pnictides are
found to crystallize in marcasite structure[10]. The band gap of both Os chalcogenides
and pnictides matches the semiconducting range, and this indicate the possibility of
photovoltaic and thermoelectric applications in these compounds. Conventional TMD
materials, in general, host a mixture of flat and.dispersed band structure[l11], which
further help for thermoelectric energy conversion./ Yet another point to mention is
that, OsSy (Erlichmanite) is a well known naturally oc¢urring compound, and fall into
Platinum group minerals. Other pyrite type dichalcogenides like FeS, are already
realized as a good thermoelectric material[12]p, but Os based compounds are less
investigated in this family. Since ©OsXy (X:'S, Se, Te) are iso-structural with pyrite
FeS,, we believe that OsXs (X: S, Se,, Te) ean be explored for the investigation of
electronic and thermoelectric properties.

The energy conversion using thermoelectric phenomena has attracted the scientific
world consistently due to spécific advantages such as absence of moving parts, less
maintenance, waste heat recovery etc. Prospective materials are needed to achieve an
efficient ZT (figure of merit),,whieh is considered as the scaling parameter for every
temperature. The figure of merit is defined as ZT = S%0T/k, where S, o, k, and
T are the thermopower, the eleetrical conductivity, the thermal conductivity, and the
absolute temperatureprespectively. x includes both the electronic, k. , and the lattice
contributions, k;, i.e., k'= Kk, + k;. The conflicting dependencies of thermopower and
electrical conductivity over effective mass and carrier concentration makes it a great
challenge in/achieving good figure of merit value. Eventually researchers have to look
for divergent methods to meet the demands, either by improving power-factor or by
reduction of lattice thermal conductivity. The power-factor value is dependent on
electronic structure derived properties such as thermopower and electrical conductivity,
andfwe wouldrlike to examine the electronic structure and thermoelectric properties of
Os based dichalcogenides OsXy (X:S, Se, Te) in the present work. The organization of
the present manuscript is such a way that section 2 contains the details of computational
methods, section 3 presents the results and discussions followed by conclusions.

Page 2 of 16



Page 3 of 16

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-111416.R2

2. Methods

For structural optimization, we have used pseudo potential method as implemented
in Plane Wave self consistent field (Pwscf) program[13], with a plane wave cut-off
140 Ry and convergent criteria of 107 (a.u) has been used for energy minimization.
The optimized lattice parameters are used for further calculations. 4#We have, used
full potential linearised augmented plane wave (FP-LAPW) method as implemented
in WIEN2K package [14, 15] to understand the electronic structure propertiess, It is
well known that the traditional exchange functionals like local density approximation
(LDA) and generalized gradient approximation (GGA) underestimate the band gap of
semiconductors and insulators, and we have used Tran-Blaha modified Becke-Johnson
(TB-mBJ) functional[16, 17] with modified parameters[18] for/band«gap enhancement.
Due to the presence of heavy elements in the investigated compeunds, we have included
spinorbit coupling in our calculations. For total energy calculatiofis, band structures
and density of states, we have used 1000 k-points in the'full Brillouin zone. Transport
coefficients such as thermopower (S in uV K~!) anddélectrical.¢onductivity scaled by
relaxation time (o/7 in Q7 'm~!s™!) (will be addressed as eléetrical conductivity) were
calculated using BoltzTraP code[19] with a densek= mesh of 50x50x50 k-points. The
BoltzTraP code is based on two major assumptions such s rigid band approximation
(RBA) [20, 21, 22| and the constant scattering time approximation (CSTA), and
significant number of thermoelectric materials,.are predicted within these approximations
successfully[23, 24, 25, 26, 27].

3. Results and discussions

3.1. Structural and electronic properties

The investigated compounds lerystallizéyin pyrite structure with space group P,3 (No.
205), see Fig. 1. Bond lengthsrand/angles are analysed for all the compounds, and
are given in Table 1. The boud length between 'Os” and Os-X (X:S, Se, Te) are found
to increase from OsSss0 OsTe,, and both bond lengths and bond angles are found to
be higher than the protetype compound FeSs[28]. The observed incremental nature in
the bond length from OsSs to OsTey might eventually reduce the interaction between
atoms and lead to lesser value of Debye temperature, and further provide the possibility
of reduced thermal conductivity value. The optimized lattice parameters along with
available experimental reports are represented in Table 2, and from the table it is
clear that-eptimized values are in good agreement with experimental values, and for
further calculations we have used the optimized lattice parameters. Coming to electronic
structureranalysis, the computed band gap using different functionals are provided in
Table 3, and band structure along different high symmetry directions using TB-mBJ
with, modified parameter are presented in Figure 2. All the investigated compounds
are found to be direct band gap semiconductors with almost similar band profile, and
ecomparable with other prototype compounds. A close analysis of the band structure of
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OsS, reveals, the existence of flat and dispersed bands near Fermi level, and more flat
bands are observed near valence band maximum compared to the vicinity of conduction
band minimum, which might indicate higher value of thermopower for hole doping, and
higher value of electrical conductivity for electron doping. Furthermore, the numberiof
bands near the valence band maximum is higher than that near the conduction band
minimum, and this introduces more number of bands within small energy range.and
will contribute for thermopower, which again gives a hint of favourable thermopower for
hole doping.

It is worthy to compare the band profile of these pyrite structureawith other TMDs.
In the case of MoS,, FeSy; and Os based pnictides, both valence and condugtion bands
are found to be similar[11], and expected to have complementingtransport properties.
But in the compounds of present study, the band profile of/valene and conduction
bands are entirely different, and one might expect dissimilaritransport/properties. This
significant difference in the band profile might lead to interesting TE properties of
these investigated compounds, and will be discussed in thelater section. From the band
structure, it is clear that in valence band along I'-X, thie bands are almost flat, and along
R-M the band is dispersive, whereas in the conduction band the band is dispersive along
['-X, and less dispersive along R-M. The dispersiye nature. is found to increase from S to
Te. This indicates the presence of heavy and light massiedrriers in the band structure,
which is helpful for thermoelectric propexties, where heavy band mass will contribute
for thermopower and light band mass will @entribute for electrical conductivity. To
understand the dominant states near the Fermi level, we have investigated the total and
partial density of states. In Fig. 3 wethave represented the density of states of all the
investigated compounds. In the case of ©sS,, valence band states near Fermi level, are
dominated by Os, and in conduietion band, we can see a hybridisation of Os and S states.
While moving from S to Te, we,can, see the contribution of anion increasing in valence
band near Fermi level. Compared to e¢enduction band, we can see a steep increment
in density of states in valeneesband near Fermi level, and this indicates the dominating
thermopower nature for hole doping. The extended hybridisation in the conduction band
near Fermi level reveals the possibility of enhanced electrical conductivity for electron
doped case compared to, hole doped case. To confirm the presence of light and heavy
band mass in thedand, structure, we have examined the effective mass in the unit of
electron mass aleng I'-X for both valence and conduction band, and are given in Table
4. From the table it.is evident that there exist, one order of magnitude of difference
in the values between valence and conduction band, which is in line with our previous
discussions.. In‘the case of other marcasite compounds the magnitude of effective mass
is almogt same for both valence and conduction bands.

3.2. Mechanieal properties

To check the mechanical stability of these compounds, we have calculated the elastic
constants, and the same is represented in Table.5. All the elastic constants for all
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the compounds are found to be positive and found to satisfy Born elastic stability
criteria[29], and this confirms the mechanical stability of these compounds. The €1,
value of all the compounds are found to be higher than both Cis and Cyy, which
indicate the strong resistance for axial compression compared to shear compressions[30).
In addition, bulk modulus, longitudinal velocity, transverse velocity and Debye
temperature are given in Table. 5. The values of elastic constants are found to higher in
OsSe; compared to the other two compounds. The bulk modulus of all the investigated
compounds are found to be comparable with prototype compounds suchsas FeS, and 'Os’
based pnictides. Further, the value of Debye temperature of our investigated compounds
are found to be lesser than the prototype compound FeSy[31], indicatinghe thermal
conductivity to be lower in these compounds|[32].
~

3.3. Thermoelectric properties

In this section, we have examined the thermoelectric properties sueh as thermopower,
electrical conductivity and power factor as a functiomyof carrier concentrations and
temperatures. Figure 4(a-f) represents the thermopowernas a function of carrier
concentrations for both holes and electrons for_all \the investigated compounds at
different temperatures ranging from 100 K to/600 K. Ag anticipated from the band
structure, the hole carriers are found to secure higher magnitude of thermopower for all
the investigated compounds. A thermopower around:600 V' K~! has been observed at
100 K for hole concentration around 10*¥cm=? for.all the investigated compounds, which
is huge compared to well established, T'E materials.” In the case of OsSs, the variation of
thermopower as a function of both heles andrelectrons are found to be decreased with
increasing carrier concentration. A maximum value of 820 uV K~! is found around 600
K for hole doping. In the case of electrons, the magnitude of thermopower is found
around 200 uV K~ to 400 uV K "for the temperature range 100 K to 600 K, which
is also appreciable. Coming to OsSe,, the trend of thermopower is found to be similar
except for the presence of. bipoBr conduction around 500 K[33, 34]. OsTe, also showed
similar behaviour as other ¢ompounds. Moving to the electrical conductivity values,
Figures 5(a-f) represent the eleefrical conductivity for hole and electron doping for all
the investigated compounds. ;T’he extremely dispersed bands in the conduction bands
provided a favourable eonductivity for electron doping over hole doping with almost
one order difference. This trend is found to be similar for all the compounds. The
magnitude of electrical conductivity is found to be increased with carrier concentration.
The difference in band profile of valence and conduction bands are reflected in both
thermopower andrelectrical conductivity value for both holes and electron doping. As our
attention is towards the net thermoelectric efficiency, we need to look at the parameter
called"power factor,and the same is given in Figure 6(a-f). The enhanced electrical
conductivify for electron doping leads to an approving value of power factor for electron
doping over hole doping for all the investigated compounds at lower concentrations. The
vital point is that at higher concentrations around 10*’cm™2 and temperature around
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600 K, both hole and electron doping secured almost similar value of power-factor, which
might lead to device applications.

As discussed in the introduction, it is demanding to explore the TE materials for
wide temperature range. In general, the carrier concentrations ranging from 1 x 10*ems >
to 1x10*'cm™ are comsiderable, and now let us have a close analysis of gransport
properties for the same. In the first part of this section, we have pointed out the presence
of bipolar conduction above 600 K for OsS,, and for the other two compounds-its.starts at
little lower temperatures itself. Now let us take the case of OsSy, where the thermopower
has reduced due to bipolar conduction only at low carrier concemtrations around
x10¥em ™3, and for higher concentrations the thermopower valties are @ppreciable.
We have examined the thermopower and electrical conductivity of,OsSs at around
2.3%x10%cm ™3 for a wide temperature range from 100 K - 900 Kg'and provided the
same in Figure 7. For the whole temperature range, holés secured/ higher value of
thermopower and electrons were found to possess higher value of conductivity. From
the figure it is quite evident that, OsS, might turn to bera potential TE material for
a wide temperature range. Figure 8, represent the’comparison plot with other TE
materials, and from the figure it is evident that the investigated compounds possess
higher value of thermopower at 100 K and comparable value at room temperature and
above. y

Huge value of thermopower aroundsl100 K is found with a reasonable electrical
conductivity for hole doping in all the investigated compounds. The power-factor
value of hole doping is found to increase ‘as a function of carrier concentration and
reach a magnitude of around 10'¥ atshigher concentrations around 10*°cm~3, which
is comparable with established TE “materials. If one can enhance the electrical
conductivity, by preserving thermopower, through chemical doping all the investigated
compounds might be promising. TE.material.

4. Conclusions N

Electronic and thermoeleetric properties of OsX, are analysed. Huge value of
thermopwer is observed. at low temperature around 100 K for hole doping for all the
investigated compeumnds, which is found be higher than well established TE materials.
The mixture of heavy and light band mass in the band structure is reflected from
the band struetures, Analysis of thermoelectric properties revealed the potential TE
application for a wide temperature range. All the investigated compounds are favourable
for electron deping at low concentrations, and for higher concentrations both carriers
are preferable, which shows possible device applications for all the compounds.
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Table 1. Calculated bond length and bond angle in OsXy (X= S, Se, Te)

paramaters OsS;  OsSey  OsTeq

d(Os-X)(A) 2.39 250 270
d(Os-Os)(A)  4.02 425 461
(Os-X-Os)(deg) 115.26 116.61 117.30

Table 2. Ground state properties of OsXy (X= S, Se, Te)

paramaters OsS, OsSes OsTe,
apre(A) 5.68 6.02 6.53
aexp(A) 5.6196[36] 5.946[37] 6.397[38] ~

Table 3. Calculated band gaps of OsXy (X=S,5¢,Te) in eV

0sSy;  0OsSey OsTe,

Present
GGA 0.21 0 0
TB—mBJ 0.5 0.02 0 4

TB—mBJwith parameter 0.98 041 0.53

Table 4. Calculated effectivemasses of OsXs along different high symmetric directions
in the unit of electron rest mass

Directions OsS, OsSey  OsTey

VB (valence band)

I-X 6.03 0.76 4.53
CB (condugtion b\and)
I-X 0.36 0.32 0.37

Table 5. Calculated elastic constants of OsXy (X=S,Se,Te)

parameters 0sSs OsSey;  OsTe,

C11(GPa) o 449:653 481.477 426.226
C12(GPa) 55.650  57.936  36.464
Cyu(GPa) | 107.321 143.651 151.963
B (GPa) 186.98  199.11  166.38
Vi(in Km/s)  6.33 6.31 6.05
V; (innKm/s)  3.85 3.98 3.97
6 (in K) 511.54  496.14  454.652
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Figure 2. (Color online) Calculated band structure for (a) OsSa (b) OsSes (¢) OsTey
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(Color online) Variation of thermopower as a function of carrier

concentration for all the investigated compounds (a, b) OsSz (c¢,d) OsSeq, (e,f) OsTeq
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Figure 5. (Color online) Variation of electrical conductivity scaled by relaxation time
as a function of carrier concentration of all the investigated compounds (a,b) OsS; ,
(¢, d) OsSes, (e,f) OsTesy
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Figure 6. (Color online) Variation of power-factor as a function of carrier

concentrations for all the compounds (a,b) OsSz , (c,d) OsSez, (e, f) OsTe,
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Figure 8. (Color online) Comparison wi her co unds, OsXs (X: S, Se, Te),
FeSz[?)l], BigTeg, [35], OSSbg, OSASQ[lO]
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