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1. Introduction

Thermoelectric (TE) materials possess the ability to convert 
thermal energy into electrical energy in a reversible fashion. 
To enhance the conversion efficiency we need to enhance the 
performance of the TE materials; this is commonly evalu-
ated on the basis of so-called dimensionless figure-of-merit, 
ZT  =  σS2T/κ, where σ is electrical conductivity, S is Seebeck 

coefficient, κ is thermal conductivity and T is absolute temper-
ature. In practice, the initial material performance evaluation 
is often made based on electrical transport data only, i.e. so-
called power factor, PF   =  σS2.

In recent years, MXY-type compounds have attracted con-
siderable interest as new promising thermoelectric materials. 
An attractive feature of this family is the flexibility of the 
structure for chemical substitutions at each of the three sites, 
which allow multiple ways to tailor the material properties. 
Indeed, a number of MXY compounds have been synthesized 
and investigated with the M-site occupied with a 3d transition 
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Abstract
We demonstrate a transition of the thermoelectric transport characteristics in the CoSbX 
(X  =  S, Se or Te) systems from a p -type semiconductor to metallic conductor with increasing 
size of the X constituent. From DFT calculations CoSbS is found as an indirect semiconductor 
with band-gap of 0.38 eV, while both CoSbSe and CoSbTe appear as metals. For the two 
metals, the calculations reveal two degenerate electron pockets (located near the U point for 
CoSbSe and near the T point for CoSbTe) and a hole pocket along the X-Γ-Y points. In line 
with the theoretical predictions, electrical transport measurements reveal semiconducting-
type temperature dependence of resistivity and positive room-temperature Seebeck coefficient 
(+570 µV K−1) for CoSbS, and metallic-type temperature dependence for CoSbSe and 
CoSbTe with negative Seebeck coefficient (−14 and  −7.5 µV K−1). The Hall coefficient 
is positive for CoSbS(Se) and negative for CoSbTe. Room-temperature charge carrier 
densities were estimated at 3  ×  1018/~1021/~1022 cm−3 for CoSbS/CoSbSe/CoSbTe. Thermal 
conductivity is dominated by lattice rather than electronic contribution, the RT value being 
of the roughly same magnitude for all the three compounds. The temperature dependence of 
thermal conductivity bear resemblance to a typical semiconductor in the case of CoSbS and to 
a metallic alloy for CoSbSe and CoSbTe.
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metal (Co, Fe, Ni), the X site occupied by a pnictogen (P, As, 
Sb) and the Y site with a chalcogen (S, Se, Te). The MXY-
type compounds typically exist in three interrelated crystal-
lographic structures, i.e. cubic pyrite (space group Pa3), 
orthorhombic marcasite (Pnn2/Pnnm) and orthorhombic par-
arammelsbergite (Pbca) [1].

As one of the MXY-type compounds, the natural mineral 
paracostibite CoSbS [2, 3] has been highlighted as a prom-
ising TE material candidate since its discovery from Ontario 
Red Lake area [4] in Canada; it is a semiconductor with 
the orthorhombic Pbca crystal structure [1, 5, 6]. To fur-
ther improve its performance, various approaches have been 
adopted [7–13]. For example, Parker et  al [7] were able to 
increase the PF up to ca. 1600 µWK−2 m−1 through partial 
Ni-for-Co substitution, but unfortunately with the expense of 
the higher lattice thermal conductivity. Liu et  al [8] further 
challenged the Ni-for-Co substitution in CoSbS and reported 
a PF value of ca. 2000 µWK−2 m−1 together with a lower 
thermal conductivity, i.e. 5.5 WK−2 m−1 at 300 K. The latter 
research group attributed the enhanced TE performance to 
the increased carrier concentration, high effective mass and 
strong electron-phonon scattering [8].

Recent theoretical predictions of Chmielowski et al [9, 10] 
and You et al [12, 13] have suggested that replacing Sb by Te 
or S by Se could enhance the TE performance of CoSbS. For 
the Se-for-S replacement, Chmielowski et  al [9] computed 
the electronic band structures of CoSbS and CoSbSe in two 
different space groups. In Pbca, both CoSbS and CoSbSe 
showed semiconducting behavior with indirect band gaps of 
0.5 and 0.4 eV, respectively. On the other hand, in Pnm21 both 
the compounds manifested semimetallic nature, due to the U 
pocket of conduction band minimum (CBM) being energeti-
cally below the Γ-Y pocket of valence band maximum (VBM). 
Experimentally, for the Se-for-S substituted materials the PF 
was found to rather decrease, and even though the thermal 
conductivity also decreased the overall TE performance of 
CoSbSe remained inferior to the original CoSbS phase. The 
highest PF values within the Co(Sb,Te)(S,Se) system were 
achieved when Sb was partially replaced by Te, i.e. ca. 2700 
and 1407 µWK−2 m−1 at 543 and 900 K, respectively.

Another interesting mineral from the MXY class, i.e. cobal-
tite CoAsS, has been studied by Giese and Kerr [14]. They 
observed a structural transformation from an orthorhombic 
structure (with partially disordered anions) to the pyrite struc-
ture (Pa3) when heated at 800 °C–850 °C; a complete anion 
ordering was achieved by annealing at 450 °C. Also other 
MXY-type compounds have been explored for their TE per-
formance, such as CoAsSb [15], NiSbS [7, 16, 17], FeSbS 
[7], and FeSbTe [18, 19]. Among these, CoAsSb exists in 
arsenopyrite-type structure (P21/c) and is an n-type semicon-
ductor; the PF was however found to be rather low [15]. On 
the other hand, NiSbS adopts a cubic crystal structure (P213) 
and is metallic; somewhat surprisingly for a metallic phase it 
showed a relatively high PF value of ca. 1900 µWK−2 m−1. 
Efforts have been made to dope NiSbS with As at the S site 
and also with Co at the Ni site, but the TE performance has 
remained moderate so far [17, 20].

Here we chose one of the most promising thermoelectric 
MXY phases, i.e. CoSbS, for our systematic investigation of 
isovalent substitution effects from both computational and 
experimental points of view. Based on our learnings from the 
previous works, our strategy is to keep the active M site occu-
pied by Co and rather modify our MXY system at the Y site. 
We move within the chalcogen group from S to Se and Te and 
follow the resultant changes in the crystal and electronic band 
structures, the type and concentration of carriers and the elec-
trical and thermal transport properties. It should be noted that 
previous literature mentions only the synthesis of the CoSbSe 
and CoSbTe compounds, not their transport characteristics 
(electrical resistivity, Seebeck, thermal conductivity and Hall 
Effect) [1, 10, 18]. Moreover, by combining both computa-
tional and experimental analysis, we are able to gain a com-
prehensive understanding of the isovalent substitution effects 
in our CoSb(S/Se/Te) system.

2. Materials and methods

2.1. Sample synthesis

Single-phase samples of the three compounds, CoSbS, 
CoSbSe and CoSbTe, were prepared from stoichiometric 
quantities of elemental precursors, i.e. Co powder (99.8%), 
Sb shots (99.99%), and S, Se or Te shots (99.99%), carefully 
mixed inside a glove box, pelletized and sealed in quartz 
ampoules under vacuum for a heat treatment in a tube furnace. 
For all the three compounds this heat treatment was carried 
out at 750 °C for 24–48 h, followed by natural cooling to room 
temperature. However, in the case of CoSbS and CoSbSe, it 
was mandatory to increase the temperature stepwise to avoid 
explosion, first to 400 °C in 8 h with a subsequent keeping 
period of 12 h, then to the target temperature of 750 °C in 6 h. 
If the temperature is increased continuously the vapour pres-
sure inside the vacuum sealed quartz tube becomes very high 
and could cause explosion. This happens due to the low boiling 
temperatures of S (445 °C) and Se (685 °C) in comparison to 
Te (988 °C). After the first heat treatments the samples were 
thoroughly homogenized using an agate mortar and pestle in 
an argon-filled glovebox, then pressed into pellets and sealed 
again in quartz ampoules for the second sintering at 750 °C.

2.2. Characterization

Each sample was characterized for the phase purity and crystal 
structure by x-ray diffraction (XRD; PANanalytical X’Pert PRO 
MPD Alpha-1; Cu Kα1 radiation). The low temperature transport 
properties (electrical resistivity, Seebeck coefficient, thermal con-
ductivity, Hall coefficient) were measured using a physical prop-
erty measurement system (PPMS; Quantum design; equipped 
with 9 T magnetic field). Electrical resistivity, Seebeck coeffi-
cient and thermal conductivity were measured simultaneously 
using the thermal transport option (TTO) available with PPMS. 
Electrical resistivity and Hall effect were measured by using 
a standard four-point-probe technique. The thermal conduc-
tivity and Seebeck coefficient were measured in isothermal and 
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open-circuit condition. At a fixed temperature a small amount of 
heat was applied to one end of a rectangular bar shaped sample. 
The temperature difference and the Seebeck voltage were mea-
sured simultaneously along the length of the sample when the 
steady state was reached. Seebeck coefficient was estimated by 
dividing the Seebeck voltage with the temper ature difference 
applied. By using sample dimensions and temper ature differ-
ence, the thermal conductivity could be obtained.

2.3. Computational details

Density functional theory (DFT) calculations were carried 
out in GGA framework as implemented in QUANTUM 
ESPRESSO [21, 22]. The Perdew–Burke–Ernzerhof (PBE) 
exchange correlation function [23] was used with scalar rela-
tivistic PAW pseudopotentials. Spin–orbit coupling (SOC) 
was not included in the calculations. The plane wave basis 
cutoff was taken to be 70 Ry. For CoSbSe and CoSbTe, the 
reducible Brillouin zone was sampled using Monkhorst–Pack 
type k-point mesh of 21  ×  21  ×  21 for self-consistent calcul-
ations. For CoSbS, the 13  ×  13  ×  13 k-point grid was used. 
The lattice constants were obtained by performing the struc-
tural optimization until the internal stress was less than 0.2 
kbar. In structural optimization, both the atomic positions and 
lattice constants were free to vary. All the electronic calcul-
ations were performed with the optimized lattice constants.

3. Results and discussion

3.1. Structural analysis

All the samples of the three compounds were obtained in 
single-phase form. In figure 1 we compare the experimental 
XRD patterns with the corresponding simulated XRD data 
based on the DFT optimized crystal structures for CoSbS, 
CoSbSe and CoSbTe (see figure 2); the experimental patterns 
are indeed in a good agreement with the simulated ones. The 

CoSbS compound is known to exist in two crystalline forms, 
paracostibite and costibite, with different numbers of atoms 
in the unit cell [3–5, 10]. Rietveld refinement confirmed 
that our CoSbS sample is of the orthorhombic paracostibite 
structure (Pbca; eight formula units per unit cell) [2]; the 
refined atomic positions and lattice parameters are given in 
table 1 together with the calculated ones. The XRD pattern 
for CoSbSe corresponds to orthorhombic structure (Pnm21; 
two formula units per unit cell), and the lattice parameters 
and atomic positions (table 1) are in good agreement with 
previous published data [10].

The CoSbTe phase has not been studied in detail before, 
except the preliminary crystal structure parameters reported for 
the solid-solution Co(Sb1−xTex)2 [18]. We refined the structure 

Figure 1. X-ray diffraction patterns for CoSbX (X  =  S, Se, Te): experimental (black) and simulated (red) based on the DFT-calculated 
structures. The main peaks are labelled with Miller indices.

Figure 2. Optimized crystal structures of orthorhombic (a) CoSbS, 
(b) CoSbSe, and (c) CoSbTe.
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of our CoSbTe phase starting from the NiSb2 structure using 
‘Match’ software [3]. The obtained lattice parameters (table 
1) are in a good agreement with the data published previ-
ously [18]. NiSb2 belongs to the marcasite type structure with 
orthorhombic phase (Pnnm) [4]. However, CoSbTe belongs to 
space group Pnn2 due to absence of mirror reflection, as Co 
is bonded with two different atomic species in this case, see 
figure 2(c). From table 1, it can be seen that the DFT calculated 
lattice constants and atomic positions are in line with exper-
imental value for all the three compounds; the difference in 
the calculated lattice parameters with respect to experimental 
values is less than 1% within the conventional GGA.

3.2. Band structures

We display in figure 3 the calculated electronic band struc-
tures for the three compounds. In line with the previously 

reported experimental data, CoSbS is found to be an indi-
rect semiconductor with a band gap of 0.38 eV, while 
CoSbSe and CoSbTe appear as metallic in our calculations. 
For CoSbS there are also earlier electronic band structure 
calculations, showing CoSbS as an indirect band gap semi-
conductor but with a slightly wider band gap of 0.50 eV 
[9, 10].

In CoSbS, the Fermi level lies closer to the conduction 
band, indicating CoSbS to be an n-type semiconductor. The 
valence band edge occurs at Z point and the conduction band 
edge at Γ point. The direct band gaps at Z and Γ points are 
0.44 and 0.43 eV, respectively. It can be noted from figure 3(a) 
that both the conduction band (near Γ) and the valence band  
(near Z) are disperse, indicative of heavy effective mass. 
However, the valence band is flatter than the conduction band. 
It predicts that the hole effective mass is larger than the elec-
tron effective mass.

Table 1. Experimental and calculated lattice parameters and atomic positions for CoSbX (X  =  S, Se, Te).

System (space group)

Experimental DFT

x y z x y z

CoSbS (Pbca) Co 0.010(9) 0.164(1) 0.384(2) 0.016 0.167 0.385
Sb 0.117(9) 0.050(9) 0.180 (1) 0.120 0.049 0.180
S −0.134(3) 0.3061) 0.067(3) −0.134 0.315 0.065
a; b; c 5.849 Å; 5.963 Å; 11.682 Å 5.81 Å; 5.94 Å; 11.63 Å

CoSbSe (Pnm21) Co 0.500 0.223(2) 0.869(3) 0.500 0.231 0.866
Sb 0.500 0.464(2) 0.498(6) 0.500 0.471 0.501
Se 0.500 0.039(2) 0.231(7) 0.500 0.037 0.230
a; b; c 3.690 Å; 5.036 Å; 6.011 Å 3.71 Å; 5.00 Å; 5.97 Å

CoSbTe (Pnn2) Co 0.000 0.000 0.000 0.001 0.002 0.000
Sb 0.218(6) 0.359(1) 0.000 0.228 0.359 0.000
Te 0.218(6) 0.359(1) 0.000 0.782 0.638 0.000
a; b; c 5.251 Å; 6.244 Å; 3.834 Å 5.26 Å; 6.23 Å; 3.85 Å
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Figure 3. Electronic band structures along high-symmetric points of orthorhombic Brillouin zone for (a) CoSbS, (b) CosbSe, and 
(c) CoSbTe. Energy zero is set to the Fermi energy.
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For metallic CoSbSe, three bands are crossing the Fermi 
level: the doubly degenerate electron-like band near U splits 
near X and another hole-like along the X-Γ-Y points. The hole 
pocket is wider than the electron pocket. The overlap between 
the valence band edge along X-Γ-Y points and the conduction 
band edge at U point is 0.55 eV. The nonsymmorphic CoSbSe 
structure may have Weyl band touching point in its electronic 
structure, see figure 3(b) [24]. In order to see the significant 
effect of the point, it should be at or very close to the Fermi 
level. By applying physical or chemical strain one can tune 
the band structure.

From figure  3(c), the three bands are seen to cross the 
Fermi level for CoSbTe, creating two electron-like orbits 
near T and along U-X symmetric points and a hole-like orbit 
near X-Γ-Y point. The hole pocket is wider than the electron 
pockets. In CoSbTe, the overlap between the valence and con-
duction bands is 0.85 eV, i.e. more than that in CoSbSe. There 
is a band-crossing above EF along Γ-Y. This system could be 
topologically interesting along Γ-Y direction.

Figure 4 displays the density of states (DOS) and projected 
density of states for CoSbS, CoSbSe and CoSbTe. For all 
the three compounds both the valence band and the conduc-
tion band near the Fermi level are dominated by the trans-
ition metal d-orbitals which slightly mix with the p-orbitals 
of the chalcogenide. The sharp increase in DOS at the band 
edges for CoSbS (figure 4(a)) is in line with our belief that 
that the valence and conduction bands are heavy mass bands. 
The heavy mass band explains the large Seebeck coefficient 
values observed for CoSbS in our experimental evaluation, 
see figure 5.

The transport properties of CoSbSe and CoSbTe could be 
significantly enhanced by modifications which would reduce 
the overlap between the valence and conduction bands. This 
overlap/band gap depends crucially on structural details, and 
there are naturally many ways to tune the electronic properties 
of the materials. For example, pressure could be a powerful 
tool to tune the electronic and transport properties of these 
materials. Based on the current results, CoSbSe and CoSbTe 

with a weak overlap between the edge bands are rather inter-
esting for e.g. topological properties.

3.3. Thermoelectric transport properties

In figure 5, we present the low temperature experimental ther-
moelectric transport properties measured for the three CoSbX 
compounds. The upper panel of figure 5 shows the temper ature 
dependence of electrical resistivity (ρ) for these samples. In 
the case of CoSbS, ρ became very high below 25 K and could 
not be measured. For CoSbS, a large room-temperature (RT) 
ρ value of ca. 1.1 Ω cm together with a typical semiconductor 
behaviour, i.e. increasing ρ with decreasing temperature, are 
observed, whereas for both CoSbSe and CoSbTe ρ decreases 
with decreasing temperature, indicating metallic behavior. 
However, the drop in the ρ values for CoSbSe and CoSbTe 
on cooling from 300 to 5 K, i.e. 12% and 4%, respectively, 
is much smaller compared to the cases commonly seen for 
metals. Moreover, the ρ(T) curve of CoSbTe exhibits a hump 
below 200 K, and a corresponding transition in the Hall coef-
ficient (RH) data (lower panel). This could be related to a 
charge-density-wave transition in these compounds [26], but 
further studies are definitely needed to affirm this.

The middle panel of figure  5 displays the temperature 
dependence of Seebeck coefficient data for our CoSbS, 
CoSbSe and CoSbTe samples. Note that S could not be meas-
ured below 25 K due to the high resistance for CoSbS. For 
CoSbS, the S(T) curve shows large positive S values above 
125 K, indicating p -type conduction. Our large RT value of S 
(+570 µV K−1) for CoSbS could be due to the excellent phase 
purity; also, Liu et al [8] have reported an equally high RT S 
value of  +580 µV K−1. It is important to note from figure 5 
that, at temperatures below ca. 125 K a crossover in the sign of 
S (from positive to negative) can be seen for CoSbS, indicating 
that at low temperatures is an n-type conductor in accordance 
with the present and previous DFT calculation predictions [9]. 
To the best of our knowledge, thermoelectric properties of 
CoSbSe and CoSbTe have not been studied before; the only 

Figure 5. Temperature dependent thermoelectric transport properties of (a) CoSbS (b) CoSbSe, and (c) CoSbTe: electrical resistivity (ρ), 
Seebeck coefficient (S) and thermal conductivity (κ).
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somewhat relevant data are for a 4% Te-doped CoSbSe sample 
by Chmielowski et al [10]. From figure 5, both CoSbSe and 
CoSbTe show negative S values above 150 K, indicating domi-
nating negative charge carriers (electrons). The RT Seebeck 
coefficient value is ca.  −14 µV K−1 for CoSbSe, and slightly 
lower in magnitude for CoSbTe (−7.5 µV K−1).

Finally, the bottom panel of figure 5 displays the temper-
ature dependence of thermal conductivity (κ) behaviors for 
our CoSbX samples. It can be seen that for CoSbSe(Te), κ 
increases sharply with temperature until ca. 70 K, then levels 
off for the higher temperatures. This behavior looks similar 
to metallic alloys. The κ is equal to the sum of lattice thermal 
conductivity (κl) and electronic thermal conductivity (κe). 
The κl dominates the κ value for all the three compounds. 
For CoSbSe and CoSbTe, the electronic contribution (κe) 
at RT is ca. 5%–6% and it becomes insignificant at lower 
temper atures. From figure 5, the κ for CoSbS—after the rapid 
increase at low temperatures—passes through a maximum 
around 90 K and then decreases at the higher temperatures 
approximately following the 1/T behavior, which is the signa-
ture of phonon scattering [7]. The κe for CoSbS is negligible 
in whole temperature range, which is consistent with the 1/T 
behavior expected for the lattice term.

We carried out further analysis of the experimental results 
for the deeper insights into the transport phenomena in the 
CoSbX system. The first member, CoSbS is a semicon-
ductor and to estimate the band gap energy (Eg) or activation 
energy (Ea), we plot log(ρ) versus T−1 from 250 to 400 K in 
figure 6(a). The linear fit yields, Ea = 0.13 eV, which is lower 
than Eg of 0.38 eV, predicted by the electronic band struc-
ture calculations. The deviation suggests a doped semicon-
ductor. The doping might be related to interstitial defects and 
disorder created during synthesis of the current sample. The 
other two members, CoSbSe and CoSbTe showed metallic 
behavior. At low temperatures below 65 K, ρ  for CoSbSe 
showed a linear T dependence, see figure 6(b) where we plot 
(ρ− ρ0) versus T  from 5 to 65 K, ρ0 is residual resistivity. 
For CoSbTe, on the other hand, ρ  approximately follows T1.5 
rather than T at low temperatures (5–70 K), see figure 6(c). 
Notably, the T  or T1.5 dependence of ρ  as seen for CoSbSe 
and CoSbTe is indicative of a non-Fermi-liquid (NFL) like 
behavior [26–28]. In conventional metals electron–electron 
and electron-phonon scattering dominates the conduction. At 
low T the electron–electron scattering takes over conduction 
and gives rise to a T2 dependence of ρ . The T  or T1.5 depend-
ence of ρ  upto fairly high temperature of 65 K in the present 

metallic compounds suggest that the conduction cannot be 
explained by conventional scattering processes. A similar 
behavior of ρ  in a wide T range has been observed in the 
normal state of Sr-doped LaCuO4 and YBa2Cu3O7 supercon-
ductors, where the behavior can be attributed to weak elec-
tron-phonon coupling [26, 27].

At low T, S for metals can be written as S = Sd + Sg =  AT + BT3, 
where A, B are constants, Sd is diffusion term and Sg is phonon 
drag term [29]. This equation  is valid in the temperature 
region T � θD, where θD is Debye temperature. To estimate 
the Sg for CoSbSe(Te), we plot S/T  versus T2 from 5 to 25 K 
in figure 7(a). From S�T = A + BT2, and the slope of S/T  
versus T2 the value of B is obtained, and the intercept gives the 
value of A. The S/T  versus T2 plot for CoSbSe(Te) does not 
show linear behavior; rather the S in the CoSbSe(Te) systems 
depends linearly on T  from 5 to 25 K with approximately the 
same slope, see figure 7(b). The linear fits at low temperatures 
for CoSbSe and CoSbTe indicate that the Sd dominates the S 
in these compounds at least up to 25 K. The T  or T1.5 depend-
ence of ρ , which is related to weak electron-phonon coupling 
also supports this behavior of small Sg [26, 27]. At high T, 
near the crossover region, the Sg might contribute signifi-
cantly. The estimation of Sg in this region is more demanding 
due to complicated T dependence of Sd.

We also measured the temperature-dependence of Hall 
coefficient (RH) and estimated the carrier concentrations (n) 
for all the studied compounds, see figure 8. At a fixed temper-
ature the Hall voltage (VH) was measured by applying a con-
stant direct current (DC) and sweeping the magnetic field 
from  −8 T to  +8 T. The RH was estimated from the slope of 
this curve, VH = RH

( I×B
t

)
, where I is applied current, B is 

magnetic field and t is thickness of sample. In case of CoSbS, 
the Hall voltage could not be measured below 120 K due to 
high resistance. For CoSbS and CoSbSe, RH is positive in the 
entire temperature range see figures 8(a) and (b), and the RT 
value of n  ≈  1018 cm−3, 1021 cm−3 is typical for a semicon-
ductor and a metal respectively. Most of the previous studies 
have presented CoSbS as an n-type semiconductor [7–10]. 
However, our positive RH value above 120 K and the posi-
tive S value at temperatures above ca. 125 K, both indicating 
that CoSbS (in paracostibite phase) is a p -type semiconductor 
at high temperatures. From figure 8(a), RH decreases nearly 
exponentially with temperature for CoSbS, and n increases 
about five order of magnitude in the same temperature range; 
RH and n are inversely related to each other (RH = 1�ne ), 
where e is electronic charge.

Figure 6. Linear fits (dashed red lines): (a) log(ρ) versus T−1 for CoSbS from 250 to 400 K; activation energy estimated from the linear fit 
is Ea = 0.13 eV. (b) (ρ− ρ0) versus T  for CoSbSe from 5 to 65 K. (c) (ρ− ρ0) versus T1.5 for CoSbTe from 5 to 70 K.
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For CoSbTe, RH is negative thorough the temperature 
range measured in accordance with the electronic transport 
being dominated by electrons. The n value is in the range 
of 1022 cm−3, being thus consistent with the metallic nature 
of CoSbTe. For both CoSbSe and CoSbTe, with increasing 
temperature, n first slightly increases and then remains 
nearly constant up to 200 K, followed by a sharp decrease 
at the higher temperatures; the RH value shows a similar but 
inverse behavior with increasing temperature. It should be 
noted that this behavior resembles the ρ(T) curve and could 
be explained by a charge-density-wave type transition [25] 
as we already mentioned earlier. The S show a crossover (see 
figure 5) from positive to negative for CoSbS and negative 
to positive for CoSbSe(Te) systems with decreasing T. The 
RH however, does not show a change of sign around that T. 
It remained positive for CoSbS(Se) and negative for CoSbTe. 
Many conventional metals like Cu, Ag, Au [30] and Li [31] 
show the sign of S opposite to that of the RH. This contrasting 
behavior of S and RH is related to the Fermi surface [32]. The 
spherical Fermi surface consists of necks and Bellies at the 
Brillouin zone and the positive and negative curvature near 
the neck and belly generates hole-like and electron-like states 
at the Fermi surface. The density of hole-like states is larger 
than the density of electron-like states, which results in posi-
tive Seebeck coefficient in these metals. In case of currently 
studied CoSbSe(Te) systems, the opposite signs of S com-
pare to RH might be explained by similar phenomenon. The 
electronic band structures presented in figure 3 also showed 
contrib ution from both electron and hole pockets near the 
Fermi level.

4. Discussion and conclusions

We have used a combined experimental and theoretical 
approach to systematically investigate the thermoelectric 
transport properties in the CoSb(S/Se/Te) system. The CoSbS 
member of this system was known as one of the most prom-
ising thermoelectric MXY-type phases, but very little was 
known of the other two members, i.e. CoSbSe and CoSbTe. In 
general, isovalent substitution or so-called chemical pressure 
has been a highly successful means to tailor the properties of 
thermoelectric materials. In this work our strategy was to keep 
the active Co site in CoSbS untouched and modify the struc-
ture at the chalcogenide site.

We followed the changes in the crystal and electronic band 
structures, the type and concentration of carriers and the elec-
trical and thermal transport properties upon replacing sulfur 
with its Periodic Table group members, selenium and tellu-
rium, and using a comprehensive set of experimental and com-
putational techniques for the characterization. All the three 
compounds crystallize in orthorhombic structure but with 
different crystal symmetries, the space group changing from 
Pbca for CoSbS to Pnm21 for CoSbSe and Pnn2 for CoSbTe. 
Electronic band structure calculations revealed CoSbS as an 
indirect band gap semiconductor (band gap ~0.38 eV) and 
CoSbSe and CoSbTe as metallic.

Our experimentally observed transport property results 
were perfectly in line with the theoretical results. The temper-
ature dependence of electrical resistivity and charge car-
rier density affirmed the semiconductor to metal transition, 
when S was replaced with Se or Te, accompanied with a 

Figure 7. (a) S/T  versus T2 for CoSbSe(Te) at low temperature from 5 K to 25 K. (b) Linear fit (dashed red lines) S versus T for CoSbSe 
and CoSbTe from 5 to 25 K.

Figure 8. T dependent RH and n for (a) CoSbS, (b) CoSbSe and (c) CoSbTe. Note that RH was found to be positive for CoSbS, CoSbSe and 
negative for CoSbTe throughout the T range measured.
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significant reduction in the absolute value of Seebeck coef-
ficient. The main contribution at the Fermi level comes from 
Co 3d-orbitals and Se or Te 4p -orbitals. The overlap gives rise 
to mixed charge carriers (electrons and holes) and enhance 
the carrier concentrations in CoSbSe and CoSbTe. This may 
be the reason for the small Seebeck coefficients in these two 
metallic compounds.

Apart from the aforementioned observations, we also saw 
a sign change in the temperature dependence of Seebeck coef-
ficient for the CoSb(S/Se/Te) systems. However, the RH does 
not show a sign change. In case of CoSbSe(Te), the oppo-
site signs of S in comparison to RH might be related to the 
electronic band structure at Fermi level. In CoSbS, both the 
conduction bands and the valance bands are flat near Fermi 
level and can cause high effective masses for electrons and 
holes. The effective mass is inversely proportional to the first 
derivative of the band. The large p -type Seebeck coefficient in 
CoSbS might be related to high effective mass of the charge 
carriers. In the CoSb(S/Se/Te) system, the absolute value of 
Seebeck coefficient decreases significantly on the substitu-
tion of S with Se or Te. This is due to the increase in den-
sity of states near the Fermi level as going from CoSbS to 
CoSbTe. Finally, we demonstrated that thermal conductivity 
of these compounds is dominated by phonon conductivity. It 
could thus be reduced by introducing e.g. disorder, defects, 
or doping.
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