
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Kousar, H. Sajida; Srivastava, Divya; Karttunen, Antti J.; Karppinen, Maarit; Tewari, Girish C.
p-type to n-type conductivity transition in thermoelectric CoSbS

Published in:
APL Materials

DOI:
10.1063/5.0107277

Published: 13/09/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Kousar, H. S., Srivastava, D., Karttunen, A. J., Karppinen, M., & Tewari, G. C. (2022). p-type to n-type
conductivity transition in thermoelectric CoSbS. APL Materials, 10(9), Article 091104.
https://doi.org/10.1063/5.0107277

https://doi.org/10.1063/5.0107277
https://doi.org/10.1063/5.0107277


APL Mater. 10, 091104 (2022); https://doi.org/10.1063/5.0107277 10, 091104

© 2022 Author(s).

p-type to n-type conductivity transition in
thermoelectric CoSbS 
Cite as: APL Mater. 10, 091104 (2022); https://doi.org/10.1063/5.0107277
Submitted: 04 July 2022 • Accepted: 16 August 2022 • Published Online: 13 September 2022

H. Sajida Kousar,  Divya Srivastava, Antti J. Karttunen, et al.

COLLECTIONS

 This paper was selected as Featured

ARTICLES YOU MAY BE INTERESTED IN

Effect of post-metallization anneal on (100) Ga2O3/Ti–Au ohmic contact performance and

interfacial degradation
APL Materials 10, 091105 (2022); https://doi.org/10.1063/5.0096245

Large reversible magnetocaloric effect in high-entropy MnFeCoNiGeSi system with low-
hysteresis magnetostructural transformation
APL Materials 10, 091107 (2022); https://doi.org/10.1063/5.0108367

Magnon spectrum of Bloch hopfion beyond ferromagnetic resonance
APL Materials 10, 091103 (2022); https://doi.org/10.1063/5.0100484

https://images.scitation.org/redirect.spark?MID=176720&plid=1831239&setID=376414&channelID=0&CID=674291&banID=520716556&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a308f8cf557984f27d426c71fb95e0bda533c62a&location=
https://doi.org/10.1063/5.0107277
https://aip.scitation.org/topic/collections/featured?SeriesKey=apm
https://doi.org/10.1063/5.0107277
https://aip.scitation.org/author/Kousar%2C+H+Sajida
https://orcid.org/0000-0002-2623-4150
https://aip.scitation.org/author/Srivastava%2C+Divya
https://aip.scitation.org/author/Karttunen%2C+Antti+J
https://aip.scitation.org/topic/collections/featured?SeriesKey=apm
https://doi.org/10.1063/5.0107277
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0107277
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0107277&domain=aip.scitation.org&date_stamp=2022-09-13
https://aip.scitation.org/doi/10.1063/5.0096245
https://aip.scitation.org/doi/10.1063/5.0096245
https://doi.org/10.1063/5.0096245
https://aip.scitation.org/doi/10.1063/5.0108367
https://aip.scitation.org/doi/10.1063/5.0108367
https://doi.org/10.1063/5.0108367
https://aip.scitation.org/doi/10.1063/5.0100484
https://doi.org/10.1063/5.0100484


APL Materials ARTICLE scitation.org/journal/apm

p -type to n -type conductivity transition
in thermoelectric CoSbS

Cite as: APL Mater. 10, 091104 (2022); doi: 10.1063/5.0107277
Submitted: 4 July 2022 • Accepted: 16 August 2022 •
Published Online: 13 September 2022

H. Sajida Kousar, Divya Srivastava, Antti J. Karttunen, Maarit Karppinen,a) and Girish C. Tewaria)

AFFILIATIONS
Department of Chemistry and Materials Science, Aalto University, FI-00076 Aalto, Finland

a)Authors to whom correspondence should be addressed:maarit.karppinen@aalto.fi and girish.tewari@aalto.fi

ABSTRACT
We demonstrate a p-type to n-type conductivity transition for thermoelectric CoSbS achieved by precisely controlling the sulfur vapor
pressure during the sample synthesis. The p–n transition is experimentally confirmed by both the Seebeck coefficient and the Hall effect
measurements. From the crystal structure refinements, the increase in the sulfur vapor pressure in the synthesis is weakly but steadily
reflected in the occupancy factor of sulfur in the CoSbS lattice, while the p–n transition is seen as a peak in all the three lattice parameters,
a, b, and c. Computationally, the situation could be simulated with first principle DFT calculations on compressed CoSbS. Without com-
pression, DFT presents CoSbS as a p-type semiconductor with an indirect bandgap of 0.38 eV, while the pressure application results in
an n-type semiconductor with decreased lattice parameters but the same indirect bandgap as in the uncompressed case. Experimentally,
the thermal conductivity is strongly enhanced for sulfur-deficient samples, which could be due to larger phonon mean free paths. The
sulfur loading significantly enhances the electrical conductivity while moderately decreasing the Seebeck coefficient such that the overall
power factor is improved by a factor of 9 for the n-type sample and by a factor of 6 for the p-type sample, owing to the increased charge
carrier density, although the performance is still relatively low. Thus, this study highlights CoSbS as a promising building block for ther-
moelectric devices based on its bipolar semiconductor nature with the possibility for both p-type and n-type doping with enhanced power
factor.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0107277

I. INTRODUCTION
Semiconductors are the cornerstone materials of numerous

modern applications, such as electronics, photonics, and energy
harvesting and conversion [photovoltaic and thermoelectric (TE)]
technologies.1–16 Apart from the elemental semiconductors, namely,
silicon and germanium, many binary and ternary compound semi-
conductors are also employed, such as ZnSnN2,1 AlN,2 InN,2 ZnS,3
Mg3Sb2,4,5 AlGaN,9–11 HgIn2Te4,12 GaN,2,13,14 and GaAs.15,16 One
of the benefits of binary and ternary semiconductors is the possi-
bility to control physical properties through intrinsic compositional
tuning. Most excitingly, in a few cases, such tuning can even switch
the type of the charge carriers, i.e., result in n-type to p-type tran-
sition, or vice versa. An important example is the Zintl compound,
Mg3Sb2, which may exhibit either n-type (with Mg excess) or p-type
(Sb excess) conductivity depending on the Mg vs Sb composition.4,5

Another interesting system is the Cr2+xSe3, which also shows a
p-type to n-type conductivity transition with an increase in the
Cr content.17 These are particularly promising considering the

application of such materials in thermoelectric (TE) devices, which
requires mutually compatible n-type and p-type materials.

For both the n-type and p-type TE materials, the heat-to-
electricity conversion efficiency is assessed based on the dimension-
less figure-of-merit, ZT ≡ σS2T

κ , in which S is the absolute value of
the Seebeck coefficient; the sign of S is negative/positive for n-type/p-
typematerial. Hence, the high ZT value can be achieved in amaterial
with high values for S and electrical conductivity (σ) together with a
low value for thermal conductivity (κ).18,19

Among the various TE material candidates,20–25 the metal sul-
fides have attracted considerable interest as potential tellurium-free
alternatives,26 and one of those is Paracostibite (CoSbS), which is
now rapidly gaining attention owing to its promising TE perfor-
mance and flexibility for chemical substitutions at each of its three
atomic sites.27–29 In its orthorhombic (space group Pbca) unit cell
consisting of eight Co(Sb,S)3 octahedra, each Co atom is coordinated
to three Sb and three S atoms.30–32 Previous works have already
demonstrated substantially enhanced power factor (PF = σS2)
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values and lowered thermal conductivity values for CoSbS realized
through different doping, alloying, nanostructuring, or ball milling
schemes. However, the type of conductivity, i.e., n-type or p-type,
has remained somewhat controversial.

In most of the early studies, CoSbS has been reported as an
n-type semiconductor with a negative Seebeck coefficient value
and rather heavy conduction and valence bands (VB) in the typi-
cally measured 200–800 K temperature range. The most commonly
applied chemical substitutions in CoSbS, such as Ni on the Co
site, Te on the Sb site, or Se on the S site, were typically found
to increase the electron density and enhance the n-type conduc-
tion in the whole temperature range.33–38 However, in our recent
work, we found positive Seebeck coefficient values for CoSbS below
room temperature,39 which was later confirmed in other stud-
ies.40 Most interestingly, for some CoSbS samples. a crossover
from n-type to p-type conduction was observed below 500 K upon
cooling,41–44 and similarly for Cu-for-Co and Se-for-S substituted
samples below 475 K.41,44 These findings imply the possibility of
the bipolar nature of CoSbS. However, no systematic efforts have
been reported to truly verify this possibility and understand it more
deeply.

Here, we demonstrate that through systematic control of the
precise sulfur content in CoSbS, it is possible to systematically tailor
its conduction type, from p-type to n-type. We utilize this simple
compositional tuning to maximize the power factor for both the
n-type and p-type CoSbS material variants. Moreover, since the
sulfur-content variation is reflected in the lattice parameters, we
show that, computationally, the situation can be simulated with first
principles density functional theory (DFT) calculations through a
compressive pressure application.

II. EXPERIMENTAL DETAILS
A series of polycrystalline CoSbS1+x samples with the nomi-

nal sulfur content x varying from +0.10 to −0.10 were synthesized
through solid-state synthesis from appropriate quantities of elemen-
tal precursors, i.e., Co powder (99.8%), Sb shots (99.99%), and S
shots (99.99%), by adding 0, 5, or 10% extra/less sulfur in the precur-
sor mixture. The precursors were carefully mixed inside a glove box,
pelletized, and sealed in quartz ampoules under vacuum for heat
treatment in a tube furnace. In the case of the sulfur excess, the added
extra sulfur created a homogeneous vapor pressure in the sealed tube
at a high temperature. The first heat treatment was carried out at
800 ○C for 24–48 h inside a tube furnace, followed by natural cooling
to room temperature. The tube furnace creates a natural temperature
gradient, and at the end of the heat treatment, the excess sulfur is col-
lected at the colder end of the sealed tube. The resultant charge was
grounded and thoroughly homogenized by using an agate mortar
and pestle in an argon-filled glovebox, and then, the powders were
again pressed into pellets and sealed in quartz ampoules under vac-
uum for the second heat treatment at 750 ○C for 24 h followed by
natural cooling.

Each sample was characterized for the phase purity and crystal
structure determination by x-ray diffraction (XRD; PANanalytical
X’Pert PROMPD Alpha-1; Cu Kα1 radiation). The low temperature
transport properties were measured by using a physical property
measurement system (PPMS; Quantum Design; equipped with 9 T
magnet). The electrical resistivity (ρ), the Seebeck coefficient (S),

and the thermal conductivity (κ) were measured simultaneously by
using the thermal transport option (TTO) available in the PPMS.
The Hall measurements were carried out by using a standard four-
point-probe technique. In the TTO measurement, we make four
linear probe connections to a rectangular shape (roughly 10 × 4
× 1 mm3) sample along its length. A heater is attached to one end
probe and two thermometers are attached to the middle probes.
In isothermal condition, the heater applies heat to one end of the
sample, and the temperature difference and the Seebeck voltage
are measured simultaneously from the middle probes at the steady
state. The Seebeck voltage is divided by the temperature differ-
ence to obtain the Seebeck coefficient. The thermal conductivity
was estimated by using sample dimensions and the temperature
difference.

Density functional theory calculations were carried out
in a generalized gradient approximation (GGA) framework
as implemented in QUANTUM ESPRESSO.45,46 The Perdew–
Burke–Ernzerhof (PBE) exchange correlation function47 was used
with scalar relativistic ultrasoft pseudopotentials from GBRV
(http://www.physics.rutgers.edu/gbrv/) high-throughput pseudopo-
tentials library.48 The spin–orbit coupling (SOC) was not included in
the calculations. The plane wave basis cut-off was taken to be 70 Ry.

The reducible Brillouin zone was sampled by using the
Monkhorst–Pack type k-point mesh of 11 × 11 × 11 for self-
consistent calculations. The lattice parameters for uncompressed
and compressed CoSbS lattices were obtained by performing the
structural optimization, where both the atomic positions and lattice
parameters were free to vary. For the compressed system, the target
pressures were fixed to 10 and 20 kbar during the optimization. All
the electronic structure calculations were performed with the opti-
mized lattice parameters. The Seebeck coefficient was calculated in
a temperature range of 5–300 K by using the Boltzmann transport
equations and constant relaxation time approach as implemented in
BoltzTraP2.49

III. RESULTS AND DISCUSSION
A. Structural analysis

All the CoSbS1+x (x = 0.10, 0.05, 0.0, −0.05, −0.10) samples were
found to be phase-pure of the orthorhombic Paracostibite struc-
ture with space group Pbca;28,29,31 the XRD patterns are presented in
supplementary material (Fig. S1). Even for the highest sulfur excess
used in the synthesis, i.e., x = 0.10, no trace of leftover elemen-
tal sulfur was seen in the samples, within the detection limit of
XRD. The examination of the XRD data in detail indicated that
the orthorhombic symmetry with space group Pbca is preserved
throughout the sample series. The Rietveld refinement results pre-
sented in Table S1 show that the occupancy factor of the S-site
slightly but monotonously increases with x. However, the lattice
parameters behave differently; that is, with increasing nominal sul-
fur content x, the lattice parameters first increase up to x ≈ 0 and
then decrease for x > 0, as shown in Fig. 1(a). Computationally, we
simulated the lattice contraction in stoichiometric CoSbS through
a compressive pressure application. From Fig. 1(b), the DFT opti-
mized lattice parameters show a similar systematic decrease with
pressure as experimentally seen by increasing or decreasing the sul-
fur in the sample synthesis beyond x ≈ 0. Most interestingly, we will
show later in this paper that the turning point at x ≈ 0 corresponding
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FIG. 1. (a) XRD-refined lattice para-
meters plotted against nominal sulfur
content x (used in synthesis) for the
CoSbS1+x samples. (b) DFT-optimized
lattice parameters of CoSbS with
increasing pressure.

to the largest unit cell volume also marks the point where the p-type
electrical conductivity turns into the n-type conduction.

B. Band structure
The DFT optimized lattice parameters mimicked the experi-

mentally seen sulfur-excess trend, and the absolute values were also
in very good agreement (within 0.2%) with the experimental lattice
parameters for the x = 0.0 sample. The stoichiometric CoSbS appears
as a p-type semiconductor both experimentally and computation-
ally; however, with increasing sulfur excess used in the synthesis
and contracting lattice parameters, a distinct polarity reversal from
p-type to n-type conduction is observed. To understand this polarity
reversal, we exploited the DFT calculations on compressed CoSbS
by applying hydrostatic pressure of 10 or 20 kbar. The comparison
between the experimental and DFT-optimized lattice parameters, as
shown in Fig. 1, indicates that the computational lattice contraction
is significantly larger in magnitude than that of the experimental
lattice contraction.

Next, we plot in Fig. 2 the calculated band structures for
uncompressed and compressed (10 and 20 kbar) CoSbS. While in
the uncompressed CoSbS, the Fermi level is closer to the valence
bands, the Fermi level of the compressed CoSbS shifts closer to
the conduction bands (CB). The band structures of uncompressed
and compressed CoSbS phases are very similar in the sense that
they show a multi-valley behavior. The indirect bandgap of uncom-
pressed CoSbS is 0.38 eV, and this does not change when compres-
sion is applied. However, compression increases the Fermi level, and
the Fermi level moves up closer to the conduction band, implying
n-type behavior. If the Fermi level of uncompressed CoSbS is con-
sidered as a reference Fermi level, the Fermi level shifts by 0.25 eV
for 10 kbar and by 0.43 eV for 20 kbar compressions up toward the
conduction band (CB). Near the Fermi level, the electronic states
in CB and valence band (VB) are mainly dominated by the Co-3d
orbitals, with small Sb-5p and S-3p orbital contributions, whereas
Co-3p, Sb-5s, and S-3s orbitals contribute very little, see Fig. 2.
Compression does not significantly change the orbital component
contribution near the Fermi level; however, it adds few states into
the CB.

In CoSbS, the Co atoms are octahedrally coordinated to three
Sb atoms and three S atoms. In the case of uncompressed CoSbS,
the three S atoms are at distances of 2.29, 2.31, and 2.28 Å, and

the three Sb atoms are at distances of 2.57, 2.54, and 2.53 Å, while
the distance between Sb and S atoms is 2.55 Å. The Bader atomic
charges are 16.84 e− for Co, 14.51 e− for Sb, and 6.65 e− for S,
indicating a transfer of 0.16 e− from Co and 0.49 e− from Sb to S,
which thus has gained 0.65 e−. This suggests relatively covalent or
polarized covalent chemical bonds. On pressure application, the dis-
tances between the Co and S/Sb atoms decreased slightly differently,
and the Co to S/Sb distance shortened by 0.4%/0.3% upon 10 kbar
and 1.0%/0.6% upon 20 kbar. The Bader atomic charge analysis on
the compressed systems indicates no significant change in charges
on Co, Sb, and S atoms. However, the Co–Sb and Co–S bonds get
shorter on compression.

C. Charge carrier density
The Hall-effect measurements were employed to determine the

charge carrier type and density in our CoSbS1+x samples, see Fig. 3.
The Hall resistance (RXY ) vs the magnetic field (B) data measured at
different temperatures for the x = 0.10, 0.0, and −0.10 samples are
shown in Figs. 3(a)–3(c). The linear behavior seen for all the sam-
ples indicates single type of charge carriers. For the x = −0.10 and 0.0
samples, the positive Rxy values obtained indicate p-type conduction,
while the negative values for the x = 0.10 sample are indicative of the
n-type conduction. In Figs. 3(d) and 3(e), we display the absolute
value of the Hall coefficient (RH) and the charge carrier density (n)
data for all the samples. The RH and n roughly follow the 1/T behav-
ior for x = 0.0, 0.05, and 0.10 with decreasing temperature, expected
for semiconductors. For x = −0.05 and −0.10, the RH and n show
complex temperature dependence and remain essentially unchanged
between 300 and 10 K, similar to degenerate semiconductors.

Thus, our Hall data clearly demonstrate the transition from a
p-type semiconductor to an n-type semiconductor for the CoSbS1+x
system achieved by increasing the sulfur excess used in the sample
synthesis. Moreover, the charge carrier density shows a systematic
increase for the nominally sulfur-rich samples, and it rises strongly
for sulfur-deficient samples [Fig. 3(d)].

D. Thermoelectric transport properties
The temperature dependences of electrical resistivity, the See-

beck coefficient, and the power factor are presented in Fig. 4 for our
sulfur-controlled CoSbS1+x samples. The temperature dependence
of heat capacity and mean free paths are presented in Fig. 5.
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FIG. 2. Electronic band structure and partial density of states for uncompressed and compressed CoSbS.

1. Electrical resistivity

A typical semiconducting behavior can be seen for all the sam-
ples as electrical resistivity decreases with increasing temperature
[Fig. 4(a)]. We have collected the 300-K ρ values of all the samples
in Table I. The room-temperature ρ value for the x = 0.0 sam-
ple is 0.28 Ω m and rises exponentially to a large value of 1.53
× 108 Ω m at 10 K. The sulfur-rich samples with x = 0.05 and 0.10
show significantly lower room-temperature ρ values, i.e., 0.0141 and
0.0036Ωm, respectively. At low temperatures, ρ increases exponen-
tially to a value of 1.88× 105 and 1.29× 105 Ωm for x = 0.05 and 0.10,
respectively. The suppressed resistivity of these samples compared to
the x = 0.0 sample derives from the increased carrier concentration.
Similarly, the sulfur-deficient samples of x = −0.05 and −0.1 show
much lower ρ values than the x = 0.0 sample, apparently due to a
doping effect. Upon cooling, ρ increases rapidly, up to 1.36 × 105

and 3.57 Ωm for x = −0.05 and −0.10 at 2 K. The bandgap energies
were estimated by using the Arrhenius equation in the high temper-
ature region by linear fitting of log(ρ) vs 1/T as shown in Fig. 4(b);
these results are also summarized in Table I. Indeed, the bandgap is
the largest for the x = 0.0 sample, and both increasing or decreasing
the (nominal) sulfur content results in a reduction in the bandgap
energy.

2. Seebeck coefficient
The most significant observation from the Seebeck coefficient

vs the temperature data shown in Fig. 4(c) is that within the entire
temperature range (50–300 K) measured, the Seebeck coefficient
is positive for the (nominally) sulfur-deficient x = 0.0, −0.05, and
−0.10 samples indicative of p-type conduction, while the sulfur-rich
x = 0.05 and 0.10 samples show n-type negative Seebeck coefficient
values. The Seebeck coefficient at 300 K for all the samples is given
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FIG. 3. The Hall measurement data for the CoSbS1+x samples. The magnetic field dependence of the Hall resistance measured at different temperatures for (a) x = 0.10
with negative (n-type), and (b) x = 0.0 and (c) x = −0.10 with positive (p-type). The temperature dependence of (d) absolute value of the Hall coefficient and (e) charge
carrier density for all samples.

FIG. 4. Temperature-dependent thermoelectric properties for the CoSbS1+x samples. (a) Electrical resistivity. (b) Arrhenius plots: log(ρ) vs 1/T (K−1) with linear fit of the
data in high temperature region of activated transport; symbols represent experimental data, and black and red dashed lines indicate linear fits of the data. (c) The Seebeck
coefficient (inset: DFT calculated Seebeck coefficient by using experimental charge carrier density for CoSbS). (d) Power factor (PF).
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FIG. 5. (a) Thermal conductivity, (b) heat capacity, and (c) phonon mean free path vs temperature for the CoSbS1+x samples. Inset of (b): Debye model fits in the low
temperature range. Inset of (c): SEM image of the x = 0.0 sample showing the grain size of 1.9 μm found to be close to MFP 1.53 μm at 2 K.

TABLE I. Thermoelectric transport properties measured at 300 K for the CoSbS1+x samples; the bandgap energies are calculated by using the Arrhenius equation by linear
fitting of log(ρ) vs 1/T in the high temperature. The Debye temperature (θD), the Sommerfeld coefficient (γ), and the mean free path (MFP) (lk ) at 2 K.

Sample Bandgap (eV) ρ (Ωm) S (μV/K) κ (W/K m) PF (W/m K2) ZT θD (K) γ (J/mol K2) lk (μm) at 2 K

x = −0.10 0.032 6.032 × 10−4 50 6.23 4.14 × 10−6 1.99 × 10−4 203.27 6.81 × 10−4 5.22
x = −0.05 0.11 9.66 × 10−3 403 6.02 1.68 × 10−5 8.37 × 10−4 166.41 3.95 × 10−4 4.57
x = 0.0 0.15 0.28 879 5.2 2.75 × 10−6 1.58 × 10−4 192.47 1.53 × 10−4 1.53
x = 0.05 0.109 0.0141 −362 5.65 9.29 × 10−6 3.33 × 10−4 217.1 7.488 × 10−4 0.48
x = 0.10 0.038 0.0036 −294 6.25 2.4 × 10−5 1.15 × 10−3 184.28 3.81 × 10−4 1.50

in Table I. In the inset of Fig. 4(c), we show the DFT calculated
Seebeck coefficient values for CoSbS under compression (calculated
by using the charge carrier density value from the 300-K Hall mea-
surement); similarly, to the experimental data, the positive Seebeck
coefficient of uncompressed CoSbS turns to negative upon pressure
application. The Seebeck results are important because they reveal
that we can synthesize both p-type and n-type samples from the
same elemental precursors (Co, Sb, and S) by simply controlling the
nominal excess or deficiency of the amount of sulfur used in the
synthesis.

3. Power factor
The PF vs temperature dependence for all the samples is pre-

sented in Fig. 4(d). The PF at high temperature was increased for
both n-type (x = 0.10, 0.05) and p-type (x = −0.05, −0.1) samples
compared to the p-type x = 0.0 sample.

4. Thermal conductivity
The temperature dependent thermal conductivity measure-

ment data are presented in Fig. 5(a), and the room-temperature κ
values are given in Table I. At all temperatures, the thermal conduc-
tivity is the lowest for the x = 0.0 sample, and with both increasing
or decreasing x, the κ values are found to increase. We believe this
increase in kT = (κe + κl) is mostly due to an increased lattice ther-
mal conductivity κl, as the electronic thermal conductivity κe value
estimated by using the Wiedemann–Franz law (κee = LσT), where
L is the Lorentz number (2.44 × 10−8 V2 K−2), σ is the electrical
conductivity, and T is the absolute temperature was found to be neg-
ligible for all samples. On cooling to lower temperatures, the value

of κ increases and reaches a maximum for all samples. The mea-
sured room temperature thermal conductivity values as well as the
temperature dependence behavior seen are in line with the earlier
reports for CoSbS.34,35,39 With increasing x, the peak in κ is strongly
enhanced for the sulfur-deficient samples and moves to lower tem-
peratures. The increase in peak κ value could be explained by the
phonon mean free path (MFP).

5. Heat capacity and phonon mean free path
In Fig. 5(b), we show the heat capacity data for the samples; the

inset of the figure illustrates the analysis of the low temperature data
by using the Debye model: Cp = 12π4

5 R(TθD)3 + γT. The resultant
Debye temperature (θD) and the Sommerfeld coefficient (γ) values
are collected in Table I. The temperature dependence of the phonon
MFP was then evaluated by using Fourier’s law (κl = 1

3Cρdνlk) with
the Debye model, where C, ρd, ν, and lk are the specific heat, density,
phonon velocity, and MFP of the phonons involved in the ther-
mal conductivity, respectively. The value of ν was estimated from
θD for each sample. From Fig. 5(c), the phonon MFP increases with
decreasing temperature; the 2 K values are given in Table I. Inter-
estingly, for the nominally sulfur-deficient x < 0 samples, the MFP
values are the largest in line with their increased thermal conduc-
tivity. The experimental MFP value approaches the grain size at
low temperature, as shown for the x = 0.0 sample in the inset of
Fig. 5(c), indicating the dominance of phonon scattering from the
grain boundaries.

The values of thermoelectric PF and ZT at 300 K are pre-
sented in Table I. The PF and ZT values of both p-type and n-type
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compositions can be optimized by decreasing and increasing
the nominal sulfur content used in sample synthesis. For the
present samples, we were able to realize nine times and six
times enhanced ZT values for the n-type (x = 0.10) and p-
type (x = −0.05) samples, respectively, compared to the x =
0.0 sample. However, the measured PF and ZT values for our
samples are still significantly low as compared to Te doped
samples synthesized by using spark plasma sintering (SPS)2 by
Guélou et al.50

IV. CONCLUSIONS
We have demonstrated that the thermoelectric CoSbS1+x mate-

rial can be tailored for both p-type and n-type semiconductors (see
Fig. 6) by simply controlling the sulfur vapor pressure during the
solid-state material synthesis. The tiny sulfur excess (0 < x ≤ 0.1)
produces n-type semiconducting samples, while the sulfur-deficient
(−0.1 ≤ x ≤ 0) condition yields p-type semiconducting samples. The
types and densities of the carriers were systematically investigated
by the Seebeck and the Hall effect measurements. Structurally, the
p-type to n-type transition was reflected in the lattice parameters,
which showed their maximum values around the p–n turning point.
Computationally, the situation could be simulated through first
principle DFT calculations by applying compressive pressure on
CoSbS. The uncompressed CoSbS appeared as a p-type semicon-
ductor with an indirect bandgap of 0.38 eV, while the pressure
application turned CoSbS into an n-type semiconductor without
significantly affecting the bandgap. The increased charge carrier
density and strongly enhanced phonon mean free path resulted
in strongly enhanced thermal conductivity for the sulfur-deficient
x < 0 samples. We show that by controlling the excess sulfur used in
the synthesis, we can achieve an increase of nine times and six times
in power factor for n-type and p-type CoSbS1+x materials, respec-
tively. Our study underlines the importance of precise composition
tuning in exploring and exploiting the multiple thermodynamic
states in a single-phase CoSbS1+x material. The possibility to realize
both p-type and n-type semiconductivity in a single material system
is a highly attractive feature for thermoelectric application.

FIG. 6. The p-type to n-type conductivity transition with x in CoSbS1+x. The tran-
sition is confirmed by both the Seebeck coefficient (left) and the Hall coefficient
(right).

SUPPLEMENTARY MATERIAL

See the supplementary material for Fig. S1. Rietveld refined
XRD patterns for CoSbS1+x samples. Table SI. Summary of refined
atomic positions. Table S2. Summary of refined lattice parameters.
Table S3. Summary of theoretically calculated lattice parameters for
compressed and uncompressed CoSbS.
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