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TiCoSby, (x = 0.0, 0.01, 0.02, 0.03, 0.04, and 0.06) samples have been synthesized, employing solid
state reaction method followed by arc melting. Theoretical calculations, using density functional theory
(DFT), have been performed to estimate the band structure and density of states (DOS). Further,
energetic calculations using first principles have been carried out to reveal the formation energy for
vacancy, interstitial and anti-site defects. A detailed structural calculation, employing Rietveld
refinement, reveals the presence of embedded phases, vacancies, and interstitial atoms, which is also
supported by theoretical calculations. Lattice strain, crystalline size, and dislocation density have been
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estimated by Williamson—Hall and modified Williamson—Hall methods. Thermal variation of resistivity
[p(T)] and thermopower [S(T)] have been explained using the Mott equation and density of states (DOS)
modification near the Fermi surface due to a Co vacancy and embedded phases. Figure of merit (ZT) has
been calculated and a ZT for TiCoSb 4 to 5 times higher than earlier reported values was obtained at
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|. Introduction

Half-Heusler (HH) alloys are drawing the attention of researchers
for their fascinating and unconventional physical properties
along with their non-toxicity, good thermal stability, and high
mechanical strength.'™® Research studies have been conducted
to harness the interesting multinary properties with the unusual
electronic and magnetic behaviour of HH alloys inside device
applications.*”~® HH compounds are extensively studied for their
potential use in thermoelectric (TE) devices. HH alloys are attrac-
tive as mid-temperature TE materials for industrial waste heat
recovery. Mid-temperature waste heat in industrial processes or
automotive exhausts may be harnessed to convert heat into
electricity using thermoelectric generators (TEGs) based on HH
compounds.'®™* HH alloy-based TE materials are used to
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scavenge energy from ambient heat in portable power, viz.,
wearable devices or remote sensors.'>'® Zhu et al. have revealed
that TE devices, made from HH alloys, are potential materials
for TE cooling with high power density."” TE materials are used
in aerospace for power generation or thermal management
in space missions and unmanned aerial vehicles (UAVs) in
the absence of traditional power sources.'®*° HH alloy-based
materials viz., NiMnSb, CoMnSb, and FeMnSb based com-
pounds also exhibit magnetic properties and suitable for appli-
cations in magnetic storage devices, spintronics, and magnetic
sensors.>’™* HH compound-based novel materials are not
only used in TE power generation and spintronic devices but
are also being explored as absorber layers in solar cells or as
intermediate band materials to enhance the efficiency of
photovoltaic devices.>* Vacancies, present in the Heusler com-
pound and valence electron count (VEC) are solely responsible
for the novel electronic and magnetic properties of this group
of materials. The crystal structure of the HH alloys depends on
the constituent elements and changes with composition viz.,
ZrNiSb, HfNiSb, and ScCoSb.>*** MCoSb [M = Ti, Zr, Hf] HH
alloys are inter-metallic and crystallize as a MgAgAs cubic struc-
ture with space group F43m.>” ! It may be considered as three
inter penetrating face-centered cubic (fcc) lattice of almost
identical unit cell volume. MCoSb is in the category of XYZ
type HH alloy, where X is more electropositive than transition
metal Y and main group Z element.** For MCoSb, one sublattice
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Fig. 1 Schematic view of the arrangements of Ti, Co, Sb atoms in TiCoSb
half-Heusler alloy. Sky blue spheres represent Ti atoms, brown spheres
represent Sb atoms, and navy blue spheres represent Co atoms.

consists of a lower valence transition metal, M, along with Sb sp
atoms, and another one has been formed by a higher valence
transition metal, Co, and vacancies. The materials exhibit semi-
conducting character in spite of the constituent element being
metal.>*° The structure may be considered as an FCC lattice with
X at the octahedral site (4a = (0, 0, 0)). The structure is a
combination of rock salt (XZ) and zinc blende (YZ) sub-lattice
with Yat4ce (3,1, Y)and Zat4b (£, 1,1).%° The 4d (3, 3, 3) site in FA3m
is filled for the XY,Z Heusler alloy.*® The tetrahedral site 4d may
be referred to as the interstitial site for the XYZ structure. A typical
schematic diagram of a TiCoSb unit cell is presented in Fig. 1. The
Wyckoff position of Ti, Co and Sb may also be considered at 4c
G,4,9),4a(0,0 0) 4d (3,3, 3), and vacant 4b (, 1, 1) for the MgAgAs
type structure.*® The TiCoSb unit cell structure with vacant 4d is
more stable.®> However, the constituent atoms and structure
strongly corroborated with the electronic and transport properties
of HH alloy. MCoSb is an 18 VEC-type material, and the Fermi
level is just above the valence band.>***> Semiconducting proper-
ties in 18 VEC HH alloy arise due to the transfer of electron from
the most electro positive X to the less electro positive Y and Z
elements.*® However, HH alloys having VEC = 18 may be under-
stood from the Zintal chemistry framework. Close valence cell
configuration is satisfied due to the transfer of valence electron
from electro positive X to covalent YZ*~ sub-lattice.*” It is crucial
to point out that electro negativity of X, Y, and Z site atoms lies in
the range 1.2-1.7, 1.8-2.4, and 1.7-2.2, respectively.*® A close cell
configuration for the Y and Z atoms, i.e., d'° and s”p° is achieved
for the HH alloys.

Research in thermoelectric (TE) materials is emerging as a
fascinating topic due to the potential alternative source of
energy and peculiar physics involved in the technology.*’
Thermoelectricity converts thermal energy into electrical energy
and vice versa. Until now, several systems have been studied
as highly efficient TE materials viz., PbTe based materials

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(ZzT ~ 1.5), chalcogenides [Bi,Te; (ZT ~ 1), Sb,Tes (ZT ~ 1)],
Mg,Si (ZT ~ 1.4), and oxide TE materials (ZT ~ 2.7).%%773°
However, applications are limited by poor chemical, mechan-
ical strength, and thermal stability.**TiCoSb is a potential TE
material at mid-temperature.’® MCoSb [M = Ti, Co, Sb] is a
potential p-type TE material and efforts are on to enhance the
efficiency by reducing thermal conductivity (x).”” Large Seebeck
coefficient (S(7)) and electrical conductivity (¢) due to d-d
bonding near the Fermi surface make them attractive and a
potential TE material. TiCoSb is paramagnetic and temperature
independent.*' Terada et al. have reported that it shows ferro-
magnetic behaviour due to different ferroelectric phase pre-
cipitations in the HH alloy matrix.*" However, Iso-electronic
alloying, defects, and disorder in the structure influence the
electronic and transport properties, and concomitantly, the TE
properties of the HH alloy.*> TiCoSb shows a lower band gap of
~0.95 eV amid the other iso-electronic alloys, ZrCoSb and
HfCoSb.”® Introduction of point defect at the X site and
reduction of x enhances the ZT ~ 1 for n-type and p-type
(MNiSn and MCoSb) HH Alloys.** Nano inclusion and complex
iso-electronic alloying are also important routes to enhance the
efficiency of a TE material.>”"*> Further, x may be significantly
reduced by point defects and disorder through phonon scatter-
ing. Iso-electronic alloying not only modifies electronic struc-
ture but also reduces x by introducing point defects in the HH
structure.*® However, a nominal amount of impurities with 19
VEC HH alloy strongly affects the TE properties of the HH
alloy.*® But, scattering of a carrier with defects and disorder
concomitantly reduces ¢.*” Xia et al. have described that short
range order along with long rage periodicity significantly
enhance carrier conductivity accompanying the low «.*® Further,
disorder also strongly affects the band structure of n-type MNiSn
based HH alloy.**>" Effect of iso-electronic alloying and nano-
inclusion in TE properties have been widely studied.>”***>>>
However, investigations on consequences of defect and disorder
on crystal, electronic structure, and transport properties of TiCoSb
are limited.>

Phase segregation in the HH alloy matrix is one of the
important aspects of the TE study. In order to avoid the
presence of second phases and defects, several methods have
been implemented to synthesize TiCoSb HH alloy.>*>® Some-
times, defects are favourable to enhance TE properties through
modification in electrical and thermal transport properties.>*>>
However, ZT has been reduced due to segregation of the
secondary phase viz., CoSb in TiCoSb matrix.”® M. Assad et al.
have reported that embedded phases in doped TiCoSb enhance
the ZT due to a reduction in x;.>* C. S. Birkel et al have
synthesized TiCoSb in two different ways, mechanical alloying,
and microwave synthesis. It has been observed that the second
phase causes a reduction in TE properties.””> Arc melting is one
of the common techniques to synthesize HH or FH alloys. But
the difference in melting points of constituent elements in the
stoichiometry causes a source of defect/segregation in the HH
alloy.>**® In order to avoid loss due to evaporation, there are
instances of using extra Sb in TiCoSb stoichiometry.”” However,
the role of defects and second phases on the TE properties of
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TiCoSb requires a systematic study. There is no meticulous
investigation for the inclusion of extra Sb during the synthesis
of TiCoSb and effect on TE properties due to the complex
interplay of vacancies and embedded phases. Furthermore, this
study may enlighten the source of defects, embedded phases in
the synthesized matrix, and correlation with the transport proper-
ties of TiCoSb HH alloy.

Here we have reported the role of defects and precipitated
phase on electronic structure and transport properties of poly-
crystalline TiCoSb alloy synthesized by solid state reaction
followed by arc melting. In-depth structural characterizations
have been performed using Rietveld refinement method from
the X-ray diffraction (XRD) data. Occupancy and precipitated
phase have been revealed from XRD. Vacancy in the synthesized
materials has been shown schematically. Further, electronic
band structure, DOS, and formation energy of TiCoSb have
been estimated using density functional theory (DFT) calcula-
tion, considering the super cell structure. Effects of vacancy,
interstitial defect, and anti-site defects have also been included
in DFT calculations. Temperature dependent resistivity (p(7)) and
S(T) measurements have been carried out at low temperatures
down to 10 K. Electron-electron (e-e) and electron-phonon
(e-ph) coefficients have been estimated from the thermal
variation of p(7) and S(7) data. The first time in-depth struc-
tural study using the refinement and correlation with low
temperature transport properties has been presented in this
article. Further, attempts have been made for theoretical calcu-
lation of band structure, density of states (DOS), and total
energy per atom. Bipolar conduction has been found, according
to the results obtained from transport properties and correlated
with the structural parameters evaluated using Rietveld
refinement. DOS has been tuned by modification in structural
parameters and correlation with p(7), S(7T) data have been
elucidated, using the Mott equation. Theoretical and experi-
mental data along with the estimated parameters have been
corroborated in this endeavour.

In our present work, we have considered TiCoSb as a
functional element for suitable energy conversion. TiCoSby.,
(x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) has been synthesized to
study the role of defects and embedded phases in structural,
transport, and electronic properties. The key findings of the
present study are (i) Co vacancies in TiCoSb unit cell increase
with Sb concentration, (ii) minute amount of CoTi and CoSb
embedded phases have been revealed and supported by theo-
retical study, (iii) embedded phases, dislocation density, and
strain are minimum, correspondingly maximum TiCoSb phase
has been observed in TiCoSb; ¢, (iv) modification in thermal
variation of resistivity and thermopower is related with DOS
due to Co vacancies, (v) inclusion of 2% extra Sb in TiCoSb
stoichiometry during synthesis is sufficient to compensate the
weight loss, and (vi) 4 to 5 times higher ZT than previously
divulged for TiCoSb at room temperature has been obtained.

This paper is organized as follows. Section II describes precise
steps for sample synthesis and characterizations to analyse the
experimental results. Computational details for theoretical calcu-
lations have been presented in Section III. All the theoretical and
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experimental results have been critically scrutinized and dis-
cussed in Section IV. Finally, conclusion and correlation have
been drawn on the basis of theoretical and experimental results
in Section V.

ll. Experimental details

Polycrystalline TiCoSby,, (x = 0, 0.01, 0.02, 0.03, 0.04, 0.06)
samples were synthesized by solid state reaction. Weighted Ti
(purity 99.998%; Alfa Aesar, UK), Co, and Sb (each of purity
99.99%; Alfa Aesar, UK) were arc melted at Argon atmosphere,
and ingots were melted several times to obtain homogeneous
alloy. The arc melted ingots were sealed in a quartz ampoule
under pressure 10 ° mbar for further treatment. Evacuated
quartz ampoules were annealed at 1173 K for five days and then
cooled down to room temperature at a cooling rate 10 °C hour .
The prepared ingots were cut in rectangular shapes of dimension
(1.5 mm x 2 mm x 5 mm) for measurement of transport
properties. In order to carry out XRD measurements, prepared
ingots were pulverised into fine powder. Structural character-
ization of the synthesized host phases, i.e., TiCoSb, TiCoSb; o1,
TiCoSb; g5, TiCoSb; 3, TiCoSb; ¢4, and TiCoSb; o, have been
carried out by XRD using Diffractometer model: X’Pert Powder,
PANalytical using Cu-K, radiation of wavelength 0.15406 nm.
XRD has been carried out at room temperature in the range
20° < 0 < 80° in 0-20 geometry. The Williamson-Hall and
Modified Williamson-Hall methods have been employed to
estimate lattice strain (¢), crystal size (d), and dislocation
densities (Np) of the synthesized samples using the XRD
data.*®* Further, in-depth structural analysis has been carried
out by the Rietveld refinement technique using FullProf
software.®® Refinement analysis of the Bragg scattered TiCoSby .,
phases have provided exhaustive information on the long-range
order in the host phase along with defects and disorder in the
synthesized HH alloy structure. Further, mix-phase has been
introduced during Rietveld refinements to investigate the
presence of defects and embedded phases in the TiCoSb matrix.
o(T) measurements of the synthesized polycrystalline alloys have
been carried out using the conventional four probe method down
to 10 K. S(7) measurements have been performed down to 20 K,
employing standard differential technique.®’™*® TiCoSb is a HH
alloy with a vacant 4d (3/4, 3/4, 3/4) and prone to antisite/interstial
defects. The defects have also been correlated with transport
properties through modifications in the DOS of the synthesized
samples. Embedded phases and defects in TiCoSb significantly
alter the transport properties through carrier scattering and
modification in electronic structure.

In order to corroborate the experimental findings, DFT
calculations have been carried out using the plane wave pseu-
dopotential code Vienna Ab initio Simulation Package (VASP).**

[ll. Computational details

We have carried out DFT calculations for TiCoSb using the
plane wave pseudopotential code VASP.®* To expand the plane

© 2023 The Author(s). Published by the Royal Society of Chemistry
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waves included in the basis set, kinetic energy cut-off of 520 eV
has been used. A generalized gradient approximation (GGA)
has been employed in the Perdew Burke Erzenhof (PBE)
formalism.®>°® The atomic positions have been relaxed using
energy and force tolerance of 107° eV and 0.001 eV A~
respectively, to minimize the Hellmann-Feynmann forces. An
fec unit cell of TiCoSb has been optimized, and a relaxed lattice
parameter of 5.88 A has been found. A Monkhorst Pack K grid
of 4 x 4 x 4 has been utilized for the Brillouin zone integration.

V. Results and discussion

The band structure and DOS have been presented in Figs. 2(a)
and (b), respectively. A direct band gap of about 1.03 eV at the
gamma point has been obtained. The DOS calculation has
shown that the valence band maximum and conduction band
minimum have mainly constituted from the contribution of Co
and Ti orbitals, respectively.

We have simulated a super-cell of TiCoSb, containing
48 atoms using the optimized lattice parameter of the unit cell.
In this super-cell, vacancies, interstitials, and anti-sites have
been introduced. The total energy per atom of these super-cells
is presented in Table 1. The energetic calculations have shown
that the super-cell containing Co vacancy is more stable than
that of Ti and Sb. Further, the system with Ti in the interstitial
position is more stable than Co and Sb. We have also carried
out calculations by introducing Co and Sb in the Ti position
and found that the latter is more stable. The total energy per
atom, calculated for the TiCoSb super-cell with 48 atoms, has
also been shown for comparison. It is shown that having an
interstitial Ti atom is closer in stability to the perfect structure.

Fig. 3 represents the XRD pattern of TiCoSb;., (x = 0.0, 0.01,
0.02, 0.03, 0.04, 0.06) samples synthesized by solid state
reaction method. XRD has shown that the bulk matrices of
the synthesized samples have crystallised in a cubic MgAgAs
type structure. All the diffraction peaks have been indexed to

View Article Online
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the corresponding structure and space group (F43m, No. 216)
(Fig. 3). The effect of Sb concentrations on the most intense
peak (220) has been demonstrated in Fig. 3 (inset) (220). XRD
peaks shift towards a higher 20 angle for 0 < x < 0.04,
indicating a reduction in unit cell volume. However, a large
shift of the (220) peak towards a lower angle has been observed
for x = 0.06. Any extra impurity peak has not been found in the
XRD detection level. The full width at half maxima (FWHM) of
(220) peaks has been estimated and presented in Fig. 4. FWHM
of the synthesized samples decreases for 0 < x < 0.02,
indicating enhancement of crystal quality as HH alloy. An
increase in Sb, ie., for 0.02 < x < 0.06, increase in FWHM
represents degradation of crystal quality. However, struc-
tural disorder, defects, and degradation of crystal quality may
arise owing to the inherent off-stoichiometry and
embedded phase.

In order to estimate in-depth structural parameters, Rietveld
refinement analysis has been carried out using Fullprof
software.®® Further, the presence of embedded phases has been
revealed by introducing a mix-phase Rietveld analysis. The CoTi
and CoSb phases have been incorporated during Rietveld
refinement, which improves the fitting quality, and reduces
%> (goodness of fit). However, reports on in-depth structural
analysis of TiCoSb using Rietveld analysis are limited. But till
date, no effort has been made to reveal the effect of Sb on
structural and transport properties of the TiCoSb alloy using
mix-phase Rietveld refinement. The experimental XRD patterns
along with the theoretical fitted curve after Rietveld analysis are
given in Fig. S1 (ESIY). Lattice parameter ‘a’ of the synthesized
samples has been estimated, and a ~ 0.5883 nm has been
obtained for TiCoSbi., (0 < x < 0.06) samples. Value of ‘a’
parameter is in good agreement with the theoretically obtained
value. A similar value of ‘a’ parameter has also been reported by
Webster and Ziebeck (a = 0.5884 nm).*” Unit cell volumes of the
synthesized samples have been estimated and presented in
Fig. 5(a). Unit cell volume gradually decreases with increasing
Sb concentration for 0 < x < 0.04 and increases for x = 0.06,
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Fig. 2 Electronic (a) band structure and (b) DOS of TiCoSb half-Heusler alloy.
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Table 1 The simulated total energy/atom for supercell containing vacancies, anti-sites, and interstials
TiCoSb Vacancy Interstial Antisite
Energy (eV) —6.96 Vi Veo Vsb Ti Co Sb Ti-Co Ti-Sb
—6.72 —6.77 —6.76 —6.94 —6.93 —6.78 —6.82 —6.86
x=0.00 = synthesized TiCoSb samples are depicted in Fig. 5(b). wt% of
o m . . .
x=0.01 >= S CoTi phase de?reas.es ar%d CoSb phase increases .graduall}.l with
= x=0.02 ® S N Sb concentration in TiCoSb samples. A maximum TiCoSb
= x-0.03 B . phase as high as ~99% has been achieved for x = 0.02. Phase
=: X'0.0 4 % segregations have been frequently observed in ternary, inter-
Q — o - s ~ . . . . .
= x=0.06 & 457 33 136 238 meta.llllc TIC.OSb baseq HH al.loys due to large Fhfferences in
- _ = 20 (degree) specific gravity and boiling points (Sb: 1587 °C, Ti: 1668 °C, Co:
oy t g T8 g =§ § 1495 °C) of the constituent elements.** Evaporation of Sb
N < g A =3 < . . . . .
g I s during the arc melting of weighted elements in TiCoSb samples
S | ) | P | is one of the key reasons for the segregation of phases in the
= L A A i J| HH alloy host matrix.°® Deviation from the chemical composi-
tion of TiCoSb during synthesis may lead to the presence of
l J L A Ak | CoTi-embedded phases and structural disorder in the prepared
l I‘ — ] — & samples.®® A meticulous investigation has revealed that the

20 30 40 50 60 70 80
20 (degree)
Fig. 3 X-ray diffraction pattern of synthesized TiCoSby,, (x = 0.0, 0.01,

0.02, 0.03, 0.04, 0.06) polycrystalline materials (Insets shows position of
highest intense (220) peak).
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Fig. 4 Variation of Full Width at Half Maxima (FWHM) with Sb concen-
tration for TiCoSby,x (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06). FWHM have
been obtained by fitting the highest intense x-ray diffraction peak (220).

corroborated with (220) peak shift in the XRD pattern (Inset
Fig. 3).

In-depth mix phase Rietveld analysis has revealed the
presence of a minute amount of CoTi and CoSb phases in the
synthesized TiCoSby., matrix. Sb concentration-dependent
weight percentage (wt%) of all the existing phases in the

4172 | Mater. Adv,, 2023, 4, 4168-4179

variation of wt% of TiCoSb, CoTi, and CoSb phases with Sb
concentration is associated with a slope change at x = 0.02. wt%
of the host phase TiCoSb rapidly decreases after x = 0.02.
Further, systematic Co vacancy in the synthesized TiCoSb
samples has been revealed using the Rietveld refinement and
a schematic representation is provided in Fig. 6 by employing
Vesta software.®® Co vacancy gradually increases with Sb
concentration in TiCoSby., (0 < x < 0.06). The decrease in
lattice volume of the synthesized sample may be related to
(0 < x < 0.04) increasing Co vacancy in the system. Das et al.
have reported that Te vacancy-mediated point defects in Sb,Te;
TE material cause a decrease in unit cell volume.”® However,
a jump in lattice volume for the TiCoSb, ¢ sample has been
observed. Primarily, Co vacancies have been created in the
TiCoSb system as observed from Rietveld refinement analysis,
and CoSb phases have formed in reaction with extra Sb.
Further, the increase of Sb in TiCoSb may cause the presence
of interstitial atoms and anti-site defects simultaneously. There
are two possibilities arising due to the increase of Sb in TiCoSb;
Sb atom either goes into the interstitial site, i.e., 4d (3, 3, 2)) or
simultaneously, Ti atom goes into the interstitial vacant 4d
3, 3, 3) position and Sb atom occupies Ti site, i.e., Sb-Ti(Sbr)
anti-site defect. According to the theoretical calculations, Ti at
the interstitial position is more favourable than other config-
urations, and Sby; anti-site is more stable than other anti-site
defects. Interstitial Ti atoms in the TiCoSb unit cell causes an
increase in lattice volume for x = 0.06 and decrease in CoTi
embedded phases in the TiCoSb matrix (Fig. 5). This result has
been also corroborated with the peak shift in the XRD pattern
in Fig. 3. XRD peak (220) shifts towards a higher angle for 0 <
x < 0.04 compared to the TiCoSb sample [Fig. 3(inset)] owing
to the collective diffraction from the embedded (segregated)
phases and decreasing disorder, suggesting that the lattice
constant has contracted. Whereas (220) peak shifts towards a
lower angle for x = 0.06 and is related to an increase in unit cell

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sb concentration dependent (a) unit cell volume and (b) Wt% of TiCoSb and embedded CoTi, CoSb phases, as obtained by employing Rietveld
refinement of XRD data of synthesized TiCoSby,, (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline sample.

x=0.02

a) x=0.00 b)

+2%Sb +4%Sb +6%Sb

w Vacancy

c) x=0.04

Fig. 6 Schematic representation of the formation of vacancy in TiCoSb,., (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline samples, obtained from
Rietveld refinement, using Vesta software. Sky blue spheres represent Ti atoms, brown spheres represent Sb atoms, and navy blue spheres represent Co
atoms. The white region in Co atoms (zooming view) represents vacancy.

volume due to interstitial Ti atoms. Further, Rietveld refine-
ment has been employed to estimate the Debye-Waller factor
(Biso) related to positional disorder. The effect of extra Sb on Bjg,
of the synthesized samples (TiCoSb,.,) is presented in Fig. 7.
A non-monotonic variation of B;y, with Sb concentration has
been observed and anomaly for x = 0.02 has been corroborated
with other structural data viz., FWHM of the XRD peak, unit cell
volume, and estimated wt% of embedded phases. The Debye
equation may be applied to estimate Debye temperature (0p) if
the harmonic approximation, i.e., the cubic and monoatomic

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure is considered. 0y, and B;g, are related with the follow-
ing equation within harmonic approximation”

Op
6hr 1|1 (T\*(T «x
Biso - |:MKB9D:| Z+ (%) JO —ex — ldX (1)

where, M and T are mass and temperature, respectively. Non-
monotonic variation of 0 of the prepared samples has been
presented in Table 2 and lowest 0p (0p = 357 K) has been
observed for the TiCoSb, , sample. Skovsen et al. have also
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Fig. 7 Variation of Debye-Waller factor (Biso,) with Sb concentration of
synthesized TiCoSby,, (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline
materials. Biso have been obtained from the Rietveld refinement of XRD data.

reported a similar value of 0, ~ 357.7% Further, 0, ~ 417 K has
been estimated and reported by T. Sekimoto et al. employing
measurement of longitudinal and shear velocities using the
ultrasonic piles-echo method.”

Non-monotonic variation of ¢ and d of the synthesized
samples is depicted in Fig. 8. The Williamson-Hall method
has been employed to estimate ¢ and d using the relation®®

[30059:1%4—48&119. (2)

Estimated ¢ for all TiCoSb,., (x = 0, 0.01, 0.02, 0.03, 0.04,
0.06) samples is negative in nature, indicating compressive
strain”* (Please find supplementary Fig. S2 for Williamson-Hall
plot, ESIT). The variations of ¢ and d with the Sb concentration
of the synthesized samples are dissimilar in nature. The
magnitude of ¢ is minimum and d is maximum for x = 0.02
amid TiCoSby4, (x = 0, 0.01, 0.02, 0.03, 0.04, 0.06) synthesized
samples. It may arise due to the lowest wt% of embedded
phases viz., CoTi, CoSb, and maximum TiCoSb phase in
TiCoSb, o,. However, the highest d for the TiCoSb, o, sample
may be explained in light of the well-known Hall-Petch for-
mula. According to the Hall-Petch formula, the strengthening
effect of grain boundaries may be described as”>”"”

OGe = k,yd_llz (3)
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Fig. 8 Sb concentration dependent lattice strain (¢) and crystalline size (d)
of TiCoSby,, (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline materials,
obtained from x-ray diffraction data using Williamson—Hall equation.

where ogg, d, k, are yield strength at grain boundaries, crystal-
line size, and a material-dependent constant, respectively.
Lattice mismatch at the grain boundary due to embedded
phases may cause low g and high d value for TiCoSb; o,
Modified Williamson-Hall plot has been used to carry out the
calculation for estimation of Ny, in TiCoSb;., (x = 0, 0.01, 0.02,
0.03, 0.04, 0.06) samples, employing the relation>®”®

AK =09/5+

A2B2 1
T SLNRKAC+ O(KC?). (4)

K [= 2sin0g/A] and AK [= A(20g)cos 0p/i] parameters have
been estimated from XRD data, where 0y is the Bragg angle,
A(203) is the FWHM of the corresponding diffraction peak at 0y
and / (= 0.15406 nm) is the wavelength of Cu-K, X-ray. Ny, has
been obtained from the slope of ‘AK versus K>C’ curve, where C
is average dislocation contrast factor. The ‘AK versus K>C’ plots
of the synthesized TiCoSby., (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06)
samples have been given in the ESIt (Fig. S3). Further, XRD
data may be employed to estimate the dislocation density (Np)
in the synthesized materials. The Ny, of the synthesized samples
(TiCoSby.y; x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) has been
estimated with respect to the TiCoSb (i.e., x = 0.00) sample.
Non-monotonic behaviour of relative dislocation density
(Np/Np|x-0) as a function of Sb concentration (x) has been
depicted in Fig. 9. Ny, increases on either side of the point x =

Table 2 Biso, Op. Ke, Ktor, p. S, ZT of TiCoSby 4, (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline materials with different extra wt% Sb concentration (x)

at room temperature

Sb concentration (x). Biso (A%) 0p (K) KeWm™ K™ Kot (W m ™' K™ P300x (LQ m) Sz00x (LV K1) ZT300K
0.00 0.53 287 0.01339 4.945 536.54 —4.5 9.6 x 10°°
0.01 0.57 378 0.02308 4.6185 283.42 —44.5 8 x 107
0.02 0.68 356 0.10422 3.94279 58.34 —76 0.025

0.03 0.52 391 0.01078 5.09605 517.718 —116.6 0.00723
0.04 0.37 447 0.00767 7.605 704.5 —129.4 0.00313
0.06 0.44 417 0.02725 6.1972 535.22 —95.8 0.00691
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Fig. 9 Relative dislocation density (Np/Npjx-o) for the TiCoSby,, (x = 0,
0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline samples, estimated from x-ray
diffraction data using modified Williamson—-Hall equation.

0.02, and the lowest N, has been observed for the TiCoSb; g,
sample. This is in agreement with the previous analysis that the
presence of a minimum embedded phase with good crystal
quality has been observed for the TiCoSb,,, sample amid
synthesized samples (TiCoSb;.,; x = 0.0, 0.01, 0.02, 0.03, 0.04,
0.06). An increase in the wt% of embedded phases in the
synthesized samples may enhance the lattice mismatch at the
grain boundary, causing an increment in Np.

Temperature dependent S(7) has indicated all the synthe-
sized samples (Fig. 10(a)) TiCoSb;., (x = 0.0, 0.01, 0.02, 0.03,
0.04, 0.06) are n-type in nature. The negative value of S(7) has
indicated a majority of carriers are electrons. However, pristine

View Article Online
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TiCoSb should have shown positive S(7), ie., p-type in
nature.””®" Synthesized samples have shown an n-type nature
as Fermi surfaces have been modified due to embedded phases
and defects. The magnitude of S(7) values is different than the
previously reported.**#"®> However, Sekimoto et al. have also
reported a similar S(7) value of TiCoSb ~—150 pv K ' at
350 K.°® An increase in S(7) data beyond 275 K may be
attributed to thermal excitation of minority carriers at high
temperatures.®® It has been found that S(T) for TiCoSb (i.e.,
x = 0.00) is nearly zero. |S(T)| of the synthesized samples,
TiCoSby., (0 < x < 0.04) increases with increasing Sb concen-
tration. However, |S(T)| slightly reduces for TiCoSb; .

The non-monotonic behavior of S(7) with Sb concentration
may be attributed to the band structure modification owing to
the presence of defects (vacancy, interstetial, and antisite) and
embedded phases (CoTi and CoSb). The thermopower of a
semiconductor may be written as*>**

(0[Sn| = apSpl)

S| =
On + 0p

(5)

Here, S,/Sp (Sn,p) and a,/a, (01,p) are the Seebeck coefficients
and the electrical conductivities due to n-type and p-type
carriers, respectively. It has been assumed that both types
of charge carriers are involved in the conduction process.
However, S,, may be written as, according to the Mott

expression®>%¢

KT | 1 dnyp(E)
3e Nhp dE

L dﬂn,p (E)

(6)
Hnp dE E~Ep

[Suo| =

here, n, ;, is energy dependent n-type or p-type carrier density,
Ey, e, and K are Fermi energy, electronic charge, and Boltzmann
constant. The mobility of n-type or p-type charge carrier has been
denoted as puy, . Further, energy dependent n,, ,(E) is related with
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Fig. 10 Temperature dependent (a) Seebeck coefficient S(T) and (b) electrical resistivity p(T) of TiCoSby,, (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) half-

Heusler alloy. (Inset of (b) indicates Sb concentration dependent p at 100 K).
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DOS, 1y, ,(E) = ge(E) f(E). Here g, represents DOS in the conduc-
tion band/valence band, near the Fermi level and f(E) is the Fermi
distribution function. Thermal variation of S(T) of synthesized
TiCoSb,, is almost zero, indicating compensated behaviour of
charge carriers in the conduction processes according to eqn (5).
However, S(T) for the TiCoSb,., (0 < x < 0.04) may be explained
according to the Mott expression (eqn (6)). Theoretical calculation
of band structure and DOS suggest that Ti and Co atoms mainly
contribute to the conduction and valence bands of TiCoSb,
respectively. It should be recalled from the Rietveld refinement
data that Co vacancies have increased with Sb concentration for
the synthesized samples (Fig. 6). Hence, Co vacancies in the
TiCoSb crystal directly contribute to the DOS in the valence band
of TiCoSb. As Co vacancy is created, DOS in the valence band near
Er decreases. Energy dependent ny(E ~ Eg) may decrease, owing
to the local decrease in DOS in the valence band (g,(E)) near the
Ep. It causes a decrease in |S,| in the synthesized samples.
Further, carriers near the Er mostly contribute to the conduction.
o = nep indicates that a drop in np(E ~ Er) near Er may cause a
decrease in ¢, and a concomitant reduction in oy Hence, the
resultant |S(7)|, according to eqn (6) for TiCoSb,., (0 < x < 0.04),
have enhanced, provided the Er of the materials aligns properly.
Maximum wt% of CoSb embedded phases along with interstitial
Sb have been obtained for the TiCoSb, 4¢ sample. The position of
the DOS-peak for CoSb embedded phases exactly matches the
position of DOS at the valence band of TiCoSb.*” The complex
interplay of interstitial Sb atom and DOS of CoSb support the
increase in DOS at the valence band of TiCoSb, ¢ sample and
results in a slight decrease in S(7).

p(T) of all the synthesized samples, TiCoSb,., (x = 0.0, 0.01,
0.02, 0.03, 0.04, 0.06) has been depicted in Fig. 10(b). Non-
monotonic thermal variations of p(7) indicate that the synthe-
sized TiCoSb., (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) samples are
semiconducting in nature. p(7) decreases with increasing Sb
concentration for 0 < x < 0.02. However, further increase of
extra Sb causes increase in p(7) (0.02 < x < 0.04) and the
highest p(T) is observed for the x = 0.04 sample. p(7) at 300 K of
the synthesized samples has been presented in Table 2. p(7T) of
TiCoSb, g, is similar to the previously reported value for pris-
tine TiCoSb.°® Increase in p(7) with Sb concentration for
TiCoSb,., samples may be related to the inherent Co vacancy
in the synthesized samples. In the preceding discussion,
it has been observed that Co vacancy may lead to a decrease
in gy (= 0 + 0p,) due to a change in DOS at the valence band.
However, embedded phases, defects, and disorder also play
crucial roles in the conduction of carrier.®®*? Embedded phases
in the TiCoSb host phases may act as scattering centre during
the conduction processes. In order to get insight into scatter-
ing, e-e and e-ph scattering coefficients have been estimated
from the p(T) data. The p(7) data has been fitted with equation
p(T) = po + AT + BT® at low temperature (T < 150 K), where 4
and B represent e-ph and e-e scattering coefficients,
respectively.””°° Non-monotonic variation of e-e and e-ph have
been presented in Fig. 11. e-e and e-ph coefficients have
decreased for 0 < x < 0.02 in TiCoSb;., samples, and a sudden
drop has been observed for the TiCoSb,,, sample. It is
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Fig. 11 Variation of electron—phonon (e—ph) and electron-electron

(e—e) scattering coefficient with Sb concentration for synthesized

TiCoSby4x (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.06) polycrystalline samples,

obtained by fitting the temperature dependent resistivity data.

important to mention that the maximum wt% of the TiCoSb
phase is obtained for TiCoSb, o, and crystal quality increases
for the TiCoSb, o, sample. The decrease in wt% of TiCoSb
phase and increase in Co vacancy along with embedded phases
increase the scatttering center of the synthesized samples
TiCoSb;4, (0.02 > x > 0 and 0.02 < x < 0.04). The highest
wt% of the TiCoSb phase has been obtained for the TiCoSb; ¢,
sample, and correspondingly lowest p(T) has been observed.
Embedded phases and Co vacancy increase for x = 0.03 and
0.04, which corroborated with the increase in p(T). A sudden
drop in p(T) for TiCoSb, 46 may be related to the change in the
band structure and formation of the impurity band, owing to
excessive impurity phases and interstitial atoms.

The power factor, PF ($%¢) of the synthesized samples has
been estimated using S-T and p-T data. ‘PF versus temperature’
data of TiCoSb;., are depicted in Fig. S4 (ESIt). Non-monotonic
thermal variation of power factor is observed. The highest
power factor is obtained for TiCoSb, ¢, at 300 K.

In order to get the flavour of change in ZT due to embedded
phases and defects, thermal conductivity k (k = K. + Ky, Ke =
electronic thermal conductivity and x;, = lattice thermal con-
ductivity) has been estimated. k. has been estimated using the
well-known Wiedemann Franz law, k. = LoT (L is the Lorenz
number). Further, L has been calculated from the temperature
dependent S(T) data, employing the relation L =[1.5 + exp(—|S|/
116)] x 107%.°" K is directly related to the phonon scattering
mechanism viz., phonon-phonon scattering due to defects.
Heat conduction has been performed by acoustic phonons,
and the Umklapp process is dominant in the phonon scattering
at high temperature. However, according to Slack, x;, may be
written in the limit Umklapp scattering processes®”

o MOp*s
LT e AiT

()

where, M, 5> and n are the average atomic mass in the unit cell,
volume per atom, and number of atoms in the primitive cell,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively. There are 12 atoms per unit cell of TiCoSb, i.e.,
n=12and A4 ~ 3.1 x 10 °® (a physical constant). The value of
the Gruneisen parameter yg of pristine TiCoSb has been
considered to estimate x;, of the synthesized samples using
eqn (7). It is important to note that yg is almost temperature
independent and depends on the stoichiometry of the consti-
tuent elements. In this study, we are dealing with TiCoSb
material with a very small variation of Sb in stoichiometry.
Hence, y of TiCoSb, i.e., 2.13, has been considered for calcula-
tion of x;, using eqn (7).>* ZT of the synthesized samples has
been estimated using equation ZT = S’¢T/x. The value of 0p,
estimated using Rietveld refinement and «;, of the synthesized
samples have been presented in Table 2. Fig. 12 represents the
dependency of ZT on extra Sb concentration in TiCoSb;., at
room temperature. It is crucial to mention that a drastic change
in ZT has been observed for the TiCoSb, ¢, sample. Maximum
ZT ~ 0.025 has been observed for the TiCoSb, o, sample, which
is nearly 4 to 5 times higher than the previously reported values
for the pristine TiCoSb at room temperature.**4>>475¢

To make the present communication a self-contained one,
here, we make a brief comparison of our results with the
previously reported TE responses and some possible functional
elements that can be utilized for energy conversion. For
instance, we want to highlight ZrNiSb, HfNiSb, and ScCoSb
alloys.>® These are metallic and crystallize in the TiNiSi struc-
ture type. ScCoSb and ZrNiSb show no band gap in the vicinity
of the Fermi level, whereas TiCoSb exhibits E, ~ 1.03 eV. TE
studies are not reported for HfNiSb and ZrNiSb alloys, to date,
to the best of our concerns. However, it seems that materials
may show poor TE performance related to TiCoSb due to their
metallic nature. ZT ~ 0.009 is reported for ScCoSb HH alloy at
380 K,”® and our synthesized sample shows better TE perfor-
mance and almost 2.6 times higher value is reported in
the current work. Asaad et al. have reported ZT ~ 0.01 for
TiCoSb-based HH alloy at room temperature.’® ZT'~ 0.005 is
reported by Birkel et al. for TiCoSb HH alloy at room tempera-
ture, prepared by arc-melting.>® Comparing the earlier results,
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N 0.010
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0.00 0.01 0.02 0.03 0.04 0.05 0.06
Sb concentration (x)

0.000

Fig. 12 Room temperature ZT of TiCoSby,, (x = 0.0, 0.01, 0.02, 0.03,
0.04, 0.06) half-Heusler alloy.
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we can safely argue that our functional element is quite superior
for energy conversion.

V. Conclusion

In conclusion, the effect of embedded phases and defects on
structural, resistive, and thermopower of TiCoSb HH polycrys-
talline material have been reported. Theoretical calculations
have been employed to estimate the DOS, band structure, and
formation energy for the vacancy, anti-site, and interstitial
defects. Six samples of TiCoSb,., (x = 0.0, 0.01, 0.02, 0.03,
0.04, 0.06) have been synthesized using solid state reaction
method, followed by arc-melting. Excess Sb has been added to
TiCoSb stoichiometry to compensate for the evaporated Sb and
create vacancies and embedded phases during the arc melting
of the constituent elements. Mix-phase Rietveld refinement
analysis of the XRD data clearly reveals the presence of CoTi
and CoSb phases. Optimization of CoTi and CoSb phases and
maximum wt% of TiCoSb are observed for TiCoSb, q,. A distinct
slope change is observed at 2% extra Sb concentration for ‘wt%
of TiCoSb’ versus the ‘Sb concentration’ graph. Co vacancy
increases with Sb concentration obtained from Rietveld refine-
ment and schematically presented using VESTA software. 0p
employing Big,, obtained from XRD data of the synthesized
samples has been estimated and 0, of TiCoSb, o, matches with
reported value. Lattice strain (¢) and grain size (d) have been
estimated by Williamson-Hall plots. Minimum ¢ and maxi-
mum d are obtained for 2% extra Sb contained sample due to
improved crystal quality and maximum TiCoSb phase. It also
supports the minimum Ny, for the TiCoSb, o, sample. S(T) and
p(T) are related to the modification of DOS owing to the Co
vacancy and embedded phases, explained by the Mott equation.
The e-e and e-ph scattering coefficients are correlated with the
defects and the embedded phases. PF has been estimated using
p(T) and S(7T) data. In order to get the flavour of ZT, kp and k.
are calculated from XRD and resistivity data using temperature
dependent Lorentz number obtained from S(7). However, the
final conclusion may be drawn after the detailed analysis of the
experimental data of k. ZT of TiCoSb strongly depends on extra
Sb added to stoichiometry during synthesis. It has been
observed that the ZT of the TiCoSb, o, sample is 4 to 5 times
greater than previously reported values for TiCoSb at room
temperature. Corroborated structural and transport data reveal
that the best pristine phase of TiCoSb and greater TE properties
of TiCoSb is obtained for 2% extra Sb contained sample. Hence,
2% extra Sb in TiCoSb stoichiometry is sufficient to compen-
sate the loss of Sb during synthesis. The resistivity and thermo-
power of TiCoSb are influenced due to the modification in DOS
near the Fermi surface by defects and embedded phases.
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