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A mechanistic view of defect engineered VFeSb
half-Heusler alloys+
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Defects are ubiquitous and extensively found in a half-Heusler microstructure, and often yield a
significant variation in its transport properties. There remains a critical gap in understanding the nature
and origin of such prevalent defects that influence the electronic band structure and lattice dynamics of
the innately disordered half-Heusler alloys. Here, we employ thermodynamics evaluation and structural
characterization to understand the microscopic origin of a defect sub-structure and elucidate the critical
role of stoichiometry by examining defective Vy,Fei,,Sb (-0.1 < x, y < 0.1) half-Heusler compositions.
It was found that microstructural metastability and an inherent tendency for atomic ordering result
in vacancies/interstitials, which can be enhanced in off-stoichiometric compositions. These atomic
disorders are embodied as V-segregates, Fe-rich dendrites, and V-deficient eutectic substructures within
the structurally ordered half-Heusler microstructure while their concentration depends on the altered
stoichiometry. A significant variation in both power factors and lattice thermal conductivity was
observed, which is more favorable for V-excess and Fe-deficient compositions in low self-doping limits
(0 < x < 0.05) for thermoelectric applications. These findings highlight the defective nature of cubic
n-type VFeSb half-Heusler alloys and elucidate the implication of prevalent defects on thermoelectric

rsc.li/materials-advances transport properties.

1. Introduction

Energy conversion via thermoelectrics (TEs) is primarily the
external manifestation of charge carriers’ flow, phonon flow,
and their intercoupling, mediated by defects."® Owing to the
ubiquitous nature of defects and their significant impact on the
physical properties of solids, defect engineering in TEs provides
a unique ability to decouple their thermal and electrical trans-
port properties, synergistically. For example, defect-related spin
tuning,"* defect-induced energy filtering,>” vacancy-mediated
atom or charge transfer,®" surface distortion,'*"* and dis-
locations'* ™ are actively explored approaches in TE material
research, which appear to be promising in overcoming the
limitations of prevailing electronic and phonon structure opti-
mization strategies. The presence of defects is categorized by
their dimensionality in a material’s microstructure, such as
point defects (such as vacancies, interstitials, and antisites),
dislocations, planar defects (such as twin boundaries, stacking
faults, and grain boundaries), and volume defects (mainly
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i Electronic supplementary information (ESI) available: Hall measurement and
Rietveld refined XRD patterns for V,,.Fe;,,Sb (-0.1< x, y < 0.1) half-Heusler
alloys. See DOI: https://doi.org/10.1039/d2ma00777k
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precipitates and voids)." The ability to manipulate the type,
concentration, size, and spatial distribution of defects can
provide a robust framework and additional degrees of freedom
for establishing defect engineering approaches.

In half-Heusler (HH) alloys, configurations with a valence
electron count per unit formula (VEC) of ~18 are thermo-
dynamically stable and have been extensively investigated for
TE applications.'””® This is due to the remarkable electronic
transport with high power factors exhibited by many of these 18
VEC alloys, which desirably can be formed with constituents
within the realm of earth-abundant materials.>*>' Having a
ternary equiatomic XYZ composition, most HH alloys crystallize
into a cubic crystal system [space group Fi3m (no. 216)]
and host a rich variety of 3d, 4d, and 5d transition metal
elements.'>*> Ideally, the HH structure contains four vacant
tetrahedral sites in comparison to their full-Heusler XY,Z
analogue, wherein these vacant sites are occupied by extra Y
atoms. Interestingly, the vacant sites in HH alloys allow a
limited solubility of interstitials which can effectively enhance
both the phonon scattering and self-doping ability for carrier
concentration optimization.***> During synthesis, these vacant
sites available in HH alloys are highly susceptible to point
defects such as the Frenkel-pair type, antisites®*>° and/or
Schottky defects®”*® as a result of charge compensation effects,
thereby causing an inherent interruptions of regular patterns
in crystalline solids. Moreover, the presence of low melting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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constituent elements such as antimony and tin may cause
non-homogeneity in the stoichiometry of HH alloys, as they
vaporize during melting and remain in a segregated impurity
phase post melting, thus making the synthesis of HH alloys
highly susceptible to impurity phases.*®™*®

Among the pre-existing HH alloys, structurally ordered cubic
VFeSb alloys are a prospective n-type candidate for near-room
temperature TE applications owing to their remarkably high-
power factor near room temperature.”’>" Interestingly, VFeSb
alloys are homologous compounds of NbFeSb HH alloys for
which significant progress has been reported lately using
microstructural engineering and substitution.?”*****" However,
unlike NbFeSb HH alloys, VFeSb is highly susceptible to a
significant concentration of vacancies and Fe-interstitials.”>>*
Thus, understanding the nature and origin of such prevalent
defects remains critical towards improving the TE transport
favorably in VFeSb HH alloys. It is widely recognized that
the thermodynamic properties of metals and their alloys are
of great significance in understanding and interpreting the
phenomena such as solidification, diffusion, nucleation,
and precipitation. In recent years, the calculation of phase
diagram (CALPHAD) technique® ™’ has been extensively used
to assess the phase stability of a great number of systems by
minimizing the Gibbs free energy from the experimental
phase equilibrium data. However, for compositions with un-
available experimental information, theoretical models such
as Miedema’s method*®*®® could be alternatively used to
perform thermodynamic calculations.®™®” For carrying out
thermodynamic calculations to design alloys, understanding
the chemical activity of elemental constituents will be useful
for better correlating their chemical behavior to attain favor-
able microstructures.

In this work, we demonstrate defective V;,,Fe;,,Sb (—0.1 <
x,y < 0.1) HH compositions, which are structurally ordered by
heat treatment and controlled nominally using stoichiometric
alteration, for tuning their TE transport favorably. It was found
that cubic VFeSb HH upholds the characteristic HH crystal
structure despite a slight variation in off-stoichiometry.
The refinement reveals the presence of Fe-interstitials and
V-vacancies in all the synthesized specimens, which can be
related to changes in stoichiometry. The microstructural char-
acterization reveals the V-segregates, Fe-rich dendrites, and
V-deficient eutectic substructure which can be regarded as
the embodiments of Fe-interstitials and V-vacancies within
the structurally ordered HH microstructure. Most defective
compositions display high electrical conductivity and low ther-
mal conductivity arising from distinct substructures, which
conduct electrons and effectively scatter phonons. A maximum
TE figure-of-merit (27) of ~ 0.2 at 523 K was achieved for
optimal V, osFeSb and VFe, ¢5Sb defective HH alloys due to the
enhanced PF and synergistic reduction in «y, which corresponds
to a 50% enhancement over pristine VFeSb. Furthermore, the
thermodynamic modeling of the V-Fe-Sb system employing the
extended Miedema’s method was carried out, to provide a
qualitative description of the activity—constitution relationship
of VFeSb HH alloys.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental details
2.1 Materials synthesis

Ingots with nominal compositions Vy,,Fe;,,Sb (—0.1 < x,y <
0.1) were prepared by arc-melting (GMAC-1100, G.E.S Corpora-
tion, Japan) thestoichiometrically weighed high purity ele-
ments, ie., V (3N, grains), Fe (3N, grains) and Sb (5N, grains)
procured from Kojundo Chemical Laboratory Co., Ltd, Japan.
To obtain homogenized ingots, arc-melting was performed
multiple times under an Ar atmosphere. Next, the ingots with
hexagonal phases were annealed at 873 K for 4 days, to obtain
an ordered cubic phase. The annealed arc-melted ingots were
then pulverized into a fine powder using a mortar and pestle.
The pulverized powder was then directly loaded into a high-
strength tungsten carbide die with an inner diameter of 10 mm
and bulk consolidated employing SPS (LABOX-325R, NJS Co.,
Ltd, Japan) at 1023 K under 50 MPa for 5 min. The density (d)
of sintered polycrystalline samples enlisted in Table S1 (ESIf)
were determined by the Archimedes principle to be >98% of
the theoretical density.

2.2 Structural characterization

The powder X-ray diffraction (XRD) patterns were collected
using CukK, radiation (D8 Advance, Bruker AXS, Germany).
As the XRD patterns for the synthesized VFeSb HH alloys were
recorded using copper radiation, which may lead to a high
background,®® the fluorescence X-ray (background) removal
mode setting has been employed for each measurement to
achieve a higher PIB ratio (the beam ratio of the peak to the
background). The crystal structure determination and phase
identification were carried out using the FullProf Suite Rietveld
program.®®”® The phase mapping, morphological features, and
compositional homogeneity were studied over polished sample
surfaces by scanning electron microscopy (SEM, JSM-IT 100,
JEOL, Japan) in both secondary electron (SE) and backscattered
electron (BSE) modes equipped with energy dispersive spectro-
scopy (EDS).

2.3 Thermoelectric characterization

The temperature-dependent TE transport measurements were
performed on bulk sintered samples in the temperature range
of 300 K to 873 K. For thermal diffusivity (D) and specific heat
(Cp) measurement in a vacuum by the flash diffusivity method
(LFA467HT HyperFlash, Netzsch, Germany), a circular disc
specimen with a diameter of ~10 mm and a thickness of
~2 mm was used. The electrical conductivity (¢) and Seebeck
coefficient (S) measurements were performed simultaneously
using the four-probe DC method (ZEM-3, Ulvac-Riko, Japan)
under a helium atmosphere on a sample cut into rectangular
bars with approximate dimensions of 10 mm x 2 mm x 2 mm.
The determined accuracies in the transport measurement are
£10% for thermal conductivity, £7% for electrical conductivity,
and +7% for the Seebeck coefficient. The Hall coefficient (Ry)
measurement was performed using a physical property mea-
surement system (PPMS, Quantum Design, Japan) at 300 K in
the magnetic field swept range from —5.0 T to 5.0 T. The carrier
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concentration (ny = 1/eRy) and carrier mobility (uy = oRy) were
obtained subsequently using Ry.

2.4 Theoretical calculations

The electronic structure calculations of nominal and defec-
tive VFeSb were performed employing the self-consistent
Korringa-Kohn-Rostoker (KKR) method with the coherent
potential approximation (CPA) using the AkaiKKR Package
(Machikaneyama2002).”*”® For the calculation, nominal
(VidFeihsbi%) and defective (Vi%FeihSbi%) compositions were
considered based on experimental outcomes indicating the
predominant presence of Fe-Frenkel defects and their site
preference, to examine the implications of defects for the
electrical transport of VFeSb HH alloys. For calculating the
final crystallinity degree, the total density of states (DOS),
the site decomposed DOS, and Fermi surface properties were
deduced from our estimates. The convergence of the total
energy was set to a numerical precision of mRy.

To estimate the thermodynamic properties of the nominal
VFeSb alloy, extended Miedema’s model,”®®° i.e. asymmetric
Hillert’s model”*”® for ternary alloys was employed.®>™ At a
given temperature (7), the Gibbs free energy of mixing for a
random solid solution was determined from the entropy of
mixing (AS™) and enthalpy of mixing (AH™) as follows:

AG™ = AH™ — TAS™ 1)

The enthalpy of mixing AHyyes, was determined employing
asymmetric Hillert’s model’*”> by assuming the transforma-
tion of an asymmetric ternary system into a reciprocal system.
The AHyyess, values were evaluated from the mole fractions of
Xy, Xre, and xgp, of elements V, Fe, and Sb, respectively, and the
enthalpy of mixing AHyy., AHysp, and AHpegp of binaries V-Fe,
Fe-Sb, and V-Sb, respectively. AHyyesp is calculated as fol-

lows:677475

XSb
7AH{,nSb(XV7 1— XV)

X
AHygeg, = A Vre(Xv, 1 —xv) + 1= xy

1— Xy
XFeXSb

_TEeSd \AH™ Cre ,C ]
+ (CFSSbCSch) Fesb (CFesb, Csbre)

(2)

1+ xpe — 1 - X
+ YF; Xsb and Csppe — +Xs; \Fe_

The entropy term is determined using the configurational
entropy of a random solid solution as follows:

where C FeSb —

AS™ = *RZX{]H}C,‘ (3)
i=1

where x; represents the molar fraction and R is the universal
gas constant. The partial molar Gibbs free energy AG;" was
computed as follows:

~ dAG™
AG! = AG™ + x_— 4
i 1—i dxi ( )
The activity coefficient (y;) of the elemental constituents,
i.e., Vv, Yre and ysp, was obtained using the tangential intercept
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AG;
thod ;= !
method as a eXp ( RT

composition for annealing and sintering conditions besides
room temperature to elucidate the phase formation and micro-
structure.”®

) and plotted as a function of

3. Results

The XRD patterns of polycrystalline bulk samples with varied V
and Fe stoichiometries in Vy,,Fe;,,Sb (—0.1 < x,y < 0.1) alloys
are shown in Fig. 1(a and b), respectively. All peaks were well
indexed to the cubic VFeSb HH (space group. Fi3m, No. 216)
structure”” with no noticeable secondary phases (within the
detection limit of our XRD equipment). The refined lattice
constant obtained by the Rietveld refinement of the measured
XRD pattern is shown in the inset of Fig. 1(a and b). The cubic
lattice constant of the HH crystal varies linearly for both
deficient and excess compositions, thereby following the
Vegard Law’® and suggesting the complete solubility of inter-
stitials and vacancies within the HH microstructure as the
localized and short-range order of defects. It can be inferred
that off-stoichiometry in these defective compositions at low
concentrations is well accommodated within the sublattice
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Fig. 1 X-Ray diffraction patterns of (a) Vi, FeSb and (b) VFe;,,Sb half-

Heusler alloys along with a lattice constant with varying V and Fe stoichio-
metry (—0.1 < x, y < 0.1) are shown in the inset.

20 40 80 100
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implying limited yet considerable solubility of interstitials/
vacancies within the HH matrix.'®**%7°

The refined XRD patterns corresponding to each composition
are also shown in the ESI} of Fig. S1-S9 with refined parameters
enlisted in Table S1 (ESIt). Interestingly, the refined chemical
compositions for all the samples were found to inherently
exhibit Fe vacancies at both 4b and 4c lattice sites. For the
structural refinement, isotropic atomic displacement parameters,
i.e., B(iso) values, were fixed, and vacancies were refined for each

View Article Online
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atom. Although no clear relationship on occupancies was estab-
lished, a prevalence of Fe-4d Frenkel-type defects intrinsically in
the synthesized VFeSb HH compounds was established. Such
atomic-level defects are characteristically similar to the Co-4d
Frenkel-type defects reported for ZrCoSb-based HH*® and con-
form to the previous assertions made on the thermodynamic
stability of interstitial Fe atoms at 4d sites.*®”®

The microstructural characterization of representative excess
and deficient regions within the off-stoichiometric specimens at

V - Deficient

Fe - Deficient

110 Hm

Sh-Deficient

10 ym

Fig. 2 BSE-SEM images at higher magnification exhibiting the defect microstructure corresponding to the stoichiometric variation for representative
(a) V-excess, (b) V-deficient, (c) Fe-excess, (d) Fe-deficient, (e) Sb-excess, and (f) Sb-deficient domains in off-stoichiometric half-Heusler samples
displayed along with elemental mapping and SE-SEM images shown in the inset.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the same magnification is shown along with the elemental
mapping image in Fig. 2. The SEM images reveal a densely
packed microstructure with distinct defect structures corres-
ponding to varied stoichiometries, which are shown using both
SE-SEM and BSE-SEM micrographs along with the elemental
mapping image. In V-excess (Fig. 2(a)) HH compositions,
V-segregation alongside Fe-rich dendrites was prominently
observed, while V-deficient (Fig. 2(b)) compositions displayed
an extensive formation of the V-deficient eutectic substructure.
For Fe-excess (Fig. 2(c)) compositions, Fe-rich dendrites interlaced
within the V-deficient eutectic substructure and V-precipitates
were prominent, while Fe-deficient (Fig. 2(d)) compositions dis-
play V-segregation over the Fe-rich dendritic substructure. In all
defective samples, the localized variation of Sb was also observed
which interestingly led to two kinds of substructures prominently.
The Sb-excess (Fig. 2(e)) regions correspond to the V-deficient
eutectic substructure, while Sb-deficiency (Fig. 2(f)) is typically
observed in regions where Fe-rich dendrites and V-precipitates are
widespread. The elemental map shown alongside indicates a
uniform distribution of constituent elements but marks the
regions corresponding to V-segregation and Fe-rich dendrites
more evidently. The EDX analysis shows closer agreement with
the nominal stoichiometry suggesting the localized nature of
these defect structures within the cubic VFeSb HH phase which
despite their existence preserve the overall nominal compositions.

For comparison, nominally stoichiometric VFeSb HH alloys
are presented in Fig. 3. A well-distributed network of Fe-rich
dendrites alongside V-precipitates, dispersed all over and the
V-deficient eutectic substructure, is shown in the BSE-SEM
(Fig. 3(a)) and SE-SEM (Fig. 3(b)) images. Interestingly, the
off-stoichiometric granular effects were also found as localized
domains with the stoichiometric VFeSb HH microstructure.
The elemental map shown in Fig. 3(c) indicates a uniform
distribution of constituent elements, while the EDX map
shown in Fig. 3(d) reveals signatures of the constituent elements

Fig. 3
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in the spectrum. Thus, structurally ordered VFeSb with a cubic
phase inherently exhibits a localized susceptibility towards the
disorder and formation of granular defects. It was observed
that the defect types and their concentration are sensitive and
characteristic to stoichiometric alteration thereby signifying
the distinct role of stoichiometry in inducing these defect
substructures within the VFeSb HH matrix.

To understand the changes in the electronic band structure
due to the inherently defective nature of VFeSb HH, the total
and site-decomposed density of states for nominal and defec-
tive VFeSb compositions is presented in Fig. 4(a and b-d),
respectively. The atomic DOS for all constituents is altered in
an innately defective composition due to the Fe-interstitials
which prevail widely and shift the Fermi level into the conduc-
tion band from the bandgap. As indicated, the contribution
from p-states of Sb is limited to the low-lying core states in both
nominal and defective band structures, while the strong hybri-
dization of d-states contribution from the transition metal
atoms (V and Fe) remains critical to the DOS near the Fermi
level. The total and atom-projected density of states displayed
in Fig. 4(e and f), respectively, presents the shift in the Fermi
level towards the conduction band in the defective composi-
tion from the mid-gap position projected for the nominal
composition. This indicates the prevailing self-doping tenden-
cies particularly due to the presence of Fe-interstitials, which as
donor impurities contribute additional electrons with inherent
degeneracy in structurally ordered VFeSb HH alloys. To deter-
mine carrier characteristics, the results of the room tempera-
ture Hall data measurement are tabulated in Table 1.
Interestingly, the carrier concentration (ny) of all defective
samples was measured to be higher in comparison to that of
pristine VFeSb and may be attributed to the increasing concen-
tration of the defect concentration which brings inherent
changes to the electronic band structure causing self-doping.
Correspondingly, lower carrier mobility (i) was obtained in all

s
|
-

Energy (eV)

(a) BSE-SEM image at higher magnification exhibiting the inherently defective microstructure. (b) SE-SEM image showing V-precipitates.

(c) Elemental mapping indicating the uniform distribution of constituent elements and (d) EDX-spectrum for stoichiometric and structurally ordered

VFeSb half-heusler alloys.
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Fig. 4 Comparison of (a) total and site-decomposed, (b) V-site, (c) Fe-site, and (d) Sb-site density of states of nominal and defective compositions.
The total and atom-projected density of states for (e) nominal and (f) defective VFeSb compositions.

Table 1 Hall measurement of the Vi Fei,,Sb (0 < x, y < 0.1) half-
Heusler alloys at room temperature

Compositions Ry (m* C™') x 107% ny (em™?) x 10" pyy (em?> v='s™)

Total DOS

0 —8.5 (1) 7.4 60
x=-0.10 -6.3 (2) 9.8 53
x=—0.05 —5.9 (1) 10 50
x = +0.05 —5.5 (1) 11 58
x =+0.10 5.2 (2) 12 42
y=-0.10 -3.9(2) 16 41
y=-0.05 —5.4 (1) 11 46
y = +0.05 -5.8 (1) 10 54
Y = +0.10 -3.8(2) 16 33

defective samples which can be ascribed to the occurrence of
defect scattering.

Fig. 5(a and b) show the temperature-dependent ¢ for
V. FeSb and VFey,,Sb (-0.1 < x, y < 0.1) HH alloys.
All samples display a degenerate semiconducting behavior

© 2022 The Author(s). Published by the Royal Society of Chemistry

Defective
—V
- -Fe
——5Sb
Total DOS

0
E - Ec(eV)

up to 700 K, wherein ¢ decreases with increasing temperature.
In both V-defective and Fe-defective samples, a considerable
increase in ¢ was observed especially near room temperature
which may be ascribed to higher ny; and degenerate band
structure modification particularly by the presence of Fe-
interstitials. The Seebeck coefficient (S) is shown in Fig. 5(c
and d), which displays n-type conduction with the electrons as
the majority charge carriers for all samples. A gradual increase
in |S| was observed with increasing temperature which inverses
at ~500 K for most samples. This may be ascribed to extrinsic
charge carrier excitation from impurity states dominant at
a lower temperature. Beyond 500 K, intrinsic excitation of
minority carriers across the energy gap is anticipated to decrease
S with increasing temperature.

To determine the cumulative implication of stoichiometry
on the electrical transport, the temperature-dependent electrical
power factor (PF = S°c) is shown in Fig. 5(e and f). A remarkably
high PF of ~3 x 107> W m~' K2 was achieved for both

Mater. Adv,, 2022, 3, 8498-8511 | 8503
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Fig. 5 Temperature-dependent electrical transport properties: (a and b) electrical conductivity, (c and d) Seebeck coefficient, (e and f) power factor
(inset showing the variation in power factors at room temperature) and (g and h) weighted mobility of Vy,.Fe1,,Sb (0.1 < x, y < 0.1) half-Heusler alloys.

stoichiometric and defective compositions which are com-
paratively higher near room temperature.
alterations can both enhance/deteriorate the power factor with

8504 | Mater. Adv., 2022, 3, 8498-8511

81-84

Stoichiometric

variations ranging between 1-4 x 107> W m™ ' K~
temperature for the synthesized samples as shown in the inset
of Fig. 5(e and f). The electron mobility weighted by the density

2 at room

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of electronic states which is referred® to as the weighted
mobility (uy) is also displayed in Fig. 5(g and h). The large
deviation in p,, was observed especially at a lower temperature
which indicates an inherent change in the electronic transport
properties due to stoichiometric alterations.

The total thermal conductivity () shown in Fig. 6(a and b)
was determined using the expression D x C, x d, from
measured diffusivity (Fig. 6(c and d)) and specific heat
(Fig. 6(e and f)) and density (shown in the inset of Fig. 6(c
and d)) for v,,,FeSb and VFe;,Sb (—0.1 < x, y < 0.1) HH
alloys. x shown is reduced at a lower temperature for all
defective compositions when compared to pristine VFeSb and
can be ascribed to the presence of a defective structure with the

View Article Online
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VFeSb HH microstructure. The simple cubic crystal of HH
alloys offers minimal resistance to the phonon propagation
within the lattice as indicated by high values of thermal
diffusivity. However, the defect introduced due to off-stoichio-
metry tends to scatter phonons in a wide range as indicated by
decreasing x and D. The V-deficiency and Fe-excess in the
VFeSb HH alloy were found to promote bipolar behavior which
causes thermal excitation of minority charge carriers and is
more prominent at higher temperatures. The enhanced phonon
scattering in the synthesized defective samples can be ascribed
to the network of defect substructures within the HH matrix
which, besides high-frequency phonons, largely scatters the
mid-frequency range of phonons.

-0.1 0.0 0.1
Nominal V Content, x

141 (a) ==V, 4,FeSh 1 (b) T VFeg4,Sb
0.90
— —O—VsFeSb —U— VFeqs5Sb
¥ 124 —8—VFeSh | —=—=VFesh
= —O—V, gsFeSh —H—VFeypsSb
= 10 —O—V, oFeSh —{—VFe,;Sb
s
X
8- -
6 - 4
T T —— T T T .d T — T T T
61 (c) T s ViexFeSb | ] () s
S K o
— D 78 D76
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e é va 8 72 VFe1...ySb
N
E 7.0 J [ — 0.0 0.1
N
Q
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Fig. 6 Temperature-dependent thermal transport properties: (a and b) total thermal conductivity, (c and d) thermal diffusivity and volumetric bulk
density shown in the inset, and (e and f) specific heat capacity of Vi,,Fe;,,Sb (0.1 < x, y < 0.1) half-Heusler alloys.
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4. Discussion

4.1 Defective microstructures corresponding to
stoichiometric alterations

Defects are ubiquitous in a material, but they can be partially
controlled using heat treatment and extrinsically introduced
by altering stoichiometry. In the synthesized HH samples,
granular defects were inevitably found; however, their type
and concentrations were found to be related to stoichiometry
as shown in Fig. 7 using a fishbone diagram. A plausible
explanation regarding the formation of these defect substruc-
tures can be ascribed to vacant sites in the HH alloy which
induces a localized tendency towards charge compensation and
promotes vacancies, interstitials, and antisites inherently.
Unlike the ionic crystal, where Frenkel defects or Schottky pairs
are more distinctly understood and defined, vacancy and
interstitial formation may propagate in HH alloys through a
similar mechanism. Under equilibrium conditions, such
defects get accumulated locally and are embodied into the
defect substructure. The V-segregation and V-deficient eutectic
substructure led to V-vacancies, while Fe-rich dendrites can be
attributed to Fe-interstitials.

A composition-structure-property correlation presented in
the synthesized HH alloys indicates the critical role of stoichio-
metric alteration in stimulating characteristic defects which may
vary for different thermal histories and synthesis methodologies.
The defect concentration depends on the condition and duration
of heat treatment owing to the underlying phase transformation
and structural ordering, wherein undesirable intermediate binary
phases such as binary antimonides simultaneously compete.**
The V-segregation was evident in all samples upon prolonged
annealing which explains the V-deficient HH matrix even in
stoichiometric VFeSb.>> Conclusively, three types of granular
defects with stoichiometric alterations, i.e., V-segregation,
Fe-rich dendrites, and V-deficient eutectic substructures, were

Vv Sb

Excess Deficient

Fe

e Vv

Deficient Deficient

/

N S

View Article Online
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prominently observed as shown in Fig. 7. Off-stoichiometric
changes stimulate characteristic defect types and its concen-
tration, revealing inherent and localized susceptibility towards
disorder in VFeSb HH, which even in the stoichiometric
composition contains such granular defects inevitably.

4.2 Microstructural evolution and its thermodynamic
description

In the thermodynamics of alloys, the chemical activities of
the different constituents are connected by various cross-
differentiation relationships, which determine the phases and
their extant within the microstructure. In this section, the
formation of stoichiometric VFeSb HH alloys was assessed by
the thermodynamic calculations of the Gibbs free energy
of mixing (AG,,). The calculations were performed at three
critical temperatures, i.e., room temperature (300 K), annealing
temperature (873 K), and maximum temperature of sintering
(1023 K) and are shown in Fig. 8, which presents the modified
Gibbs free energy in k] mol " as a function of the V-Fe-Sb
compositions. The ideal Gibbs free energy of mixing (AGp, i) is
shown in the ESI{ of Fig. S10 for comparison. A lower AG,, <
AGp iq in the whole composition range was estimated which
increases with decreasing temperature suggesting a greater
probability for VFeSb solid-solution formation from elemental
powders. A relatively higher AG,, value is observed at the three
corners of the ternary diagram, while the smallest AG,, prevails
near the equiatomic V-Fe-Sb region at a higher temperature
which shifts towards equiatomic V-Fe, which corresponds to a
large homogeneity region in the V-Fe binary system.*>%°

The chemical activity coefficient as a descriptor for the
chemical potential of constituents in the condensed solid
solution is evaluated and shown in Fig. 9. Based on the activity
coefficients of V (yy), Fe(yge) and Sb(ysp), the microscopic
interactions between constitutive elements and their solubility

Excess

Sb

Excess

Fig. 7 Schematic fishbone diagram showing the predominant granular defects, ie. V-segregates, V-deficient eutectic substructure, and Fe-rich
dendrites observed in VFeSb half-Heusler alloys, and the stoichiometric origin behind their formations.
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Fig. 8 Modified Gibbs free energy at (a) room temperature (300 K), (b) annealing (873 K), and (c) sintering (1023 K) temperature for VFeSb alloys.
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Fig. 9 The activity coefficients of (a) V, (b) Fe, and (c) Sb at room temperature (300 K), annealing (873 K), and sintering (1023 K) temperature in VFeSb

alloys.

in the V-Fe-Sb solid solution can be evaluated. At a maximum
sintering temperature of 1023 K, the activity coefficients of yy,
yre and ygp remain <1 with a greater preference of interaction
towards Sb, V, and Fe, respectively. This also explains the
competing existence and formation of binary phases such as
antimonides.*®> Alternatively, 7y, yge and ys, ~ 1 observed at
their respective corners indicate their minimal reactive ten-
dency during sintering. At annealing temperature, ie., 873 K,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the activity coefficient undergoes marginal changes in compar-
ison to that at room temperature.

Upon solidification of arc-melted VFeSb, the thermodynamic
metastability may enhance the solubility of constituents and the
formation of binary phases. However, on annealing, the structural
ordering and interface instability tend to reach thermodynamic
equilibrium thereby promoting granular defects within the VFeSb
microstructure. A higher yg. along Sb, regions were evaluated
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along with a relatively higher AG,, in corresponding regions,
which implies the V-deficient eutectic substructure to be ener-
getically favorable during solidification. Similarly, yy along V
having an activity coefficient of ~ 1, particularly around corners
is distinctly observed which can be ascribed to V-segregation.
The solidification of Fe-rich dendrites implies that, upon
solidification, some portion of V and Fe gets partitioned into
the liquid and solidifies eventually to form Fe-rich dendrites
and V-precipitates. Thus, the resulting microstructure in defec-
tive half-heusler corroborates with the thermodynamic assess-
ment and can be favorably adapted to achieve an engineered
microstructure with enhanced phonon scattering and carrier
mobility.

4.3 Critical role of stoichiometry in thermoelectric transport

Stoichiometry plays a critical role in determining the intrinsic
transport properties of materials and its alteration provides
an inherent ability to modify both the electronic band structure
and microstructure simultaneously using defect-induced
disorder.>*®” Although a slight variation in nominal stoichio-
metry upholds the average HH crystal structure, it was found
that characteristic defects were enhanced by alteration in V and Fe
contents within the microstructure of the cubic VFeSb HH matrix.
A remarkable high-power factor of ~3 x 107> W m™" K> was
achieved for both stoichiometric and defective compositions
which are comparable to those of state-of-the-art n-type Bi,Te;

alloys.® ! The maxima for the power factor in all samples are

View Article Online
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attained near room temperatures, but the stoichiometry alteration
can both enhance/deteriorate the power factor. Such variation
ranges lie between 1-4 x 10°®> W m ' K 2 and suggest that a
lower V-excess concentration and Fe-deficient compositions are
more favorable for maximizing the PF.

The xp, reduction at both low and high temperatures was
attained when compared with the pristine counterpart in the
measured temperature range. Thus, it was found that changes
in the sample stoichiometry affect the type and concentration
of the short and long-range defects within the microstructure
for which the thermal treatment of samples remains a pre-
dominant consideration, as it can allow controlling these
defects, and thereby the thermal and electrical transport, with-
out any changes in the composition. The structurally ordered
cubic VFeSb HH alloys are a promising candidate for TE power
generation near room temperature owing to their remarkably
high PF, which provides an estimate of the power generation
ability of a TE material. 2T is shown in Fig. 10(a and b) for
defective Vy,,FeSb and VFe,.,Sb (0.1 < x,y < 0.1) HH alloys.
Benefiting from its improved electrical properties and lower
thermal conductivity, a peak zT of ~ 0.2 at ~523 K was
achieved for optimal V; osFeSb and VFe;o5Sb defective HH
alloys. The V-excess and Fe-defective compositions also corre-
spond to a higher quality factor (QF) as shown in Fig. 10(c and d).
The optimal n;; ~ 1.2 x 10*' cm ™ was measured for both these
defective compositions, which is optimum for attaining the
maximum power factor. Simultaneously, all-scale hierarchical

0.3
(a) —O— Vg 4FeShb (b) —= VFeg4Sb
—O— Vg g5FeSh —— VFeg45Sb
—e— VFeSb —&—VFeSb
0.2 —O—V,gsFeSb 1 ——VFe, sSb

—O—V,cFeSb

zT

—{+—VFe,;;Sh

300 400 500 600 700 800 900 300 400 500 600 700 800 900

T (K)

T (K)

Fig. 10 Temperature-dependent thermoelectric (a and b) figure-of-merit (zT) and (c and d) quality factor of Vi,Fe;,,Sb (-0.1 < x, y < 0.1) half-Heusler

alloys.
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type microstructure was effective in scattering phonons in
all frequency ranges. The x;, of these defective HH alloys can
be further reduced by employing nanostructuring approaches
by enhancing grain boundary scattering more profoundly near
room temperature, thus making them prospective alternatives
to state-of-the-art Bi,Te; alloys for near-room temperature
thermoelectric applications.?'**

5. Conclusion

Stoichiometry-induced defects and their nature have predomi-
nant effects on thermoelectric transport properties. We demon-
strate defective V,,,Fe;,,Sb (-0.1 < x, y < 0.1) HH
compositions with an altered stoichiometry as prospective
derivative systems for tuning the thermoelectric transport
favorably. The structurally ordered HH alloys crystallize into
the cubic structure [space group Fi3m (no. 216)] and were
prepared to employ arc-melting, annealing, and spark plasma
sintering. The defective alloys show high electrical conductivity
and low thermal conductivity arising from a high concentration
of defect substructures within the ordered VFeSb HH matrix that
distinctively forms Fe-rich dendritic patterns and V-segregation
alongside native defects, which conduct electrons and effectively
scatter phonons. The ubiquitous presence of Fe/4d Frenkel
point defects and V-segregation was found to facilitate the
microstructural evolution in VFeSb HH alloys. The stoichio-
metry was found to affect the concentration and the mobility of
electrical carriers, which is more favorable for V-excess and
Fe-deficient compositions in low self-doping limits (0 < x <
0.05). A remarkable high-power factor and an enhanced zT were
attained near room temperature for V-excess and Fe-deficient at
low concentrations. The correlation of thermodynamic para-
meters with structural observation and their implications for
the measured thermoelectric transport properties have been
studied to understand the critical role of heat treatment and
stoichiometry in HH alloys. The structural ordering into the
cubic VFeSb phase results in V-segregation as a secondary
phase that coexists with a percolated network of Fe-rich den-
drites and a V-deficient eutectic substructure which effectively
decouples the thermal and electrical transport. The ability to
distinctively control the defect type and their concentration will
allow further improving the thermoelectric properties of these
systems.
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