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Atomic-scale defects are essential for improving thermoelectric (TE) performance of most state-of-the-
art materials by simultaneously tuning the electronic and thermal properties. However, because the
plural atomic-scale defects are generally inherent and disordered in nanostructured TE materials, their
complexity and ambiguity on determining TE performance remain a challenge to be solved. Furthermore,
the thermal stability of atomic-scale defects in nanostructured TE materials has not been studied much
so far. Herein, we report that the atomic-scale defect disorders are indispensable for high TE performance
of nanostructured Ti1exHfxNiSn1eySby half-Heusler alloys, but gradually degraded at over 773 K, dete-
riorating the TE performance. It is found from the thermal annealing of nanostructured Ti0.5Hf0.5-
NiSn0.98Sb0.02 alloys that the annihilation of Ti,Hf/Sn antisite defects primarily reduces atomic-scale
defect disorders and largely contributes to the increase of lattice thermal conductivity. Moreover, it is
verified that the Ni interstitial defects mainly dominate the electronic transport properties, leading to the
enhancement of power factor. Direct atomic structure observations clearly demonstrate the inherent Ni
interstitial defects and the thermal vulnerability of Ti,Hf/Sn antisite defects. These results provide an
important guide for the application of half-Heusler alloys with highly disordered atomic-scale defects.

© 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Thermoelectric (TE) materials offer the possibility of direct
conversion between thermal energy and electrical energy, enabling
active cooling and power generation [1,2]. To secure the economic
feasibility of TE systems, the high dimensionless figure of merit zT
(¼ S2sT/ktot, where S is the Seebeck coefficient, s is the electrical
conductivity, ktot (or k) is the total thermal conductivity
(ktot¼ kele þ klat þ kbi, where kele, klat and kbi are the electronic,
lattice, and bipolar thermal conductivities at a given absolute
temperature T) is the most important prerequisite [3]. Many stra-
tegies that optimize the electronic and thermal transport behaviors
).
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of TE materials have been established to realize a high zT value in
various TE materials. In particular, a nanostructuring is the most
widely used approach and universally effective in all TE material
systems, reducing the klat. Because such a nanostructuring is based
on the material imperfections, the effect of structural defects for
strongly interrelated three transport parameters (s, S, and k) needs
to be thoroughly investigated [4e7].

Atomic-scale defects (vacancy, interstitial, substitutional, and
antisite defects, etc) are diverse and unique ingredients to control
electronic and thermal transport properties of TE materials, either
independently or simultaneously. Half-Heusler (HH) alloys with
the general formula ABX (A¼ Ti, Zr, Hf, B ¼ Ni, Fe, Co, X¼ Sn, Sb, Bi)
are good platforms to study the effect of atomic-scale defects on TE
properties [8e10]. Indeed, the solid-solution HH alloys have pro-
vided a rich repository for collective atomic-scale defects deter-
mining TE transport properties [11e13]. As representative atomic-
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scale defects, the B interstitial defect and A/X antisite defect have
been elucidated [12,14,15]. Recent studies of structural character-
ization combined with theoretical considerations have suggested
that the optimization of TE performance depends primarily on the
correlation between the atomic-scale defects and transport prop-
erties [15e17]. Furthermore, the atomic level disorder of structural
defects causing additional carrier and phonon scatterings has been
demonstrated as a key factor to enhance the TE performance of HH
alloys [5,10,14].

Pristine ANiSn (A¼Ti, Zr, Hf) and their solid-solution HH alloys
have been investigated in the context of phonon scattering inten-
sification through mass or strain fluctuation [5,11,18]. Among them,
the n-type Zr1exHfxNiSn1eySby solid-solutions exhibit the
maximum zT of ~1.0 at ~1000 K, which is the optimized value by
intensified point defect phonon scattering by alloying (Zr1exHfx)
and doping (Sn1eySby), and by simultaneously tuning the carrier
concentration with Sb doping on Sn sites [11]. Recently, it was re-
ported that the highest zT of ~1.09± 0.12 at 800 K in nanograined
single-phase Ti1exHfxNiSn1eySby alloys was achieved by low-
temperature melt-spinning (LT-MS) and spark plasma sintering
(SPS) [14]. It was verified that those achievements are strongly
correlated with the inherent disorder of interstitial and antisite
defects [14]. Also, the individual roles of each defect on TE transport
properties are well established by the previous pioneer studies
[9,13,15,19,20]. Nevertheless, when the Ni interstitial and Ti,Hf/Sn
or Zr,Hf/Sn antisite defects are disordered, the ambiguity of the
relation between atomic-scale defects and TE transport properties
needs to be clear. Most importantly, the disorders of plural atomic-
scale defects can be an unstable structural factor to change the
properties at high temperature ranges, indicating that the thermal
stability issue of atomic-scale defect disorders in HH alloys is
certainly needed to be clarified. Thus, we have conducted the
qualitative analysis on the atomic-scale disorders of Ni interstitial
and Ti,Hf/Sn antisite defects in Ti0.5Hf0.5NiSn0.98Sb0.02 to elucidate
the intercorrelation and competition of both atomic-scale defects,
and thermal stability of disordered atomic-scale defects for deter-
mining TE transport properties of HH alloys.

Here, we demonstrate that the disorders of both Ni interstitial
and Ti,Hf/Sn antisite defects are indispensable for high TE perfor-
mance of nanostructured HH alloys and that the disorders of
atomic-scale defects are thermally unstable at over 773 K, deteri-
orating the zT values. It is noted that the formation of Ti,Hf/Sn
antisite defect is a crucial factor to achieve the low klat in the highly
disordered Ti0.5Hf0.5NiSn0.98Sb0.02 alloy. Furthermore, it is
confirmed that the degree of disordered atomic-scale defects is
governed by the existence of Ti,Hf/Sn antisite defects over the
inherent Ni interstitial defects. The complex contribution of plural
atomic-scale defects for TE transport properties has been success-
fully resolved through systematically investigating the annihilation
of atomic-scale defects for annealed Ti0.5Hf0.5NiSn0.98Sb0.02 alloy
with the highest zT value in Ti-based HH solid solution alloys.

2. Experimental method

2.1. Synthesis

High purity elementals of Ti (Kojundo Chemical, 99.9%, powder),
Hf (Alfa Aesar, 99.6%, powder), Ni (Kojundo Chemical, 99.99%, chip),
Sn (Alfa Aesar, 99.85%, powder), and Sb (Kojundo Chemical,
99.999%, powder) were weighted according to the stoichiometric
compositions of Ti0.5Hf0.5NiSn0.98Sb0.02. The mixed ingredients
were homogenously pulverized and densified into green pellets.
Each pellet was then put into a graphite cylinder with 0.4mm
diameter nozzle for the rapid solidification using melt spinning
method. The initial induction heating momentarily raised the
temperature to 1800 K. Then, the temperature of the melt was
maintained at 1550 K (LT-MS). The melt was injected under a
pressure of 40 kPa Ar onto a Cu wheel rotating at linear speed of
60m s�1 (3960 rpm) under the Ar atmosphere of 40 kPa. The melt
spun ribbons were pulverized, then compacted using SPS at 1103 K
for 15min under 65MPa.To elucidate the thermal stability of
atomic-scale defect disorders, as-prepared SPSed samples were
annealed from 673 K to 1073 K.
2.2. Structural characterizations

The phase composition of pulverized melt-spun ribbons and
bulk SPSed samples was analyzed by X-ray diffraction (XRD)
(Smartlab, 9 kW, Rigaku, Japan) with Cu Ka radiation (l¼ 1.5418 Å).
The microstructure was investigated using the scanning electron
microscopy (SEM) (JSM-7600F, JEOL) and scanning transmission
electron microscope (TEM) (JEM-ARM200F, JEOL). TEM sample was
prepared by a dual-beam focused ion beam (FIB, AURIGA Cross-
Beam Workstation, Carl Zeiss) using the slicing and lift-out tech-
nique. The atomic resolution HAADF STEM imaging was captured
by a probe-corrected scanning transmission electron microscope
(JEM-ARM200F, JEOL) equipped with a cold filed emission source,
operating at 200 kV. The angle range of HAADF detector is from 70
to 175mrad and a semi-convergence angle was 20mrad, giving rise
to a probe size of 0.8 Å and inner- and outer-angles of HAADF de-
tector were 70e200mrad. Maximum entropy method imple-
mented in commercial software (Deconv HAADF, HREM research
Ltd.) was used to denoise the HAADF STEM images. The atomic
resolution chemical mapping data were collected in the STEM im-
aging mode using a dual-type energy dispersive X-ray spectrom-
eter detector (EDS, JEM-ARM200F, JEOL) with a large effective solid
angle (~0.8 sr). Fast atomic-scale EDS mapping data were obtained
within several minutes by utilizing a highly focused electron probe
(~1.1 Å) and each detector has the effective x-ray sensing area of a
100mm2. The multiple frames of the 256� 256 pixel chemical map
up to less than 400 frames were obtained with a probe size of
~0.11 nm and an acquisition time of 10 msec per pixel (~4.3min as a
total acquisition time). The sample drift during the acquisition was
corrected by tracking the reference atom position assigned before
the acquisition. It was difficult to clearly resolve the site-wise
fluctuations of Ni occupancy observed in the HAADF-STEM image
of the matrix due to the probe broadening effect at the experi-
mental condition; the details are described in our previous report.
The atomic column-by-column image analysis was conducted by
measuring the intensity of each atomic site of an atomic column in
the HAADF-STEM images. The respective atomic column intensity
values were obtained by averaging the intensity of all the points in
each vertical atomic lines of the intensity maps.
2.3. Thermoelectric transport measurements

The S and s were measured simultaneously from room tem-
perature to 1000 K using the ZEM-3 (ULVAC-RIKO). The carrier
concentration was obtained from the Hall effect measurement
conducted on a Lakeshore instrument (8400 series). The k (¼
rs� Cp� l) were calculated from the separate measurement of
density (rs), specific heat (Cp) and thermal diffusivity (l). The rs and
l were measured by Archimedes method and laser-flash method
using TC-1200RH (ULVAC-RIKO), respectively. The specific heat
capacity (Cp) was measured on a differential scanning calorimeter
(DSC) (DSC8270, Rigaku). The measurement uncertainty of all
experimental values for zT was 12%.
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3. Results and discussion

Nanograined single-phase Ti0.5Hf0.5NiSn0.98Sb0.02 with plural
atomic-scale defects was prepared by the previously developed
synthetic processes, which suppressed the formation of full-
Heusler (FH) alloys via LT-MS and SPS [14]. As-prepared Ti0.5Hf0.5-
NiSn0.98Sb0.02 samples showed an excellent reproducibility in both
structural features and TE properties (Fig. S1). Then, the as-
prepared samples were annealed at different temperatures and
times, leading to the systematic change in macroscopic structural
properties. The samples investigated here are listed in Table 1 and
Table S1. Powder X-ray diffraction (PXRD) patterns of themelt-spun
ribbon (bottom) and spark plasma sintered (SPSed) pellet (top) for
the Ti0.5Hf0.5NiSn0.98Sb0.02 alloy are shown in Fig. 1a. The single-
phase SPSed samples were produced from the melt-spun ribbons
without FH phases as same as the previous report [14]. The atomic
disorders in the SPSed sample are represented by the left shoulder
(gray area) of the (220) refection for Ti0.5Hf0.5NiSn0.98Sb0.02 phase,
which are maintained and suppressed by the annealing at high
temperatures of 673 K and 1073 K, respectively (Fig. 1b). The
decreased intensity and extent of shoulders were observed from
the samples annealed at 773 K. The decreasing tendency of atomic
disorders depending on annealing temperatures and times is
summarized in Fig. 1c and Fig. S2. The relative amount of reduced
disorders to those of as-prepared samples is systematically
increased according to annealing temperatures and times. From the
comparison to the previous in-situ heating XRD measurement that
Table 1
Annealing conditions, decreased fraction of atomic-scale disorders and thermoelectric
examined samples are listed in Table S1.

Sample Annealing Temperature Annealing Time Decreased Fraction of Defect Disor

A As-prepared e

B1 673 K 100 h �2%
B2 673 K 168 h �3%
C1 773 K 100 h �7%
C2 773 K 168 h �11%
D1 873 K 24 h �24%
D2 873 K 100 h �44%
E1 973 K 24 h �30%
E2 973 K 100 h �50%
F1 1073 K 24 h �36%
F2 1073 K 100 h �54%

Fig. 1. (a) XRD patterns of melt-spun ribbons (bottom) fabricated by low-temperature melt
(220) reflection peak composed of half-Heusler peak (dotted line) and atomic disorders (g
pellets under different temperature (673 K and 1073 K) and duration time (100 h, 168 h and 2
reflection peaks (EXPAP and EXPAN) and their half-Heusler peaks (HHAP and HHAN) and ato
Relative amount of reduced disorders according to annealing conditions.
showed the complete disappearance of shoulder at 773 K [14], the
remnant shoulders in all annealed samples indicates that the
atomic disorders are inherent and sustainable in the nanograined
Ti0.5Hf0.5NiSn0.98Sb0.02. However, it is noted that the disorders of
atomic-scale defects are annihilated by the annealing at 773 K for
168 h, indicating that the disorders are only stable at below 773 K.
As the atomic disorders decrease with annealing temperatures and
times, the increase of grain size without the formation of impurity
phases occurs as shown in SEM images (Fig. 2 and Fig. S3), implying
that the annealed samples are ready to be examined for the sys-
tematic changes of TE properties upon the annihilation of atomic-
scale disorders.

The temperature dependent electronic transport properties for
as-prepared and annealed Ti0.5Hf0.5NiSn0.98Sb0.02 samples are
shown in Fig. 3-5. We emphasize that the measured all thermo-
electric properties of annealed samples at 673 and 723 K are similar
to those of as-prepared sample (Fig. 3 and Fig. S4). However,
annealed samples at above 773 K showed the decreased perfor-
mance, consistent with the decreasing tendency of atomic disor-
ders (Fig. S5). As shown in Fig. 3a-e, the power factor (S2s) and klat
have no distinct changes, providing a similar zT value (Fig. 3f).
Nevertheless, a slight decrease in zT value of samples C1 and C2 is
noted, indicating that the long time annealing at 773 K leads to the
degradation of performance, which is mainly due to the slight in-
crease of klat. This behavior becomes more severe in annealed
samples at above 773 K, as shown in Figs. 4 and 5. The s increases
with annealing temperatures and times, while the absolute value of
properties of as-prepared and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02 samples. Other

der Thermoelectric properties at 850 K

s (S cm�1) S (mV K�1) ktot (W m�1 K�1) S2s (10�3Wm�1 K�2) zT

1591 �165 3.60 4.34 1.03± 0.05
1613 �163 3.57 4.27 1.01± 0.05
1623 �162 3.69 4.27 1.00± 0.05
1676 �161 3.79 4.35 0.98± 0.05
1672 �161 3.86 4.31 0.95± 0.05
1566 �160 3.81 4.02 0.89± 0.04
1535 �160 4.13 3.95 0.81± 0.04
1728 �152 4.26 4.00 0.80± 0.04
1636 �152 4.70 3.78 0.68± 0.03
1895 �141 4.32 3.77 0.74± 0.04
1812 �142 5.10 3.64 0.61± 0.03

spinning (LT-MS, 1550 K, 4.5 kW) and SPSed pellet (top). The inset shows the magnified
ray area). (b) Magnified (220) reflection peaks for annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02
4 h, 100 h). EXPAP, HHAP, DisAP, EXPAN, HHAN and DisAN represent the experimental (220)
mic disorders (DisAP and DisAN) for as-prepared (AP) and annealed (AN) samples. (c)



Fig. 2. SEM images of fractured cross section for as-prepared SPSed pellet (a) and
annealed pellets at 673 K (b and c), 773 K (d and e), 873 K (f and g), 973 K (h and i), and
1073 K (j and k).

Fig. 3. Electrical conductivity (s) (a), Seebeck coefficient (S) (b), Total thermal con-
ductivity (ktot) (c), electronic thermal conductivity (kele) (d), lattice thermal conduc-
tivity (klat) (e), and dimensionless figure of merit (zT) (f) as a function of temperature
for as-prepared (A) and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02 samples (B and C). The inset
of (b) and (c) is temperature dependence of power factor (sS2) and bipolar thermal
conductivity (kbi).

Fig. 4. Electrical conductivity (s) (a), Seebeck coefficient (S) (b), and Hall carrier con-
centration (nH) (c) for as-prepared (A) and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02 samples
(D, E and F) as a function temperature. The insets of (b) and (c) show the temperature
dependences of power factor (sS2) and Hall mobility (mH), respectively. (d) Pisarenko
curve of as-prepared and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02 samples at 300 K. The data
for three n-type HH alloys are also shown for a comparison.
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S decreases within whole measured temperature range (Fig. 4a and
b). As a result, the power factor (S2s) was decreased in annealed
samples as shown in the inset of Fig. 4b. Because the disordered Ni
interstitial and Ti,Hf/Sn antisite defects can induce the reduction of
band gap [15,20], the decrease in s and increase in jSj were
expected in annealed samples, however typical electronic transport
behaviors of TE materials with the increased carrier concentration
were exhibited. Indeed, the carrier concentration at 300 K was
increased from 5.7� 1020 cm�3 for as-prepared sample to
7.6� 1020 cm�3 for annealed F2 sample (Fig. 4c). This result might
be ascribed to the intrinsic n-type carrier generation by an accurate



Fig. 5. (aed) Total thermal conductivity (ktot) (a), electronic thermal conductivity (kele)
(b), lattice thermal conductivity (klat) (c), and dimensionless figure of merit (zT) as a
function of temperature for as-prepared (A) and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02
samples (D, E and F). The inset of (a) is temperature dependence of bipolar thermal
conductivity (kbi).

Fig. 6. (a) Bright-field (BF) TEM image of the Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02 annealed at
1073 K for 100 h (F2). (b, c) High-angle annular dark field (HAADF) STEM images of the
regions marked by the white box in (a). (d, e) [110]-oriented atomic resolution HAADF
STEM images of white region (d), and dark region (e) separated by white dashed line in
(c). The insets show the enlarged images (Ti/Hf: red balls, Sn: blue balls, Ni: green balls,
vacant Ni site: doted green circles). (For interpretation of the references to colour in
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Sb doping at Sn sites, which was probably constrained from the
formation of Ti,Hf/Sn, Sb antisite defects. The temperature depen-
dent electronic mobility (mH) for the annealed samples were also
influenced by the defect disorders as shown in the inset of Fig. 4c.
The mHf T�0.5 relationship [21] originated from the alloy disorder
scattering undergoes the transition to mHf T�1.5 originated from
the acoustic phonon scattering [22] at 600 K, suggesting that the
effect of alloy disorder scattering is minimal above 600 K. Fig. 4d
shows the density of states (DOS) effective mass (m*) in the
dependence of S value according to carrier concentration.
Compared to the other state-of-the-art HH alloys with high zT of
~1.0 [8,14], the m* value (3.6 m0) of as-prepared samples can be
ascribed to the local potential-energy fluctuation due to the
atomic-scale disorders [14]. In spite of the decreased atomic-scale
disorders, the annealed samples showed the similar m* values,
indicating that the deteriorated power factor are probably due to
the increased carrier concentrations rather than inherently
remained atomic-scale defects.

Fig. 5a-c show the thermal transport properties of as-prepared
and annealed samples at above 873 K. As expected for the
annealing effect on ktot values, annealed samples showed the sys-
tematic increase in the ktot according to annealing temperatures
and times (Fig. 5a). The estimation of kele (Fig. 5b) and kbi (inset of
Fig. 5a) is described in Supporting Information [23,24]. The tem-
perature dependent klat values were calculated by subtracting the
kele and kbi from the ktot (Fig. 5c). Because the klat values of
2.3e2.4Wm�1 K�1 at 300 K and the minimum klat values of
1.0e1.5Wm�1 K�1 at 1000 K for as-prepared sample are beyond
theoretical limit of phonon scattering by alloying and doping in
Ti0.5Hf0.5NiSn0.98Sb0.02 [25], the additional phonon scattering
contribution by disordered defects is distinct. Furthermore, the
difference of ktot between as-prepared (3.8Wm�1 K�1 at 300 K)
and annealed F2 (5.4Wm�1 K�1 at 300 K) samples is very close to
the difference of ktot between as-prepared (2.1Wm�1 K�1 at 300 K)
and annealed F2 (3.4Wm�1 K�1 at 300 K) samples, indicating that
the increase of ktot is mainly due to the increase of klat. As a result,
these TE transport properties of annealed samples result in the
decrease of zT value, showing 0.6 at 850 K for annealed F2 sample
(Fig. 5d), which is nearly 55% of that for as-prepared samples. It is
thus obvious that the reduction of TE performance in annealed
Ti0.5Hf0.5NiSn0.98Sb0.02 alloys is mainly attributed to the increased
klat due to the annihilation of disordered atomic-scale defects and
suppression of grain boundary phonon scattering. Considering the
TE transport properties together with macroscopic structural
change according to annealing temperatures and times, it is evident
that the disordered atomic-scale defects dominate the TE transport
properties. However, it is still unclear which atomic-scale defect is
more crucial for the reduction of klat. In order to thus define the
individual role of each atomic-scale defect and its disorder on TE
transport properties, we analyzed the klat by using the Debye-
Callaway (DC) model [26] and examined the atomic structure by
using high-resolution scanning transmission electron microscopy
(HR-STEM) observations. This investigation can also explain the
behaviors of electronic transport properties such as mH and m* in
annealed samples.

Fig. 6a shows a bright field TEM (BF-TEM) image of annealed F2
sample with an average grain size of ~514 nm. Compared to the as-
prepared sample (Fig. S7), the grain of the annealed F2 sample is
relatively clean, which implies that the defects are substantially
reduced. Additionally, the atomic resolution high-angle annular
dark field (HAADF) STEM images for two regions (divided with a
white dashed line in Fig. 6b and c) are examined to investigate the
characteristic feature of disorders since the different contrast
within the grain represents the degree of disorders [27]. Fig. 6d and
e shows a [110]-oriented atomic structure, exhibiting the contrast
difference in the individual atomic columns and implying the
distinct difference in the disorder degree. It is noticeable for the two
regions of both contrasts that the vacant Ni sites (dashed circles)
have specific intensities at all positions. This result indicates that
the interstitial Ni defects are inherently remained. In addition, we
performed atomic column-by-column analysis to show the in-
tensity of each atomic column in the HAADF-STEM images [28,29],
which provides the local changes in the atomic distributions. The
bright and dark regions in Fig. 6c correspond to the intensity
this figure legend, the reader is referred to the Web version of this article.)



Fig. 7. (a, b) Intensity mapping results (left for Ni and right for Ti,Hf) and HAADF-STEM image (middle) for the images of Fig. 6d and e, respectively. The intensity profiles at the
bottom of each mapping result represent the respective values over vertical rows of the maps. Values which are obtained by averaging all the points in each vertical atomic row of
the intensity maps. The error bars show the standard deviations from the averaged value of each vertical atomic layer in the maps.
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mapping results of Fig. 7a and b, respectively. In both maps, the
vacant Ni sites are partially filled, indicating the existence of dis-
orders with a different occupancy from the other filled Ni sites. The
striking result is obtained in the intensity map of the (Ti,Hf) and Sn
columns of dark region as shown in Fig. 7b. This clear atomic spatial
distribution of (Ti,Hf) and Sn demonstrates that the Ti,Hf/Sn antisite
defect is almost annihilated, implying the thermal vulnerability of
antisite defects. These results verify that Ni interstitial defects
inherently remain even after the Ti,Hf/Sn antisite defects have
annihilated.

To verify the inherent Ni interstitial defects in both regions and
the annihilation of Ti,Hf/Sn antisite defects in dark region of Fig. 6c,
we performed chemical analysis in the STEM mode using energy-
dispersive X-ray spectroscopy (EDX), which allows individual
element mapping at the atomic scale [30e32]. Fig. 8a and b shows
Fig. 8. (a, b) STEM-EDS mappings obtained from the HAADF-STEM images (256�
the results of the STEM-EDX elemental mapping for both regions
corresponding to Fig. 6d and e, respectively. It is observed that both
filled Ni and vacant Ni sites are occupied and the intensities of Ni
sites are slightly different in both regions, suggesting the remnant
disorder of Ni interstitial defects. The annihilation of Ti,Hf/Sn
antisite defects in dark contrast regions of the HAADF images is
clearly visualized by the spatial separation of Ti, Hf and Sn atoms
(Fig. 8b). Though the Ti,Hf/Sn antisite defects are naturally gener-
ated by the formation of the Ni interstitial defects in the consid-
eration of atomic configurations between HH and FH structures
[14], the exclusive existence of Ni interstitial defects in the absence
of Ti,Hf/Sn antisite defects concludes that the Ni interstitial defects
are inherent atomic defects and more stable than Ti,Hf/Sn antisite
defects. Thus, these results explain the importance of Ti,Hf/Sn
antisite defects for the high TE performance of as-prepared sample.
256 pixel resolution) for the selected regions in Fig. 6d and e, respectively.
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Because the increase of klat and decrease of zT in the annealed D2
sample that accommodates the Ni interstitial defects are ascribed
to the largely annihilated Ti,Hf/Sn antisite defects, the disordered
atomic-scale defects via the formation of Ti,Hf/Sn antisite defects is
the main cause for the enhancement of TE performance in the as-
prepared sample.

To understand which atomic-scale defect is prominent on the
thermal transport, wemodeled the klat of as-prepared and annealed
samples. Fig. 9 shows the calculated klat for all samples, demon-
strating that the calculated klat values matched well with the
measured values. The details of klat calculations including scattering
parameters derived from independently measured physical prop-
erties are shown in Supporting Information and Table S3. In the klat
calculation, the phonon scattering relaxation time (ttot) is obtained
by integrating the relaxation times from the Umklapp processes
(tU), boundaries (tB), point defects of Hf alloying on the Ti site and
Sb doping on the Sn site (tPD1), point defects of Ni interstitial (tPD2)
and point defects of Ti,Hf/Sn antisite defects (tPD3) [14,33]. As shown
in Fig. 9a, for the as-prepared sample mediated by disordered
atomic-scale defects, the additional contribution of Ni interstitial
and Ti,Hf/Sn antisite defects is distinct for the reduced klat. The best
fits in annealed samples were obtained when the contribution of
PD2 is assumed to be similar with that of as-prepared sample based
on the results of atomic structure observations that revealed the
inherent Ni interstitial defects. From the calculation results of each
annealed sample (Fig. 9b-f, Table S2), it is found that the decreased
amount of PD2 and PD3 for annealed samples 673 and 723 K are
negligible (Fig. S6, Table S2), while the overall effects of PD2 and PD3
for the other annealed samples in decreasing klat weakened due to
the decrease of disorders. This indicates that the disorders of
atomic-scale defects are only stable at below 773 K, exhibiting a
coincident trend as observed in structural changes (Fig.1c and
Fig. S2) and TE properties (Fig. 3 and Fig. S4).
Fig. 9. (aef) Temperature dependences of measured and calculated lattice thermal
conductivity (klat) for the as-prepared (A) and annealed Ti0.5Hf0.5Ni1.0Sn0.98Sb0.02
samples (B, C, D, E and F). The calculated klat values are obtained by Debye-Callaway
model.
On the other hand, the ratio of PD2 and PD3 contributions gives
an important insight on the role of each atomic-scale defect on the
reduction of klat. The contribution of PD3 to total klat at the
maximum zT temperature (850 K) decreases with annealing tem-
perature and time (Table S2). The ratio of PD3 contributions for
annealed samples to that for as-prepared sample showed a similar
value to the relative value of decreased disorders obtained from the
macroscopic structural change as shown in Fig. 1c. These results
strongly indicate that the decreased disorders in annealed samples
mainly originate from the annihilation of Ti,Hf/Sn antisite defects,
which were responsible for the lowest klat value of as-prepared
sample. On the other hands, from the electronic mobility that
shows the same temperature dependences, and DOS effective mass
that shows the almost similar value in all samples, it is suggested
that the electronic transport properties are mainly governed by the
existence of Ni interstitial defects. From these results, it is
concluded that the coexistence of Ni interstitial and Ti,Hf/Sn anti-
site defects is indispensable for the enhancement of TE perfor-
mance for HH alloys.

4. Conclusion

In summary, we have investigated the effect of disordered
atomic-scale defects on the TE transport properties via the
annealing process and their thermal stability of the nanograined
Ti0.5Hf0.5NiSn0.98Sb0.02 HH alloy. It was clarified that the Ti,Hf/Sn
antisite defect, which triggers the formation of disordered atomic-
scale defects, plays a critical role on the significantly reduced klat.
Furthermore, we clarified that the disorders of atomic-scale defects
in the present nanostructured HH alloys are thermally unstable at
above 773 K, provoking the limited use at mid-temperature ranges
below 773 K. However, we demonstrated that the disordered
atomic-scale defects of Ni interstitial and Ti,Hf/Sn antisite defects
are more effective to reduce the klat rather than to enhance the
power factor. From the direct observation of atomic-scale disorders,
it was found that the Ni interstitial defects are inherent, but less
effective to achieve a high TE performance than Ti,Hf/Sn antisite
defect. This rigorous study provides a conclusive answer for the
design of defective nanostructured TE materials to achieve a high
TE performance and a guide for the application in mid-to-high
temperature power generating devices.
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