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Half-Heusler (HH) compounds are among the most promising thermoelectric (TE) materials for large-scale

applications due to their superior properties such as high power factor, excellent mechanical and thermal

reliability, and non-toxicity. Their only drawback is the remaining-high lattice thermal conductivity. Various

mechanisms were reported with claimed effectiveness to enhance the phonon scattering of HH

compounds including grain-boundary scattering, phase separation, and electron–phonon interaction. In

this work, however, we show that point-defect scattering has been the dominant mechanism for

phonon scattering other than the intrinsic phonon–phonon interaction for ZrCoSb and possibly many

other HH compounds. Induced by the charge-compensation effect, the formation of Co/4d Frenkel

point defects is responsible for the drastic reduction of lattice thermal conductivity in ZrCoSb1�xSnx. Our

work systematically depicts the phonon scattering profile of HH compounds and illuminates subsequent

material optimizations.

Broader context
Solid-state thermoelectric technology has attracted great research interest in recent years for potential applications in thermal management and power
generation. Enhancing the phonon scattering has been one of the most widely studied strategies to advance the thermoelectric materials’ figure-of-merit (zT) as
it avoids the complications in optimizing the intertwined electronic transport properties. This is particularly essential for certain thermoelectric materials such
as half-Heusler compounds due to their intrinsic high lattice thermal conductivity. To date, the lattice thermal conductivity of optimized half-Heusler
compounds remains well above the amorphous limit, thus meriting the importance of unveiling their phonon-transport features as well as the individual
contributing mechanisms in scattering phonon. Herein, we show that point-defect scattering has been the major effective mechanism for phonon scattering
other than the intrinsic phonon–phonon interaction for ZrCoSb and possibly other HH compounds. Furthermore, through a combination of experimental and
first-principle approaches, we reveal that the intensified point-defect phonon scattering originates from the formation of Co/4d Frenkel-pair defects as a result
of charge-compensation effects. This work advances the understanding of phonon transport properties in half-Heusler compounds, and thus provides a
guideline for subsequently improving their thermoelectric properties.

1. Introduction

By interconverting between heat and electricity, thermoelectric
(TE) technology is potentially applicable under special scenar-
ios such as active cooling1 or powering the nodes of the internet
of things (IoT).2 In comparison to other competing technolo-
gies, TE devices perform reliably due to their solid-state nature.
They are noise-free, maintenance-free, and emission-free.
However, the current application of TE technology is restricted
only within niche fields where reliability outweighs conversion
efficiency. The large-scale application potential of TE technol-
ogy is greatly hindered by the limited material properties,
therefore, it is vitally important to improve the performance
of TE materials.3
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The performance of a TE material is characterized by its

figure-of-merit (zT), zT ¼ S2s
ktot

T ; where S, s, T, and ktot are the

Seebeck coefficient, the electrical conductivity, the absolute
temperature, and the total thermal conductivity, respectively.
In general, higher zT corresponds to better material perfor-
mance. The term S2s is the power factor. ktot has contributions
from both the electronic (ke) and the lattice (kL) parts, i.e.,
ktot = ke + kL. Among the various TE materials, the half-Heusler
compounds are particularly promising for applications due to
their decent higher-temperatures zT together with other advan-
tages such as mechanical and thermal robustness, non-toxicity,
and employment of low-cost and earth-abundant elements,4–13

etc. Nevertheless, the zT values of half-Heusler compounds
are relatively low when compared to some other TE materials
such as Bi2Te3 or SnSe due to their remaining high thermal
conductivity, especially the lattice contribution (kL).14,15

To reduce the kL of half-Heusler compounds, great efforts
were undertaken, multiple strategies were proposed, and their
performances in kL reduction were claimed. Fig. 1 summarizes
the schematics of common mechanisms for phonon scattering.
For example, Rausch et al. synthesized MCoSb half-Heusler
compounds (M = Hf, Zr, Ti) through arc melting and ampoule
annealing.16 The final products possessed a phase-separation
microstructure, which was used as an explanation for the
reduction of kL. Yan et al. powderized half-Heusler ingots
MCoSb0.8Sn0.2 (M is a combination among Hf, Zr, Ti) by high

energy ball milling to reduce the grain size, and then applied a
rapid sintering process using a current assisted hot pressing.17

In comparison to the ingots that were synthesized through
direct melting, the sintered products showed a significant
reduction of kL by 30–40%, which was believed originated from
the reduced grain size to B200 nm.17 Besides, several studies
analyzed the phonon scattering mechanisms of NbFeSb- and
ZrNiSn-based compounds and declared the considerable impact
of electron–phonon scattering for the reduction of kL.6,18,19

The previous reports are heuristic in revealing the potential
of intensified phonon scattering in optimizing the TE figure-of-
merit. However, more elaborate investigations are needed to
systematically depict the phonon scattering profiles such as
quantitative analysis as well as controlled experiments. These
criteria were not fully met by some of the usual investigating
approaches. For example, the role of electron–phonon (EP)
interaction for kL reduction was usually studied under the
framework of the Debye model through simply asserting a
scattering rate tEP

�1 = Cod, where o is the phonon frequency,
C is a fitting parameter which was treated either as a constant20

or carrier-concentration dependent.18 Besides, the power-law
dependence, d, could be 1 or 2 if the derivations of Ziman21 or
Pippard22 were employed, respectively. Although these flexibil-
ities are convenient for analyzing the individual scattering
mechanisms and fitting the ultimate kL, they inevitably obscure
the essential physics and potentially yield incomplete or even
flawed conclusions. In another example, kL reduction was
obtained in MCoSb-based (M = Hf, Zr, Ti) compounds with a
refined grain size of B200 nm.17 However, the study of phonon
scattering from grain boundaries was qualitative. It remains
unclear how the variation of grain size quantitatively influences
phonon transport. Therefore, it is imperative to scrutinize the
individual scattering sources and clarify their real contribu-
tions to the kL reduction.

Herein, to identify the major phonon-scattering mechan-
isms in half-Heusler compounds, we start from synthesizing
ZrCoSb-based half-Heusler compounds with partial substitu-
tion of Sn at the Sb sites. Despite the small contrast of mass
between Sb and Sn (121.76 vs. 118.71 u.a.m.), we observe a
drastic kL reduction with increased Sn concentration. To under-
stand the phonon-transport anomalies, we dissociate the indi-
vidual mechanisms and investigate their contributions in
scattering phonons through combined experimental and theo-
retical approaches. Our analyses show that the drastic kL

reduction by increasing Sn cannot originate from an enhanced
phonon–phonon interaction, phase boundary scattering, grain
boundary scattering, or electron–phonon interaction. Further-
more, we comprehensively investigate the atomic-level defects
through microstructural characterization and Rietveld refine-
ment. We confirm the presence of Co/4d Frenkel-type defects,
(i.e., a simultaneous formation of Co vacancy and Co inter-
stitials, as shown in Fig. 1) in the Sn-containing compounds,
but not in the Sn-free compounds, which suggests that the
substitution of Sn at the Sb sites essentially alters the point-
defect features in the compounds. The formation of defects is
electron-driven because of the charge-compensation effects,

Fig. 1 Schematics of common phonon scattering mechanisms. Center:
point defects. Surroundings (clockwise from the top middle): phonon–
phonon interaction, electron–phonon interaction, phase separation, dis-
locations, decorative impurities, and grain boundaries. The Frenkel point
defect is highlighted based on the conclusions of this work.
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as indicated by the first-principle calculations. Furthermore,
we evaluate the defect concentrations based on the BvK–Debye
model. The calculated defect concentrations are consistent with
the refinement results, thus further supporting the dominant role
of Co/4d Frenkel point defects in phonon scattering for the
ZrCoSb-based half-Heusler compounds. Besides, although our
analyses are based on ZrCoSb, we show the extendibility of our
conclusions to other half-Heusler compounds such as ZrNiSn,
NbFeSb, and ZrCoBi, etc. due to their similar phonon scattering
behaviors. This work advances the understanding of phonon
transport in half-Heusler compounds by illuminating the phonon
scattering profile, and thus provides a guideline for subsequent
property optimization to enable a large-scale application of half-
Heusler thermoelectric materials.

2 Results and discussion
2.1 Anomalous jL reduction of ZrCoSb1�xSnx

We show in Fig. 2a the temperature-dependent kL of ZrCoSb1�xSnx

from 300 K up to 973 K. The full thermoelectric (TE) properties can
be found in the ESI† (Fig. S1 and S2). Notably, the substitution of
Sn at the Sb sites yields a remarkable kL reduction. For example, the

value of kL is B20 W m�1 K�1 at 300 K for the pristine ZrCoSb,
while it drops to B4.4 W m�1 K�1 with 30% Sn substitution,
showing an B80% reduction. Such a huge kL reduction cannot
originate from the minor differences of mass and radius between
Sb and Sn. Besides, Fig. 2b compares the kL at 300 K and 973 K
between the two series of compounds: ZrCoSb1�xSnx and
Zr1�yTiyCoSb. We find that the Sn-substituted compounds have
an even larger kL reduction than the ones with Ti substitution.
Considering that the mass difference between Sn and Sb is only 3%
(118.71 vs. 121.76 u.a.m.), much smaller than the 48% between Ti
and Zr (47.867 vs. 91.224 u.a.m.), our results disobey the common
rule that larger differences of atomic mass and radius yield stronger
phonon scattering. Similar phonon transport anomalies were
also reported in other half-Heusler compounds including n-type
Zr(Co,Ni)Sb,23 n-type NbCo(Sn,Sb),24 p-type (Nb,Zr)FeSb,6 p-type
Ti(Co,Fe)Sb,25 and p-type Zr(Co,Fe)Sb (this work, see below), etc.,
as summarized in the ESI† (Fig. S3). In the following para-
graphs, we aim at elucidating these kL anomalies in half-
Heusler compounds by scrutinizing the individual phonon
scattering mechanisms and discussing their contributions for
the reduction of kL.

2.2 Uncovering the phonon scattering mechanisms for jL

reduction

2.2.1 Three-phonon process. Usually, the intrinsic pho-
non–phonon interaction (three-phonon process) dominates
the scattering of phonons at high temperatures, and

kL ¼
6p2
� �2=3 �M

V2=34p2g2T
vg

3; where %M is the average atomic mass, V is

the atomic volume, g is the Grüneisen parameter, and vg is the
average group velocity.26 The substitution of Sn at the Sb sites
changes the chemical composition and potentially alters the
bonding characteristics inside the lattice. This can yield varia-
tions in vg and g, which might subsequently modify the
intensity of the three-phonon process.27 Typically, vg can be
adequately represented by the average speed of sound (vA).
Therefore, kL can be potentially suppressed if vA is reduced.
This mechanism was demonstrated to significantly reduce the
kL of the ZrCoBi-based compounds.7

To examine the relevance of this mechanism for
ZrCoSb1�xSnx, we measure the sound speed of the shear (vS)
and longitudinal (vL) modes for the compounds ZrCoSb1�xSnx

and Zr1�yTiyCoSb at 300 K, and calculate the vA through
1

vA3
¼

1

3

1

vL3
þ 2

vS3

� �
: The measurement details can be found in the

ESI.† As shown in Fig. 3a, a slight vA reduction of B5%
is realized with an increased concentration of Sn from 0 to
0.3. This is consistent with our first-principles calculations in
Fig. S4 (ESI†), where vg is shown for individual modes and the
difference between 0% and 12.5% Sn substitutions is within
5%. Due to the kL p vg

3 relation, the reduction of kL cannot
exceed B15% solely by sound-speed suppression. This is much
less than the 80% kL reduction at 300 K that is experimentally
observed. Moreover, we evaluate the mode-dependent Grüneisen

Fig. 2 (a) Temperature-dependent lattice thermal conductivity of
ZrCoSb1�xSnx. (b) Composition-dependent lattice thermal conductivity
of ZrCoSb1�xSnx and Zr1�yTiyCoSb at 300 K and 973 K, where x = 0,
0.04, 0.06, 0.08, 0.1, 0.12, 0.16, 0.2, 0.25, and 0.3; y = 0, 0.1, 0.2, and 0.3.
The dashed and dotted lines in (b) are for eye guidance.
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parameter (g) of ZrCoSb with 0% and 4% Sn substitution through
the first-principle calculation. As shown in Fig. 3b, increasing
the concentration of Sn yields a reduction of g, especially for the
acoustic branches that carry most heat. The reduction of g
indicates a less anharmonic lattice vibration upon substituting
Sn at the Sb sites. Note that the reduction in g2 is also roughly
B15%, which is similar to the reduction of vA

3. Accordingly, the
phonon–phonon interaction should yield limited perturbation to
kL for the compound series ZrCoSb1�xSnx. Therefore, to realize the
drastic kL reduction of ZrCoSb1�xSnx, a different phonon scattering
origin must present which escalates with the increase of x.

To additionally assess the impact from the three-phonon
process in ZrCoSb upon the substitution of Sn, we calculated
the phonon dispersion relations for two compounds, ZrCoSb
and ZrCoSb0.875Sn0.125 (if one Sb atom is replaced by Sn). The
calculation details as well as the phonon-transport parameters
such as phonon dispersions, scattering rates, and group velo-
cities are discussed in the ESI† (Fig. S4). We find that the
composition-dependent variation trend of kL from experiments
differs obviously from its calculation counterparts (Fig. S5,
ESI†), thus further supporting a major phonon scattering from
another mechanism in the Sn-added compounds.

2.2.2 Impurity scattering. One common strategy to reduce
the kL of TE materials is to include secondary phases. Such
structures are formed either by embedding decorative impu-
rities into the half-Heusler matrix including full-Heusler, pure
elements, and oxides, etc.;28,29 or by decomposing the nominal
composition into several regions with elemental segregation but
maintaining the half-Heusler structure, i.e., the phase-separation
strategy. For example, the phase-separated ZrCoSb0.8Sn0.2 pos-
sesses one Sb-rich phase (Zr1.02Co0.96Sb0.87Sn0.16) and one Sn-rich
phase (Zr1.01Co0.96Sb0.15Sn0.88).16 This structure was believed to be

effective in scattering phonon and reducing the kL. Following this
concept, we examine the phase purity for the compounds synthe-
sized in this work. As shown in the ESI† (Fig. S6), the XRD
patterns of all compounds within the ZrCoSb1�xSnx series can
be indexed as single-phase half-Heuslers with no observable
impurity peaks. Also, the elemental mappings of ZrCoSb0.8Sn0.2

are characterized by SEM-EDX and displayed in Fig. S7 (ESI†). No
elemental segregation can be observed for the ZrCoSb1�xSnx

compound series synthesized in this work under the spatial
resolution limit of SEM-EDX mapping (B1 mm), indicating an
improved purity in this work.

Moreover, we show that the impurity species of ZrCoSb-
based half-Heusler compounds highly depend on the synthesis
routines as well as the initial stoichiometry of the compounds.
For comparison, we specifically prepare another ZrCoSb0.8Sn0.2

using a different approach that generates impurities including
elemental Zr and an unknown phase that is rich in Co and Sn.
The details of sample synthesis, as well as the corresponding
elemental mapping, can be found in the ESI† (Section I and Fig. S7).
Together with two more samples from previous reports,16,30

the distinct impurity features are listed in Table 1 of several
specimens with almost identical composition ZrCoSb0.8Sn0.2.
Subsequently, we compare the thermal conductivities among
these specimens. As shown in Fig. 4, the thermal conductivities
almost overlap from room temperature up to 973 K among
these specimens regardless of the impurity details. This
indicates that the major phonon scattering mechanism should
be independent of the diversified impurity characteristics.
Therefore, phonon scattering from decorative secondary phases
is not considered dominant for half-Heusler ZrCoSb1�xSnx because
comparable kL reduction is attainable for single-phase compounds
with improved uniformity in elemental distribution.

Fig. 3 (a) Longitudinal-mode (vL), shear-mode (vS), and average (vA) speed of sound of ZrCoSb1�xSnx and Zr1�yTiyCoSb, where x and y = 0, 0.1, 0.2, and
0.3. (b) Mode-dependent Grüneisen parameter of ZrCoSb upon 0% and 4% Sn-substitution.

Table 1 The impurity features of ZrCoSb0.8Sn0.2 compounds under different synthesis conditions

Label Synthesis conditions SEM-EDX impurities Ref.

A arc melting + sintering; with extra (3 to 7%) Co Full-Heusler 30
B arc melting + ampoule annealing Phase separation 16
C arc melting + short-term (2 h) ball milling + sintering Zr + (Co,Sn)-rich This work
D long-term (30 h) ball milling + sintering (1323 K for 3 minutes) Not observable This work
E long-term (30 h) ball milling + sintering (1473 K for 30 minutes) Not observable This work

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

4:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ee03014g


This journal is©The Royal Society of Chemistry 2020 Energy Environ. Sci., 2020, 13, 5165--5176 | 5169

Note that it is not possible to completely remove the
impurities. However, the species and the quantity of the
impurities are important in affecting the ultimate thermal
conductivity. As respectively shown in Fig. S8 and S9 (ESI†),
the TEM-EDX mappings on ZrCoSb0.7Sn0.3 and ZrCoSb display
some sparsely distributed precipitates with lengths in the range
of a few tens to a few hundreds of nanometers that are invisible
by SEM-EDX, thus corroborating the improved purity when
compared to other synthesis approaches. These impurities
are rich mostly in Sn, Zr, and Sb. Therefore, these precipitates
are unlikely to significantly reduce the k considering their
low concentration and the high thermal conductivity of Sn
(B60 W m�1 K�1), Zr (B20 W m�1 K�1), and Sb (B20 W m�1 K�1)
at room temperature.

2.2.3 Grain boundary scattering. Nanostructure is consid-
ered one of the most successful strategies for improving the TE
performance by greatly impeding the phonon transport yet
leaving the electrons less perturbed. This concept was also
employed extensively to explain the experimentally reduced kL

in half-Heusler compounds. Generally, a refined grain size of
B200 nm was claimed sufficient to decouple the transport of
electron and phonon so that the overall thermoelectric perfor-
mance can be significantly improved.17,31–34 To analyze the
effectiveness of grain boundary scattering in phonon transport,
we show the SEM images of the freshly broken surfaces of
ZrCoSb, Zr0.7Ti0.3CoSb, and ZrCoSb0.7Sn0.3 in Fig. 5a–c, respec-
tively, and evaluate the statistic grain sizes in the ESI†
(Fig. S10). We find that almost all grains of ZrCoSb0.7Sn0.3 are
at the sub-micron level, with an area-weighted average grain
size of B187 nm, as shown in Fig. S10 (ESI†). In contrast, the
ZrCoSb and Zr0.7Ti0.3CoSb possess grains that are much larger
than ZrCoSb0.7Sn0.3 (B1251 nm and B799 nm, respectively).
Similar results were also reported by Zhu et al. in the ZrCoBi-
based half-Heusler compounds where the grains were greatly
refined upon aliovalent doping.7 The mechanisms for such
distinct grain morphologies remain less investigated. We
speculate that aliovalent doping modifies the powder proper-
ties such as electrical conductivity or melting temperature,

which subsequently alter the grain-growth behaviors during
the current-assisted sintering procedures.

Based on the SEM characterization results, it would be
plausible to conclude a dominant phonon scattering by grain
boundaries since smaller grain sizes are indeed obtained in
compounds with a higher concentration of Sn. To verify this
assertion, we modify the sintering condition for the composi-
tion ZrCoSb0.8Sn0.2 by applying a higher temperature (1473 K)
with an extended holding time (30 min). The new sintering
condition enlarges the average grain sizes by B3 times from
B233 nm to B679 nm, as shown in Fig. S10 (ESI†). On the
other hand, as shown in Table 1 and Fig. 4, the kL varies
negligibly despite such a significant grain enlargement, sug-
gesting that grain refinement down to B200 nm cannot
significantly contribute to the reduction of kL in half-Heusler
compounds ZrCoSb.

Furthermore, we evaluate kL under varied grain sizes by
employing a frequency-dependent scattering rate (i.e., non-grey
model) within the framework of the BvK–Debye model. The details
are presented in the ESI† (Section VIII). Herein, we consider the

Fig. 4 The thermal conductivity of several ZrCoSb0.8Sn0.2 compounds with
distinct impurity features, the sample labels (A–E) are following Table 1. For
comparison, the thermal conductivity of ZrCoSb is also plotted.

Fig. 5 SEM images of (a) ZrCoSb, (b) Zr0.7Ti0.3CoSb, and (c) ZrCoSb0.7Sn0.3.
The experimental lattice thermal conductivity of ZrCoSb, ZrCoSb0.8Sn0.2, and
ZrCoSb0.7Sn0.3 together with the calculated grain-size-dependent of ZrCoSb
based on the BvK–Debye model at (d) 300 K and (e) 973 K. Contributions
from the acoustic (Ac) and optical (Op) branches are individually presented.
The error bars correspond to a 12% relative error in lattice thermal con-
ductivity. (f) The normalized cumulative lattice thermal conductivity of
NbFeSb,37 ZrCoSb,36 ZrCoBi,7 TiNiSn,38 and ZrNiSn37 from first-principle
calculations at 300 K. The purple color indicates the experimentally realized
grain sizes of nanostructured half-Heusler compounds and the blue color
suggests the desired sizes for effective phonon scattering.
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two major scattering mechanisms: (1) the intrinsic phonon–
phonon interaction, which dominates the reduction of kL at
higher temperatures for grain-boundary-free compounds (i.e.,
single crystals), and (2) the grain boundary scattering. For
simplification, we do not consider the point defect scattering
by the substitution at the Sb/Sn site due to their negligible
differences in mass and radius. Our calculation suggests that,
as shown in Fig. 5d and e, with the SEM-observed grain sizes,
boundary scattering yields B11% and B5.5% kL reduction for
ZrCoSb at 300 K and 973 K, respectively. Besides, the grain-size-
dependent kL from acoustic (Ac) and optical (Op) branches are
shown individually following the BvK–Debye model, suggesting
that boundary scattering mainly impacts the acoustic branches.
Besides, the BvK–Debye model suggests that the optical
branches contribute B20% to the kL. This result is consistent
with previous first-principle calculations for a variety of materi-
als such as nanocrystalline Si and half-Heusler ZrCoBi,7,35

and thus justifying the reliability of the BvK–Debye model in
analyzing phonon transport. On the other hand, to suppress
the lattice thermal conductivity from B20 W m�1 K�1

(of ZrCoSb) to B4.4 W m�1 K�1 (of ZrCoSb0.7Sn0.3), grain sizes
of B10 nm would be demanded. The demanded grain size is
1 to 2 orders of magnitude smaller than the SEM-observed
grain sizes. Such a large discrepancy strongly indicates that
grain boundaries should not be accountable for the reduction
of kL for ZrCoSb-based half-Heusler compounds.

Moreover, our conclusion is further supported by previous
first-principle calculations. Fig. 5f summarizes the phonon-
mean-free-path-dependent accumulative normalized kL of
ZrCoSb,36 NbFeSb,37 ZrNiSn,37 ZrCoBi,7 and TiNiSn.38 The purple-
and blue-shaded regions represent the grain size of the current
nanostructured bulk compounds and the required grain size for
kL reduction by B40% to 60% from grain boundary scattering
alone, respectively. The grain size in the current nanostructured
compounds is insufficient to yield significant kL reduction for
these compounds, and the necessity of grain refinement down to
the order of B10 nm is again confirmed. Our analyses indicate
the insignificant role of grain boundary scattering in phonon
scattering of ZrCoSb-based and possibly some other half-Heusler
compounds.

Note that our conclusion differs from the previous reports
about the effects of nanostructure in kL reduction for half-Heusler

compounds. We speculate this is because most of the previous
work investigated compounds, such as Zr0.5Hf0.5CoSb0.8Sn0.2,
that are highly alloyed,17 whereas in this work such heavy
alloying is absent. In the highly alloyed compounds, phonons
with higher frequencies are severely scattered by point defects,
thus enlarging the portion of the lower-frequency phonons in kL.
Therefore, by subsequently applying nanostructure that mainly
targets at lower-frequency phonons, a larger kL reduction may be
achieved for a highly alloyed specimen. Our work indicates the
necessity of additional investigations to further understand the
role of boundary scatterings in the reduction of kL.

2.2.4 Electron–phonon interaction. As another possible
mechanism, electron–phonon (EP) interaction is typically
important for phonon scattering at low temperatures.21 Never-
theless, it is also effective to reduce kL for some materials such
as Si and SiGe alloys at room temperature, provided that the
carrier concentration (nH) is sufficiently high.39–41 By doping Sn
into ZrCoSb, the increased kL will potentially yield a stronger EP
interaction and kL reduction. Fig. 6a shows a monotonic
decreasing trend of kL vs. nH for compounds ZrCoSb1�xSnx.
However, this simple correlation is inadequate to justify
the role of EP interaction in kL reduction. To reveal the
contribution of EP interaction in ZrCoSb for phonon scattering,
we synthesize another series of compounds, ZrCo1�zFezSb with
z = 0, 0.06, 0.1, and 0.15 as the control group. Herein, we select
Fe as the dopant to minimize the phonon scattering from other
mechanisms such as mass fluctuation. As shown in Fig. 6a, we
find that Fe is also a p-type dopant but with much less doping
efficiency, yet it generates a kL reduction that is comparable to
the Sn-containing compounds. For example, with 10% elemen-
tal substitution, the kL values of ZrCoSb0.9Sn0.1 and ZrCo0.9-

Fe0.1Sb at 300 K are 8.2 W m�1 K�1 and 7.7 W m�1 K�1,
respectively, showing a B6% difference which is within the
measurement error. However, the carrier concentration of
ZrCoSb0.9Sn0.1 is B12.8 � 1020 cm�3, meanwhile, for ZrCo0.9-

Fe0.1Sb it is only B3.3 � 1020 cm�3, differs by B400%. The
huge discrepancy between the two variation trends of kL vs. nH

suggests that the electron–phonon scattering is unlikely to
govern the reduction of kL for carrier concentration at the
B1021 cm�3 level. Besides, the insignificant effect of EP inter-
action in reducing the kL was also discussed in n-type ZrCoSb.23

By contrast, Fig. 6b shows the relations of kL vs. dopant

Fig. 6 The correlation of (a) kL vs. carrier concentration and (b) kL vs. dopant concentration for ZrCoSb1�xSnx and ZrCo1�zFezSb at 300 K.
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concentration (instead of carrier concentration) almost overlap
between the two series of compounds, suggesting that the kL

reduction has an atomic origin instead of an electronic one.
Additionally, we investigate the extendibility of our conclu-

sion to other half-Heusler compounds including the NbFeSb
and ZrCoBi. Upon parameterizing the scattering events, we
show that the impacts of EP interaction on the kL in NbFeSb
and ZrCoBi are weaker than that in ZrCoSb. A detailed analysis
can be found in the ESI† (Section IX). Thus, the electron–
phonon interaction cannot be a contributing mechanism for
the experimentally observed kL reduction in ZrCoSb, NbFeSb,
and ZrCoBi, and possibly other half-Heusler compounds such
as ZrNiSn,42 as recently reported by Ren et al.

2.2.5 Point defect scattering. With phonon–phonon inter-
action, phase boundary scattering, grain boundary scattering,
and electron–phonon interaction being excluded, we now turn
to point defects and show them to be the major contributor for
phonon scattering. One important footprint of the phonon
scattering mechanism is the variation index (a) for temperature
(kL B Ta), especially at well above the Debye temperature where
all the vibration modes are adequately excited. Callaway and
Klemens suggested �1 and �0.5 for a if the dominant scatter-
ing mechanisms are three-phonon process and point defect
scattering, respectively.43–45 Accordingly, we evaluate a based
on the kL values within the range from 473 K to 773 K, which is
above the Debye temperature (B400 K) of ZrCoSb1�xSnx so
that phonon vibrations are fully activated, but also well below
the intrinsic excitation temperature so that the bipolar thermal
conductivity is negligible. As shown in Fig. 7, we obtain a
gradual transition of a from �1 to �0.5 by increasing the
concentration of Sn from 0 to 0.3, which indicates that the
major scattering mechanism of phonons is shifted from pho-
non–phonon interaction to point defect scattering. Moreover,
we evaluate a for several other compound series from previous
reports including Zr(Co,Ni)Sb,23 (Nb,Ti)FeSb,18 (Nb,Zr)FeSb,6

Ti(Co,Ni)Sb,46 Ti(Co,Fe)Sb,25 Zr(Co,Fe)Sb (this work), and
(Zr,Ti)CoSb (this work). As shown in Fig. 7, similar variation
trends are obtained for a variety of compounds, confirming the
consistency regarding the transition of the major phonon
scattering mechanism among these half-Heusler compounds.
However, effective phonon scattering by point defects demands
large differences in atomic mass and radius, yet replacing Sn at
the Sb sites is inadequate. Therefore, we consider that another
type of point defect must exist that can scatter phonons more
effectively.

2.3 Point defect details in the Sn-doped half-Heusler ZrCoSb

The half-Heusler compounds are crystalized with space group
F%43M. Ideally, the lattice is constituted by three interpenetrat-
ing fcc sublattices, and the remaining tetrahedral sites are
unoccupied. Fig. 8a shows the structure model of half-
Heusler ZrCoSb and full-Heusler ZrCo2Sb. In full-Heusler
ZrCo2Sb, the Zr and Sb atoms occupy the Wyckoff positions
4b (1

2, 1
2, 1

2) and 4a (0, 0, 0), respectively, and the Co atoms occupy
both the 4c (1

4, 1
4, 1

4) and 4d (3
4, 3

4, 3
4) positions; while in half-

Heusler ZrCoSb, the 4d (3
4, 3

4, 3
4) sites are vacant. In reality,

however, crystals are usually disordered naturally. One typical
example is the ZrNiSn-based compounds where excess Ni,
usually B5%, were repeatedly reported, yielding real composi-
tions of ZrNi1+dSn.47–51 The occupation status of the 4d sites
can be examined by selected area electron diffraction (SAED).
As shown in Fig. 8b, we simulate the [110] SAED patterns for
half-Heusler ZrCoSb and full-Heusler ZrCo2Sb. The two diffrac-
tion patterns are similar to each other, but the full-Heusler one
has obvious alternating intensities from one reflection column
to another along the [00l] direction, which is distinct from that
of the half-Heusler compounds.

2.3.1 Defect analysis through STEM. Accordingly, we per-
form a TEM investigation to study the atomic-level defects.
Fig. 8c displays a typical low-magnification TEM image of
ZrCoSb0.7Sn0.3, from which we confirm the SEM-observed grain
sizes of B200 nm. Moreover, we note that the material pos-
sesses great crystallinity with certain types of defects, such as
dislocations, barely observable in the specimen, which
indicates their minor contribution in phonon scattering. Addi-
tional low-magnification TEM images can be found in the ESI†
(Fig. S12). The inset of Fig. 8c shows the SAED pattern with
beam oriented along the [110] zone axis. Some extra reflections
(as marked by yellow circles) appear in the pattern because the
selected area might capture small regions from the neighboring
grains with different orientations. Nevertheless, the SAED
pattern can be indexed as Heusler structure with features of
occupied 4d sites. Furthermore, we display in Fig. 8d and e the
annular-bright-field (ABF) and high-angle annular-dark-field
(HAADF) scanning transmission electron microscopy (STEM)
images of ZrCoSb0.7Sn0.3, respectively. The images are taken along
the [110] direction, from which the four lattice sites (4a, 4b, 4c,
and 4d) do not overlap with each other so that the vacancy sites
are visible. For better clarity, we magnify a selected region from

Fig. 7 Composition-dependent variation index (a) of ZrCoSb1�xSnx,
which is evaluated using kL values within the range from 573 K to 823 K.
Other series of compounds are also included for comparison including
Zr(Co,Ni)Sb,23 (Nb,Ti)FeSb,18 (Nb,Zr)FeSb,6 Ti(Co,Ni)Sb,46 Ti(Co,Fe)Sb,25

Zr(Co,Fe)Sb (this work), and (Zr,Ti)CoSb (this work). The two horizontal
lines individually indicate the values of a under the phonon–phonon
interaction (�1) and the point defect scattering (�0.5).
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the HAADF-STEM image, as indicated by the white square in
Fig. 8e. The magnified HAADF-STEM image is presented in Fig. 8f,
from which the occupation of 4d lattice sites is observed. More-
over, we calculate in Fig. 8g the intensity profile (integrated over
the width of the atomic columns) within the 4c/4d plane from the
HAADF-STEM micrograph, as indicated by the yellow dashed box
in Fig. 8f. Interestingly, an alternating intensity within the 4c/4d
plane is observed, suggesting that the 4d sites are only partially
occupied. It is widely known that vacancy- or interstitial-related
point defects are particularly effective in impeding phonon trans-
port since they induce substantial lattice distortion.52–59 There-
fore, we consider the remarkable reduction of kL has an origin of
point defect scattering in which the vacancy sites are involved.

2.3.2 Calculation of the defect formation enthalpy. To clarify
the specific atom that occupies the 4d position, we employ

first-principle calculations to evaluate the formation enthalpy
(Hf) of different defects. Herein, we consider three types of
defects: the interstitial defects, the vacancy defects, and the
Frenkel defects. To be specific, a Frenkel defect, for example,
the Zr/4d, is defined as one Zr atom occupying the interstitial
4d position (IZr) and leaving one void at the original Zr position
(VZr). Therefore, the formation enthalpy of Zr/4d Frankel defect
can be approximated as the summation of the formation
enthalpies of IZr and VZr. Fig. 9a and b show the Fermi-level
(me) dependent Hf of interstitials (IZr, ICo, ISb) and vacancies
(VZr, VCo, VSb), respectively. We find that, in the vicinity of the
valence band, the Co atoms consume lower energy than the Zr
and Sb atoms for the formation of both interstitials (Fig. 9a)
and vacancies (Fig. 9b). Besides, we evaluate the Hf of Frenkel
defects (Zr/4d, Co/4d, and Sb/4d) directly. Interestingly, only the
Co/4d defect is calculable, and its Hf is presented in Fig. 9c.
Neither the Zr/4d nor Sb/4d Frenkel defects are thermodyna-
mically stable. Overall, these results support the involvement of
Co atoms in occupying the Wyckoff 4d position of half-Heulser
compounds ZrCoSb1�xSnx.

Our calculations have shown that the ICo (+2) and the VCo

(+1) defects are the lowest-energy states, and independently
they should sum up to +3 charge state in total. This is also
following the prediction using Zintl chemistry.60,61 On the
other hand, when the two types of defects are close to each
other, such as in the same supercell when calculating the Co/4d
Frenkel defects, the summed charge of ICo and VCo differs from
the charge of Co/4d (+2) near the vicinity of the valence band, as
shown in Fig. 9c. This is because confining the vacancies and
interstitials in the same supercell yields unphysical interactions
in between. In reality, the charge state of +3 should be expected
for Co/4d, since the independent ICo and VCo defects tend to
repel each other due to the Coulomb interaction.

2.3.3 Stoichiometry determination based on EDX and ICP.
Although we confirm the involvement of Co atoms in the
occupation of 4d lattice sites, it remains obscure whether the
Co atoms at the 4d lattice sites are migrated from the 4c sites
(Frenkel defects) or excessively included into the interstitial
sites (like ZrNi1+dSn). Therefore, we investigate the stoichiome-
try of the ZrCoSb-based compounds by employing SEM-EDX
combining an inductively coupled plasma mass spectrometry
(ICP) of which the details are shown in the ESI† (Tables S2, S3
and Fig. S13). We show in Table 2 the EDX and ICP stoichio-
metry of the compounds ZrCoSb, ZrCoSb0.8Sn0.2, and Zr0.8Ti0.2-

CoSb. Both techniques yield elemental quantities that are very
close to the nominal composition, suggesting that the concen-
tration of excessive interstitial Co (ICo), if any, should not
exceed 1% even after including the measurement errors from
EDX and ICP deliberately. Evidently, the ZrCoSb-based com-
pounds differ from the ZrNiSn-based ones in the way of
occupying the 4d lattice sites, and the presence of Frenkel-
type point defects in the lattice is supported.

2.3.4 Rietveld refinement to quantify the defect concen-
tration. Subsequently, we employ Rietveld refinement to quan-
tify the amount of Co/4d defects for compounds ZrCoSb,
Zr0.8Ti0.2CoSb, ZrCoSb0.8Sn0.2 and ZrCoSb0.7Sn0.3. For each of

Fig. 8 (a) Lattice unit cells of half-Heusler ZrCoSb and full-Heusler
ZrCo2Sb. (b) The simulated electron diffraction patterns of ZrCoSb and
ZrCo2Sb with beam orientation along the [110] zone-axis. (c) Low-
magnification TEM image of ZrCoSb0.7Sn0.3, the inset is the indexed
selected area electron diffraction (SAED) pattern in [110] zone-axis. (d)
Annular-bright-field scanning transmission electron microscopy (ABF-
STEM), and (e) high-angle annular-dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image of ZrCoSb0.7Sn0.3 [110] zone-axis.
(f) The magnified HAADF-STEM image of (e), the crystal structure of full-
Heusler is also inserted to show the occupation of both 4c and 4d
positions. (g) The intensity profile is taken along the 4c/4d plane and
integrated over the width of the atomic columns, as indicated by the
yellow dashed box in (f). The alternating intensities suggest that the 4d sites
are only partially occupied.
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them, we compare the refinements with assumptions of a
perfect crystal (no defect) or Frenkel defects (Co/4d). The latter

allows a flexible migration of Co atoms between the 4c (1
4, 1

4, 1
4)

and the 4d (3
4, 3

4, 3
4) sites with the constraint that the total

occupancy for both Co sites is 100%. The refinement patterns
are compared in the ESI,† with or without the Co/4d defects
(Fig. S14). Table 3 shows that high-quality refinements are
realized for the compounds even when no defects are consid-
ered, suggesting that the specimens are highly ordered already
and the defect concentration is small. Nevertheless, the refine-
ment qualities still improve slightly upon including B1.06%
and B1.92% Co/4d Frenkel defects for ZrCoSb0.8Sn0.2 and
ZrCoSb0.7Sn0.3, respectively, as confirmed by the consistently
reduced refinement parameters (Chi2, R-factor, RF-factor) from
Table 3. A similar refinement was performed for NbFeSb to
quantify the Fe/4d Frenkel defects.62 On the other hand, refin-
ing the Sn-free compounds (Zr0.8Ti0.2CoSb and ZrCoSb) ends up
with physically meaningless results (negative occupation at
the 4d sites) if the Co/4d defects are permitted. Therefore,
the point-defect feature of the Sn-containing compounds is
essentially different from the Sn-free ones. Furthermore, since
the kL is weakly related to the synthesis and the impurity
features of ZrCoSb, as shown in the ESI† (Section 2.2.2), we
anticipate the formation of Co/4d defects are induced by a
charge-compensation effect that also significantly impact the
electronic transport properties, as briefly discusses in the ESI.†
As confirmed by Fig. 9, the positively charged Co/4d defects in
the vicinity of the valence band show their donor-like nature,
which is indeed favored by the charge-compensation effect
under p-type doping.

2.3.5 Phonon scattering from Co/4d Frenkel defects.
Ultimately, we employ the BvK–Debye model to analyze the
impact of Co/4d Frenkel defects in the kL reduction.63 The
calculation details can be found in the ESI† (Section XIII).
Fig. 10 shows the calculated concentrations of the Co/4d
Frenkel defects being 2.5% and 3.3% for ZrCoSb0.8Sn0.2 and
ZrCoSb0.7Sn0.3, respectively. Besides, we estimate similar defect
concentrations (B2.2% and B2.9%) using another approach
by considering the charge-compensation effect, as discussed in
the ESI† (Section XIV and Fig. S16). These values slightly differ
from the Rietveld refinement results (1.06% and 1.92%, as
shown in Table 3), probably due to the uncertainties in the
refinement. Nevertheless, the defect concentration calculated
from the BvK–Debye model matches the refinement results
satisfactorily, which further supporting the origin of the anom-
alous reduction of kL in ZrCoSb being an intensified Co/4d
Frenkel point defects scattering upon the substitution of Sn at
the Sb sites. The paired defects of vacancies and interstitials, as
shown in Fig. 1, not only create considerable mass contrast at

Fig. 9 The chemical-potential-dependent formation enthalpy (Hf) of (a)
interstitial defects, (b) vacancy defects, and (c) Frenkel defects of Zr, Co,
and Sb atoms. Note that for Frenkel defects, only Co/4d is thermodyna-
mically stable. The numbers alongside the lines are the charging states of
the defects at the corresponding chemical potentials. The zero value of
chemical potential represents the valence band maximum, and the dashed
vertical lines define the bandgap.

Table 2 The EDX- and ICP-compositions of ZrCoSb0.8Sn0.2, ZrCoSb, and
Zr0.8Ti0.2CoSb. The content of Co atoms is set as unity

Nominal composition EDX composition ICP composition

ZrCoSb0.8Sn0.2 Zr1.01CoSb0.79Sn0.18 Zr1.017CoSb0.799Sn0.199

ZrCoSb Zr1.02CoSb0.99 Zr1.010CoSb1.015

Zr0.8Ti0.2CoSb Zr0.81Ti0.21CoSb0.98 Zr0.811Ti0.201CoSb1.011

Table 3 Rietveld refinement results of ZrCoSb0.8Sn0.2, ZrCoSb0.7Sn0.3, ZrCoSb, and Zr0.8Ti0.2CoSb with/without the Co/4d Frenkel defect

Defects

ZrCoSb0.8Sn0.2 ZrCoSb0.7Sn0.3 ZrCoSb Zr0.8Ti0.2CoSb

No defect Co/4d No defect Co/4d No defect Co/4d No defect Co/4d

Quantity — 1.06% — 1.92% — Negative — Negative
Chi2 4.9 4.82 3.212 3.106 3.54 — 2.37 —
R-factor 1.81 1.52 2.816 2.21 1.5 — 1.36 —
RF-factor 0.908 0.862 1.29 1.15 0.994 — 0.982 —
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the corresponding lattice sites but also greatly alter the bonding
configurations inside the lattice by simultaneously breaking exist-
ing bonds and forming new bonds. In combination, these effects
generate significant lattice distortion, which intensifies phonon
scattering and drastically reduces the lattice thermal conductivity.

3 Summary and conclusions

To explain the anomalously reduced kL of ZrCoSb when sub-
stituting Sn at the Sb sites, we dissociate the individual phonon
scattering mechanisms and study their impacts in scattering
phonon. Our analyses evidently show that the replacement of
Sn only slightly alters the intensity of phonon–phonon inter-
action. Besides, we exclude the contributions from various
mechanisms that can significantly reduce kL including phase
boundary scattering, grain boundary scattering, and electron–
phonon interaction. Subsequently, through a combination of
theoretical and experimental approaches, we reveal the exis-
tence of Co/4d Frenkel point defects in the Sn-containing
ZrCoSb. The formation of donor-like Co/4d defects is electron
driven, following the charge-compensation effect upon p-type
doping. Subsequently, the defect concentrations are quantified
by the Rietveld refinement, which matches well with the
calculated ones by considering the BvK–Debye model and the
reduced doping efficiency. Our work elucidates the mechanism
of increased phonon scattering in half-Heusler compounds
ZrCoSb upon substituting Sn at the Sb sites. Last but not least,
although these analyses are based on ZrCoSb, we show that
our conclusions are extendable to many other half-Heusler
compounds such as NbFeSb, ZrNiSn, and ZrCoBi. Our work
discloses the necessity for an advanced understanding of the
phonon transport for half-Heusler compounds, which is
imperative to enable subsequent material optimization and
advance their thermoelectric performance.
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