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largely represented by its figure of merit 
(zT), zT  =  S2σT/κ , where S, σ, T, and 
κ are the Seebeck coefficient, electrical 
conductivity, absolute temperature, and 
the thermal conductivity, respectively. 
The thermal conductivity (κ  =  κe  +  κL) 
originates from charge carriers (κe) and 
phonons (κL). Suppressing phononic 
transport has been one of the most widely 
employed strategies to enhance the ther-
moelectric materials’ zT as it avoids the 
complications in optimizing the inter-
twined electronic transport properties.[3,4] 
The phonon-transport property can be 
engineered by adjusting the synthesis 
conditions to tailor the materials’ micro-
structural characteristics. For example, 
Pan et  al. employed a melt-centrifugation 
technique to produce high-density dislo-
cation arrays and large porosity in p-type 
(Bi,Sb)2Te3.[5] These pores and disloca-
tions collectively reduced the κL by ≈60% 
which ultimately yields an enhanced zT. 

In another example, Li et  al. applied an atomic layer deposi-
tion (ALD) technique to grow ZnO thin layers that cover the 
(Bi,Sb)2Te3 powders.[6] The ALD-treated powders were subse-
quently sintered, forming a (Bi,Sb)2Te3–ZnO core–shell struc-
ture that yields a reduced thermal conductivity. These works 

Thermal management is of vital importance in various modern technolo-
gies such as portable electronics, photovoltaics, and thermoelectric devices. 
Impeding phonon transport remains one of the most challenging tasks for 
improving the thermoelectric performance of certain materials such as half-
Heusler compounds. Herein, a significant reduction of lattice thermal con-
ductivity (κL) is achieved by applying a pressure of ≈1 GPa to sinter a broad 
range of half-Heusler compounds. Contrasting with the common sintering 
pressure of less than 100 MPa, the gigapascal-level pressure enables densifi-
cation at a lower temperature, thus greatly modifying the structural character-
istics for an intensified phonon scattering. A maximum κL reduction of ≈83% 
is realized for HfCoSb from 14 to 2.5 W m−1 K−1 at 300 K with more than 95% 
relative density. The realized low κL originates from a remarkable grain-size 
refinement to below 100 nm together with the abundant in-grain defects, as 
determined by microscopy investigations. This work uncovers the phonon 
transport properties of half-Heusler compounds under unconventional 
microstructures, thus showing the potential of high-pressure compaction in 
advancing the performance of thermoelectric materials.
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1. Introduction

The solid-state thermoelectric technology can be applied for 
certain scenarios such as powering wireless sensors[1] or spot 
cooling.[2] The performance of thermoelectric materials is 
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demonstrated the potential of microstructural engineering in 
intensifying the phonon scattering.

Other than (Bi,Sb)2Te3, microstructural engineering applies 
to other materials for phonon scattering.[7–10] Among the widely 
studied thermoelectric materials, half-Heusler compounds are 
particularly promising due to their unique advantages such as 
a high power factor,[11–14] or mechanical and chemical robust-
ness,[15,16] employment of abundant and nontoxic elements, etc. 
On the other hand, these compounds usually possess a large 
κL that hinders their zT improvement.[17] For example, the κL 
of pristine ZrCoSb is ≈21 W m−1 K−1 at 300 K,[18] much larger 
than that of nanostructured Bi2Te3 (≈0.9 W m−1 K−1)[19] or nano-
structured MgAgSb (≈0.6 W m−1 K−1).[20] Therefore, the efforts 
to improve the half-Heusler compounds have mainly been 
focused on reducing the κL during the past decades, where 
the most effective approach is to introduce 0D point defects. 
This approach yields zT enhancement for a variety of materials 
including (V/Nb/Ta)FeSb,[11,21–24] (Ti/Zr/Hf)Co(Sb/Bi),[25–31]  
(Ti/Zr/Hf)Ni(Sn,Pb),[12,26,32,33] and (Nb/Ta)CoSn.[34–36] Recently, 
we reported that point-defect scattering has been the major 
phonon scattering mechanism of half-Heusler compounds other 
than the intrinsic phonon–phonon interaction, whereas scat-
tering from other defects is less pronounced.[18] The insufficient 
contributions from the higher-dimension defects (such as 2D 
grain boundaries) greatly attenuated the scattering intensity of 
phonons, especially at lower frequencies that carry the most heat.

Herein, we report a significantly reduced lattice thermal con-
ductivity for half-Heusler compounds upon engineering the 
microstructures through high-pressure sintering at ≈1  GPa, 
contrasting the common sintering conditions with <100  MPa. 
The materials studied here include five Sb-based stoichio-
metric (TiCoSb, ZrCoSb, HfCoSb, NbFeSb, and TaFeSb), three 
Sn-based stoichiometric (ZrNiSn, TiNiSn, and NbCoSn), and 
two partially substituted compounds (ZrCoSb0.8Sn0.2 and 
Zr0.7Ti0.3CoSb). The sintering pressure, enhanced by more 
than one order of magnitude, enables a reduced tempera-
ture of 923 K to reach full compaction with a relative density 
exceeding 95%, contrasting the commonly needed 1200–1500 K.  
For clarity, we label the sintering condition of 1 GPa and 923 K 
as “HP,” whereas the compounds sintered at lower pressures 
(<100 MPa) but with a higher temperature are labeled as “HT.” 
The compared sintering schematics are shown in Figure 1. The 
HP approach is found to drastically reduce the κL for almost 
all previously defined compositions. Microscopic studies are 
subsequently applied to clarify the origins of the κL reduc-
tion, which evidence a structural intricacy including a remark-
able grain refinement to the sub-100 nm level (2D defects) and 
a shared occupation of 4c and 4d lattice sites (0D defects). By 
applying the phonon transport model with a BvK–Debye dis-
persion,[18] we uncover a synergistic phonon scattering by these 
defects, thus showing the potential of high-pressure sintering 
in engineering the microstructures to modify the phonon trans-
port and improve the thermoelectric performance.

2. Experimental Section

The half-Heusler powders synthesized in this work were pre-
pared through either arc melting the raw elements following a 

high energy ball milling (SPEX 8000D), or mechanical alloying 
via ball milling. The ball millings were performed in stainless 
steel jars with 2 tungsten carbide balls (φ12 mm). The obtained 
powders were subject to sintering with either a high tempera-
ture plus a lower pressure, or with a higher pressure (≈1 GPa) 
and a low temperature (923 K). The synthesis details can be 
found in Table 1.

Room-temperature X-ray diffraction patterns were measured 
in a Bruker D8 Advance diffractometer (Co Kα1 radiation) to char-
acterize the phases in Bragg–Brentano geometry. A scanning 
electron microscope (SEM) was employed to characterize the 
morphology of broken surfaces. The specimens for transmission 

Figure 1. The schematics of different sintering conductions and the effect 
of high-pressure sintering in reducing the lattice thermal conductivity. 
The labels HT and HP represent “high temperature” and “high pressure,” 
respectively.

Table 1. The synthesis details of the half-Heusler compounds in this 
work. Note that the HT sintering details of TiCoSb and TiNiSn are 
from refs. [12,56]. The HT compounds ZrCoSb, Zr0.7Ti0.3CoSb, and 
ZrCoSb0.8Sn0.2 are from our previous study.[18]

Compounds Arc melting Ball milling HP sintering HT sintering

HfCoSb Yes 2 h 923 K, ≈1 GPa, 
30 min

1473 K, 50 MPa, 
3 min

ZrCoSb No 30 h 1323 K, 50 MPa, 
3 min

TiCoSb Yes 2 h 1373 K, 50 MPa, 
5 min

NbFeSb No 20 h 1223 K, 50 MPa, 
3 min

TaFeSb No 30 h 1173 K, 50 MPa, 
3 min

NbCoSn No 20 h 1173 K, 50 MPa, 
3 min

ZrNiSn Yes 2 h 1273 K, 50 MPa, 
3 min

TiNiSn Yes 2 h 1273 K, 70 MPa, 
2 min

Zr0.7Ti0.3CoSb No 30 h 1323 K, 50 MPa, 
3 min

ZrCoSb0.8Sn0.2 No 30 h 1323 K, 50 MPa, 
3 min
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electron microscope (TEM) investigations were prepared by 
mechanical polishing, dimpling, and then ion milling with 
liquid nitrogen stage. STEM imaging was carried out with 
JEOL ARM 200F equipped with double aberration correction. 
Selected samples for the Rietveld analyses were hand-milled in 
an agate mortar and a pestle. The powders were fixed between 
two polyacetate films and glued with a mixture of amyl acetate 
and collodion. The X-ray diffraction patterns were obtained by 
a STOE Stadi P diffractometer with a Mo source and a Ge(111) 
monochromator which yielded a single wavelength of 0.7093 Å. 
The Rietveld analyses[37] were performed using Fullprof imple-
mented in the WinPlotR software environment.[38] The structure 
model of Romaka et al. for ZrCoSb with the space group 43F m 
(No. 216) was adapted to HfCoSb.[39] The structure model of 
the minor phase CoSb with the space group P63/mmc (No. 194) 
was taken from the same reference. Beside typical parameters 
at nPr  = 7 for the structure model refinement, an overall tem-
perature factor (Bov), asymmetry parameters Asy1 and Asy2 and 
U for microstructure contributions were refined. To evaluate the 
concentration of the Co interstitial/vacancy pairs, the occupan-
cies of the Co/4c and Co/4d sites were refined simultaneously.

The thermal conductivity, κ, was calculated as the multiplication 
of the thermal diffusivity (D), mass density (d), and the specific 
heat (cP). The thermal diffusivity and the mass density were meas-
ured by a Laserflash analyzer (LFA1000, Linseis) and an Archi-
medes kit, respectively. The specific heat was calculated using the 
Dulong–Petit law. The electrical conductivity and the Seebeck coef-
ficient of ZrCoSb0.8Sn0.2 were measured by a commercial device 
(LSR-3, Linseis). The measurement uncertainties were 4%, 5%, 
and 12% for electrical conductivity, the Seebeck coefficient, and the 
thermal conductivity, respectively. To increase the readability of the 
graphs, the error bars on the curves were not added.

The formation energy of different defects and electronic cal-
culations in this work were based on DFT implemented in the 
Vienna Ab-initio Simulation Package.[40,41] A supercell consisting 
of 27 (3 × 3 × 3) chemical units was adopted for structural relax-
ation and phonon calculations. The elements were represented 
by projector-augmented wave potentials[42,43] with 350 eV energy 
cutoff and the 12 valence electrons for Zr(4s24p65s24d2); 9 for Co 
(3d74s2); 5 for Sb (5s25p3); and 10 for Hf (5p65d26s2) were treated 
explicitly. Initial relaxation and energetics were calculated via 
the generalized gradient approximation of Perdew–Burke–
Ernzerhof functionals.[44] The first Brillouin zone was sam-
pled by the tetrahedron method on a gamma-centered 8 × 8 ×  
8 k-mesh. All structures were relaxed until the force on each 
atom was less than 0.01 meV Å−1.

Using density functional theory, the dispersion relations and 
modal scattering rate were calculated. These required second-
order and third-order interatomic force constants (IFCs), 
denoted by Φλ,λ′ and Φλ,λ′λ″. For this purpose, the finite dis-
placement technique was applied, implemented in Phonopy[45] 
and Phono3py,[46] respectively. For the second-order IFC calcula-
tions, to construct the dynamical matrices, each atom was dis-
placed by 0.01 Å in 3 × 3 × 3 supercells (81 atoms). A Γ-centered 
15 × 15 × 15 k-mesh was used for Brillouin zone sampling. For 
the third-order IFC calculations, a 3 × 3 × 3 supercell, atomic 
displacements of 0.03 Å, and a 45 × 45 × 45 k-grid were used. 
For both second-order and third-order IFCs, density functional 
theory was used as described above for total energy calculations. 

Given the third-order IFCs, the three-phonon scattering rate 
1/τλ can be formulated based on the Fermi’s golden rule

∑τ
π φ δ ω ω ω

δ ω ω ω δ ω ω ω

( ) ( )
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(1)

where λ indicates phonon mode (q, j), n0 is the Bose–Einstein 
distribution, and the delta function δ(·) enforces energy conser-
vation during scattering. The formalism of Fermi’s golden rule 
was consistent with the single-mode relaxation time approxima-
tion (RTA) of the Boltzmann equation. Both of these assumed 
the single-particle transport picture. In the RTA, the lattice 
thermal conductivity is defined as

∑κ τ= ⊗
λ

λ λ λ λ
1
V

C vv vv  (2)

where V is the volume, Cλ  =  kBx exp(x)/(exp(x)  −  1) is modal 
heat capacity, x  =  ℏωλ/kBT , vλ = ∂ωλ/∂ qλ and τλ are the group 
velocity and relaxation time for mode λ, and qλ is its wavevector. 
In this definition

⊗ =
















v v v v v v
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vv vv  (3)

is the tensor product of group velocity v  = (vx, vy,vz). In this 
work, the reported thermal conductivity was a scalar, κ  = tr 
(κ)/3 = (κxx + κyy + κzz)/3, where κxx, κyy, and κzz are the diag-
onal terms of κ.

3. Results and Discussion

High-purity half-Heusler phases are obtained with HP sin-
tering, as examined by X-ray diffraction (XRD) and shown in 
Figure S1 (Supporting Information). The final densities of the 
half-Heusler compounds are listed in Table S1 (Supporting 
Information). The HP compounds possess densities compa-
rable to the HT-prepared ones and exceed 95% of the theo-
retical density from the X-ray diffraction patterns. Therefore, 
the change in the density affects the final κ value negligibly. 
Figure  2a,b shows the κ values of the eight pristine half-
Heusler compounds that are prepared by either HP or HT 
sintering. Note that κ  ≈  κL applies for these compounds that 
are not doped aliovalently unless bipolar conduction is excited. 
Reduction in κL is realized for all the Sb-based compounds with 
a maximum rate of ≈83% for HfCoSb at 300 K from 14.5 to  
2.5 W m−1 K−1, as shown in Figure  2c. Except for the severe 
deformation as realized by Masuda et al. and Rogl et al. through 
high-pressure torsion,[47,48] such reduction rate was scarcely 
observed for bulk compounds by applying high-pressure sin-
tering for other materials even with much higher sintering 
pressure. For example, Cai et  al. reported a κL reduction of 
≈20% for Na-doped PbTe with a much higher sintering pres-
sure of 6 GPa at 1073 K.[49] In another example, a reduction of 
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≈30% was realized for the κL values in thermoelectric BiCuSeO 
upon applying a 3  GPa pressure under 973 K.[50] We thus 
emphasize the importance of a combination of high sintering 
pressure and reduced sintering temperature to realize the 
drastic reduction of κL. Furthermore, applying HP also reduces 
the κ values of some Sn-based compounds including ZrNiSn 
and NbCoSn with a relatively smaller reduction rate of ≈40% at 
300 K. However, the κ of TiNiSn are almost identical between 
the HP and HT compounds, suggesting that the microstruc-
tural features of TiNiSn are not sensitive to the sintering con-
ditions applied herein. The similar κ curves of TiNiSn help to 
understand the heat transport properties. Following a previous 
report, the phonon scattering in TiNiSn is dominated by inter-
stitial Ni point defects.[12] As will be discussed later, we verify 
that this mechanism is indeed contributing to the reduced κL 
for the HP compounds, such as HfCoSb.

The κL reductions, especially for the Sb-based half-Heusler 
compounds are remarkable due to the large reduction rate 
and, as the main reason, the simple modification of the sin-
tering conditions to higher pressure at a lower temperature. 
Besides, we compare the κL values among ZrCoSb, TiCoSb, 
and Zr0.7Ti0.3CoSb that are prepared by either the HP or the HT 
method. A similar κL reduction is achieved for Zr0.7Ti0.3CoSb. 
For example, as shown in Figure  2d, the κL value of the  
HT-sintered Zr0.7Ti0.3CoSb is ≈6.2 W m−1 K−1 at 300 K, while 
it drops by ≈50% to ≈3.2 W m−1 K−1 for the same nominal 

composition prepared with the HP method. Therefore, isoelec-
tric substitution and high-pressure sintering are combined to 
concertedly reduce the κL property of our materials, which indi-
cates the potential to become a routine for further κL reduction. 
Moreover, as shown in Figure  2e, the respective κL curves of 
TiCoSb and ZrCoSb almost overlap among the tenfold-repeated 
measurements to 873 K, thus confirming a well-preserved κL 
reduction as long as the measurement temperature does not 
exceed the sintering temperature (923 K).

The phonon scattering mechanism is estimated by the index 
α in κL ∝ Tα. Theoretically, the respective values of α are −1 and 
−0.5 if phonons are mainly scattered by the intrinsic phonon–
phonon interaction or point defects.[18] Besides, the boundary-
dominant phonon scattering is usually observed at cryogenic 
temperatures with the theoretical value of α being either 3 or 
2 depending on the assumption whether the scattering rate is 
phonon-frequency sensitive.[51] In some special cases such as 
nanowires, positive values of α are obtained at above 300 K,[52] 
thus manifesting the role of boundary scattering in increasing 
α (i.e., decreasing the |α|). The α values of HfCoSb, ZrCoSb, 
TiCoSb, NbFeSb, TaFeSb, and NbCoSn are plotted in Figure 2f, 
whereas ZrNiSn and TiNiSn are not included because of their 
obvious bipolar thermic conduction upon heating. A consistent 
improvement of α is obtained for the selected compounds. 
Especially, an increased α of −0.28 is observed on HfCoSb that 
deviates from the values of phonon–phonon interaction (−1) or 

Figure 2. Thermal-conductivity comparisons of half-Heusler (HH) compounds that are sintered under high pressure (HP) or high temperature (HT). 
Temperature-dependent thermal conductivity of a) Sb-based and b) Sn-based compounds. c) The reduction of thermal conductivity of eight pristine 
HH compounds at 300 K. Temperature-dependent thermal conductivity of ZrCoSb and TiCoSb with d) alloyed Zr0.7Ti0.3CoSb and e) cycling test for  
10 times. f) The index α as in κL ∝ Tα for the HP- and HT-sintered compounds.
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point-defect scattering (−0.5). Such an increase in α suggests 
another major mechanism in scattering phonons, possibly 
from the grain boundaries. To further understand the defect 
characteristics, we performed microscopic studies for the struc-
tural origins of the enhanced phonon scattering.

The reduced sintering temperature yields a drastic grain 
refinement. Taking HfCoSb as an example, Figure  3a shows 
the scanning electron microscope (SEM) images of the broken 
surfaces of the HfCoSb compounds that are subject to HP 
sintering. A statistical analysis following the SEM characteri-
zation suggested an area-weighted grain size of ≈94.4 (±28.8) 
nm with HP, thus confirming a grain refinement of more than 
one order of magnitude compared to the HT specimen with 
≈1–10  µm, as shown in Figure  3b. The sub-100  nm average 
grain size is further confirmed by low-resolution transmis-
sion electron microscope (TEM) investigations, as shown in 
Figure 3c. Therefore, the grain-boundary scattering is believably 
one significant contributor to the enhanced phonon scattering.

For compounds that are synthesized through high pressure, 
strong lattice disorder is expected. To characterize the structural 
features of the compounds, sintered in this work through high 
pressure on the atomic level, we perform a spherical-aberration-
corrected (Cs) scanning transmission electron microscopy 
(STEM) investigation using JEM-ARM 200F on HfCoSb because 
it displays the largest κL reduction. Note that the thermoelec-
tric half-Heusler compounds crystallize in space group F m43   

(No. 216) with three interpenetrating face-centered cubic (fcc) 
sublattices. They possess a nominal formula XYZ with X ele-
ments being early transition metals (Zr, Hf, etc.), Y being 
late transition metals (Co, Ni, etc.), and Z being main group 
metals or metalloids (Sn, Sb, etc.). The X, Y, Z elements ideally 
occupy the Wyckoff positions 4b (½, ½, ½), 4c (¼, ¼, ¼), and 
4a (0,0,0), respectively, and leaving the remaining 4d (¾, ¾, ¾) 
sites as tetrahedral vacancies. For the HfCoSb sample, the dif-
ferent Wyckoff positions do not overlap in the [110] structural 
projection. Figure  3d,g shows [110] high-angle annular dark-
field (HAADF)–STEM images in which the Hf, Co, and Sb 
atomic columns are revealed individually. By magnifying the 
HAADF–STEM images, we find distinct atomic occupation 
features wherein Figure 3e,h the 4d sites are empty and occu-
pied, respectively. We further evaluate the integrating inten-
sity of two 4c/4d planes in both regions, as indicated by the 
two yellow boxes in Figure 3e,h. The respective intensities are 
shown in Figure 3f,i. Note that in Figure 3f the small extrema 
at the 4d sites originate from overlapped profiles between the 
neighboring 4c sites instead of from occupation. The intensities 
among the 4c sites are not uniform, suggesting the existence 
of Co vacancies. By contrast, Figure 3i shows a partial occupa-
tion of both 4c and 4d sites, featuring an intermediate-Heusler 
phase. Following our previous work, these 4d lattice sites are 
occupied by Co atoms due to their lowest formation energy.[18] 
We thus verify a coexistence of half-Heusler (HH) and 

Figure 3. Microscopy investigations of HfCoSb. SEM images of the broken surfaces of HfCoSb that are sintered through a) high pressure or b) high 
temperature. c) Low-magnification TEM images of the HP-sintered HfCoSb. HAADF–STEM images of HP-sintered HfCoSb at different regions, showing 
the coexistence of d,e) HH and g,h) intermediate-Heusler (IH) phases. f,i) The intensity profiles for the 4c/4d sites, as shown in the yellow boxes in 
(e) and (h), are shown.
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intermediate-Heusler (IH) phases, but not a full-Heusler (FH) 
phase. This behavior is different from the Ni-based compounds 
such as ZrNiSn where HH, IH, FH phases were observed 
simultaneously.[53] Indeed, unlike MNi2Sn (M = Hf, Zr, or Ti), 
there is no record of full-Heusler MCo2Sb compounds, e.g., in 
the Inorganic Crystal Structure Database or the Crystallography 
Open Database.

Subsequently, to evaluate the concentration of Co inter-
stitial/vacancy pairs (Co/4d) in the HP-sintered HfCoSb, we 
compare the Rietveld analyses results based on powder XRD 
with/without Co/4d defects under the constraint that the total 
occupancy for both Co sites is 100%. As shown in Figure S3  
(Supporting Information), high-quality fits are realized even 
without including any defects, showing a good crystallinity 
of the HP-sintered compound. Allowing a flexible migration 
between 4c and 4d lattice sites further improves the fit quality 
with an ≈2.3% concentration of Co/4d defects, thus evidencing 
the atomic disorder. The refined concentration of defects is con-
siderable in scattering phonons due to the involvement of vacan-
cies and interstitials, as similarly discussed in ZrCoSb-based  
compounds.[18] Overall, our structural investigations uncover 
the abundant concentration of 0D point defects and 2D grain 
boundaries. These defects will be shown to be accountable for 
the remarkably reduced κL through phonon-transport analysis.

Density-functional-theory (DFT) calculations are applied 
to access the scattering from the grain boundaries. The com-
putation details are discussed in the “Experimental Section.” 
Figure  4a shows the mean-free-path-dependent accumulated, 
normalized κL of ZrCoSb and HfCoSb at 300 K. Obviously, most 
of the heat-conduction-related phonons possess a mean free path 
in between a few tens of nanometers for both compounds. Note 
that the result of ZrCoSb is similar to the previous calculations 
from Zhou et al. and Shiomi et al., thus verifying the reliability 
of our calculations.[54,55] Besides, we overlap the grain-size dis-
tribution of HfCoSb with HP sintering in Figure 4a. The grain 
sizes with a higher count coincide with the mean free paths of 
phonons that are most contributing to the heat transport, thus 

suggesting an effective phonon scattering from grain bounda-
ries. Furthermore, Figure 4b shows the calculated temperature-
dependent κL of HfCoSb based on either DFT or the BvK–Debye 
model. The modeling details were introduced in our previous 
work,[18] and the modeling parameters (such as the longitudinal 
and transverse speed of sound) take literature values.[56] For 
boundary-free compounds (i.e., only the phonon–phonon inter-
actions present), the κL from DFT and BvK–Debye show excel-
lent agreement. Applying a grain size of 100 nm and assuming 
a mode-dependent scattering rate from boundaries, the DFT cal-
culation generates a κL reduction of ≈40%. This finding is sim-
ilar to the κL reduction of 50% calculated with the BvK–Debye 
model for a grain size of ≈94 nm. These results are consistent 
with our previous conclusions that a grain refinement to 100 nm 
and below is needed for effective phonon scattering.[18]

Nevertheless, Figure 4b shows that, even by imposing a grain 
size of 10  nm, the DFT-calculated κL do not match the experi-
mental κL of the HP HfCoSb. Therefore, other scattering mecha-
nisms such as Co/4d point defects should be considered. The syn-
ergistic effects in phonon scattering from the various mechanisms 
are evaluated by the BvK–Debye model. Note that the Co/4d defect 
concentration is determined from a Rietveld analysis (≈2.3%), so 
no random fitting parameter is employed in our modeling. As 
shown in Figure  4b, the modeled κL matches the experimental 
values well, thus confirming the synergistic phonon scattering 
from the 2D grain boundaries and the 0D point defects.

Because of the huge κL reduction, especially for the Sb-based  
compounds, the high-pressure sintering becomes very 
promising in improving the thermoelectric performance of 
half-Heusler compounds if the electronic transport is less 
perturbed. On the other hand, since the drastic reductions of 
κL are partially realized by a higher atomic disorder, it remains 
challenging to preserve the electrical conductivity (σ) due to 
the enhanced scattering from ionized impurities. It is desired 
that, at least, the reduction of the σ should be less than that 
in κL. To our opinion, four strategies can potentially succeed. 
First, heavily doped compounds are preferred over the lightly 

Figure 4. a) Phonon mean-free-path-dependent normalized accumulative lattice thermal conductivity of HfCoSb and ZrCoSb overlapping the grain 
size distribution of HfCoSb. b) Temperature-dependent lattice thermal conductivity of HfCoSb through DFT calculations or BvK–Debye modeling. The 
experimental values are plotted for comparison. The labels PP, GB, and PD represent phonon–phonon interaction, grain-boundary scattering, and 
point-defect scattering, respectively.
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doped ones, since a higher Hall carrier concentration can 
potentially shield the Coulomb potential from the ionized scat-
tering centers. In this sense, the half-Heusler compounds are 
preferred candidates for HP sintering since their optimized car-
rier concentrations are usually high (>1021 cm−3).

Second, the thermoelectric performance is usually opti-
mized through a trade-off between the transport of electrons 
and phonons. Therefore, a postannealing is potentially ben-
eficial to optimize the σ/κL ratio by partially recovering these 
localized, ionized centers. This procedure was successfully 
demonstrated in our preliminary studies of a doped composi-
tion, ZrCoSb0.8Sn0.2. As shown in Figure  5a,b, by annealing 
this compound at 1073 K for 30 min. in vacuum, both the elec-
trical and the thermal transport are recovered. Importantly, the 
recovery rate of the electrical conductivity is ≈50%, much larger 
than the ≈20% of the thermal conductivity, so the σ/κL ratio 
is improved. The σ/κL ratio can be further improved by opti-
mizing the annealing condition.

Third, Figure  5a displays that although the κL increases 
upon annealing, it remains ≈33% lower than the HT-sintered 
sample at 300 K. Besides, as already shown in Figure  2d, the 
κL can be reduced through alloying such as among Hf/Zr/Ti. 
This approach is expected to less interfere with the transport of 
charge carriers since these elements are isovalent.

Finally, as shown in Figure  5c, the Seebeck coefficient of 
the annealed HP compound enhances or reduces unexpect-
edly below or above 700 K when compared to the HT sample. 
There are several possible explanations for the Seebeck anomaly 
such as an insufficient dopant activation, a modified scattering 

mechanism, or an energy filter effect from quantum confine-
ment due to the refined grain size, etc. The exotic transport 
properties demand subsequent analysis for an explanation. 
Nevertheless, the enhanced Seebeck coefficient further justifies 
the beneficial effects of high-pressure sintering. As shown in 
Figure 5d, the resulting zT values of the high pressure-sintered 
ZrCoSb0.8Sn0.2 following annealing slightly exceed that of the 
high temperature-sintered compound and are higher than the 
results from previous reports.[28,57,58] More importantly, upon 
HP sintering and annealing, the individual parameters (the two 
conductivities and the Seebeck coefficient) are distinct from the 
high-temperature-sintered counterparts. Therefore, our synthesis 
approach opens up the possibility to decouple the transport of 
electrons and phonons, which merits an extended investigation 
of high-pressure sintering for better thermoelectric performance.

4. Conclusion

In summary, we report the effects of microstructural modifica-
tion in tailoring the phonon transport properties of half-Heusler 
compounds that are synthesized through sintering under high 
pressure (1 GPa) but with reduced temperature (923 K). We show 
the drastic reduction of the lattice thermal conductivity for most 
compositions in this work with a maximum reduction reaching 
≈83% for HfCoSb at 300 K. The obtained properties are pre-
served under repeated measurements and are combined with 
other phonon-scattering approaches such as alloying. Through 
microscopy analysis on HfCoSb, we describe detailed structural 

Figure 5. Temperature-dependent a) thermal conductivity, b) electrical conductivity, c) Seebeck coefficient, and d) zT of ZrCoSb0.8Sn0.2 that are sintered 
by either HT or HP with/without a postannealing. The zT of ZrCoSb0.8Sn0.2 from several previous reports are also included in (d).
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features including a grain refinement to below 100 nm and the 
simultaneous occupation of 4c and 4d lattice sites, which is fur-
ther quantified by Rietveld analyses. These quantified defects are 
well correlated to the lattice thermal conductivity following pho-
non-transport calculations, thus justifying a synergistic phonon 
scattering effect. Moreover, our results on electronic transport 
show beneficial changes in the Seebeck coefficient, albeit further 
studies are needed for understanding. We also outlook the poten-
tial strategies such as annealing that can increase the electrical-to-
thermal-conductivity ratio for a zT optimization. Overall, owing 
to the capability of broadening the possible microscopic states 
of half-Heusler compounds, high-pressure sintering offers new 
chances to tailor the individual transport behaviors, especially the 
phonon scattering to an unusual degree. Our work thus indicates 
the great potential of high-pressure-sintering-induced microstruc-
tural engineering for improving the thermoelectric performance 
for half-Heusler compounds and possibly other materials.
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