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is focused on developing technologies 
that can convert heat into electricity with 
high efficiency. Thermoelectric genera-
tors (TEGs) can directly convert waste heat 
into electricity via the Seebeck effect.[1] The 
conversion efficiency (η) of a thermoelec-
tric (TE) device is governed by
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where zTavg is the average figure of merit 
of TE materials, and ΔT (Th − Tc, where Th 
and Tc are the hot- and cold-side tempera-
tures, respectively) is the temperature gra-
dient across the device. The TE properties, 
including the electrical resistivity (ρ), See-
beck coefficient (α), and thermal conduc-
tivity (κ), determine the material’s figure 
of merit (zT), as follows

/2zT Tα ρκ=  (2)

These properties are dependent on 
the carrier concentration (nH) and carrier 
mobility (µH).[2]

Tremendous efforts have focused on improving the zT of 
various materials for different operating temperatures.[3–11] 
Among TE materials, half-Heusler (hH) alloys have promising 
zT,[8,12,13] stability,[14,15] and mechanical strength[16] at 773–1073 K.  
Recently, NbFeSb-based p-type hH alloys exhibit a high peak 
zT realized by solid solution,[13] band degeneracy,[17] and hier-
archical design[18] approaches. With the improvements in hH 
materials, module performance has been increasing in the past 
decade.[19–21] In particular, single-stage hH-based modules can 
reach a conversion efficiency of up to 10–11%.[8,20] However, fur-
ther improvements in the module efficiency are limited by the 
low zTavg of hH alloys.

To achieve a high zTavg and large temperature gradient across 
TE legs, segmented TE modules using BiTe-based materials as 
the low-temperature stage, and materials, such as lead telluride, 
skutterudite, and hH alloys for medium- and high-temperature 
stages have been developed. However, this approach can only 
slightly promote the maximum conversion efficiency (ηmax) by 
up to ≈12%[22–24] owing to several intrinsic concomitant factors 
from the conventional segmentation design. First, the large dif-
ference in the densification temperatures between the materials 
used in the segmented legs imposes restrictions on sintering 
them together. Hence, the segments in the TE legs must be 

Waste-heat electricity generation using high-efficiency solid-state conversion 
technology can significantly decrease dependence on fossil fuels. Here, a 
synergistical optimization of layered half-Heusler (hH) materials and module 
to improve thermoelectric conversion efficiency is reported. This is realized 
by manufacturing multiple thermoelectric materials with major compositional 
variations and temperature-gradient-coupled carrier distribution by one-
step spark plasma sintering. This strategy provides a solution to overcome 
the intrinsic concomitants of the conventional segmented architecture that 
only considers the matching of the figure of merit (zT) with the temperature 
gradient. The current design is dedicated to temperature-gradient-coupled 
resistivity and compatibility matching, optimum zT matching, and reducing 
contact resistance sources. By enhancing the quality factor of the materials 
by Sb-vapor-pressure-induced annealing, a superior zT of 1.47 at 973 K is 
achieved for (Nb, Hf )FeSb hH alloys. Along with the low-temperature high-
zT hH alloys of (Nb, Ta, Ti, V)FeSb, the single stage layered hH modules 
are developed with efficiencies of ≈15.2% and ≈13.5% for the single-leg and 
unicouple thermoelectric modules, respectively, under ΔT of 670 K. Therefore, 
this work has a transformative impact on the design and development of next-
generation thermoelectric generators for any thermoelectric material families.
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1. Introduction

The increasing global demand for energy has accelerated the 
development of energy-harvesting technologies that can gen-
erate electricity from available energy sources. Waste heat is one 
of the most common energy sources; thus, significant interest 
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soldered or brazed using heterogeneous joint materials to form 
a segmented architecture, thereby generating heterogeneous 
interfaces, external electrical and thermal contact resistance,  
and weak mechanical properties. Second, the segments have a 
large resistivity difference. The load current passing through 
the entire segmented TE leg leads to a resistivity mismatch 
among the segments, which implies that different materials 
cannot be operated under optimum conditions. This results 
in a performance lower than the expected outcome from the 
combination of different material segments. Third, according 
to the compatibility factor (s) theory,[25] the difference in the 
optimum relative current density (u) among the segments 
restricts their efficient operation in a specific current magni-
tude. As the difference in s between these materials is higher 
than 2,[26] the performance of the segmented devices is below 
expectations.

Functionally graded materials (FGMs) are materials with 
gradual variations in their compositions, structures, or proper-
ties throughout their volume. It can be either interconnecting 
of more than one segments/layers or continuously grading 
the compositions. Functionally graded doping is to introduce 
doping in each segment of the sample that is optimized for the 
operating temperature gradient for that piece.[27] Module perfor-
mance has been enhanced using FGMs with appropriate geo-
metrical optimization, such as in Sb2Te3, Mg3(Sb, Bi)2, PbTe, 
and Bi2Te3 systems for low- and medium-temperature power 
generation.[28–32] In conventional FGMs, only minor compo-
sitional variants are deployed to vary the TE properties, which 
restrict their applications. Contact electrode material, such as 
Ni, has been widely used to fabricate conventional FGMs.[31,32] 
However, it can introduce heterogeneous interfaces, interdiffu-
sion between the electrode and TE materials, and a mismatch 
between the coefficient of thermal expansion (CTE). Previously, 
we developed a direct bonding technique for hH TE devices, 
which demonstrated negligible contact resistance and clear 
interface, thereby achieving good TE performance with thermal 

stability.[19] Nonetheless, the aforementioned issues should be 
synergistically addressed through a layered material and device 
design.

In this study, we demonstrate a synergistically optimized 
layered architecture obtained by a direct bonding technique on 
hH alloys with major compositional variants. A spatially dis-
tributed electrical conductivity and Seebeck coefficients with 
optimum temperature gradients across each material were 
obtained to overcome resistivity and compatibility mismatch 
issues, and avoid heterogeneous interfaces, while maintaining 
high zTavg. To implement this, we synthesized MFeSb (M = Nb, 
Ta, Ti, V, Hf) hH alloys, which exhibit high zT at 298–683 K 
(Nb0.45Ta0.4V0.1Ti0.05FeSb, denoted as TaV) with a low carrier 
concentration, and Nb0.88Hf0.12FeSb alloys, marked as NbHf, 
which exhibit high zT between 683 and 973 K with a high car-
rier concentration (Figure 1a). The NbHf alloy synthesized 
through the pressure-induced annealing (PIA) process has a 
high carrier concentration (low resistivity), low Seebeck coeffi-
cient, and distinguished peak zT of 1.47 at 973 K (Figure  1a). 
Subsequently, a synergistically optimized layered architecture 
with NbHf and TaV as the high- and low-temperature layers, 
respectively, was fabricated by one-step spark plasma sintering 
(SPS) of the p-type hH leg. Based on the performance of the 
advanced material, the optimized geometric dimensions of the 
TE material were calculated following previously reported con-
cise module design[24] to couple the temperature profile, resis-
tivity, and Seebeck coefficient with a temperature gradient. As 
a result, the state-of-the-art conversion efficiencies of ≈15.2% 
for a single leg and ≈13.5% for the unicouple module at ΔT of 
670 K were obtained (Figure 1b), which are the highest values 
reported for single-leg and π-type TE modules.[8,20,22–24,33–39] 
This result can be ascribed to three aspects: superior material 
performance, temperature-coupled resistivity and compatibility 
matching, and extremely low contact resistance. The strategy of 
current design is further summarized in Figure S1 (Supporting 
Information).

Adv. Mater. 2023, 35, 2210407

Figure 1. Figure of merit (zT) of p-type hH alloys and conversion efficiency of TE modules, compared to reported results.[13,18,40–42] a) zT of hH mate-
rials as a function of temperature. b) Conversion efficiency of the synergistically optimized layered hH TE modules as a function of the temperature 
gradient (ΔT).
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2. Results and Discussion

2.1. Synergistical Optimization of Layered hH Architecture

The conventional segmentation design attempts to maximize 
only zTavg and ΔT. However, it simultaneously introduces resis-
tivity, compatibility mismatch, and heterogeneous interfacial 
contact resistance. Meanwhile, the transport properties of mate-
rials are not considered as a function of the temperature gra-
dient along the device, which further leads to the nonoptimum 
performance for each segment.[43] The synergistically optimized 
layered hH design with different dopants based on (NbxM1−x)
FeSb (x = 0.45 and 0.88) compositions, where M-site is occupied 
by either dopant of Hf when x = 0.88 or (Ta0.73V0.18Ti0.09) when 

x  = 0.45, is demonstrated. More than two layers can be inter-
connected, as illustrated in Figure 2a (two layers) and Section 
S2 (multiple layers) (Supporting Information), fully accounting 
for the properties of various materials and interfacial engi-
neering. First, compositional layers from the same material 
system (e.g., hH) were stacked with high to low carrier con-
centrations along the temperature gradient. Consequently, the 
gradient TE properties, including resistivity and Seebeck coef-
ficient, can be coupled with the temperature gradient. Thus, TE 
materials with various compositions can be fabricated through 
a direct bonding technique by one-step SPS to eliminate the 
heterogeneous interface, thereby reducing the contact resist-
ance. In addition, as the leg is fabricated using compositions 
of the same materials, the CTE mismatch between these layers 

Adv. Mater. 2023, 35, 2210407

Figure 2. Synergistical optimization of layered architecture design. a) Synergistically optimized layered design, and comparison of the features with 
conventional segmentation. Rc

int is the contact resistance at the interfaces. Definition, metrics, and values in the hexagonal radar are summarized in 
Table S1 (Supporting Information), where the calculations are based on the experimental results of NbHf and TaV p-hH compositions and our previous 
work on BiTe/hH segmentation.[24,48] The (+) and (−) signs indicate the positive and negative impacts on the enhancement of η with increased values 
in these terms, respectively. b) Conversion efficiency (η) for synergistically optimized layered design (green, η1 + η2) and conventional segmentation 
(yellow, η3 + η4) design. c,d) Resistivity matching (Δρ) in conventional BiTe–hH segmentation (c) and synergistically optimized layered (d) p-type 
materials.[24] e) Compatibility factor (s). f) zT of TaV and NbHf in their optimum temperature range. g) Effect of contact resistance on the efficiency 
loss.[20,23] The inset shows a schematic of the contact resistance sources in conventional segmentation and synergistically optimized layered design. 
Th and Tc represent the hot and cold sides, respectively; Rc

hot, Rc
seg, and Rc

cold are contact resistance at the interfaces. The details of the synergistically 
optimized layered design and compatibility factor are described in Figures S2 and S3 and Table S1 (Supporting Information).
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is significantly reduced, resulting in more stable devices and 
a more similar compatibility factor to produce higher conver-
sion efficiency. Therefore, in addition to achieving optimal zT 
in different temperature ranges, the synergistically optimized 
layered architecture can achieve resistivity and current density 
matching by coupling the charge transport properties with a 
temperature gradient to improve the device performance.

The ηmax of the TEGs was achieved when the applied external 
load was identical to the internal resistance. In the conventional 
TE segmentation design, where an identical current passes 
through the TE leg, the resistivity difference (Δρ) between the 
materials was large because different material systems, such as 
BiTe, skutterudite (SKD), PbTe, and hH, were employed. The 
total conversion efficiency of the device, η3 + η4 (Figure 2b), is 
between the values for each segment as a trade-off efficiency 
(ηtrade-off) because each segment stage cannot achieve its ηmax 
under the same current. For instance, Δρ increased in conven-
tional BiTe–hH segmentation at elevated temperatures, where 
the resistivity of the BiTe segment is almost twice that of the 
hH segment at the desired high operational temperature. Thus, 
the trade-off effect of the efficiency increased at elevated tem-
peratures, leading to a low ηtrade-off (Figure  2c). In this study, 
the same material system was utilized to achieve a close Δρ 
matching between two hH materials. As shown in Figure  2d, 
the Δρ values of TaV and NbHf are closer at elevated temper-
atures and are almost equal at the desired high operational  
temperature (NbHf at ≈973 K and TaV at ≈673 K), leading to 
a high ηmax. Thus, the uniqueness of the synergistical optimi-
zation of layered architecture can simultaneously achieve the 
optimum efficiency for both segments, which is η1 + η2 > η3 + η4  
(Figure 2b).

Compared to the current design, the normalized efficiency 
loss from conventional segmentation is ≈25% (Table S1, Sup-
porting Information). Theoretically, the change in the com-
patibility factor of the segmented materials should be lim-
ited to a factor of two to achieve a high ηmax,[26] which is an 
inevitable challenge for conventional segmentation (Figure  2e 
and Section S3 (Supporting Information)). Our synergistically 
optimized layered design provides two hH compositions with 
a compatibility difference of less than one for the entire tem-
perature range, thereby further increasing ηmax. TaV and NbHf 
alloys have superior zT performance in the range of 298–683 
and 683–973 K, respectively. The zT of TaV is ≈20% higher 
than that of NbHf below 573 K, whereas that of NbHf is up to 
≈30% higher than that of TaV above 673 K (Figure  2f). Thus, 
the effective zTavg significantly increased in the design, which 
can enhance the conversion efficiency of the TE module by 
30–40%, compared to single-stage NbHf or TaV modules. The 
temperature at the TaV/NbHf interface was designed to be the 
crossover temperature of zT to allow the materials to operate in 
their optimum temperature range (Figure 2f).

The heterogeneous interfacial contact resistance is an una-
voidable problem in conventional segmentation. The device zT 
(zTd) is defined as

2d m
c

zT ZT
L

L R σ
( ) ( )= ×

+






 (3)

where (zT)m, L, Rc, and σ are the material zT, TE leg height, 
contact resistance, and electrical conductivity, respectively. The 

total contact resistance of the device (Rc
total) is the sum of that 

of the individual interfaces as follows

c
total

c
hot

c
cold

c
segR R R R= + +  (4)

where Rc
hot, Rc

cold, and Rc
seg are the contact resistance between 

the hot-side and cold-side of the TE legs and electrode, and 
between the segments, respectively (Figure  2g). The elec-
trical and thermal contact resistances were in the ranges of  
1 × 10−9–1 × 10−7  Ω m2 and 1 × 10−6–1 × 10−4 m2 K−1 W−1, 
respectively.[44,45] Ouyang and Li[46] demonstrated that the con-
version efficiency could be reduced by ≈85% and 37% with 
an increase in the electrical and thermal contact resistances, 
respectively. Although different soldering/brazing materials 
have been explored to minimize contact resistance,[20,23,24,47] the 
electrical and thermal contact resistances can still decrease the 
device performance, especially for upscaled devices for practical 
applications.[21] In this study, the layered hH alloys were manu-
factured by one-step SPS through a direct bonding technique, 
which eliminated heterogeneous interface, thereby significantly 
reducing the contact resistance (Figure  2g). The η loss in the 
conventional segmentation module was ≈5%, which was signif-
icantly higher than that of our synergistically optimized layered 
design (≈0.2%). The η loss is higher considering the thermal 
contact resistance from the heterogeneous interface in conven-
tional segmentations.

The hexagonal radar provides a comprehensive comparison 
between the synergistically optimized layered design and con-
ventional segmentation, illustrating the advantage of the former 
for a higher TE performance. A two-layers synergistically opti-
mized architecture of hH materials is demonstrated. The TE 
efficiency can be potentially further improved when multilayer 
materials that fit the criteria are realized (Figure S2, Supporting 
Information), which can be realized by various TE materials.

2.2. Chemical Defects by PIA

Defect engineering serves as a scaffold to tailor TE parame-
ters by manipulating the behavior of intrinsic electrons and 
phonon, thereby enhancing the power factor and reducing 
the lattice thermal conductivity.[49] Wood et  al. developed a 
Mg-vapor annealing process to compensate for Mg loss in  
a high-temperature treatment process, thereby maintaining 
a high n-type carrier concentration.[50] In the MFeSb matrix  
(M: transition metal), Sb has a low vapor pressure and can be 
volatized at elevated temperatures. This provides a promising 
approach to manipulate chemical defects, thereby enhancing 
TE properties. Thus, a Sb-site vapor PIA was developed in 
this study to simultaneously reduce the lattice thermal con-
ductivity and improve the power factor (Figure S4, Supporting 
Information).

The total (κtotal) and lattice (κlattice) thermal conductivity 
(calculation in the Supporting Information) decreased from  
≈3.84 to ≈3.2 and from ≈2.3 to ≈1.59 W m−1 K−1, respectively, as 
the PIA temperature was increased to 973 K (Figure 3a). This 
represents a reduction of 6–15% in the as-synthesized material. 
The increased substitutional defects introduced by strong mass 
and strain fluctuations can reduce the lattice thermal conduc-
tivity.[37,51] The alloying-induced lattice strains can be derived 

Adv. Mater. 2023, 35, 2210407
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from broadening the full width at half maximum (marked as β)  
in the X-ray diffraction (XRD) peaks, as shown in Figure  3b. 
The as-synthesized NbHf (NbHf-AS) and PIA-processed 
sample at 1123 K (NbHf-PIA1123) show a similar micro-
strain contribution from the substitutional defects. A slightly  
lower microstrain contribution was noted from the grain 
boundaries for the NbHf-PIA1123 sample, which can be 
ascribed to the microstrain released during PIA. This indicates 
that other mechanisms dominate the significant reduction in 
the lattice thermal conductivity of NbHf-PIA1123. The XRD  
pattern of the Nb foil used for PIA exhibits a major NbSb2 
phase (Figure 3c).

The Rietveld refinement results show reduced Sb occu-
pancies for NbHf-PIA1123 (Figure  3d,e and Table S2 (Sup-
porting Information)), indicating the off-stoichiometry of 
Sb. Figure  3f,g shows the high-angle annular dark-field 
scanning transition electron microscopy (HAADF-STEM) 
images obtained from the [110] zone axis with the intensity-
scan profiles of NbHf-AS and NbHf-PIA1123. Compared to 
the uniform contrast of the Sb-site columns for NbHf-AS,  

the unambiguous intensity contrast at the Sb-site indicated 
by the red arrow for NbHf-PIA1123 illustrates the existence of  
Sb-vacancies after PIA, which is consistent with the XRD anal-
ysis. This suggests that PIA initiated Sb evaporation owing 
to its low vapor pressure, thereby generating Sb-vacancies 
(Figure 3h,i and Section S4 (Supporting Information)). Several 
HAADF-STEM images were measured and analyzed from dif-
ferent areas of prepared sample. The reduced column intensity 
on Sb-site was observed consistently indicating the statistical 
significance of Sb-vacancy in NbHf-PIA1123 sample (Figure S5,  
Supporting Information). The electrons generated by the  
Sb-vacancies lowered the carrier concentrations, as confirmed 
by the Hall measurements (Table S3, Supporting Informa-
tion). The relative density of NbHf-PIA slightly decreased from 
99% to 95%, which is still very high and comparable to that 
of polycrystalline SnSe (Figure S7, Supporting Information),[52] 
thereby contributing to phonon scattering.[53] In addition to 
the local mass fluctuations of Nb and Hf, these defects play an 
important role in phonon scattering of phonons, resulting in 
reduced lattice thermal conductivity.

Adv. Mater. 2023, 35, 2210407

Figure 3. Thermal transport and figure of merit of NbHf. a) Total (κ) and lattice (κL) thermal conductivity of NbHf-AS, NbHf-PIA1073, and NbHf-
PIA1123. b) Lattice strain analysis for NbHf-AS and NbHf-PIA1123. The intercept and slope of the linear fit illustrate the strain contribution of the 
grain boundaries and substitutional defects, respectively. c) XRD patterns of the Nb foil before (Nb foil-w/o) and after PIA at 1123 K (Nb foil-PIA1123).  
d,e) Rietveld refinement analysis of NbHf-AS (d) and NbHf-PIA1123 (e). Detailed results of the Rietveld refinement analysis are summarized in Table S2 
(Supporting Information). f,g) HAADF-STEM image and intensity-scan profile along the [110] zone axis of NbHf-AS (f) and NbHf-PIA1123 (g). h,i) Sb-vacancy 
generation for NbHf-AS (h) and NbHf-PIA1123 (i).
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2.3. Grain Boundary Engineering and Quality Factor

The thermally activated resistivity (ρT) is described as follows[54]

T
B

d
e

gb
E

k Tρ
ρ

=
− ∆

 (5)

where ρgb, d, and ΔE are the effective grain-boundary resistance, 
grain size, and effective activation energy, respectively. Previous 
studies on TE alloys have focused on fine nanostructures to 
lower lattice thermal conductivity. The high grain boundary 
resistance and small grain size can be attributed to high ρT, 
resulting in the high κtotal and compromised power factor, par-
ticularly in the low- and medium-temperature ranges.[54] There-
fore, well-controlled grain growth is desirable to enhance the 
power factor while retaining the low thermal conductivity.

As shown in Figure 4a,b, the doubled grain size (NbHf-AS: 
200–500  nm; NbHf-PIA1123: 400–1400  nm) with significantly 
reduced grain boundaries after the PIA process can signifi-
cantly reduce electron scattering. Consequently, the electrical 
conductivity of the NbHf-PIA samples was improved. In par-

ticular, the electrical conductivity increased from ≈4000 to 
≈5000 S cm−1 with the increase in the PIA temperature of up 
to 1123 K from room temperature, which follows a T−1.5 trend 
that illustrates an acoustic-dominated scattering mechanism 
(Figure 4c). The Seebeck coefficient remained similar across the 
entire temperature range. Therefore, the power factor of NbHf-
PIA1123 sample increased by ≈15% and reached a maximum of 
≈60 µW cm−1 K−2 (Figure 4d). This did not significantly weaken 
the phonon scattering because more than 70% of the grains of 
NbHf-PIA1123 were still less than 500 nm (and 90% were less 
than 800 nm). Moreover, the good mechanical strength of the 
alloys was maintained (Figure 4c,d).

The quality factor B, which is proportional to ≈µw/κL, was 
recently defined to guide the enhancement of TE materials by 
considering the reduction in κL and effect of weighted mobility 
(µw).[55] Owing to the correlation of the TE parameters, an 
increase in B suggests an improved TE performance of the mate-
rials. In the simple free-electron model, µw can be described as

w d
* 3/2

µ µ m( )=  (6)

Adv. Mater. 2023, 35, 2210407

Figure 4. Electrical transport properties and EBSD analysis of NbHf. a,b) EBSD analysis of NbHf-AS and NbHf-PIA1123, showing their grain boundaries 
and size distributions. The grain boundaries are generated by the Oxford Aztec Crystal software, where the disconnected lines along grain boundaries 
are resulted from the ultrafine nanograins leading to a fraction of ≈15% zero-solution regions during the EBSD analysis. ECD stands for the equivalent 
circle diameter. The different regions of the sample were investigated to illustrate similar grain size distributions. c,d) Seebeck coefficient (S) and  
electrical conductivity (σ), and power factor (PF) of the as-synthesized NbHf (NbHf-AS) and PIA-processed samples at 1073 K (NbHf-PIA1073) and  
1123 K (NbHf-PIA1123) as a function of temperature. The marked regions indicate the enhancement of the electrical conductivity and PF. e) Quality 
factor ratio between the NbHf-AS and NbHf-PIA1123 samples as a function of temperature. f) Figure of merit of NbHf-AS, NbHf-PIA1073, and  
NbHf-PIA1123. g) zTavg at 298–973 K of NbHf-PIA1123, compared to state-of-the-art results.[13,18,40,41]
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where µ is the carrier mobility, and d
*m  is the density of the 

state effective mass (defined as m*/me, where m* and me are the 
effective and electron mass, respectively). The ratio of B among 
different samples can then be described as (see the Supporting 
Information)

· · ·L

L

H

H

3/2
µ
µ

B

B

n

n

i

j

j

i

i

j

i

j

i

j

κ
κ

α
α

=






 (7)

The BPIA1123/BAS ratio has a similar value at room tempera-
ture but increases linearly up to ≈1.5 with increasing tempera-
ture at 973 K (Figure  4e). Thus, zT of NbHf-PIA1123 was sig-
nificantly improved at 973 K, compared to that of NbHf-AS. The 
simultaneously improved power factor and reduced thermal 
conductivity achieved a remarkable zT of 1.47 at 973 K and zTavg 
of 0.88 at 298–973 K for NbHf-PIA1123. This result exhibits a 
significant improvement, compared to state-of-the-art results 
(Figures  1a and  4g). For comparison, we also annealed NbHf 
in vacuum, whereby the TE performance of the materials was 
lower (Figure S9, Supporting Information). This strongly illus-
trates that the PIA process is crucial for the simultaneous opti-
mization of electron and phonon transports, resulting in an 
enhanced zT performance.

2.4. Interface of Layered TaV–NbHf Material

In this study, we developed a TaV composition as a low-temper-
ature layer. The TE properties of the TaV composition are sum-
marized in Figure S11 (Supporting Information). The thickness 
of each layer was calculated using a concise design approach 

to satisfy the temperature gradient requirement.[24] The p-hH 
counterpart was processed by the one-step SPS of the TaV 
composition as the low-temperature layer and NbHf composi-
tion as the high-temperature layer, followed by PIA at 1123 K 
for three days to improve the TE performance and reach the 
equilibrium state of the material at the interface (Figure S12, 
Supporting Information). The elemental distribution of Nb in 
the NbHf composition and Ta in the TaV composition greatly 
varied, indicating the negligible diffusion between the two 
materials after reaching the equilibrium state (Figure 5a). The 
temperature of the PIA process at 1123 K was ≈450 K higher 
than the maximum operational temperature at the TaV–NbHf 
interface (≈673 K). Therefore, the interdiffusion at the TaV–
NbHf interface during module operation is thermodynamically 
unfavorable.

Both layers exhibited randomly oriented grains, and a dis-
tinct phase boundary between TaV and NbHf from the electron 
backscattering diffraction (EBSD) phase analysis (Figure 5b–d). 
Kernel average misorientation calculations are widely used to 
map residual plastic strains.[56] Because of the similar lattice 
parameters (TaV: 5.9626 Å, NbHf: 5.9413 Å) and PIA process, 
no obvious local plastic strains were observed at the interface, 
indicating excellent bonding strength (Figure 5c). The TE device 
performance was also determined by the ability to minimize 
the contact resistance, which is a challenge for conventional 
segmentation owing to the existence of a heterogeneous inter-
face. A negligible electrical contact resistance of <1 µΩ cm2 was 
achieved at the interface of the TaV–NbHf leg (Figure 5e), which 
is significantly lower than that of the conventional segmenta-
tions with contact resistances larger than 20 µΩ cm2.[20,23,24,57]

Adv. Mater. 2023, 35, 2210407

Figure 5. Interface of the TaV–NbHf materials fabricated by one-step SPS. a) SEM image, EDS line scan. The orange dashed line indicates the interface. 
b) Grain orientation of the EBSD images across the interface. c) Local microstrain analysis based on the Kernel average misorientation map. d) Phase 
analysis results obtained from EBSD using TruPhase function. The lattice parameters of 5.9626 Å (TaV) and 5.9413 Å (NbHf) obtained from Rietveld 
refinement are used. e) Contact resistance scan of the TaV–NbHf TE leg. The scale bars are 5 µm.
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2.5. TE Module Performance

The conversion efficiency of the module is directly correlated 
with the TE performance and zT values.[36] The TaV–NbHf 
single-leg and unicouple modules, including the TaV–NbHf, 
NbHf–TaV, NbHf, and TaV modules, were fabricated and tested 
(Figure 6a and Table S4 (Supporting Information)). Figure 6b,c 
shows the conversion efficiency (η) of the TaV–NbHf single-leg 
and unicouple modules as a function of current (I) under dif-
ferent ΔT. The linear relationship of the device voltage (Vd) as a 
function of I can determine the open voltage (Voc) and internal 
resistance (Ri) (Figures S13 and S14, Supporting Information). 
The measured Voc of the modules fits the y intercept of the Vd–I 
curves well for all five modules. Moreover, Voc and Ri increased 
with ΔT because of the increase in the Seebeck coefficient and 
resistivity of the materials. Owing to the significant difference 
in the cross-sectional areas (A) of the unicouple and single 
leg, the heat flux (Qout) and the maximum output power (Pmax) 
against A (Qout/A and Pmax/A) were compared. The maximum 
output powers were ≈279 and ≈770 mW under ΔT of ≈670 K for 
the TaV–NbHf single-leg and unicouple modules, respectively, 
when the load resistance was equal to the internal resistance 
(Figure  6d,e). The maximum conversion efficiency of ≈15.2% 
(TaV–NbHf single leg) and ≈13.5% (TaV–NbHf unicouple) was 
achieved under ΔT of –670 K, which is high than that of the 
reported state-of-the-art results.[8,20,22–24,33–39] The TaV–NbHf 
and TaV modules exhibit similar efficiencies below ΔT = 500 K,  
even though the effective zTavg of the TaV–NbHf material was 
lower than that of the TaV material only. Both theoretical and 

experimental results illustrate that the modules using TaV-
PIA1123 and NbHf-PIA1123 exhibited lower conversion efficien-
cies (Figure 6f). This indicates the effectiveness of the resistivity 
and compatibility matching for conversion efficiency maximi-
zation. With a further increase in ΔT, the peak zT of the TaV 
material was saturated. Thus, the continuous increase in the zT 
of the NbHf segment dominates the improvement in efficiency. 
Figure 6f summarizes the conversion efficiencies of all the five 
modules. Compared to conventional segmented TE modules, 
such as BiTe/SKD, BiTe/PbTe, and BiTe/hH, a higher conversion 
efficiency was achieved, even though the zT of the TaV mate-
rial used for the low-temperature segment was lower than that 
of the segments (e.g., less than BiTe at <523 K; less than PbTe 
at 523–873 K). The highest conversion efficiency obtained from 
the TaV–NbHf single-leg and unicouple modules compared to 
other configurations (Figure  6a,f) and state-of-the-art results 
(Figure  1b) strongly verifies the rationality of the synergistical 
optimization of layered architecture design that significantly 
improves key aspects, as shown in Figure 2 and Section S1 (Sup-
porting Information). All details of the measured device perfor-
mances are shown in Figures S13–S17 (Supporting Information), 
which are consistent with the predicted values. The TaV–NbHf 
single-leg and unicouple module exhibited good repeatability in 
multiple tests (Figures S13f and S14f, Supporting Information). 
Moreover, the scanning electron microscopy (SEM) results of the 
device at the TaV–NbHf interface after multiple measurement 
cycles showed that no interdiffusion occurred, further illus-
trating the good thermal stability at the interface (Figure S18,  
Supporting Information).

Adv. Mater. 2023, 35, 2210407

Figure 6. TE unicouple modules performance. a) Configurations of the TaV–NbHf single-leg modules and four unicouples, including TaV–NbHf, NbHf–TaV,  
TaV single, and NbHf single modules. b,c) Current-dependent conversion efficiency (η) of the TaV–NbHf single leg (b) and unicouple (c). d,e) Ratio  
of the heat flux on the Q-meter (Qout) and output power (Pmax) with the cross-sectional area of the TE leg (A) as a function of ΔT. f) Conversion efficiency 
(η) of the modules with five configurations shown in (a) under different ΔT.
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3. Conclusion

In this study, the potential of PIA to simultaneously reduce the 
lattice thermal conductivity and improve the power factor by 
grain boundary engineering was demonstrated, resulting in an 
ultrahigh zT value in (Nb, Hf)FeSb hH alloys. The Sb-vacancy 
defects attribute mainly to the low lattice thermal conductivity. 
The well-controlled grain growth with reduced grain bounda-
ries leads to the reduction of electron resistance and the micro-
strain is slightly released at grain boundaries. In addition, the 
well-aligned grain boundaries at the interface of TaV and NbHf 
materials exhibit no local plastic strain and thereby lead to neg-
ligible electrical contact resistance. Compared to conventional 
segmented TE devices, the synergistical optimization of layered 
architecture design on hH materials provides a solution for the 
resistivity and compatibility mismatch among different mate-
rial systems and reduces contact resistance by avoiding hetero-
geneous interfaces. As a result, a high-performance TE module 
with a conversion efficiency of up to ≈15.2% was realized. The 
higher annealing temperature (150–300 K) than the operational 
hot side and TaV–NbHf interface temperatures of the module 
ensures the equilibrium state of the materials and interface, 
thereby achieving stable materials and TE module. These 
results illustrate that the synergistical optimization of layered 
architecture design can provide a solution to address the chal-
lenges in heterogeneous interfaces, resistivity and compatibility 
matching, and efficiency maximization to achieve high TE con-
version efficiency and application to other TE systems and gen-
eral devices that require multiparameter matching.

4. Experimental Section
Material Preparation: The p-type (Nb0.45Ta0.40V0.10Ti0.05)FeSb and 

(Nb0.88Hf0.12)FeSb materials were synthesized using a high-energy ball 
milling process. The Nb (99.9%, foil), Ta (99.99%, foil), Ti (99.9%, wire), V 
(99.99%, piece), Hf (99.9%, piece), Fe (99.995%, piece), and Sb (99.9999%, 
shot) constituents were weighted in their stoichiometric ratios in a glove 
box and loaded into a stainless-steel jar. The mixture was ball-milled 
using a SPEX mixer/mill (Model 8000D, SPEX SamplePrep, Metuchen, 
NJ, USA) for 20 h to ensure homogeneity. The ground nanopowders were 
consolidated via spark plasma sintering at 1123 K under a pressure of 
80 MPa for 2 min. The detailed TE properties of the (Nb0.45Ta0.40V0.10Ti0.05)
FeSb are shown in Figure S11 (Supporting Information). The synthesis of 
the n-type (Hf0.6Zr0.4)NiSn0.99Sb0.1 with 5  wt% tungsten nanocomposites 
and its TE properties was introduced in the previous work.[8]

PIA Process: The consolidated pellets were then polished and placed 
in a quartz tube. Nb foils were added such that both sides of the pellet 
were surrounded by Nb foils. The quartz tubes were then sealed under a 
vacuum of ≈10−6 Torr and annealed at 1073–1123 K for three days.

Material Characterization: All samples were well polished before 
and after annealing for the characterization of the bulk properties. 
The electrical conductivity and Seebeck coefficient were measured 
simultaneously (ULVAC-RIKO ZEM-3 system, Japan) using 2  mm × 
2  mm × 12  mm bars. The high-temperature thermal properties were 
determined by measuring the thermal diffusivity using a laser flash 
system (LFA-467 HT HyperFlash, Germany). Specific heat was measured 
by differential scanning calorimetry (Netzsch DSC 214, Germany). The 
thermal conductivity κ was calculated by

pCκ αρ=  (8)

where α, ρ, and Cp are the thermal diffusivity, density, and specific heat, 
respectively. The density was measured using the Archimedes’ method. 

The uncertainties in electrical conductivity, thermal conductivity, Seebeck 
coefficient, and zT were determined to be ±5%, ±2%, ±5%, and ±7%, 
respectively. The microstructures of the alloys and unicouple module 
junctions were characterized by field emission scanning electron 
microscopy (FEI Verios G4), energy dispersive spectroscopy (EDS, 
Oxford Aztec), and EBSD (FEI Apero S). The grain size and grain 
boundary distribution were analyzed using an Oxford Aztec Crystal and 
phase structure was analyzed by TruPhase function. The carrier density 
and mobility were measured using a LakeShore Hall Effect System 
(8400 Series HMS, LakeShore). The TEM samples were prepared using 
a focused ion beam (Scios 2, Thermo Scientific) with a thickness of 
≈50 nm and analyzed using an FEI Titan G2.

Module Fabrication and Testing: The uncoupled hH module was 
fabricated using n-type (Hf0.6Zr0.4)NiSn0.99Sb0.1 with 5  wt% tungsten 
nanocomposite compounds[8] and p-type (Nb0.45Ta0.40V0.10Ti0.05)FeSb 
(denoted as TaV-single), (Nb0.88Hf0.12)FeSb (denoted as NbHf-single),  
(Nb0.45Ta0.40V0.10Ti0.05)FeSb (low-temperature segment) + (Nb0.88Hf0.12)FeSb 
(high-temperature segment) (denoted as TaV–NbHf), and (Nb0.88Hf0.12)
FeSb (low-temperature segment) + (Nb0.45Ta0.40V0.10Ti0.05)FeSb (high-
temperature segment) (denoted as NbHf–TaV). The single-leg test used a 
1.84 × 1.84 × 5.0 mm3 TaV–NbHf sample. The unicouple modules used leg 
dimensions of 2.2 × 2.2 × 5.0 mm3 for n-type and 2 × 2 × 5.0 mm3 for p-type 
materials. The n- and p-type hH legs were connected electrically in series 
and thermally in parallel by direct-bond copper substrates using eutectic 
liquid metal. The module was tested under a vacuum of 10−6  Torr.[58] 
Graphite foil, silver paste, and thermal paste were used between the 
TE unicouple module, heat exchanger, and Q-meter to minimize the 
thermal loss at the interfaces.[21] The detailed procedure is provided 
in the previous work.[24] The schematic of the single-leg measurement 
is shown in Figure S18 (Supporting Information). The maximum Pout 
(Pmax), which is the maximum power output from the TE modules, was 
calculated as follows

4max
oc
2

i
P

V
R

=  (9)

where Voc is the measured open-circuit voltage, and Ri is the module 
internal resistance. Qout is the heat flow to the heat sink, which was 
given as

d
doutQ A
T
x

κ= × × 





 (10)

where κ, A, and dT/dx are the thermal conductivity of the Q-meter, cross-
sectional area of the Q-meter, and slope of the temperature difference 
versus distance on the Q-meter, respectively. The conversion efficiency 
of the modules considering radiation loss was obtained by[24]

out

in

out

out out

P
Q

P
Q P

η = = +  (11)

where Qin is the heat flow from the heat source. Under the well 
calibration, the uncertainty of the conversion efficiency measurement 
was 5–10%. A larger temperature gradient tended to decrease the 
uncertainty. This uncertainty range was similar to that in existing 
reports.[59]

Numerical Modeling: The governing equations describing the TE effect 
in TEGs were given as[60–62]

JJ
JJ 0

2

T T
S
T

T S Tκ σ( ) ( )∇ ∇ + − ∂
∂





 ∇ + ∇





=  (12)

JJ 0∇ =  (13)

JJ V S Tσ ( )= − ∇ + ∇  (14)

where T is the temperature; κ, σ, and S are the temperature-dependent 
thermal conductivity, electrical conductivity, and Seebeck coefficient, 
respectively; vector J is the current density; and V is the electrostatic 
potential. The commercial finite element code COMSOL Multiphysics 
was used for the numerical simulations. The numerical model was 
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validated using experimental data before performing the parametric 
analysis. All temperature-dependent material properties used in the 
model were obtained from the experimental measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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