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A B S T R A C T   

Thermoelectric materials require complex microstructures to optimize the power conversion efficiency. Grain 
boundaries (GBs) reduce the thermal conductivity in nanocrystalline materials but often also reduce the elec-
trical conductivity. We have recently shown that elemental segregation at GBs can make them electrically 
conductive or non-resistive and thereby improving the thermoelectric properties. Nevertheless, the doping ele-
ments participate in the chemistry within the grain matrix, which can limit the design space. In this work, we 
present an independent control of doping to the GBs. Specifically, we add InSb to Nb0.95Ti0.05FeSb to selectively 
modify the chemistry of the GBs without increasing the carrier concentration of the matrix. Using high resolution 
transmission electron microscopy and atom probe tomography, we understand the role of InSb in the selective 
modification of the chemistry of the GBs and we establish structure-property relationships between the chemistry 
of the GBs and their electrical behaviour. Incorporating InSb into the GBs successfully increases power factor and 
zTof fine-grained Nb0.95Ti0.05FeSb. We demonstrate that the negative impact of GBs in the power factor can be 
overcome by GB engineering.   

1. Introduction 

Thermoelectric modules are robust solid-state electricity generators 
suitable for small and distributed power generation and waste heat re-
covery [1]. Within the modules, thermoelectric materials harvest elec-
tricity from gradients of temperature. The performance of 
thermoelectric materials is evaluated using the dimensionless figure of 
merit (zT), zT = σS2T/κ, where σ is the electrical conductivity, S the 
Seebeck coefficient, T the temperature and κ the thermal conductivity. 
zT enhancement is complex due to the highly interlaced transport of 
electrons and phonons and the dependence on the microstructure [1]. 

The thermal conductivity can be reduced by introducing micro-
structural features such as dislocations [2], stacking faults [3], grain 
boundaries (GBs) [4–6], and employing crystal structures with complex 
unit cells [7–9] or rattling atoms [10,11], which can enhance phonon 
scattering [12]. In bulk thermoelectrics, one of the most discussed 

concepts is grain size reduction. This can be achieved through the rapid 
sintering of nanograin or amorphous powders [13] using bottom-up [14, 
15] or top-down [16] synthesis routes. 

Phonons have larger mean free paths than electrons and wider 
dispersion, and hence it is expected that phonons will be more effec-
tively scattered by GBs [17,18]. Nanostructuring has been successfully 
applied to materials such as Bi2Te3 [19,20], BiCuSeO [21], SiGe [22,23] 
and half-Heusler materials such as TiCoSb [24] and NbFeSb [25] to 
achieve a significant reduction in thermal conductivity while main-
taining good electrical mobility and power factor. Half-Heusler ther-
moelectric materials present excellent properties at mid-to-high 
temperatures, as well as thermal and mechanical robustness [26]. 
Additionally, the elemental components of these compounds are both 
earth-abundant and benign [26]. Among the half-Heusler alloys, (Nb,V, 
Ta)FeSb compounds exhibit the highest p-type performance due to their 
very high power factors as a result of d-band convergence in the valence 
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band edge [27–29]. The thermoelectric properties of Ti-doped NbFeSb 
are strongly correlated with the GBs [25,30,31]. Nb0.95Ti0.05FeSb pre-
sents one of the highest power factors among thermoelectric materials, 
exceeding 100 μW cm-1 K-2 at room temperature [30]. However, such 
high power factors are only achieved in coarse-grained materials, and 
significant reduction is observed as the grain size drops from 1.3 μm to 
0.2 μm [25,32]. On the other hand, Nb0.80Ti0.20FeSb displays completely 
different behavior, as grain size has little impact on the power factor [25, 
30]. 

We have recently shown that Nb1-xTixFeSb contain GB phases that 
affect the electrical properties of the material [25]. By increasing the Ti 
content, Ti segregates to the GBs and transition from a resistive GB phase 
in Nb0.95Ti0.05FeSb to a non-resistive GB phase in Nb0.80Ti0.20FeSb [25]. 
Although increased Ti doping significantly enhances the conductivity of 
the GBs, the high solubility of Ti into NbFeSb increases the carrier 
concentration of the grain interior. As a result, the Seebeck coefficient 
(and power factor) of Nb0.80Ti0.20FeSb is significantly lowered. At room 
temperature, S is reduced from 178 to 88 μV K− 1 (51% reduction) 
leading to a lower room temperature zT (33% reduction) when 
comparing Nb0.95Ti0.05FeSb and Nb0.80Ti0.20FeSb [25]. 

In order to reduce the GB resistivity of NbFeSb without reducing the 
Seebeck coefficient, the doping concentration should not be modified. 
This can be achieved by introducing a second dopant that has limited 
solubility within the NbFeSb grain and thus, segregates to the GBs 
without increasing the carrier concentration of the grain interior. InSb 
has been introduced in half-Heusler thermoelectrics such as n-type (Ti, 
Zr,Hf)(Co,Ni)Sb [33] and p-type Ti(Co,Fe)Sb [34] to successfully 
enhance their power factor and zT. InSb is a promising thermoelectric 
material with high carrier mobility and n-type In0.86Ga0.2Sb shows a 
peak zT of 0.9 at 770 K [35]. In this work, we introduce InSb into 
Nb0.95Ti0.05FeSb to selectively modify the chemistry at the GBs. We 
demonstrate that InSb segregates to GBs to suppress the GB resistivity, 
but does not contribute to doping in the Nb0.95Ti0.05FeSb matrix. As a 
result, the carrier concentration of the materials is maintained and hence 
the high Seebeck coefficient. This work provides a path to optimize 
thermoelectric materials by selective doping at GBs. 

2. Results and discussion 

2.1. Properties 

Elements that present no solubility in NbFeSb are required to modify 
the GB chemistry without modifying the carrier concentration. In this 
work, InSb is introduced in Nb0.95Ti0.05FeSb samples to lower the GB 
resistivity while keeping a high Seebeck coefficient, thus, enhancing the 
power factor. Since GBs reduce the power factor mainly at low tem-
perature, we have focused our study at temperatures between 300 K and 
673 K. Optimization of low temperature zT helps to increase the zTaverage 
and is attractive for applications such as thermoelectric cooling [36]. 

To study the effect of InSb doping, Nb0.95Ti0.05FeSb and 
(Nb0.95Ti0.05FeSb)(InSb)x (x = 0.01, 0.02, 0.03) samples were synthe-
sized. As revealed in the x-ray diffraction (XRD) patterns (Fig. 1), 
NbFeSb half Heusler is the dominant phase in all samples. In the 
(Nb0.95Ti0.05FeSb)(InSb)x samples, one small peak of InSb is visible at 2θ 
= 46◦. The lattice parameters are 0.594(6) nm for Nb0.95Ti0.05FeSb and 
0.594(5) nm, 0.594(4) nm and 0.594(5) nm for (Nb0.95Ti0.05FeSb) 
(InSb)0.01, (Nb0.95Ti0.05FeSb)(InSb)0.02 and (Nb0.95Ti0.05FeSb)(InSb)0.03 
respectively. Thus, they are in good agreement with literature and the 
differences between samples are negligible [25,37]. 

The addition of InSb has a positive effect on the power factor (PF). 
The PF of Nb0.95Ti0.05FeSb samples with no InSb (blue), 1% (orange), 
2% (purple) and 3% (red) InSb are presented in Fig. 2a. (Nb0.95Ti0.05-

FeSb)(InSb)0.02 presents the highest increase on PF (116% increase at 
room temperature respect to the sample with no InSb), and is thus, 
selected as the optimized sample for a detailed study. The impact of InSb 
in the power factor is due to the increase in the electrical conductivity 

(120% increase at room temperature) (Fig. 2b) while Seebeck coefficient 
is only reduced by 1% (Fig. 2c). 

Hall carrier concentration is measured for Nb0.95Ti0.05FeSb and 
(Nb0.95Ti0.05FeSb)(InSb)0.02 being 9.9 × 1020 cm− 3 and 1.1 × 1021 cm− 3 

respectively. Thus, a negligible difference in carrier concentration is 
observed. This suggests that InSb has not been incorporated into the 
NbFeSb lattice (carrier concentration and Seebeck coefficient unaf-
fected) but it has clearly enhanced the electrical conductivity. Such 
change can be explained by a transition from resistive to non-resistive 
GBs due to changes in the chemistry of the GBs [25].The stability over 
time and upon cycling of (Nb0.95Ti0.05FeSb)(InSb)0.02 is studied. 
(Nb0.95Ti0.05FeSb)(InSb)0.02 samples are cycled 5 times up to 973 K. 
Minimal differences in the electrical conductivity (Supplemental Fig. 1a) 
and Seebeck coefficient (Supplemental Fig. 1b) are observed, thus, we 
conclude that the samples are stable upon cycling. The (Nb0.95Ti0.05-

FeSb)(InSb)0.02 sample used within this work has been remeasured after 
2 years exposed in air presenting little changes (6% and <1% difference 
in electrical conductivity and Seebeck coefficient respectively at room 
temperature), thus, the sample is stable over time and exposed to air. 
Those results are presented in Supplemental Fig. 2. 

As the electrical properties of Nb0.95Ti0.05FeSb are known to be 
sensitive to the grain size, we take special care to compare samples with 
similar grain sizes. As shown in Fig. 3, we have achieved samples with 
average grain sizes of 350 nm and 340 nm for Nb0.95Ti0.05FeSb and 
(Nb0.95Ti0.05FeSb)(InSb)0.02. For the same grain size, the addition of 
InSb in Nb0.95Ti0.05FeSb increases the electrical conductivity (Fig. 2b). 
As the Seebeck coefficient (Fig. 2c) of (Nb0.95Ti0.05FeSb)(InSb)0.02 is 
maintained, the increase in the power factor is proportional to the in-
crease in the electrical conductivity (Fig. 3). 

In contrast, the previous strategy to increase electrical conductivity 
by Ti doping achieved similar increase in the electrical conductivity, but 
at the expense of decreasing Seebeck coefficient [25]. This is because Ti 
has a high solubility in NbFeSb and increases the carrier concentration 
in the matrix. As a result, the Seebeck coefficient of Nb0.80Ti0.20FeSb is 
reduced (Fig. 4a), and the power factor only has marginal improvement 
at room temperature with respect to Nb095Ti0.05FeSb (Fig. 3b). This is a 
common constraint for thermoelectric design, as for each temperature, 
there is only one optimal carrier concentration to maximize the power 
factor [38,39]. This comparison shows the positive impact of adding 
InSb and suggests that the GB resistivity can be suppressed without the 
need of changing the chemistry (and the carrier concentration) of the 
matrix. 

Fig. 1. XRD patterns of Nb0.95Ti0.05FeSb (blue) and (Nb0.95Ti0.05FeSb)(InSb)0.01 
(orange), (Nb0.95Ti0.05FeSb)(InSb)0.02 (purple) and (Nb0.95Ti0.05FeSb)(InSb)0.03 
(red). The calculated references of NbFeSb (black) and InSb (magenta) are 
plotted for comparison. 
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The SEM image of (Nb0.95Ti0.05FeSb)(InSb)0.02 reveals the presence 
of bright particles at the GBs that are not present on the SEM image of 
Nb0.95Ti0.05FeSb suggesting that InSb particles are accumulated at the 
GBs. A more detailed TEM analysis is given below. 

At similar grain size, 10% reduction of thermal conductivity at room 
temperature is observed by adding 2%InSb to Nb0.95Ti0.05FeSb (Fig. 4b). 
This is attributed to enhanced phonon scattering by the densely 
distributed In-rich particles at the GBs(Fig. 3b). In comparison, higher 
amount of Ti doping in Nb0.80Ti0.20FeSb causes even more reduction in 
the thermal conductivity due to enhanced phonon scattering by Ti solute 
substitution in the matrix [25]. Overall, as shown in Fig. 4c, In-doping 
leads to the highest zT at temperatures below 650 K. At higher tem-
perature, the optimal carrier concentration is higher [30,32], so that the 
more heavily p-doped Nb0.80Ti0.20FeSb outperforms samples with base 
concentrations of Nb0.95Ti0.05FeSb with or without In doping. 

2.2. Chemistry 

Scanning transmission electron microscopy (STEM) coupled with 
energy dispersive x-ray spectroscopy (EDX) and atom probe tomography 

(APT) are performed to determine the impact of InSb in the micro-
structure and properties. The 3D atom map (Fig. 5a) shows that the GBs 
are enriched in In (In atoms are highlighted). The 1D concentration 
profile (Fig. 5b) shows that the GB is enriched in In and Sb and is poor in 
Nb. The magnified concentration profile of In (Fig. 5c) reveals that the 
max. In content is ~ 0.8 at.% corresponding to a Gibbsian excess of 1.7 
± 0.3 atoms nm− 2. In previous studies in Nb1-xTixFeSb, we reported that 
Fe-rich GBs present a resistive behaviour while Ti-rich GBs present a 
non-resistive behaviour [25]. The GBs of (Nb0.95Ti0.05FeSb)(InSb)0.02) 
are Fe-poor but instead of Ti-rich, they are In-rich. Thus, the addition of 
In modifies the chemistry of the GBs and they become non-resistive 
without the need of additional Ti. The content of In in the matrix is 
measured in the area contained in the black rectangle of Fig. 5a (80 
nm3). Of 2106982 atoms, 321 were detected as In, which corresponds to 
an In concentration of 0.015 at.% and is above the detection limit of the 
technique (detection limit ~ 0.004 at.%).These results confirm that In 
has a negligible solubility in NbFeSb and that the GBs are enriched in In. 
As such, In modifies the chemistry of the GBs without modifying the 
chemistry of the matrix. 

In- and Sb-rich particles (purple squares) are observed with STEM- 

Fig. 2. InSb increases the (a) power factor (PF) by increasing the (b) electrical conductivity of Nb0.95Ti0.05FeSb samples with 1% InSb (orange), 2% InSb (purple) and 
3% InSb (red) compared to samples without InSb (blue) without significantly decreasing (c) the Seebeck coefficient. (Nb0.95Ti0.05FeSb)(InSb)0.02 is selected as the 
optimal sample since it maximizes the power factor. 

Fig. 3. (a) EBSD maps of Nb0.95Ti0.05FeSb (blue), (Nb0.95Ti0.05FeSb)(InSb)0.02 (purple) and Nb0.80Ti0.20FeSb (cyan) show that grain size is almost identical in all 
samples. SEM images of (Nb0.95Ti0.05FeSb)(InSb)0.02 contain small particles around the GBs that are not present in Nb0.95Ti0.05FeSb. (b) The power factor vs T plot 
shows that (Nb0.95Ti0.05FeSb)(InSb)0.02 has a higher power factor than Nb0.95Ti0.05FeSb (due to an increased electrical conductivity) and Nb0.80Ti0.20FeSb (due to 
increased Seebeck coefficient). Nb0.80Ti0.20FeSb data is taken from Ref. [25]. 
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Fig. 4. (a) Seebeck coefficient (S), (b) thermal conductivity (κ), (c) zT factor, (d) lattice thermal conductivity (κl) and (e) electronic thermal conductivity (κe) for 
Nb0.95Ti0.05FeSb (blue), Nb0.80Ti0.20FeSb (cyan) and (Nb0.95Ti0.05FeSb)(InSb)0.02 (purple). 

Fig. 5. (a)APT 3D atom map of (Nb0.95Ti0.05FeSb)(InSb)0.02 (In atoms highlighted), (b) 1D concentration profile across a GB (light blue line) presenting In and Sb 
enrichment and Nb depletion. (c) 1D concentration profile of In presents clear enrichment at the GB while only ~ 0.015 at.% In is detected at the matrix. 

Fig. 6. (a) HAADF-STEM image of a region containing several grains and In-,Sb-rich particles (purple squares) with EDX maps for Nb (red), Ti (green), Fe (yellow), 
Sb (blue) and In (purple). (b) EDX maps of a In-, Sb-rich particle. 
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EDX (Fig. 6a). The particles are studied in more detail in Fig. 6b. Their 
quantification is compatible with 50% InSb +50% Nb0.95Ti0.05FeSb. 
These results confirm that the excess In is accumulated in the form of 
particles at the GBs, as seen in Fig. 3a, and also extend to the GBs (as seen 
in Fig. 5). 

These results show that In is incorporated selectively at the GBs and 
reduces the GB resistivity, thus, enhancing the power factor by an 116% 
and the zT by 137% at room temperature. 

In this work, we present a design strategy to optimize the carrier 
transport in the matrix and the GB phase separately. Firstly, the carrier 
concentration in the matrix is optimized by an alloy dopant (in this case, 
Ti) to reach the optimal power factor. Then, the GB dopant (in this case, 
In) is added to lower the electrical resistivity through the GB. In a pre-
vious work [25], we have shown that in NbFeSb half-Heusler, heavy Ti 
doping (20%) can serve to optimize the matrix and GB transport 
simultaneously. However, at lower temperature, the optimal Ti doping 
for the matrix is much lower (5%) and unable to sustain a conductive 
GB. In this case, we showed that In can be introduced as a GB dopant to 
significantly enhance the GB conductivity. 

Such design strategy can be widely applied in fine-grained thermo-
electric materials. The matrix dopant needs to be optimized first, and 
then the GB dopant has to be carefully chosen. Firstly, it should be a 
conductive phase like InSb to enhance the GB conductivity. Secondly, it 
should have minimal solubility into the matrix phase, or otherwise the 
optimal doping level in the matrix would be exceeded. InSb has been 
proven a great candidate for NbFeSb (this work), (Ti,Zr,Hf)(Co,Ni)Sb 
[33] and Ti(Co,Fe)Sb [34]. The search for efficient GB dopants for other 
compounds would extend the design principle to more classes of semi-
conductor materials and devices. 

3. Conclusion 

In this work, the chemistry of the GBs of Nb0.95Ti0.05FeSb has been 
selectively modified by introducing InSb. Since In has a negligible sol-
ubility in NbFeSb, the carrier concentration and Seebeck coefficient has 
not been affected by the addition of InSb. Instead, the modification of 
the GB chemistry reduces the GB resistivity, thereby increasing the 
power factor and zT between 300 K and 673 K of (Nb0.95Ti0.05FeSb) 
(InSb)0.02 compared to samples without InSb with almost identical grain 
size. Therefore, this work provides a pathway to optimize the GB 
chemistry (and zT) without modifying the chemistry of the grain 
interior. 

This work demonstrates that the chemistry of the GBs can be selec-
tively tuned to reduce the GB resistivity without modifying the doping 
level of the matrix. This approach enables the use of GB engineering to 
optimize the properties of thermoelectric materials by carefully select-
ing GB dopants that have no solubility in the matrix. 

4. Experimental section 

4.1. Synthesis 

Nb0.95Ti0.05FeSb and (Nb0.95Ti0.05FeSb)(InSb)x (x = 0.01, 0.02, 
0.03) half-Heusler samples were prepared by a two-step ball-milling and 
hot-pressing method. For the ball-milling process, 10 g of raw elements, 
including Nb powders (99.8%, Alfa Aesar), Fe granules (99.98%, Alfa 
Aesar), Ti sponges (99.95%, Alfa Aesar), In shot (99.9%, Alfa Aesar) and 
Sb pieces (99.999%, MaTecK) were weighted stoichiometrically and 
loaded into stain steel jars in a glove-box (argon atmosphere) and ball 
milled for 12 h to produce nano-powder. Afterwards the ball milling 
powders were compacted to a disk by a direct current induced hot- 
pressing under a pressure of 50 MPa in vacuum for 3 min at 1123 K 
samples with InSb. The densities of the sintered sample are 99% of 
theoretical densities. 

4.2. Property measurement 

The sintered compounds were cut and polished to the desired sizes 
for measuring the transport properties. The Seebeck coefficient (S) and 
electrical conductivity (σ) were obtained by using a commercial device 
LSR-3 (Linseis) system at the same time. The thermal conductivity (κ) 
was calculated as a multiplication of thermal diffusivity (D) (LFA-Lin-
seis), specific heat (Cp), and mass density (d) (Archimedes’ kit) (κ =
DCpd). The measurement errors were 4%, 5%, and 12% for σ, S, and κ, 
respectively. The uncertainties of κ originated from 2% in mass density, 
4% in diffusivity, and 6% in specific heat. Therefore, the uncertainties in 
power factor and zT were 10% and 20%, respectively. To increase the 
readability of the graphs, the error bars were not added on the curves. 
Hall carrier concentration (n), was measured via a commercial system 
(PPMS DaynaCool, Quantum Design with a magnetic field of ±9 T and 
an electric current of 8 mA). Lorenz factor is calculated as described in 
Kim et al. [40]. 

4.3. Microstructure characterization 

Solid XRD was performed on polished surfaces using a Rigaku 
Smartlab 9 KW difractometer with a Cu Kα source (λ = 0.154059 nm). 
The lattice parameters were obtained using the Bragg’s law on the 10 
main peaks of the XRD and the reference peaks were calculated using 
Vesta [41] with the experimental lattice parameters. 

Samples were prepared for SEM investigation using SiC papers for 
grinding and diamond and OPS suspension solutions for polishing. SEM 
characterization was performed in a Sigma 500 Zeiss microscope oper-
ated at 15 kV. EBSD was acquired at 15 kV, 10 nA and a working dis-
tance of 20 mm using a EDAX/TSL system with a Hikari camera. 

A Scios2 Thermo Fisher focused ion beam (FIB) was used to prepare 
specimens for STEM and APT investigations using a general procedure 
described by Schaffer et al. [42] and Thompson et al. [43] respectively. 
STEM specimens were thinned to < 150 nm by 30 kV Ga+ beam, and 
final thinning and cleaning were performed at 5 and 2 kV. 

STEM experiments were performed in a Thermo Fisher Titan Themis 
probe-corrected microscope operated at 300 kV with a collection sem-
iangle of 24 mrad and ~ 0.1 nm probe size. HAADF-STEM images were 
acquired using a collection angle of 73–200 mrad and a pixel dwell time 
of 1–2 μs. STEM-EDX maps were acquired using a four-quadrant silicon- 
drift EDX detector (Super-X) in ~ 30 min acquisition time for each map. 
Multivariate statistical analysis was performed for noise reduction [44] 
and the Cliff–Lorimer formula was used for elemental quantification. 

APT experiments were performed using a local electrode atom probe 
(CAMECA LEAP 5000 XR) in pulsed laser mode at a specimen base 
temperature of ~ 60 K and detection rate of 1%. The laser pulse energy 
and frequency were set to 30 pJ and 125 kHz, respectively. Data 
reconstruction and analyses were done with AP suite 6.1 software, 
provided by CAMECA Instruments. 
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