RESEARCH ARTICLE

'.) Check for updates

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

Grain Boundary Phases in NbFeSb Half-Heusler
Alloys: A New Avenue to Tune Transport Properties of

Thermoelectric Materials
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Raana Hatami Naderloo, Nicolds Pérez, Kornelius Nielsch, Gerald Jeffrey Snyder,

Christina Scheu, Ran He,* and Siyuan Zhang*

Many thermoelectric materials benefit from complex microstructures.
Grain boundaries (GBs) in nanocrystalline thermoelectrics cause desirable
reduction in the thermal conductivity by scattering phonons, but often
lead to unwanted loss in the electrical conductivity by scattering charge
carriers. Therefore, modifying GBs to suppress their electrical resistivity
plays a pivotal role in the enhancement of thermoelectric performance, zT.
In this work, different characteristics of GB phases in Ti-doped NbFeSb
half-Heusler compounds are revealed using a combination of scanning
transmission electron microscopy and atom probe tomography. The

GB phases adopt a hexagonal close-packed lattice, which is structurally
distinct from the half-Heusler grains. Enrichment of Fe is found at GBs in
Nby 5Tig o5sFeSb, but accumulation of Ti dopants at GBs in Nbg goTig 50FeSb,
correlating to the bad and good electrical conductivity of the respective

1. Introduction

The worldwide demand for energy has
seen consistent increase and is predicted
to grow further in the next decades.'
Thermoelectric technology can play an
important role in the sustainable economy
thanks to the capability to convert heat
into electricity and vice versa. By using
only solid-state components, thermoelec-
trics are very attractive for applications
such as waste heat recoveryl3l and thermal
management! using devices with scalable
sizes. The performance of thermoelectric
devices is largely determined by intrinsic
transport properties of the materials,

GBs. Such resistive to conductive GB phase transition opens up new
design space to decouple the intertwined electronic and phononic trans-

port in thermoelectric materials.
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which can be evaluated by the dimen-
sionless figure of merit of the materials,
zT = 0S2T/ Kk, where o 'is the electrical con-
ductivity, S the Seebeck coefficient, T the
temperature, and x the thermal conduc-
tivity. Given a certain temperature interval,
a higher 2T translates to higher conversion efficiency.”! How-
ever, zT enhancement is very challenging to achieve due to the
highly intertwined transport of electrons and phonons.®!
Proposed strategies to improve zT can be classified into two
categories: 1) improving the weighted mobility of charge car-
riers’! and 2) reducing the lattice thermal conductivity. For the
former, approaches such as band convergence,® ' modula-
tion doping,12 and resonance levels!>* have been success-
fully employed. For the latter, crystallographic features such
as point defects,>) dislocations,® stacking faults,”] grain
boundaries (GBs),222 complex unit cells,?>? and rattling
atoms?®?’] have been demonstrated to reduce the thermal con-
ductivity by enhancing phonon scattering!®! or phonon sof-
tening.?”) Among these, one of the most discussed and debated
concepts is the study of bulk thermoelectrics with consider-
ably refined grain sizes. The grain refinement can be achieved
by rapidly sintering nanograin or amorphous powders from
bottom-up (e.g., hydrothermall3®3!) or top-down (e.g., high-
energy ball-milling®?) synthesis. This strategy is also referred
to as “nanostructuring,” with the expectation that phonons
are more effectively scattered by GBs than electrons, as the
former have a much larger and wider dispersion of mean free
paths.3334 Nanostructuring has been successfully applied to
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some materials such as Bi,Tes,?>3% BiCuSeO,?”] and SiGel*®3!
to achieve significant reduction of x while preserving good elec-
trical mobility and hence power factor.

However, recent experimental results have also demon-
strated adverse effects of nanostructuring.***3! For example, it
has been widely reported that in n-type Mg;(Sb,Bi),, the elec-
trical conductivity is severely reduced as the grains are refined
from micrometer- into nanometer-sized regime.*42#->3 In
such cases, GBs cause so much reduction in the electrical con-
ductivity that their beneficial effect in reducing the thermal
conductivity is counteracted, causing an overall lower zT.
As a result, many thermoelectric materials may behave like
Mgs(Sb,Bi), where a sufficient grain size (on the pm order) is
necessary for efficient thermoelectrics. GBs are considered as
major scattering centers for electrons,P®®! but not necessarily
for phonons until the grain size is sufficiently low.%?

Phenomenological models have been developed to under-
stand the effect of GBs on the electrical transport. GBs can be
considered as potential barriers for charge carriers due to the
charge transfer between the GB and the grain, which is referred
to as the trapping state model.’®>! The model has been suc-
cessfully applied to interpret charge transport mobility limited
by the space charge region around GBs. It also predicts that as
the doping increases, degenerate semiconductors would have
negligible space charge region, so that the GB would no longer
limit the mobility.®®! On the other hand, even GBs in metals
scatter charge carriers to reduce mobility.l®**4 To formalize
their effect in general, Kuo et al. implemented a two-phase
model that treats the GB region as a GB phase with an effective
conductivity.*”] Such a model can be applied to experimental
measurements for both metals and semiconductors, giving the
GB phases an effective conductivity. It is important to note that
the effective conductivity is not strictly the conductivity of the
GB phase itself, rather the averaged contribution to bulk con-
ductivity. In recent years, GB phases, also referred to as GB
complexions, have been established into the thermodynamic
framework.[>-%/ Tncreasing numbers of GB phases have been
discovered, which are shown to have positivel®® or adversel*!
effect on the transport properties.

The general lack of in-depth knowledge of GB phases
through atomic-scale characterization is a major obstacle to
developing a better understanding of the interaction between
GBs and electronic transport. To bridge such a gap, we perform
herein an atomic-scale microstructural investigation on GBs
using a combination of scanning transmission electron micros-
copy (STEM), atom probe tomography (APT), and electron
back-scattered diffraction (EBSD), and correlate the structural
characteristics to the transport properties.

Half-Heusler intermetallic compounds are chosen as they
have excellent thermoelectric properties at mid-to-high tem-
peratures, good thermal and mechanical robustness, and ele-
mental components that are earth abundant and benign.l® In
particular, (NDb,V,Ta)FeSb compounds have the highest p-type
performance among half-Heusler alloys, due to their very high
power factors as a result of d-band convergence in the valence
band edge.”*7% After the initial work on Nby 4V, sFeSb,""
Ti-doped NDbFeSb attracted more attention since it exhibits
high p-type thermoelectric performance® and a very large
power factor near room temperature.” Recently, Ti-doped
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NbFeSb-based half-Heusler compounds have been developed
into high-efficiency thermoelectric modules that exhibit high
power density and conversion efficiency,*”’ thus, being very
interesting for thermoelectric applications. It is found that the
thermoelectric properties of Ti-doped NbFeSb display strong
correlation to the GBs.[*2%4 The Nb osTiyosFeSb material has
one of the highest power factors among all thermoelectric
materials, exceeding 100 uW cm™ K254 Interestingly, such
high electrical conductivity is only realized in coarse-grained
materials with little presence of GBs. On the other hand,
Nby goTig 20FeSb shows completely different behaviors, where
the grain size has little impact on the electrical conductivity.
This puzzling behavior was discussed in a recent review by Hu
et al.,’® who attributed the lack of grain size dependence to the
higher carrier concentration in Nbgg,Tiy yoFeSb. The GB phases
are considered as the same, but the charge carrier depletion
region decreases due to higher doping, which causes less charge
carrier scattering by GBs. It is also noteworthy that the size of
the space charge region depends on the different carrier density
between the bulk and the GBs, so that the structure and compo-
sition of the GB phase would also play a determining role.

In this article, we report different GB phases found in
NbFeSb alloys with different Ti doping concentrations, which
offers a complementary explanation to their different transport
properties with grain size. The resistive (low Ti doping) to con-
ductive (high Ti doping) GB phase transition was found to be
caused by the compositional transition from Fe-rich to Ti-rich
GB phases. After finding out the hexagonal close-packed (HCP)
structure of the GB phases, they can be well distinguished from
the face centered cubic (FCC) matrix phase so that their lattice
structures can be determined. Such detailed knowledge on the
GB phases enables the understanding of the resistive to con-
ductive GB phase transition. The transition towards electrically
conductive GB phases enables a new avenue to optimize ther-
moelectric performance, as the electronic and phononic trans-
port can be effectively decoupled.

2. Results and Discussion

2.1. Tuning the Grain Size

Ti is one of the best p-type dopants in NbFeSb by substituting
the Nb site.l’ 5% Ti is sufficient to reach a high power factor,
but close to 20% Ti was required to reduce the thermal con-
ductivity that led to the best zT values for NbFeSb at high
temperatures.® To understand the apparent discrepancy,
we synthesized both compositions NbggsTiposFeSb and
Nby goTig0FeSb by powder metallurgy routes. To study the
effect of GBs in both alloys, the powders have been sintered
at 1123 and 1273 K, to reach smaller and larger grain sizes,
respectively. As evidenced by the X-ray diffraction (XRD) pat-
terns shown in Figure Sla,b, Supporting Information, half-
Heusler is the only dominant phase in all samples. Moreover,
the lattice parameters of NbggsTiyosFeSb sintered at 1123 and
1273 K (0.595(1) nm and 0.595(2) nm) and Nby gyTig,oFeSb 1123
and 1273 K (0.595(4) nm and 0.595(3) nm) are in good agree-
ment with literature values (0.5947 nm for NDb¢sTigo4FeSb
and 0.594(0) nm for NbygoTig,0FeSb73)). There is negligible
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Figure 1. Effect of the grain size on the electrical transport. The grain size (GS) is tuned by the sintering temperatures, shown in EBSD maps of
Nbyg g5 Tig.0sFeSb samples sintered at a) 1123 K and b) 1273 K and Nbyg gTip,0FeSb samples sintered at c) 1123 K and d) 1273 K. e) Electrical conduc-
tivity ¢ and f) weighted mobility 1, are hardly affected by different grain sizes of Nby goTip,0FeSb, but they are significantly reduced in fine-grained

N b0.95Ti0.05 FeSb.

difference in lattice parameters for samples with the same com-
position sintered at different temperatures or with different Ti
doping. All four samples have a 99% density with respect to
the theoretical values, and hence a similar porosity of 1%. Small
numbers of pores can be found in the SEM and STEM images
(Figures S2 and S3, Supporting Information), where the sam-
ples show very different grain sizes.

As shown in Figure la—d, both samples sintered at 1123 K
have an ultrafine grain size of =200 nm while at the higher
sintering temperature of 1273 K, NbyggsTiyosFeSb reaches
>1 um grain size, whereas Nbg,Tig 0FeSb grew to =400 nm.
Figure S4, Supporting Information, further shows that the
grain size of each sample follows the log-normal distribution
and the misorientation angle of GBs fits well to the random
Mackenziel”! distribution.

2.2. Effect of Grain Size on the Thermoelectric Properties

The electrical and thermal transport properties of all samples
were measured and plotted in Figure le,f and Figure S5, Sup-
porting Information. In particular, the electrical conductivity is
very sensitive to the different doping concentrations and grain
sizes. As shown in Figure le, the near room temperature (307 K)
electrical conductivity of fine-grained Nby 5Ty osFeSb is 58%
lower than its coarse-grained counterpart. In contrast, the con-
ductivity of fine-grained Nbyg(Tij,oFeSb is only reduced by
8% in comparison to the coarse-grained sample. A lower con-
ductivity can be caused by either reduced carrier concentration
(n) or mobility (u) (following o = neu where ¢ is the elemen-
tary charge). The Hall measurements confirm that the carrier
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concentration has little dependence on the grain size and is
=3 times higher in Nby g, Tij0FeSb (2.9-3.0 x 102! cm?) than
in NbgosTigsFeSb (9.8 x 102 cm~3). Therefore, the lowered
conductivity of the fine-grained Nb¢sTigsFeSb sample is
due to reduced carrier mobility. Here we utilize the weighted
mobility (4,),”¥ instead of the apparent Hall mobility, across
the whole temperature range to better apprehend the elec-
tronic transport properties imposed by the band complexity.
As shown in Figure 1f, the weighted mobility shows a strong
dependence on the grain size for Nby osTiy osFeSb (55% reduc-
tion at near room temperature from coarse- to fine-grained
samples), but nearly identical for Nb,g,Tij,0FeSb samples
regardless of the grain size (3% reduction from coarse- to
fine-grained). It has also been shown in literature”” that the
mobility of NbggoTig 0FeSb stays similar at increased grain
size of 0.8-1.6 um.

The contrasting trends can be further understood by dif-
ferent mechanisms for the scattering of charge carriers. The
most common type of electron scattering is by acoustic pho-
nons, which would lead to a decreasing mobility (and hence
conductivity) upon heating following T-3/2.8% Indeed, as shown
in supplemental Figure 6, the T2 trend is followed by both
Nby goTig 20FeSb samples and the coarse-grained Nb ¢5Ti( osFeSb
sample, confirming that the scattering of charge carriers in
these three samples is dominated by acoustic phonons, showing
a metallic behavior. In contrast, the fine-grained Nb ¢5Ti osFeSb
sample displays a significant deviation from the metallic
behavior, reveals a major reduction in x4, at lower tempera-
tures, which indicates the dominance of other scattering mecha-
nisms. Considering the ultrafine grain size (and consequently
higher proportion of GBs) is the major difference of the sample,
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Figure 2. Atomic compositions at the GBs. APT 3D reconstructions of a) NbggsTiggsFeSb and b) Nbg goTig 20FeSb sintered at 1273 K show chemical
changes at the GBs. c) The composition line profile along the G1-GB-G2 region (black arrow in (a)) shows Nb depletion enrichment in Sb and Fe.
d) The line profile along the G1-GB-G2 region (cyan arrow in (b)) shows Nb depletion and enrichment in Sb and Ti. e) The line profile along the G1—
GB-P boundary (magenta arrow in (b)) shows a Fe;,,Sb precipitate and a Ti-enriched phase boundary. The cylinder diameter is 20 nm for all line profiles.

electron scattering by GBs is determined as the dominant scat-
tering mechanism in fine-grained Nby ¢sTigosFeSb. As the GB
scattering term does not follow the same temperature depend-
ence, this is consistent with the major discrepancy from the
electron-phonon T-3/? trend (metallic behavior) at lower temper-
atures. The GB-dominated electron scattering has been reported
in many fine-grained thermoelectric materials, including
Mg;Sb,,P2 ZrCoSb,*l NbCoSn,B GeTe,®®! and TiCoSb.®? At
larger grain sizes (>1 um), the GBs are sufficiently far apart so
that their contribution to the scattering term becomes negli-
gible. Nevertheless, this would also rule out major contribution
of GBs in phonon scattering and close down the design space of
nanostructuring in thermoelectrics.

Although electron-GB scattering may rationalize the reduced
mobility of fine-grained Nb5TiosFeSb, it is perplexing that
the same mechanism does not apply to Nby goTiy ,0FeSb, which
has even smaller grain sizes and hence more GBs. One pos-
sible explanation is that GBs in different samples are also dif-
ferent in terms of composition or atomic arrangement, which
would hence lead to different transport properties. Based on
the electrical measurements, we hypothesize that the GBs
of Nbyg¢sTiggsFeSb are electrically resistive, whereas GBs in
NDby g0Tig20FeSh are not. This would allow for the same inter-
pretation of electron-GB scattering in both fine-grained sam-
ples (i.e., sintered at 1123 K) but with different transport behav-
iors as discussed above. Such a hypothesis, if validated, may
have a profound impact in optimizing thermoelectric materials
since nanostructuring will become a viable solution again, pro-
vided that the GB resistance can be drastically reduced. How-
ever, there is little understanding on how the variation of the
GB structure and chemistry impact on the scattering of charge
carriers to our knowledge. Being able to modify the trans-
port properties of GBs would open up new opportunities to
decouple the optimization of electrical and thermal transport
in thermoelectrics.

Adv. Energy Mater. 2023, 2204321 2204321 (4 of 11)

2.3. Compositional Variation at GBs

To test our hypothesis on the transition of GB properties, we
look into the chemical composition of the GBs by APT and
energy dispersive X-ray spectroscopy (EDS) performed in
a STEM.

Figure 2a,b shows the respective APT 3D reconstruction of
Nby.95TigosFeSb and NbygTigFeSb samples, each sampling
over two grains G1 and G2 and the GBs in between. The line
profiles across the GBs clearly evidence the changes in chemical
compositions with respect to the neighboring grains. The GB
in Nby5TipsFeSb is depleted in Nb and enriched in Sb and Fe
(Figure 2c). On the other hand, the GB in Nbg,Tij,0FeSb also
has Nb depletion and Sb enrichment, but Ti is enriched at the
GB instead of Fe (Figure 2d, see also the Video S1, Supporting
Information).

To confirm the segregation behavior of GBs in different
samples, several GBs across multiple APT tips and TEM sam-
ples have been sampled (more APT datasets are shown in
Figure S7, Supporting Information). The same phenomenon
is also observed by STEM-EDX for all four samples. While the
GBs in fine- and coarse-grained Nby ¢5TisFeSb show enrich-
ment in Fe (Figure S8, Supporting Information), the GBs in
fine- and coarse-grained NbggoTi FeSb are enriched in Ti
instead (Figure S9, Supporting Information). Such a differ-
ence in the chemical compositions of GBs in Nby gsTig osFeSb
and Nby gy Tig0FeSb provide a good hint toward their different
conductive behavior.

2.4. Atomic Configuration of the GB Phases
To further our understanding on the defect phases, the atom-

istic structures of the GB phases were revealed using high
angle annular dark field (HAADF)-STEM imaging. As shown
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Figure 3. Atomic arrangement of the GB phases. a) HAADF-STEM images taken in Nbg goTig 20FeSb show two grains (G1 and G2) in (110) zone axis
and one precipitate (P) in (2770) zone axis. The GB phase is visible at all boundaries. b) A magnified section at the triple point present the atomic
stacking for G1, G2, P, and the three boundaries. The stacking of the GB and P phases follow the HCP structure (AB), while G1 and G2 have the FCC
stacking order (ABC). c) a and c lattice parameters are measured for Nbg s Tig gsFeSb (GB 5) and Nbg goTig20FeSb (GB 20) samples and compared
with the precipitate (P) (shown in (b)) and literature values for Fe;,,Sb,®% TiSb® and Ti; ;gFeq 5,5b.° d) The isothermal section (1070 K) of the ternary
Ti—Fe-Sb phase diagram (redrawn based on ref. [85]) highlighting the half-Heusler (HH) TiFeSb phase in the center, the Fe;,,Sb phase in the Ti-poor,

as well as TiSb and the T phase Tiy3Feq s;Sb close to the Ti-rich side.

in Figure 3a, the GB phases between the half-Heusler grains
G1, G2, and G3 as well as the precipitate P are continuous and
have a darker HAADF contrast. To reveal the atomic structure
of half-Heusler compounds, it is convenient to image along the
<110> zone axis, where all three atomic sites (Nb/Ti, Fe, Sb) are
separated and their stacking order can be resolved. As shown
in Figure 3b, the FCC ABC stacking of (111) planes is revealed
inside the half-Heusler grains. However, the GB between G1
and G2 shows the AB stacking order, in agreement with HCP
crystals. To understand the atomic arrangement at the GB,
we notice their similarity to the HCP structure of the Fe,Sb
phase. Fe,,,Sh crystallizes in the NiAs-type P63/mmc structure
and the excess Fe atoms (0.08 < x < 0.38) occupy the intersti-
tial positions.3 Such precipitate is captured in Figure 3a,b
and labeled as P. An orientation relationship exists between P
and the half-Heusler grains, [2110]p//[110]¢; and (0001)p//
(111)g;. The Fey,,Sb phase has also been found and analyzed
using APT, as presented in Figure 2e and Video S1, Supporting
Information. The composition was determined as Fe; ;;Sb, with
very limited solubility of Ti (0.8%) and Nb (0.2%). Having the
same structure as the Fe;,,Sb precipitate, it is not straightfor-
ward whether to describe the GB as an individual defect phase,
or simply a bulk phase precipitated at the GB. To resolve the
puzzle, we further examined the lattice parameters and compo-
sitions of the precipitate and the GB phase. The a and c lattice
parameters are measured by the interplanar distances between
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(1010) and (0002) planes, respectively, as shown in Figure S10,
Supporting Information. It is evident that although the a lattice
parameters of the GB phase and the precipitate are close, their
c lattice parameters deviate by >10 % (Figure 3c). Furthermore,
according to the APT line profile (Figure 2e), the composition
across from G1 to P does not show an abrupt change. Instead, a
transition region was found in between with higher Ti content
with respect to the Fe,,,Sb precipitate. These are strong evi-
dences for a coherent GB phase with limited thickness (several
nm), but nevertheless distinct lattice parameters and composi-
tions. Based on the experimental results, we propose the pres-
ence of a GB phase with HCP structure sandwiched between
two FCC half-Heusler NbFeSb grains. In addition to Fe;,,Sb,®!
we found two more intermetallic phases in the Ti-Fe-Sb system
(Figure 3d) that crystallize in the HCP structure, TiSb® and
the ternary z-phase Ti; 14Fe s7Sb.®l All three phases are listed
in Figure 3c to compare their a and c lattice parameters with
the experimental values from the Fe;,,Sb precipitate and two
GB phases found at Nby 95Tij osFeSb (GB 5) and Nb gTig ,0FeSb
(GB 20). The GB phases have a slightly increased a parameter
with respect to Fey,,Sb, TiSb, and the zphase. Indeed, as the
GB phase is coherent with the half-Heusler matrix, the a direc-
tion in the GB phase is also constrained to the 1/2[110] direc-
tion of the half-Heusler phase, which has a length of 0.421 nm.
There are bigger differences between the c lattice parameters
of Fey,,Sb (0.515 nm),® the zphase (0.626 nm)®! and TiSb
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(0.626 nm).BY The GB phases have intermediate values of
0.558 nm and 0.565 nm for NbggsTiposFeSb (GB 5) and
Nby g9Tig20FeSb (GB 20), respectively.

The APT results presented in Figure 2c have shown that
the GBs in Nbyg5TigsFeSb are Ti poor. Therefore, the GBS
phase is likely similar to Fe;,Sb. On the other hand, the GBs
in NbygoTig FeSb are Ti rich, so that the GB20 phase would
locate closer to the Ti-rich (left) corner of the phase diagram,
being more similar to the 7and TiSb phases.

2.5. Composition and Site Occupation of the GB Phases

To determine the chemical composition of the GB phases,
we notice that the GBs are so thin (1-2 nm) that they reach
the resolution limits of various microanalysis techniques. For
APT, broadening of segregation profiles is commonly observed
at GBs due to their different field evaporation behavior (more
in Figure S11, Supporting Information).B*#”] For EDX, the
broadening is caused by the propagation of STEM probe
across the sample thickness, especially electrons scattered to
high angles.[®8 To characterize the segregation behavior inde-
pendent to the broadening effects, we apply an integrated
quantity, the Gibbsian interfacial excess®’ (I'). For example,
the Nb composition profile across the GB in Figure 4a spans
to =5 nm, whereas the width of the GB phase is only 1.7 nm
(Figure 3b). The Nb composition in the half-Heusler phase
is well known, summing to 1/3 with the doping concentra-
tions of Ti (Figure 5b,d). Moreover, Nb is not a component
of the ternary TiFeSb phases (Figure 3d) and hence has a
nominal composition of 0 inside the defect phases. Based
on the concentration and the thickness of the GB phase, we
can model the composition profile of Nb (Nb model profile)
to compare with the Nb APT profile. As shown in Figure 4a,
both profiles lead to very similar I'(Nb) (shaded areas), —26
Nb atoms nm~2 (negative numbers indicate depletion at GBs).
This result suggests that I" is a reliable quantity to characterize
the segregation behavior.

As shown in Equation (1), I” scales linearly with the thickness
of the GB phase, ¢, as well as the difference in the atomic den-
sity of element i between the matrix and the GB phases, Ap;.

www.advenergymat.de
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where NP and NP are the number of atoms of element i
in the respective unit cells of the half Heusler grain (G) and
the GB phase, Vi and Vgp are the unit cell volumes of the
respective phases.

By assuming no Nb inside the GB phases Nyt =0, the
required thicknesses to reach the I'y;, values observed in
NDby.o5Tig osFeSb and Nbg goTig 20FeSh are evaluated as 1.46 and
1.74 nm, respectively. As shown in Figure 4b, they are in good
agreement with the experimentally observed thickness of the
GB phases in the respective samples. The analysis hence sup-
ports a structural model of GB phases free of Nb and of the
experimentally observed thicknesses in the STEM images.
As plotted in Figure 4c, GBs in both Nb¢5TiyosFeSb and
Nby g9 Tig 20FeSb have comparable excess values for Nb depletion
and Sb enrichment, but show major differences in I'y; and I'k.
GBs in Nby ¢5Tij osFeSb are enriched in Fe, but have little excess
in Ti. In contrast, GBs in Nbg,Tiy0FeSb are enriched in Ti,
but have negligible excess in Fe.

To model the structure of GB phases with confined thick-
ness and HCP structure, it is critical to reveal the occupation
of their crystal sites by Ti, Fe, and Sb. By applying the I'y,
T, and Iy, (Figure 4c) as well as the thickness (Figure 4b) into
Equation (1), we can evaluate the atomic density of the respec-
tive elements inside the GB phases. As shown in Figure 5, the
atomic composition of the GB phases in Nby ¢5TiysFeSb and
Nby g9 Tig0FeSb are determined as (Tigqy,Feq03)Sb (Figure 5c¢)
and (Tige3,Fey77)Sb (Figure 5d); respectively. The derived com-
positions have a relative surplus of Fe + Ti with respect to Sb,
corresponding to x = 0.1, 0.4 in the formula (Ti,Fe),,Sb. As
reported by Yamaguchi et al.,®¥l a surplus of Fe is necessary to
stabilize the HCP Fe,,Sb phase (0.08 < x < 0.38). We hence
allocate Sb to the 2c sites of the HCP phase, whereas Ti and Fe
occupy the 2a and interstitial sites. The two GB phases are fully
represented in the HAADF-STEM images (Figure 5a,c). Among
all elements in the samples, Sb has the highest atomic number
and hence the brightest HAADF contrast, as they occupy the
4b sites in the half Heusler matrix and the 2c sites in the GB
phases. Nb atoms have the second highest contrast and can be

a b C
2
— APT I}, =-26 at. nm? | —~ 20
40
— Model Iy, =-26at nm2 | € . £ 10
30 2 £ 0
2 I £
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m 0.5 e I NDbg 5 Tlg osFe
10 o 20 8 Nby 5, Tiy ,oFeSb
-30
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Figure 4. Connecting the segregation at GBs to their thickness using Gibbsian interfacial excess I'. a) The APT line profile of Nb composition (orange,
reproduced from Figure 2d) is compared to a step function with 0 at.% of Nb in the GB phase and a width corresponding to the GB thickness observed in
STEM between the Nb composition in the grain (purple (Model)), both showing similar I'y,. b) Good agreement is found between the GB thicknesses
observed in STEM and the calculated values based on I'y, (calc.). ¢) I values determined for all four elements in the GB phases of Nby ¢5Tig osFeSb
(blue) and Nby ggTig2FeSb (red).
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Figure 5. GB phases identified in Nbg ¢5Tig gsFeSb and Nbg goTig 20FeSb. a,b) HAADF-STEM images of respective samples sintered at 1273 K with over-
laid atomic arrangements and c,d) the respective atomic site occupation in the half-Heusler matrix and the GB phases.

identified on the 4a sites in the matrix and absent in the GB
phases. Fe and Ti can also be observed on the 2a sites of the GB
phases, while Fe in the matrix 4c sites are largely overshadowed
by the neighboring atomic columns.

2.6. Electrical Properties of the GB Phases

Having determined the different GB phases in the two alloys,
we continue to rationalize their distinctive effects on the elec-
trical transport. To highlight the contribution of GB phases, we
apply a two phase model™! to separate the electrical transport
through the grain interior (og) and the GBs (0gp)-

07 =(1- fep)oG + fesOan )

where the volume fraction of the GB phase
foB = Lggsp X tcp/Agpsp can be evaluated by the ratio between
the area of the GB phase (total length Lgpsp multiplies with the
GB thickness tgp in Figure 4c) and the area of the respective
EBSD scans Aggsp (Figure la—d). fop is determined as 2.0%
and 0.2% for Nbg¢sTigosFeSb samples sintered at 1123 and
1273 K, 3.3% and 1.0% for NbggyTiy,0FeSb samples sintered at
1123 and 1273 K, respectively.

Applying the 2-phase model to each fine/coarse-grained pair,
electrical transport through the grain interior (og, Figure 6a)
shows the same temperature dependence (T~3/?), while the
alloy with higher doping concentration NbygyTig,FeSb also
exhibits higher conductivity. In contrast, the transport prop-
erties of the GB phases are fundamentally different (ogg,
Figure 6b). While the GB phase in Nby gyTij ,0FeSb behaves like
a metal (conductivity following the T~3/? trend), the GB phase

: b c
— 6000 —o—Nb, . TipsFeSb] 12000
< —e—Nb, Ti FeSb ‘TE 1000 < 10000
§ 4000 S 3
n ) 500 o 8000
b(92000 ) b 6000 . TO—TiASb .
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Figure 6. GB phases of Nby goTig,0FeSb present a metallic behavior while GB phases of Nbg ¢5Tig osFeSb are non-metallic. Using the two phase model
a) 6¢ and b) G are calculated. c) Bulk phases of TiSb, Fe;;3Sb, and Fe; ,3Sb are measured presenting non-metallic temperature dependent behavior

for Fe;,Sb and metallic behavior for TiSb.
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in NbggsTipgsFeSb has remarkably lower conductivity and
clearly lost the metallic behavior.

To further understand how the compositional variation
of the GB phases changes the electrical conductivity, we syn-
thesized samples with compositions close to the Fe,,Sb pre-
cipitate (Fe;13Sb and Fe;,4Sb), TiSb, as well as compositions
corresponding to both GB phases. The attempts to synthesize
the bulk form of the two GB phases were not successful, as the
samples show phase separation according to the ternary phase
diagram (Figure 3d). This further proves that the observed GB
phases are only stabilized by their confined thickness dimen-
sion as well as the interface with the half-Heusler matrix, a typ-
ical observation for complexions.

Single-phase samples were successfully synthesized for the
three compositions, Fe;14Sb, Fey,4Sb, and TiSb (see Figure S12,
Supporting Information), so that their electrical conductivity
can be measured in the bulk. As shown in Figure 6¢, TiSb has
the highest electrical conductivity and also exhibits a metallic
behavior (T-3/2 trend). The other two compounds, Fe;;3Sb and
Fe; ,3Sb, have similarly low electrical conductivity, so that the
amount of interstitial Fe atoms does not significantly change
the electrical transport. Moreover, both Ti-free compounds have
almost constant electrical conductivity in the measured temper-
ature range, in stark contrast to the metallic behavior of TiSb.

Comparing the transport properties between GB and the
bulk phases is never straightforward. For example, the Fe;, Sb
phases, although more resistive than TiSb, still have comparable
conductivity to the half-Heusler matrix. On one hand, the com-
positions and lattice parameters observed in the GB phases can
not be stabilized in the bulk. There are also phases such as FeSb,
that have significantly worse conductivity.’) On the other hand,
the two phase model assumes a series circuit configuration for
a resistive GB in a conductive grain, representing an effective
GB resistivity rather than its physical magnitude as bulk phases.
Nevertheless, we observe some similarity in the temperature
dependence of various electrical conductivity curves plotted in
Figure 6. In particular, the almost constant Fe; 3Sb and Fe; ,3Sb
curves with respect to the temperature (Figure 6¢) corresponds
well to the non-metallic behavior of the Ti-poor GB phase in
Nby o5TigosFeSb (Figure 6b). Moreover, the T-*/? trend of TiSb
(Figure 6¢) correlates well to the metallic behavior of the Ti-rich
GB phase in NbygyTiy,0FeSb (Figure 6b). The observed trends
support our hypothesis that the enhanced Ti content in the GB
phase leads to significant improvement of the GB conductivity.

Last but not least, it is also reported that the diminishing
thickness of the charge depletion layer by increasing doping
concentration would lead to less GB scattering.”®l Nevertheless,
we note that the charge carrier concentration is already so high
for the low doping sample Nby ¢5TigosFeSb, 102! cm=, that the
depletion layer would be too thin to model.”® For example, we
take the guide from SetoP to evaluate the GB energy barrier
from the charge trapping model, and found all four samples,
including the lower doping Nby ¢5TiosFeSb, to have negative
energy barriers. This can be understood from the negative
slopes in the o versus T plot in Figure le, which would lead to
negative slopes in the In(o) versus —1/kT plot, which are pro-
portional to the energy barriers.

Therefore, GBs should not be simply considered as defects
that impede the transport of charge carriers, but rather they
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can be treated as phases and tuned towards higher conductivity.
Accordingly, we propose a new avenue to tune the transport
properties of thermoelectric materials: Constructing thermo-
electric materials with significantly refined grain sizes down to
sub-micrometer level to suppress phonon transport, meanwhile
maintaining high power factor by tuning the GB phase toward
high electrical conductivity. Further design of GB phases can
be explored by either changing the composition of the native
matrix phase, as discussed in this work, or introducing foreign
2D phases such as graphenel® and nanometer-thick ZnO by
atomic layer deposition.%%3

3. Conclusion

In this work, we have discovered GB phases in the half-Heusler
NbFeSb alloys with p-type Ti doping. These phases are present
homogeneously along the GBs, with a thickness of 1-2 nm.
Unlike the FCC matrix phase, the GB phases have the HCP
stacking order and little content of Nb. Although structurally
similar to the bulk phases Fe;,,Sb and TiSb, the GB phases
have compositions that are subject to phase separation in the
bulk, and distinctive lattice parameters matched in-plane to
the half-Heusler matrix. We demonstrate that depending on
the Ti content in the matrix, the GB phase can be tuned to be
either enriched in Fe or Ti. The Fe-rich GB phase is observed
in Nby ¢sTigsFeSb, which also suffers from significant reduc-
tion in the electrical conductivity with increasing fraction of
GBs (nanostructuring). The resistive nature of this GB phase
is comparable to a similar bulk phase Fe;,,Sb. On the other
hand, by introducing more Ti, the GB phase in Nb goTig ,oFeSb
becomes Ti rich and exhibits metal-like conductive behavior,
comparable to the bulk phase TiSb. As a result, the electrical
conductivity of Nbyg,Tig 2 FeSb no longer shows a dependence
on the grain size. Our results have proven the concept that the
electrical transport can be tuned by resistive to conductive GB
phase transition, providing an alternative solution to decouple
the electrical and thermal transport in nanostructured thermo-
electric materials. The design of GB phases requires detailed
atomic-scale characterization, and this work sets a solid foun-
dation for the determination of the crystal structure, composi-
tion, and site occupation of GB phases to correlate with their
transport properties. Future designs on the GB phases can offer
expanded space to improve the transport properties of thermo-
electrics and other functional materials.

4. Experimental Section

Synthesis: The half-Heusler materials with nominal compositions of
Nbg g5 Tig.0sFeSb and Nby goTig ,0FeSb were prepared through a solid-state
synthesis. In total 10 g of raw elements, including Nb powders (99.8%,
Alfa Aesar), Fe granules (99.98%, Alfa Aesar), Ti sponges (99.95%, Alfa
Aesar), and Sb pieces (99.999%, MaTecK), were weighted according to
the stoichiometry and loaded into ball milling jars with O, and H,0O
level lower than 2 ppm. The weighed raw elements were ball milled
for 14 h by a SPEX 8000D machine using hardened steel vials and two
12 mm stainless steel balls with powder loosing on the 5th, the 10th, and
the 12th hour. The ball-milled powders were compacted using a field-
assisted sintering technique (FAST, FCT Systeme GmbH) under 50 MPa
for 5 min at 1123 or 1273 K. The sintering was carried out under vacuum.
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The sintered compounds were cut and polished to the desired sizes for
measuring the transport properties.

Property Measurement: The electrical conductivity (o) and the
Seebeck coefficient (S) were measured using a commercial device LSR-3
(Linseis). The thermal conductivity (k) was calculated as a multiplication
of thermal diffusivity (D), specific heat (C;), and mass density (d). The
thermal diffusivity and the mass density were measured by laserflash
(LFAT000, Linseis) and an Archimedes kit, respectively. The specific heat
takes the literature value of He et al.’¥l The measurement errors were
4%, 5%, and 12% for o, S, and k; respectively. Explicitly, the uncertainties
of Kk 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. The Wiedemann—Franz law was
used to calculate x; and obtain xj as shown in Equation (3):
Ki=k—LoT (3)
where L is the Lorenz factor calculated as shown by Kim et al.’l

Microstructure  Characterization: Solid XRD of all samples was
performed on polished surfaces using a diffractometer Riaku Smartlab
9KW with a Cu K, source (4 = 0.154059 nm). Lattice parameters were
calculated using the Bragg’s law on the ten main peaks of the XRD. The
reference peaks were calculated using Vestal® 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
operated at 15 kV. EBSD was acquired at 15 kV, 10 nA and a working
distance of 20 mm using a EDAX/TSL system with a Hikari camera.

Specimens for STEM investigation were prepared using a Scios2
(Thermo Fisher) focused ion beam (FIB). A general procedure described
by Schaffer et al.l’®l has been used for lamella preparation. Specimens
were thinned down to <150 nm by 30 keV Ga* beam, and final thinning
and cleaning were performed at 5 and 2 kV.

The STEM characterization was performed in a Titan Themis probe-
corrected microscope operated at 300 kV. The collection semiangle of
24 mrad and =0.1 nm probe size was used. HAADF-STEM images were
acquired using a collection angle of 73-200 mrad. To reduce noise in the
images, 25-30 frames are averaged with a pixel dwell time of 1-2 ps each
frame. 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 and
the Cliff~Lorimer formula was used for elemental quantification.l*’)

The Scios2 FIB (Thermo Fisher) was also used to fabricate APT
specimens using a procedure described by Thompson et al.l®®l 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 p) and 125 kHz, respectively. Data
reconstruction and analyses were done with AP suite 6.1 software,
provided by CAMECA Instruments. I" values were calculated by using a
ladder diagram.®

Supporting Information

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