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Complex microstructures are found in many thermoelectric materials and can be used to optimize their
transport properties. Grain boundaries in particular scatter phonons, but they often impede charge carrier
transfer at the same time. Designing grain boundaries in order to offer a conductive path for electrons is a
substantial opportunity to optimize thermoelectrics. Here, we demonstrate in TiCoSb half Heusler compounds
that Fe-dopants segregate to grain boundaries and simultaneously increase the electrical conductivity and

reduce the thermal conductivity. To explain these phenomena, three samples with different grain sizes are
synthesized and a model is developed to relate the electrical conductivity with the area fraction of grain
boundaries. The electrical conductivity of grain interior and grain boundaries is calculated and the atomic
structure of grain boundaries is studied in detail. Segregation engineering in fine-grained thermoelectrics is
proposed as a new design tool to optimize transport properties while achieving a lower thermal conductivity.

1. Introduction

Thermoelectric materials convert thermal gradients into electricity
and vice versa, as applied in solid state electricity generators and Peltier
coolers respectively [1,2]. Efficiency in thermoelectrics is characterized
by the figure of merit zT (Eq. (1)):

zT = aSzT/K (€8}

Where ¢ is the electrical conductivity, .S the Seebeck coefficient, T the
temperature and « the thermal conductivity.

Efficiency of thermoelectric materials can be affected by microstruc-
tural features such as grain boundaries (GBs) as they reduce thermal
conductivity by phonon scattering [3-5], but this is usually accom-
panied by a reduction in the electrical conductivity [6-10]. Some
examples of the negative effect of GBs on the electrical conductivity in
thermoelectrics are reported in literature [11-17]. In Mg3Sb,—-Mg3Bi,
alloys, a reduction of ¢ at room temperature of 2-3 times is observed by
reducing the grain size [16]. In (Hfj 3Zr ;) 94Nbg gCoSb a reduction
from 9.2 to 4.0 x 10* S m~! at room temperature is observed by
reducing the grain size [18].

In metals, GB resistivity can be mitigated by introducing doping
elements. For example, Zn, Cd, and Be segregations at X13b and X17a
GBs in Cu have been found to reduce the GB resistivity compared to

* Corresponding authors.

their counterparts of pure Cu, which is caused by a reduction of empty
states at the GBs [19]. In semiconducting thermoelectrics, the loss of
conductivity at GBs has been partially counteracted in NbCo;_,Pt,Sn
using Pt segregation [20] and in Ti doped NbFeSb [21]. Conductivity
of polycrystalline materials can be increased due to the presence of
GB complexions and low angle GBs [22-24]. Therefore, GB engineer-
ing [25], including segregation engineering [26,19], could lead to more
conductive GBs. Recent results on Cu,SnS; semiconductors show that a
reduction of grain size can increase electrical conductivity and overall
efficiency [27]. Density functional theory was used to simulate different
possible atomic arrangements at GBs and its implications on the band
gap, concluding that some atomic arrangements reduce the band gap
of GBs close to zero [27].

In recent years, half Heusler alloys have attracted interest as mid to
high temperature thermoelectrics [28] for energy harvesting [29,30],
including automotive waste heat recovery [31]. Half Heusler alloys are
composed of three elements in 1:1:1 stoichiometry (XYZ) where each
element occupies a different crystallographic site in the F43m space
group. There is a wide design space from the choice of X,Y and Z to
substitutional doping on the three sites making the properties (such
as the band gap) highly tunable [32]. In metallurgy, many multinary
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alloy systems are known to cause segregation or depletion at GBs,
which could either inhibit grain growth [33,34,26,35] or promote
abnormal grain growth [36,37]. Applying the same design principle to
half Heusler intermetallics, there is an exciting opportunity to explore
nanocrystalline systems with dopants to tune the GB conductivity
and control grain growth. Fe-doped TiCoSb half Heusler exhibits Fe
segregation at GBs [38] and a moderate zT up to 0.4 at 850 K for
the composition TiCog ,Fe, 3Sb [39]. Therefore, this material is a good
candidate for investigation of GB segregation and its relationship with
transport properties.

In this work, we present a microstructure-properties correlative
study where GBs in TiCo,Fe; ;Sb are demonstrated to improve the
electrical conductivity and simultaneously reduce the thermal conduc-
tivity, both important to optimize the zT. High resolution scanning
transmission electron microscopy (STEM), energy dispersive X-ray spec-
troscopy (EDX) and atom probe tomography (APT) enabled us to
perform a detailed study of the chemistry and atomic arrangement of
the GBs down to the atomic scale. We attributed Fe segregation and Co
depletion at the GBs to the electrically more conductive GBs than the
bulk. Thus far, theory has been developed to account for the effect of
more resistive GBs on the overall electrical conductivity [15]. Here, we
develop a two-phase model as a theoretical framework to quantify the
effect of more conductive GBs into the overall electrical conductivity.

2. Experimental
2.1. Sample preparation

The Ti(Co,,Fey 3)Sb samples have been produced using stoichio-
metric ratios of bulk Ti slugs (99.99% Sigma-Aldrich), Fe lumps
(99.99% Alpha Aesar), Co slugs (99.99% Alpha Aesar), and Sb shot
(99.999% Alpha Aesar). Starting elements were cut into small pieces
and loaded into an Edmund-Buehler MAM-1 arc melter where they
were melted together 5 times flipping in between each melt. The arc
melted button was then pulverized using a stainless-steel vial for one
hour using a SPEX sample prep 800 series mixer/mill. This powder was
consolidated using an induction heated rapid hot-press under a flowing
argon atmosphere within a 12.7 mm diameter high-density graphite
die. The samples were then pressed at 1173, 1373 or 1473 K for one
hour at 45 MPa. Once pressed, the samples were polished to remove
excess graphite from its surface, sealed in an evacuated fused silica
ampule, and annealed at 900 K for one week.

2.2. Properties characterization

Electronic transport measurements were conducted on disks of ap-
prox. 2 mm thickness and approx. 13 mm of diameter under dynamic
high vacuum up to 875 K with a ramp speed of 75 K h~1. Resistivity
and Hall coefficient were measured concurrently using the van der
Pauw technique with pressure-assisted molybdenum contacts equipped
with a 2 T magnet. Resistivity was measured also in a LINKAM -
HFS600 probing system with 4 tungsten needles supported by springs.
Temperature was increased in steps of 50 K at a rate of 5 K min~! and
5 min stabilization were given at each temperature, which was proven
sufficient to reach thermal equilibrium by repeating 100 direct current
pulse measurements. Both measurement instruments provided results
of comparable magnitude.

Thermal diffusivity measurements were taken with a Netzch LFA
457 under purged flowing argon up to 875 K with a ramp speed of
75 K h~1. Thermal conductivity was calculated estimating heat capacity
with the Dulong-Petit law. Seebeck coefficient was measured under
dynamic high vacuum up to 875 K with a home built system using
Chromel-Nb thermocouples.
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2.3. Microstructure characterization

Solid X-ray diffraction (XRD) was performed on polished surfaces
using a diffractometer D8 advance A25-X1 with a Co K, source (4
=0.178897 nm).

Samples for SEM investigation were grinded using SiC papers and
polished using diamond and OPS suspension solutions. SEM characteri-
zation was done in a Sigma 500 Zeiss microscope. Electron back-scatter
diffraction (EBSD) was performed at 15 kV, 15 nA and a working
distance of 20 mm using a EDAX/TSL system with a Hikari camera.

TEM sample preparation was done using a Thermo scientific SCIOS2
focused-ion beam with a 30 kV Ga' beam to prepare a lamella and
thinning to < 150 nm. Final thinning and cleaning was done at 5 and
2 kV. A general procedure similar to the one described by Schaffer
et al. [40] has been used.

The STEM-EDX characterization was performed on a Titan Themis
image-corrected instrument operated at 300 kV with a four-quadrant
silicon-drift detector (Super-X). STEM-EDX spectrum imaging was ac-
quired using approx. 25 min acquisition time for each map, 5 maps per
sample and each map covering an area of 20 nm x 20 nm. Multivariate
analysis was performed for noise reduction [41] and the Cliff-Lorimer
formula was used for elemental quantification.

Atomic resolution STEM imaging experiments were performed on a
Titan Themis probe-corrected instrument with a collection semiangle
of 24 mrad and aprox. 0.1 nm probe size equipped with a high angle
annular dark field (HAADF) detector with a collection angle between
73 and 200 mrad.

STEM-electron energy loss spectroscopy (EELS) spectrum imaging
was obtained using a Gatan Quantum ERS energy filter in image-
coupled mode with a entrance aperture of 35 mrad.

Needle-shaped APT specimens were prepared using a Helios 600i
dual-beam focused-ion beam, following the procedures described by
Thompson et al. [42]. A Cameca LEAP 5000XR system was used in the
laser mode. The base temperature of the specimen was kept at 50 K.
The laser energy was 30-35 pJ and the pulse frequency was 125 kHz.
Cameca IVAS 3.8.8 was used to reconstruct and analyze the APT data.

3. Results and discussion
3.1. Crystal structure and grain size

Three samples with TiCog ,Fe( 3Sb nominal composition and differ-
ent grain sizes were obtained by arc melting, ball milling, hot pressing
and annealing. By changing the hot pressing temperature to 1173,
1373 and 1473 K, the grain size of the samples was systematically
modified. The three samples are referred to as HP-1173K, HP-1373K
and HP-1473K respectively within this work. XRD confirms that all
three samples have a single half-Heusler phase (Supplemental Fig. 1).
Lattice parameters obtained averaging the values from all XRD peaks
(2-sigma uncertainty) are 590.0 + 1.0 pm, 590.3 £ 0.8 pm and 590.0 +
0.6 pm for HP-1173K, HP-1373K and HP-1473K respectively. The three
samples do not show a difference in strains, and their lattice parameters
are in close agreement with the value of 589.3 pm reported by Wu et al.
for the same composition [39]. Peak splitting is observed due to the
emission of Co-K,, X-rays by the source.

EBSD mapping was performed to study the characteristics of grains
and GBs in the samples. Fig. 1 present the EBSD maps of HP-1173K(a),
HP-1373K(b) and HP-1473K(c) with the [001] inverse pole figure
shown in the inset. HP-1173K has the finest grain size of 0.26 pm,
HP-1373K an intermediate grain size of 0.42 pm, and HP-1473K the
biggest grain size of 5 pm. Supplemental Fig. 2 shows (a) the grain
diameter distribution versus area fraction from the EBSD data as well
as (b) the GB misorientation angle vs number fraction, confirming a
random (Mackenzie) distribution of GBs for all three samples [43].

EBSD maps reveal that some grains contain subgrains, i.e., low
angle GBs. Low angle GBs are composed by arrays of dislocations at
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Fig. 1. Grain size changes with hot pressing temperature. EBSD maps of (a) HP-1173K, (b) HP-1373K and (c) HP-1473K.

periodic spacing [44], which are known to reduce the thermal conduc-
tivity [45,46] and the electrical conductivity [47]. The black features
observed in the EBSD and SEM micrographs shown later in this work
are mainly pores originated from consolidating ball milled powder,
which have not been completely eliminated during sintering [48].
The theoretical density of the material is calculated from the lattice
parameters obtained by XRD as 58.40 + 0.08 atoms nm~3 or 7.36
+ 0.01 g cm3. The experimental density of the samples is 98% for
HP-1173K and 97% for HP-1373K relative to the theoretical value.
Therefore, a volume fraction of 2%-3% of pores is expected for all
samples. Small amounts of TiO, particles were found by STEM-EDX
(Supplemental Fig. 3) and EELS (Supplemental Fig. 4), which have no
major effect on the properties due to the low volume content.

From the micrometer-scale characterization, the three samples only
differ in their grain sizes. Therefore, the changes observed in the
properties across samples can be attributed to the changes in the grain
size and potentially to nanometer-scale features, as discussed later in
this work.

3.2. Electrical conductivity

In order to understand the role of the grain size in the bulk proper-
ties, the electrical conductivity was measured between 298 and 773 K
using the van der Pauw technique [49]. SEM micrographs of the three
samples are presented in Fig. 2a—c where the grain size can be observed.
The electrical conductivity vs T of all samples is presented in Fig. 2d.
At room temperature, electrical conductivity (o) increases from 240 to
348 S cm™! as the grain size decreases from 5 pm to 0.26 pm. Therefore,
it is derived that more GBs in TiCo, ;Fe( 3Sb lead to an increase of the
bulk electrical conductivity. In order to understand this phenomenon,
we model GBs as a phase with different properties with respect to the
bulk phase [15].

The standard two phase model used for resistive GBs is based on
the idea of the brick layer model [15]. In such visualization, there are
conductive grains (bricks) and resistive GBs (the mortar). There are
two major options for conductive paths, the first is through the grains,
interrupted by GBs and the second is purely through the GBs. If the
boundaries are more resistive than the grain, the second path can be
neglected for conduction. Then the effective circuit becomes a grain in
series with a GB. Hence the total resistivity is the sum of the grain and
GB resistivity. However, for conductive GBs, the second path should
not be neglected. Instead, the circuit becomes a parallel circuit. On one
branch there is just the GB, and on the other branch there is the grain
and GB resistivity in series. If the GB conductivity is higher than the
grain interior, the GB and grain in series approximates to just the grain
resistivity. This gives a different model for conductive GBs where the
total conductivity is the sum of the conductivity of individual phases.

A simple model is developed (Eq. (2)) to estimate the contribution
of grains and GBs to the total electrical conductivity where GBs serve
as a fast conduction path for electrons. The electrical conductivity is
given by:

Oiotal = 0G6SG + oGBSGB 2)

Where o, is the measured electrical conductivity, g and ogg are
the electrical conductivity of the grain interior and GBs, respectively,
and fg and fgp are their respective 2D-projected area fractions.

Since fg =1 — fgg, EQ. (2) can be reformulated to Eq. (3):

Giotal = 0G + fo(0GE — 0G) 3)

And fgp for a hexagonal grid of grains is calculated as shown
in Eq. (4):

—d\?
ﬂm=1—<§;—> )

where d is the thickness of the GB and g is the grain size (grain interior
plus thickness of GB). d = 4 nm is chosen in accordance with the APT
data presented later in this work. The calculation of fgp is explained in
more detail in the supplemental information and Supplemental Fig. 6.

By doing a linear regression of Eq. (3), the contributions of o and
oG 10 Oy at all temperatures are obtained and plotted in Fig. 2e. A
clear linear correlation between o,,, and fgg at room temperature is
shown in Fig. 2f. Since fgp is relatively close to 0 for HP-1473K, the
influence of GBs in this sample is minimal. As a result, the increase of
o with temperature follows the same trend as the measurements on
HP-1473K. At room temperature, the value obtained from the linear
regression of 6 = 239 & 1 S cm™! is very close t0 6, = 240 S cm™!
measured on this sample and very similar to the measurement of Wu
et al. [39] on the same material of ¢ = 242 S cm~!. We assume that
they studied a sample where the effect of GBs was negligible.

The increased conductivity in the other samples can be attributed
to their increasing fgz. The value obtained from the linear regression
at room temperature for ogg is 3.3 + 0.1 x 10® S em™!. 6gp is more
than one order of magnitude higher than o, thus, GBs will act as a
conductive path for electrons. A schematic of the electron pathway is
shown in Fig. 2g where the grains are represented by hexagons and GBs
by black lines. As GBs are the more conductive phase, charge carriers
are preferentially conducted through the GB (yellow path) while the
path inside the grains is more resistive (blue lines).

As shown in the ogg Vs d plot in Supplemental Fig. 5, the magnitude
of oGy varies from 4.4 x 103 S cm™! for d = 3 nm to 2.6 x 10% S cm™!
for d = 5 nm at room temperature. Then, magnitude of ogy varies up
to 33% within the considered range of d.

Carrier concentrations were measured at room temperature,
3.1-10%° cm~3 for HP-1173K and 2.7-10%° cm~3 for HP-1373K. Their
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Fig. 2. SEM images of (a) HP-1173K, (b) HP-1373K and (c) HP-1473K. (d) Electrical conductivity vs temperature plots for HP-1173K (black), HP-1373K (red) and HP-1473K
(blue). (e) Contributions of grain (cg) and GB (o) to the total electrical conductivity vs temperature. (f) Electrical conductivity at room temperature vs area fraction of grain
and linear regression (black dashed line) and (g) scheme of the electron pathways through the GBs. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

effective masses [50,51] were hence calculated as 2.1m, and 2.5m,,
respectively, where m, is the mass of an electron. The weighted mobility
(p4,,) is calculated [52] and shown in Supplemental Fig. 12. The y,, vs T
curve is fitted to a power function, with the exponents of T=074 for HP-
1173K and T~-%90 for HP-1373K. The weighted mobility results further
confirm that the major scattering mechanism for charge carriers is not
by acoustic phonons (T~1-%), but closer to ionized impurity (T=0-%) [53].

Seebeck coefficient (Supplemental Fig. 7a) and electrical conduc-
tivity (Fig. 2d) increase with temperature. These results suggest that
minority carrier concentration is significant enough to affect carrier
concentration and Seebeck measurements.

We believe the GB are metallic due to the observed change and
properties and observed composition, thus we do not expect the grain
boundary material alone to be a good TE material. As the carrier con-
centration increases for HP-1173K, the Seebeck coefficient decreases
(supplemental Fig. 7a, 13% reduction with respect to HP-1373K at
room temperature). This also leads to a reduction in the power factor
(supplemental Fig. 7b), which suggests that the Seebeck coefficient and
the electrical conductivity are still coupled. Nevertheless, we notice that
HP-1173K maintains similar zT' (Supplemental Fig. 7d) values to HP-
1373K, as the thermal conductivity (x) decreases from 4.7 W m~! K~!
for HP-1373K to 4.2 W m~! K~! for HP-1173K at 323 K (Supplemental
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Fig. 7¢). By using the Wiedemann-Franz law (Eq. (5)), the electronic
contribution to x is calculated (Supplemental Fig. 7e) and the lattice
thermal conductivity is obtained (Supplemental Fig. 7f).

K=k, + Kk = LoT + K )

where «, is the electronic thermal conductivity, x; is the lattice ther-
mal conductivity and L is the Lorenz factor calculated from the ex-
perimental Seebeck measurements following the procedure of Snyder
et al. [54], which varies from 1.76 to 1.93 x 10~8 WQK~2.

Thermal conductivity occurs mainly at the grain interior, therefore,
oG can be used instead of o, to calculate x, [15]. When o is used,
K, is further reduced from 0.22 to 0.15 W m~! K~! at 323 K in HP-
1173K. Accordingly & increases by 0.06 W m~! K~! at 323 K and
0.12 W m~! K71 at 823 K on HP-1173K. The effect on & and &, of
using the calculated L instead of the free electron value and using og
instead of o, is shown for all temperatures in Supplemental Fig. 8.

The reduction of « in fine-grained materials is well documented in
thermoelectrics [55,56,15]. This can be attributed to phonon scattering
by GBs [57,5].

Thus far, we have demonstrated GBs to simultaneously increase
the electrical conductivity and reduce the thermal conductivity of
fine-grained TiCo, ,Fe( 3Sb. Overall efficiency is similar for HP-1173K
and HP-1373K (Supplemental Fig. 7d) at temperatures below 600 K.
At higher temperatures, HP-1373K has higher z7" mainly due to an
increased Seebeck coefficient.

3.3. Chemistry of GBs

To understand the origin of the unusual conductive behavior of
the GBs, the chemistry of the GBs is studied at the nanoscale using
APT and STEM-EDX. Fig. 3a shows a schematic including the viewing
directions and specimen sizes for the SEM, STEM and APT experiments.
On the TEM lamella, the size of an EDX map is indicated with a purple
square. The analyzed volume with STEM is on the order of 2 pm3
and for APT, 0.02 pm3. Therefore, both techniques are complementary
since STEM allows the investigation of a larger volume to obtain more
statistics on the GB composition by EDX, while APT enables more
precise measurements on the chemistry in 3D [58] in much smaller
volumes.

Fig. 3b presents the EDX maps of a GB where Fe segregation and
Co depletion are clearly visible. Gibbsian interfacial excess (I") was
used to quantify the excess of atoms at the GB per unit area with
respect to the matrix [59]. This approach enables the quantification
and comparison of the magnitude of the segregation across all GBs,
regardless of their orientation, faceting, curvature, or any other effect
that spreads and broadens the analytical signal. We used the approach
outlined by Maugis and Hoummada to calculate the excess since atomic
concentration is comparable at both grains [60]. A constant sample
density of 58.40 atoms nm~3 is applied to convert the atomic com-
positions (in at.%) into concentrations (in atoms nm~3). The obtained
values of I' are summarized in Table 1 and Fig. 3c. The average matrix
concentration values (in atoms nm~2) for STEM-EDX and APT are
shown in Supplemental table 1 and present little differences.

Table 1
I' values in atoms nm~2, positive and negative values represent segregation and
depletion, respectively.

Technique  Sample Ti Co Fe Sb
STEM-EDX HP-1173K 1.0 + 2.0 -119 + 18 89+ 1.1 25+ 1.8
STEM-EDX HP-1373K 2.4 + 3.2 -114 £ 50 71 +27 19+ 37
STEM-EDX HP-1473K -1.3 £ 1.7 -9.6 &+ 4.9 98 +41 1.1 + 06
APT HP-1173K -08 £15 -107 +£3.0 97 +26 09+ 23
APT HP-1373K  -1.7 + 7.6 -85 + 0.8 79 + 04 -13+1.8

The Gibbsian interfacial excess obtained by APT and STEM-EDX
shows a comparable magnitude. Within GBs of the same sample, dis-
persion of results is observed for both STEM and APT data, and the
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distributions are represented by the error bars (1-sigma). Some seg-
regation and depletion of both Ti and Sb are observed in the APT
and EDX data but their segregation behavior is uncertain since I' has
smaller magnitude than their statistical variance. On the other hand,
all samples present Fe segregation and Co depletion of comparable
magnitudes with statistical significance.

In order to model the electronic properties, GBs in all samples
are approximated as one phase with the same electrical conductivity.
This is a reasonable approximation as the average I' is similar for all
samples (Fig. 3c). Although the segregation behavior may depend on
the geometry of individual GBs (hence the statistical dispersion), the
same distribution of GBs (supplemental Fig. 2b) makes the statistical
ensembles for all three samples alike, making the modeled ogp the
average values for the ensembles.

Fig. 3d presents an APT 3D reconstruction obtained from HP-1373K
(Additional APT data is shown in supplemental figures 9,10 for HP-
1173K in supplemental Fig. 11 for HP-1373K.). Fe segregation is readily
visible across three GBs forming a triple junction. A line composition
profile is obtained from the black cylinder visible in the APT reconstruc-
tion, enabling quantification of the Fe segregation and Co depletion. All
values of I" for APT results are plotted in Table 1.

The thickness of the GB region where segregation occurs is de-
termined by analyzing 6 GBs by APT (3 from HP-1173K and 3 from
HP-1373K) and has a value of 4.3 + 0.8 nm. Therefore, a thickness of
4 nm is used to calculate fgp in Eq. (4).

STEM-EDX and APT results confirm that Fe segregation and Co
depletion are present in all studied GBs with comparable magnitude.
We hypothesize that the Fe segregation at the GBs is responsible for the
increase in the electrical conductivity at the GBs, having a measurable
impact on bulk properties as shown in Fig. 2.

Substitutional Fe dopants on the Co sites act as acceptors in the
material. By increasing the concentration of Fe dopants at the GBs, the
local hole concentration is also enhanced and thus the electrical con-
ductivity. We can think of the material as a composite of highly doped
GB material with high conductivity and low Seebeck, and slightly less
doped grain material with lower conductivity and higher Seebeck.
Increasing the overall volume of GBs will lead to an increase in the con-
ductivity, especially when the pathway of high conductivity material
is uninterrupted. The Seebeck coefficient of a composite depends not
only on the Seebeck coefficients of each material, but also the thermal
conductivity of each material and what the proportional temperature
drops across each material is. This makes calculating the Seebeck
coefficient of a composite much more challenging than calculating the
conductivity, especially in a brick layer model that has both parallel
and series components to keep track of. In our data we see the material
with more GBs has a lower Seebeck, which is not unexpected given
that the small grained material would volumetrically have more highly
doped lower Seebeck material in it than the larger grained sample.

3.4. Atomic arrangement at GBs

Besides chemical composition, it is known that the arrangement of
the atoms at a GB can affect the properties of the material
[61-63,27]. In order to study this phenomenon, atomic resolution
STEM experiments are conducted to unravel the atomic structure of
the GBs.

Fig. 4a shows a HAADF-STEM image of a high angle GB together
with the fast Fourier transforms (FFTs) of both grains. The lower grain
is aligned to the (110) zone axis while only one set of {111} planes is
visible in the upper grain and the GB is parallel to the (111) plane of
the lower grain. The EDX maps at the corresponding location confirms
the Fe segregation and Co depletion. I" values are —0.4 atoms nm~2 for
Ti, 7.2 atoms nm~2 for Fe, —8.4 atoms nm~2 for Co and 1.6 atoms nm~2
for Sb. Therefore, this GB is a typical high angle GB with segregation
comparable with the average values in Fig. 3c. The Sb site appears
brighter due to the increased scattering amplitude of Sb while the Ti
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Fig. 3. (a) Scheme showing the scales of TEM and APT experiments with real pictures and approximate shapes and SEM image at the top (surface of the sample), (b) EDX at.%
maps of a GB showing Fe segregation and Co depletion, (c) I" from STEM-EDX data for HP-1173K, HP-1373K and HP-1473K and (d) APT reconstruction of HP-1373K for Fe
showing a triple junction with segregation in the three GBs and a composition profile of the black cylinder area for Ti (light blue), Fe (dark blue), Co (red) and Sb (green) in
at.%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

site appears less bright alternating in intensity in a 1:1 sequence in the
(220) direction.

Fig. 4b presents the HAADF-STEM image of a ¥3 twin boundary,
as evident from the FFTs of both grains. Both grains are aligned to
the (110) zone axis and the GB plane is the common (111) of both
grains, confirming this is a coherent X3 GB. An atomic representation is
overlaid in the image, where the GB is a coherent mirror plane between
the two grains. EDX maps do not indicate any segregation of Fe and
Co. Therefore, we expect that coherent ¥3 GBs do not contribute to
the electrical conductivity enhancement. The absence of segregation
at coherent 3 GBs is an exception that can be explained by the low
energy of this GB [64]. Since the distribution of GB misorientations is
random for all studied samples (shown in Supplemental Fig. 2b), only a
small fraction of the GBs are X3 [65]. We note again that the calculated
ogp is the average effect of all GBs on the bulk electrical conductivity.

No change in the atomic arrangement was found in most of the
studied GBs compared to the grain interior. Thus, the unusual enhance-
ment in the electrical conductivity for samples with higher fractions
of GB phases is mainly attributed to the segregation of Fe and deple-
tion of Co at GBs. Co and Fe share the 4b crystallographic position
and have very similar atomic radius, 125 and 124 pm, respectively.
Therefore, by modifying the ratio between Co and Fe on the 4b site, it
is possible to change the chemical composition without changing the
crystal structure. Nevertheless, we note that higher Fe doping (> 30%)
would eventually decrease the zT of TiCoSb thermoelectrics [39], so
that the observed GB phases would not be a good thermoelectric
material in their bulk form. Nevertheless, we have demonstrated that by
introducing them at GBs, the thermal conductivity can be reduced with
simultaneous improvement on the electrical conductivity. For further
designs of GBs to benefit overall zT, the Seebeck coefficient needs to

0024220

++

-

—— . R R R

Fig. 4. HAADF-STEM images of (a) a high angle GB where the lower grain is along
the (110) zone axis, with the corresponding FFTs of both grains and EDX maps of Fe
and Co, and (b) a coherent ¥3 GB where both grains are along the (110) zone axis,
with atomic representations overlaid in the image, corresponding FFTs of both grains,
and EDX maps of Fe and Co.

be further decoupled from the carrier concentration, e.g. by using the
carrier filtering effects [66,67]. We further note that the developed
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2-phase model can be applied to any material presenting electrically
conductive GBs within less conductive grains, complementing to the
2-phase model introduced to treat electrically resistive GBs [15].

4. Conclusions

Our results demonstrate that TiCo,,Feq;Sb contains conductive
GBs that increase the overall electrical conductivity while decreas-
ing the thermal conductivity. The correlation between the electrical
conductivity and the area fraction of GBs was demonstrated. Based
on this observation, we developed a 2-phase model to calculate the
contributions of the grain interior and GBs to the measured electrical
conductivity. APT and STEM-EDX have shown that GBs contain Fe
segregation and Co depletion of comparable magnitude across all GBs
and samples with the exception of coherent ¥3 GBs. HAADF-STEM
revealed that most GBs do not have a special structural arrangement,
while the enrichment of Fe dopants on Co sites would explain the
more conductive behavior of GBs. GB segregation is a powerful tool
to revert resistive fine-grained materials to be more conductive than
their coarse-grained counterparts. For thermoelectrics, GB engineering
presents a unique opportunity to simultaneously increase the electrical
conductivity and decrease the thermal conductivity. We have demon-
strated how detailed microstructure analysis can rationalize such design
principles, which are being applied to more half-Heusler and other
thermoelectrics [68,21]. At the same time, more efficient methods
are also needed to screen for materials systems with favorable GB
segregation, which have been mapped for binary alloys [34]. With
increasing activity from high-throughput computational searches for
thermoelectric materials [69,70], we propose that GB segregation is a
promising area to calculate and design.
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