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ARTICLE INFO ABSTRACT

Keywords: Tailoring nanostructures is nowadays a common approach for enhancing the performance of thermoelectric
Half-Heusler .Cﬂmpouﬂd Heusler compounds by decreasing the thermal conductivity without significantly affecting the electrical con-
Thermoelectric ductivity. However, the most widely reported method for obtaining nanostructured thermoelectrics, an approach
Nanocrystallization

based on crushing as-cast alloy ingots followed by sintering of the debris, only gives limited control of the final
nanostructure due to residual elemental segregation after casting. Here, a novel approach for fabricating
nanostructured Heusler compounds is presented, which is based on crystallizing an amorphous precursor of
NbCo1.1Sn composition. This method yields two distinct nanostructures, namely one comprising only half-
Heusler grains and another one comprising half-Heusler grains and full-Heusler nano-precipitates. The latter
sample exhibits enhanced negative Seebeck coefficients as compared to the former over a wide temperature
range. Using advanced characterization techniques, such as high-resolution transmission electron microscopy
and atom probe tomography, in conjunction with ab initio density functional theory, detailed insights into the
nanostructure and electrical properties of the specimens are provided. Filtering of low energy and mobility
electrons at the half-Heusler and full-Heusler interface along with the formation of Co interstitial defects in the
half-Heusler matrix are proposed to be the possible causes for the enhanced Seebeck coefficient of the nano-
precipitate containing specimen.

Atom probe tomography
Density functional theory

1. Introduction

Among various technologies for sustainable energy production
thermoelectric devices are particularly attractive as they enable con-
version of waste heat into valuable electrical energy [1-7]. A recent
report states that 68% of the energy produced in 2018 in the U. S. was
lost mainly in the form of waste heat [8], clearly indicating that there is
huge potential for making use of large-scale thermoelectric power gen-
eration [9]. However, practical usage of thermoelectric devices has been
limited by their low energy conversion efficiencies.

The performance of thermoelectric materials is assessed by the figure
of merit, 2T= ?6T(x;+x.) "', where « is the Seebeck coefficient, & is the
electrical conductivity, T is the absolute temperature, and «;, and «, are
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the lattice thermal conductivity and electronic thermal conductivity,
respectively. In order to achieve a high figure of merit, the power factor
(é%6) should be enhanced while decreasing the thermal conductivity
(kL+xe). However, the physical properties, @, ¢, and ., are coupled to
each other, as they all depend on the charge carrier concentration. Thus,
independent control of these physical properties has remained a central
challenge for accomplishing a high zT value.

For the intermediate temperature range between 773 and 1073 K, for
which abundant industrial waste heat sources are available, lead chal-
cogenides [10,11], skutterudites [12,13], and half-Heusler compounds
[14-16] have been intensively studied. Among them, half-Heusler
compounds are advantageous in terms of their high thermal stability
[17], mechanical robustness [18], high Seebeck coefficients [19,20],
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Fig. 1. Schematic illustrations of the methods for forming nanostructured Heusler compounds. Top: conventional approach using ball milling and sintering. Bottom:
novel approach proposed in this study, based on crystallization of an amorphous precursor.

high power factor [21], non-toxicity [22], and usage of earth-abundant
elements [23]. However, these beneficial properties are compromised
by a relatively large lattice thermal conductivity, limiting the figure of
merit [24,25].

In order to overcome this drawback, fabrication of nanostructured
thermoelectric materials, e. g., through grain refinement or nano-
precipitation has been recently explored with some promising results.
For instance, nanocrystalline FeVSb-based half-Heusler compounds
were reported to exhibit lower lattice thermal conductivity than their
polycrystalline counterparts [26]. This phenomenon was related to the
mean free path (MFP) of phonons, which amounted up to 300 nm at ~
650 K, a distance comparable to the average grain size of the reported
polycrystalline half-Heusler compounds. In contrast, the MFP of charge
carriers was found to be only a few nm [27] and hence, grain boundaries
in nanocrystalline half-Heusler compounds could efficiently reduce the
thermal conductivity without significantly affecting the electrical con-
ductivity [28]. Moreover, simultaneous enhancements in Seebeck co-
efficient and electrical conductivity were observed for materials
containing full-Heusler nano-precipitates [29,30]. The above-
mentioned studies have shown that formation of nanostructures
through grain- and phase boundaries is a promising approach for con-
trolling transport of electrons and phonons and hence the thermoelectric
properties.

The most widely reported method for fabrication of nanostructured
half-Heusler compounds is an approach based on crushing cast coarse-

grained alloy ingots by means of ball milling for grain refinement fol-
lowed by sintering of the resulting powder (see Fig. 1) [31-33]. A major
disadvantage of this approach is that precise control of the final nano-
structure is not possible due to residual elemental segregation after
casting. In order to remove micro- or macro-segregation of as-cast in-
gots, high energy ball milling can be applied. However, under certain
circumstances extensive heat treatments of the cast ingots at 1173-1373
K for typically more than 168 h are required due to the low diffusivities
of the heavy group four and five elements, Zr, Hf, Nb, and Ta [34,35].
Thus, thermal processing of as-cast ingots containing these elements is
time and energy consuming and impracticable for large-scale fabrication
of Heusler compounds.

Here, we propose a novel approach for fabricating nanostructured
Heusler compounds with promising thermoelectric properties, which is
based on crystallizing an amorphous precursor (see Fig. 1). The initial
amorphous material, which does not show any long-range order, is
prepared in the form of ribbons by means of melt-spinning. Due to the
extremely high cooling rates associated with this technique, one can
obtain well-defined homogenous samples with negligible chemical
segregation. No homogenization treatment is required, thus saving a
substantial amount of time and energy. Instead, one can directly apply a
short low-temperature heat treatment to induce nanocrystallization.
Through a careful selection of the crystallization temperature and time
one can obtain a nanostructure, which comprises a half-Heusler matrix
and full-Heusler nano-precipitates and shows beneficial thermoelectric
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Fig. 2. (a) HR-TEM image, (b) EDX elemental maps of as-spun amorphous NbCo; ;Sn. (c) chemical compositions of as-spun amorphous NbCo; ;Sn acquired from
various methods. (d) APT reconstruction of as-spun amorphous NbCo; ;1Sn and (e) 1st, 3rd and 5th nearest neighbor distribution for each alloying element.

properties.

In order to demonstrate the viability of such a process, we chose an
alloy of NbCoj 1Sn composition. The role of the excess Co was to induce
formation of NbCo,Sn full-Heusler precipitates in a NbCoSn half-Heusler
matrix through a heat treatment (see Fig. 1). The annealing conditions
for the specimens studied herein were selected based on differential
scanning calorimetry (DSC) measurements (see Supplementary data for
details). While the first specimen was annealed at a relatively low
temperature, i. e. at 783 K, and exhibited only half-Heusler grains
formed by crystallization of the amorphous precursor, the second
specimen was annealed at a higher temperature, i. e. 893 K, and
comprised half-Heusler grains and full-Heusler nano-precipitates.

We used advanced characterization techniques such as Cs-corrected
transmission electron microscopy (TEM) and atom probe tomography
(APT) to characterize the crystal structures and reveal the elemental
partitioning at the sub-nanometer scale. In addition, we performed
comparative measurements of Seebeck coefficients as a function of
temperature. In order to understand the measured differences in See-
beck coefficient, an electronic energy band diagram including the work
functions of each phase was deduced from experiments and ab initio
density functional theory (DFT) calculations.

We note that the present paper focuses on the relationship between
the observed nanostructures and the measured physical properties. A
discussion on the nanocrystallization process of the amorphous pre-
cursor, based on thermodynamic and kinetic considerations, will be
given elsewhere.

2. Results and discussion
2.1. Nano-characterization of specimens before and after heat treatments

Fig. 2a shows a high-resolution TEM (HR-TEM) image of an as-spun
sample. No lattice fringes could be observed, and moreover, only halo
rings typical of an amorphous structure (see inset of Fig. 2a) could be
seen in a selected area electron diffraction (SAED) pattern. The amor-
phous structure of the as-spun sample could also be confirmed by means
of X-ray diffraction (XRD), where the XRD pattern only exhibited a
pronounced halo peak (see Fig. S2a). Although the presence of a very
small fraction of a crystalline phase could not be completely excluded
due to limitations in the field-of-view of TEM and detection sensitivity of

XRD, it is safe to conclude that the as-spun alloy was predominantly
amorphous. In the next step, we investigated the thermal stability of the
amorphous structure by performing XRD analyses on specimens
annealed up to 563, 673, and 783 K in the DSC instrument. All speci-
mens exhibited a broad halo peak, where only the specimen annealed at
783 K exhibited an additional peak that could be identified as the (220)
reflection of the crystalline half-Heusler NbCoSn compound (see
Fig. S2b). We note that only a single exothermic peak was detected in the
DSC measurement (see Fig. S1a), where the onset and peak temperature
amounted to 757 K and 833 K, respectively. As the final heating tem-
perature (783 K) of the partially crystallized specimen (see Fig. S2b) was
within the range between onset (757 K) and peak temperature (833 K),
the detected DSC peak could be unambiguously ascribed to the crys-
tallization of the amorphous precursor. We did not detect any pro-
nounced glass transition by means of DSC, presumably due to a small
difference between glass transition and crystallization temperature for
the alloy studied herein.

Energy dispersive X-ray spectroscopy (EDX) maps revealed homo-
geneous distributions of the alloying elements (see Fig. 2b), where the
chemical composition of the mapped area was 32.9 + 2.1 at% Nb,
35.9 + 1.5 at% Co, and 31.2 + 8.4 at% Sn. These values were in good
agreement with inductively coupled plasma-optical emission spec-
trometry (ICP-OES) and APT results (compare Fig. 2¢). Furthermore, we
confirmed the homogeneity of the elemental distributions through APT
reconstructions (see Fig. 2d) and corresponding nearest neighbor dis-
tribution analyses (see Fig. 2e).

In order to induce crystallization of the amorphous precursor into
nanostructured Heusler compounds, we performed isothermal anneal-
ing at 783 and 893 K for 2 h. In the following, we denote the NbCo; 1Sn
specimens annealed at 783 and 893 K as NCS-783 and NCS-893,
respectively. For both temperatures, we detected the NbCoSn half-
Heusler compound as the main constituent phase (see Fig. S3),
whereas the NbCoySn full-Heusler phase was only observed after
annealing at 893 K. Fig. 3a and 3b shows scanning transmission electron
microscopy-high angle annular dark field (STEM-HAADF) images of the
NCS-783 and NCS-893 specimen, respectively. In both specimens we
observed columnar half-Heusler grains near the surface, while the bulk
regions were composed of equiaxed grains. The NCS-893 specimen
showed much finer grains than the NCS-783 specimen. This difference in
grain size can be explained by considering the kinetics of crystallization
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Fig. 3. STEM-HAADF images of the (a) NCS-783 and (b) NCS-893 specimen and (c) schematic diagram of nucleation rate and growth rate as a function of tem-
perature. EDX maps of the (d) NCS-783 and (e) NCS-893 specimen. High-resolution STEM-HAADF images of the (f) half-Heusler matrix of the NCS-783 specimen, (g)
phase boundary between half-Heusler and full-Heusler phases and (h) full-Heusler nano-precipitate in a half-Heusler matrix in the NCS-893 specimen.

of metallic glasses [36]. The temperature region in which crystallization
of a metallic glass takes place is significantly lower than the melting
temperature (the yellow region in Fig. 3c). The nucleation rate sub-
stantially increases with increasing temperature in this region, while the
growth rate of nucleated nanocrystals increases much more slowly. As a
result, crystallization at 893 K yields a finer grain structure than crys-
tallization at 783 K. In addition, we did not observe any remarkable
grain growth after long-term heat treatment of 12 h (see Fig. S4), sug-
gesting that the grain growth kinetics at these two temperatures are
sluggish and that the difference in grain sizes between the NCS-783 and
NCS-893 specimens can be explained in terms of the nucleation kinetics
rather than the growth kinetics.

Fig. 3d and e shows STEM-EDX results for the NCS-783 and NCS-893
specimen, respectively. While the former exhibited a single-phase
microstructure with homogeneous distributions of the alloying ele-
ments (Fig. 3d), the latter showed Co rich grains in the matrix (Fig. 3e)
with an average chemical composition of 27.8 +2.3at% Nb,
46.6 + 2.0 at% Co, and 25.6 + 7.5 at% Sn, close to the expected stoi-
chiometric composition of the full-Heusler phase. The volume fraction
and average grain diameter of the Co rich grains was about 6.2% and
152 + 36 nm, respectively (Fig. S5). For the residual matrix an average
chemical composition of 33.1 at. + 2.5% Nb, 35.6 &+ 1.5 at% Co, and
31.3 + 8.8 at% Sn was measured, which was close to the stoichiometric
composition of the NbCoSn half-Heusler phase. In the grain interior
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Fig. 4. (a) TEM image of an APT tip with aperture (SAED pattern included as an inset). (b) STEM-HAADF image, and (c) 3d atom maps of NCS-893, including iso-
concentration surfaces of 38 at% Co (insets show enlarged views of the regions marked by dashed rectangular boxes), and the proxigrams based on iso-concentration
surfaces of 38 at% Co for (d) spherical nano-precipitates, (e) disk-shaped nano-precipitates, and (f) full-Heusler grain.

regions, we observed two types of nano-precipitates of spherical and
disk shape. The majority of nano-precipitates exhibited a near-spherical
shape with a diameter of 2.3 + 1.3 nm. The number density of the
spherical precipitates was 4.3 x 10~°> nm™2. Disk-shaped precipitates of
a diameter of 38 + 13 nm and a thickness of 13 + 2 nm were observed,
in the region near grain boundary (Fig. 3e). The number density of the
disk-shaped precipitates was 5.6 x 10™> nm ™2, which is significantly
lower than that of spherical precipitates. These nano-precipitates were
present in all Co poor grains, but not in Co rich grains.

Fig. 3 includes high-resolution STEM-HAADF images of a grain
interior region of the NCS-783 sample (Fig. 3f) and of precipitates and
the matrix of the NCS-893 sample (Fig. 3g and 3h). The NCS-783 spec-
imen exhibited lattice fringes and a sub-lattice occupancy along the
[101] zone axis, which exclusively matched the half-Heusler phase (see
Fig. 3f). The full-Heusler phase was not detected in this specimen. In
contrast, the NCS-893 specimen contained both the Co poor half-Heusler
phase and the Co rich full-Heusler phase, which could be clearly
distinguished from each other by the mass contrast of the STEM-HAADF
images and their different sub-lattice occupancy (see insets in Fig. 3g).
Using high-resolution TEM, we measured a lattice constant value of
0.608 nm for the half-Heusler phase in the NCS-783 specimen (see
Fig. S6a). In comparison, the lattice parameter of half-Heusler matrix of
the NCS-783 specimen was 0.596 nm (see Fig. S6b) and thus reduced, as
excess Co in the NbCoj ;Sn half-Heusler matrix partitioned to the
NbCoySn full Heusler precipitates. This finding is consistent with

previous studies on ZrNiy,4Sn-based Heusler compounds [37,38]. Be-
sides full-Heusler grains of an average diameter of 152 + 36 nm, we
observed fine nanometer-sized full-Heusler precipitates inside the half-
Heusler grains (see Fig. 3h). Due to the structural similarity between
the half- and full-Heusler phases and similar lattice parameters, the
phase boundaries were coherent.

The NCS-893 sample was closely examined by means of correlative
TEM-APT characterization. Fig. 4a shows a selected area TEM image of
an APT specimen and the corresponding SAED pattern, with which we
could confirm the co-existence of coherent half- and full-Heusler phase.
The latter showed a bright contrast in STEM-HAADF images (see
Fig. 4b). Fig. 4c shows an APT reconstruction acquired from the same
specimen, including iso-concentration surfaces with a threshold value of
38 at% Co. A complex nanostructure comprising spherical and disk-
shaped full-Heusler nano-precipitates inside half-Heusler grains and a
coarse full-Heusler grain (bottom region of APT map) was detected,
which were all enriched with Co (> 38 at%). The average diameter and
number density of the spherical nano-precipitates were 2.3 &+ 1.0 nm
and 1.3 x 107° nm 3, respectively, while disk-shaped nano-precipitates
showed an average diameter of 33.5+8.3nm, a thickness of
4.9 +0.9nm and a number density of 7.5 x 10°® nm~3. We could
identify these Co rich regions as the full-Heusler phase through direct
correlations with STEM images. Fig. 4d-f show proximity histograms
(proxigrams) across spherical shaped as well as disk-shaped nano-

precipitates and a full-Heusler grain, respectively. All proxigrams
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Fig. 5. (a) Seebeck coefficients of the NCS-783 and NCS-893 as a function of temperature and (b) Hall measurement results for annealed NbCo; ;Sn ribbons at 710 K.

were determined with respect to interfaces defined by iso-concentration
surfaces of 38 at% Co. The Co concentrations in the regions of interest
increased to near 50 at% towards their cores, i.e. close to the stoichio-
metric composition of the full-Heusler phase (NbCo2Sn), whilst Sn was
depleted. In addition to the precipitates in the grain interior, we detected
thin slabs of full-Heusler precipitates decorating the grain boundaries of
half-Heusler grains (see Fig. S7a-d). Unlike the NCS-893 specimen, for
which various precipitates were observed, the APT reconstructions ac-
quired from the NCS-783 specimen revealed homogeneous elemental
distributions (see Fig. S8). The average chemical composition of the
analyzed volume in Fig. S8 was 31.9 + 0.1 at% Nb, 34.5 + 0.1 at% Co,
and 33.4 + 0.1 at% Sn, showing an excess Co concentration. In
conjunction with XRD results (Fig. S2a and S3), we may conclude that a
polymorphic transformation from an amorphous to a half-Heusler
structure occurred for this specimen (NCS-783).

2.2. Measurements of thermoelectric properties

Next, we measured the Seebeck coefficients of the heat-treated
samples in the temperature range from 300 to 873 K (see Fig. 5a).
Both samples (NCS-783 and NCS-893) exhibited negative Seebeck co-
efficients and thus n-type conductivity. The Seebeck coefficients
decreased with increasing temperature and reached a minimum of
—197.4 W K ! at 673 K and of — 242.3 pv K~ at 773 K for the NCS-
783 and NCS-893 specimen, respectively. The latter showed a more
negative Seebeck coefficient (by about 45 pV K1) than the former
throughout the entire considered temperature range. In addition,
temperature-dependent electrical conductivity measurements revealed
a larger electrical conductivity and consequently a larger power factor
for the NCS-893 specimen than for the NCS-783 specimen (see Fig. S9).

For further analyses of the electrical properties, we conducted Hall
measurements (see Fig. 5b). Both samples exhibited n-type behavior in
agreement with the Seebeck coefficient measurements. Furthermore,
the NCS-893 sample exhibited a smaller carrier concentration and
higher Hall mobility as well as electrical conductivity than the NCS-783
sample in the temperature range from 310 to 710 K (see Fig. 5b and
S10). Therefore, the enhancement of the Seebeck coefficient for NCS-
893 can be ascribed to a lower carrier concentration than NCS-783.

The measured thermal conductivity values were 2.51 + 0.19 W/mK,
3.70 + 0.32 W/mK and 2.75 + 0.18 W/mK for as-spun NbCo; ;Sn, NCS-
783 and NCS-893 specimens, respectively. Compared to previously re-
ported room temperature thermal conductivity values of NbCoSn
(6.0-9.9 W/mK [39-44], see Table S1), the specimens studied in this
work showed lower values (2.51 — 3.70 W/mK). In addition, we divided
the contributions to the total thermal conductivity into lattice thermal
conductivity and electronic thermal conductivity, as described in [44].
The Wiedemann-Franz law (Ke:Lp’lT) with a Lorentz number of

L=20x108V2K2fora degenerated semiconductor [26] was used
to estimate the carrier contribution to the total thermal conductivity.
Among the measured specimens, as-spun NbCo; ;Sn showed the lowest
lattice thermal conductivity due to the absence of long-range ordering
(see Table S2). Furthermore, the thermal conductivity of NCS-893 was
almost twice as low as that of NCS-783 most likely due to the large
number of full-Heusler nano-precipitates promoting phonon scattering
at phase boundaries.

We obtained room temperature a zT value of 0.006 for the NCS-893
specimen, which was slightly lower than other values of 0.007 [39] and
0.013 [44] reported for NbCoSn at room temperature. However, we
anticipate that our specimens will show higher zT values at elevated
temperatures than previously reported specimens, as they show a sub-
stantially lower thermal conductivity.

2.3. Energy filtering effect by full-Heusler nano-precipitates

To deduce the electronic band alignment between the half-Heusler
and full-Heusler compounds, we performed ultraviolet photoelectron
spectroscopy (UPS) experiments on both reference bulk half-Heusler
(NbCoSn) and full-Heusler (NbCo,Sn) specimens (see Fig. 6a) and esti-
mated the work functions of each phase using following equation:[45].

¢ =hv— |EF - Ecumﬁ‘|7 (1)
where ¢ is the work function, hv is the incident photon energy (21.2 eV
for He I), Er is the Fermi energy, and E .y is the cut-off energy. The
Fermi energy of both samples corresponds to a binding energy of 0,
where the binding energy increases with electrons coming from a deeper
energy level. While the determined cut-off energies of NbCoSn and
NbCoySn were 16.52 and 16.38 eV, respectively, the work functions of
NbCoSn and NbCo,Sn were 4.68 eV and 4.82 eV, respectively.

To validate the UPS results, we determined the work functions using
DFT by subtracting the Fermi energy from the vacuum potential energy.
When calculating the work functions for NbCoSn and NbCoySn, we
chose the thickness of the vacuum slab to be large enough such that the
potential energy in the middle of the vacuum slab was not sensitive to
the thickness. A schematic illustration of the slab model is presented in
Fig. S11. Fig. 6b and 6¢ show the electrostatic potential energy along the
z axis for NbCoSn and NbCo,Sn. While constant potential energies were
confirmed for the center regions of the vacuum slabs, the calculated
work functions of NbCoSn and NbCo,Sn were 3.96 eV and 4.11 eV,
respectively. Thus, the difference between the work functions of the
half-Heusler and the full-Heusler phases as obtained from DFT calcula-
tions (0.15 eV) is in excellent agreement with the UPS measurements (i.
e. 0.14 eV).

Fig. 6d shows a schematic band diagram across the NbCoSn and
NbCoySn interface, deduced from the UPS measurements and DFT
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calculations. Since full-Heusler and half-Heusler compounds are re-
ported to be half-metals [46] and semiconductors [41], respectively, a
Schottky contact is expected to be formed at the phase boundaries be-
tween NbCoSn and NbCozSn [47]. The conduction band edge for
NbCoSn is expected to be bended upwards owing to its work function
difference with NbCo,Sn. As a result, an energy barrier of about 0.14 eV
in height should be generated at the conduction band edge for NbCoSn,
which is validated by the DFT calculations. In addition, spherical nano-
precipitates (NPs) with a radius of a few nano-meters could give rise to
an increase in the energy barrier. When a photoelectron is emitted from
a phase, a positive charge is left on the remaining surface. For a bulk
material, the remaining charge is evenly distributed over a semi-infinite
surface. Due to a diminishingly low charge density on the semi-infinite
surface the attraction between electrons and the surface is negligible.
However, for nano-precipitates, the charge is confined to a small sur-
face. Coulombic attraction with surface charge hinders electrons from
escaping, where the resulting work function increase can be quantita-
tively expressed by the following equation [48].

54
s = Dpun + R

dnps and ¢,y are the work functions of the nano-precipitates and
bulk materials, respectively, and R is the radius of the nano-precipitates
in A. For the spherical full-Heusler nano-precipitates, which were the
main population of precipitates observed in the NCS-893 specimen and
which showed an average radius of 2.3 nm, the above equation yields an
increase in work function and energy barrier of 0.47 eV.

The energy barrier estimated above may act as a filter for low energy
electrons of low mobility, also referred to as the energy filtering effect
[49-51]. As a result, a reduced carrier concentration for the NCS-893
specimen, comprising both a half-Heusler NbCoSn matrix and full-

Heusler NbCo,Sn nano-precipitates may lead to enhanced Seebeck co-
efficients (see Fig. 5).

2.4. Co interstitial defects in the NbCo;. ;Sn heat treated at 783 K

In contrast to the NCS-893 specimen, NCS-783 forms a single-phase
half-Heusler matrix of NbCo; 1Sn composition, suggesting the existence
of excess Co as point defects. Previous DFT studies on TiNiSn half-
Heusler compounds showed that excess Ni atoms, occupying structural
interstitial sites (termed as Ni interstitials) are energetically favorable
[52,53]. The energy states of the d orbitals of Ni were found to exist
below the valence band. However, the d orbitals of Ni interstitials
exhibited poorer bonding with Sn and higher energy than the d orbitals
between regular Ni and Sn atoms. As a result, Ni interstitials produced
energy states in the bandgap [53,54]. In addition, Barczak et al. [55]
reported that Ni interstitials reduced the bandgap, which led to an in-
crease in carrier concentration. The latter caused a reduction in both
Seebeck coefficient and Hall mobility.

DFT calculations were performed within this work for Co interstitial
and antisite defects in order to examine whether the above-described
phenomenon for Ni interstitials is valid for the NCS-783 specimen.
The energetics probed within DFT calculations revealed that the Co in-
terstitials are energetically more favorable than Co antisite defects since
the formation energy of the former was found to be lower than the latter
by approximately 2 eV (see Table S3). In order to mimic the NCS-783
specimen (with excess Co) within DFT, two Co interstitials were intro-
duced in the 96-atom supercell of NbCoSn (i.e., NbCo; ¢p¢Sn) and the
corresponding density of states (DOS) was explored (Fig. 7a). The ob-
tained DOS was subsequently compared with the DOS (Fig. 7b) of
NbCoSn with one extra Co interstitial (i.e., NbCoj ¢3Sn) in order to
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underscore the changes induced by extra Co atoms in the DOS of the
half-Heusler. The calculations revealed that the interstitial Co defect in
NbCoSn is stabilized in a ferromagnetic state. Fig. 7a and b shows that
the density of the mid-gap state in the up-spin channel increases with
increasing concentration of Co interstitials. Similarly, the peak in the
down-spin channel near the Fermi level also increases with the increase
in the number of Co interstitials. The calculated band gap for NbCo ggSn
(0.53 eV) is lower than the band gap for NbCo; o3Sn (0.59 eV). A com-
parison of the above values with the band gap of 0.97 eV for the defect
free NbCoSn (not shown here) clearly indicates that the band gap de-
creases with increasing amount of Co interstitials. Thus, the formation of
mid-gap states leading to a reduced bandgap can be regarded as another
cause for an increased carrier concentration and a reduced Seebeck
coefficient for NCS-783 as compared to NCS-893.

3. Conclusions

In this study we proposed a novel approach for fabricating nano-
structured Heusler compounds with promising thermoelectric properties
through nanocrystallization of an amorphous precursor. In order to
demonstrate the feasibility of our method, we prepared amorphous
melt-spun ribbons of a NbCo; 1Sn alloy, subjected them to crystallization
at 783 and 893 K for 2 h and characterized the resulting nanostructures
and thermoelectric properties. Using advanced characterization tech-
niques, such as STEM-HAADF and APT, we detected coherent full-
Heusler nano-precipitates in a half-Heusler matrix after crystallization
at 893 K. Moreover, we measured an enhanced Seebeck coefficient for
this specimen, which could be ascribed to a reduced carrier concentra-
tion as compared to the specimen crystallized at 783 K. Such a reduced
carrier concentration could be related to the filtering of low energy
electrons at the coherent phase boundaries between full-Heusler pre-
cipitates and the half-Heusler matrix as well as to the formation of mid-
gap states and a reduction of the energy bandgap by Co interstitials in
the half-Heusler phase. We envision that the proposed approach for
obtaining a nanostructured thermoelectric material from crystallization

of an amorphous precursor can be extended to other material systems for
thermoelectric and other functional applications.

4. Material and methods
4.1. Specimen preparation

An alloy ingot of NbCo; 1Sn composition was prepared by vacuum
arc melting under a high-purity Ar (> 99.999%) atmosphere using high
purity elements (Nb,Co > 99.95%, Sn > 99.99%). Amorphous ribbons
were prepared from the ingot by means of melt-spinning. The master
alloy was re-melted in a quartz tube by electromagnetic induction and
ejected through a nozzle onto a Cu wheel, rotating at a speed of
40 m s~!. The amorphous as-spun ribbons were annealed at 783 and
893K for 2h in a tube furnace under a high-purity Ar (> 99.999%)
atmosphere. In order to prevent oxidation, the ribbons were wrapped
into a Ta sheet.

Reference bulk specimens of NbCoSn half-Heusler and NbCo,Sn full-
Heusler compositions were fabricated for measurements of electrical
properties. Alloy ingots were prepared by vacuum arc melting and used
for melt-spinning under identical conditions as described above. In
contrast to the NbCo; ;Sn alloy, flakes were obtained instead of ribbons,
which were crushed into fine powders by ball milling. Ball milling was
performed using a planetary ball mill (Nano Ceratech NCTP-05 L) at a
ball to powder ratio of 15:1. The resulting powders were sintered in a
spark-plasma sintering machine at a temperature of 953 K and a load of
50 MPa for 5 min in vacuum.

4.2. Microstructural characterization

Chemical compositions of as-spun ribbons were measured using ICP-
OES (Thermo Fisher Scientific ICAP 6500). XRD (RIGAKU SmartLab
operated at 45 kV and 200 mA) measurements were done using Cu Ko
radiation (A = 1.5406 Io\). Microstructural characterization was per-
formed by means of STEM (FEI Titan cubed G2 60-300 operated at



C. Jung et al.

300 kV) in combination with EDX analyses and HAADF imaging. APT
analyses were performed using a local electrode atom probe (CAMECA
LEAP 4000X HR) in pulsed laser mode at a specimen base temperature of
~ 40 K. The laser pulse energy and frequency were set to 50 pJ and
125 kHz, respectively. Data reconstruction and analyses were done with
the IVAS 3.8.2 software, provided by CAMECA Instruments. The over-
lapping peaks of Co™ and Sn?* ions at the mass-to-charge ratio of 59 Da
was assigned to Sn, as the main isotopic peak of Sn occurs at this value,
which resulted in an underestimation of the Co concentration and an
overestimation of the Sn concentration by about 0.4 at%. A dual-beam
focused ion beam (FIB) - scanning electron microscopy (SEM) system
(FEI Helios NanoLab 450 F1) was used to fabricate TEM and APT
specimens for correlative analyses similar to the protocols described in
[56,571].

4.3. Measurements of thermoelectric properties

Annealed ribbons of (~ 20 x 1 x 0.02 mm?) were attached at both
ends to a Si/SiO (thickness of SiOs: 500 nm) substrate (2 x 2 cm? in
area) using silver paste. Seebeck coefficients were measured from room
temperature to 873 K in a Ny atmosphere using the four-probe method
[58]. Carrier concentration, Hall mobility, and electrical conductivity
were measured at 310, 410, 510, 610, and 710 K (maximum measure-
ment temperature) using a Hall measurement system (ECOPIA HMS-
5300/AMP55T3). Three specimens were analyzed to determine
average values. UPS (Kratos Axis-Supra) was performed at a photon
energy of 21.2 eV (He I) on the NbCoSn and NbCo»Sn bulk specimens in
order to measure their work functions. Prior to these measurements, the
sample surfaces were cleaned for 120 s using Ar cluster sputtering at
10 keV. Rectangular shaped NbCoSn and NbCo,Sn bulk specimens (2 x
2 x 10 mm®) were used to measure the electrical conductivity with a
commercial equipment (BluSys BS1) using the standard four-probe
method. The measurements were performed from room temperature
to 973 K under a He atmosphere. We measured the thermal conductiv-
ities of the as-spun NbCo; ;Sn, NCS-783, and NCS-893 specimens at
room temperature using the time-domain thermoreflectance (TDTR)
method (Transometer™® thermoreflectance metrology system, Richard-
son, USA). Measurements were done ten times on three specimens for
each state. Specimens were polished to 1 um finish and an Au film of
300 nm in thickness was deposited on the specimen surface to enhance
absorption of the incident beam (wave length regime of visible light).

4.4. First-principles calculations

First-principles DFT calculations [59,60] were performed using the
Vienna ab initio simulation package (VASP) [61]. The total energies and
forces were calculated using the projector augmented wave method [62]
together with the generalized gradient approximation for the exchange-
correlation potential parametrized by Perdew, Burke and Ernzerhof
[63]. The single-electron wavefunctions were expanded using plane
waves up to an energy cutoff of 500 eV. An energy tolerance of 10~ was
used as a convergence criterion for the self-consistent electronic loop.
All lattice parameters and atomic positions were relaxed until the re-
sidual forces acting on each atom were below 0.0001 eV A™L. Such a
strict choice of cut-off parameters and convergence criteria resulted in
DFT energies with an error < 0.1 meV atom L.

For the calculation of work functions, a slab model was built with the
unit cell duplicated in the z direction while obeying periodic boundary
conditions along x and y directions. The convergence of the work
function with respect to the number of atomic layers in the slab supercell
was systematically studied for both half-Heusler (i.e. NbCoSn) and full-
Heusler (i.e. NbCozSn) systems. Based on this analysis, a slab supercell
of 1 x 1 x 8 size was chosen, which comprised 48 atoms and 16 at.
layers for NbCoSn and 64 atoms and 16 at. layers for NbCoySn
(Fig. $11). Vacuum slabs of approximately 23.9 A and 24.7 A in thick-
ness were inserted between adjacent slabs in the z direction for NbCoSn
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and NbCoSn, respectively. All atomic positions in the slab supercell
were further relaxed until the force on each atom was less than
0.01 eV A~L. For the Brillouin zone sampling, the tetrahedron method
[64] with a k-point grid of 16 x 16 x 2 was employed for both systems.

The defect formation energies were calculated for 2 x 2 x 2 super-
cells comprising 96 atoms. For the Co interstitials in the half-Heusler,
96 + n atoms were used where the number of Co interstitials, n, were
chosen to be 0, 1 and 2. AT centered k-point grid of 6 x 6 x 6 was used
to obtain relaxed lattice parameters and atomic positions. For the case of
n = 2, the energetics of all possible configurations were systematically
investigated. The lowest energy configuration thus obtained was chosen
for comparison with the corresponding results for n = 0 and 1. For the
calculations of density of states (DOS), a dense k-point grid of
14 x 14 x 14 was employed for NbCoSn with Co interstitials.
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