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Analysis of bipolar thermal conductivity might be very useful in preliminary stages of thermoelec-
tric materials discovery. Using its product—mobility ratio between electrons and holes—it is possible to
choose the most promising compound from the series and pave the correct direction of doping. Current
work presents positive verification of this approach for ScNiSb, which is anticipated to show superior
mobility when tuned towards n-type behavior. In agreement with expectation, the mobility increases by
an order of magnitude due to rising tellurium content in the ScNiSb;_, Te, series. The effect is most likely
driven by change of the dominant charge carriers’ scattering mechanism from ionized impurity influence
to point defect and acoustic phonon interaction. Simultaneously, due to a highly anisotropic conduction
band, the effective mass of the carriers rises towards the n-type regime. These two effects lead to an
improved thermoelectric power factor of electron-doped samples, up to 40 uWK =2 cm~! at 740 K for
ScNiSby gsTeg.15. Based on this result, we suggest n-type doping for other rare-earth-based half-Heusler
compounds. Representatives of this group exhibit the smallest lattice thermal conductivity in the pristine
form among any half-Heusler thermoelectrics, and are anticipated to show comparably good electrical

properties to ScNiSb due to their high mobility ratio in favor of electrons.
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I. INTRODUCTION

The ability to convert waste heat to electricity provided
by thermoelectric (TE) materials is considered as one of
the most promising solutions to the global demand of sus-
tainable energy. Among many families of compounds con-
sidered for this purpose, half-Heusler (HH) phases appear
to be the closest to large-scale application. They are ternary
intermetallics with general formula MTX, where M stands
for the early transition metal or RE element, 7 denotes
late transition metal, and X corresponds to the p-electron
element. Good thermoelectric performance of these com-
pounds has been recognized for over 30 years [1-6]. Apart
from the above, half-Heusler phases are also characterized
by robust mechanical properties [7,8] and outstanding ther-
mal stability [9], while keeping a rather low price [10]. The
most extensively studied base composition, from a ther-
moelectric perspective, has historically been 7/"NiSb [1—
4,11,12], where T" is transition metal from fourth group
of the periodic table (Ti, Zr, Hf). Due to recent findings of
superior TE performance in formerly unknown HH com-
positions, e.g., TaFeSb [13], ZrCoBi [14], or NbFeSb [15],
the attention of the scientific community is now turned
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towards exploration of other poorly known subgroups of
HH phases.

ScNiSb belongs to the family of disordered RE-based
HH phases [16—18]. Depending on the synthesis pathway,
the compound is reported to maintain the stoichiomet-
ric composition [18] or exhibit a significant amount of
nickel vacancies [17]. As a result of the detailed struc-
tural study, we uncover that ScNiSb [18] as well as other
RE-bearing HH phases [16,19] exhibit unique additional
defects. Namely, late transition metals atoms can be dis-
placed from their nominal 4c Wyckoff site (1/4,1/4,1/4)
to quarterly occupied 16e (x,x,x) position x ranging from
0.256 to 0.262.

Undoped ScNiSb is an intrinsic p-type conductor with
rather light holes (meg < 1.5m,, where meg stands for the
effective mass of charge carrier) [16,20] and experimen-
tal energy gap of about 0.3 eV, somewhat depending on
the crystallographic disorder [16,18,21,22]. Thermal con-
ductivity of pristine ScNiSb is also largely affected by the
presence of atomic defects and the microstructure of the
specimen. At room temperature, it spans from 4 Wm™'K~!
[22] to 11 Wm™'K~! [18], which is similar to the values
obtained for other HH phases before nanostructurization:
ZrNiSn (8 Wm~'K~") [23], VFeSb (13 Wm™'K~!) [24],
ZrCoBi (9 Wm~'K~") [14].

© 2021 American Physical Society
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Conventionally, thermal conductivity is assumed to con-
sist of a lattice part and a polar electronic term, that can
be obtained from the Wiedemann-Franz law. However,
above the temperature of minority carrier activation, one
can also observe additional contribution from electron-
hole pairs, known also as bipolar thermal conductivity
(BTC). The phenomenon has been studied in semicon-
ductors community for several decades [25-28]. From a
thermoelectric perspective, the phenomenon is considered
rather detrimental, as BTC increases total thermal conduc-
tivity; furthermore, the presence of minority carriers tends
to decrease thermopower. This motivated development of
different strategies to suppress BTC [29—-34]. Furthermore,
incorporation of BTC analysis of thermoelectric proper-
ties is shown to help explain the observed characteristic
for half-Heusler phases [35-37] and other TE materials
[38,39]. Recent joint experimental and theoretical work
established that the effect is driven by the carrier mobil-
ity ratio in the intrinsic case and minority carrier partial
electrical conductivity in the extrinsic regime [40].

Our recent analysis of bipolar thermal conductivity [19]
uncovered a curious feature of ScNiSb, namely the ratio
between mobility of electrons and holes in this com-
pound attains a value as large as 8. This finding suggests
that n-type doping for ScNiSb should result in substan-
tially increased charge-carrier mobility, which in turn is
expected to provide enhanced TE performance. In order to
confront these predictions with experiment, we investigate
the electron-doped series ScNiSb;_,Te,, and the results
of this study are presented below. This work is a part of
our large on-going project aimed at understanding TE and
magnetic properties of RE-based HH phases [41—48].

II. METHODS

The samples of ScNiSb,_,Te,, x = 0,0.03,0.05,0.10,
0.15 are obtained by arc-melting elemental constituents
(Sc dendrites 99.95 at.%, Ni rod 99.99 at.%, Sb lumps
99.999 at.%, Te lumps 99.999 at.%) in the copper heart
under high-purity (SN) argon atmosphere. The total mass
of each sample is about 2.5 g. Due to intensive evaporation
of antimony during the synthesis, we add beforehand extra
Sb in a quantity not exceeding 4% of the sample weight.
In order to ensure proper mixing of the constituents, each
specimen is flipped over and remelted 3 times. Subse-
quently, it is grounded in agate mortar under protective
Ar atmosphere and melted 3 more times. Afterwards, the
ingots are wrapped in Mo foil, sealed in quartz ampoules
under vacuum and annealed at 800°C for 3 weeks. The
annealing process is finished by quenching the ampoules
in cold water.

X-ray powder diffraction experiments are performed
using an X’pert Pro PANalytical diffractometer (Cu Ko
radiation, A = 0.154056 nm, step = 0.001°). FullProf
software [49] is employed for the Rietveld refinement.

The density of the samples is measured via the Archimedes
method. SEM imaging and energy dispersive x-ray spec-
troscopy (EDS) is carried out on a FEI NovaNanoSEM 230
FE-scanning electron microscope equipped with Apollo X
Silicon Drift Detector. For EDS analysis we use the fol-
lowing spectral lines: Sc-La, Ni-Ke, Sb-Lo, Te-La, while
the beam-landing energy is equal to 20 keV. In order to
ensure credibility of EDS analysis, we extend the data-
collection time up to about 8.5 h per sample (128 frames,
200 s dwell time). The relative error of this method is 2%
for the main elements and 5% for the minority elements.
Low-temperature (2—300 K) Hall effect is measured using
with Physical Property Measurement System (PPMS-9)
equipped with a horizontal rotator. The carrier concen-
tration (n) is calculated from the formula n = 1/eRy,
where Ry is the Hall constant, while the carrier mobility
(ug) 1s obtained from the equation uy = o|Ry|, where o
denotes the electrical conductivity. Electrical contacts are
prepared on polished surfaces of the parallelepiped-shaped
geometry specimens using epoxy and 50-pum diameter Ag
wires. High-temperature (300950 K) Seebeck coefficient
(S) and electrical resistivity (p) are measured simulta-
neously employing Linseis LSR-3 device with platinum
electrodes. Measurements of thermopower performed with
temperature gradients 30, 40, and 50 K resulted in curves
converging within the range of experimental error; for
transparency in the paper we show only data gathered with
50-K gradient. The relative errors for p and S are 3% and
5%, respectively.

III. RESULTS AND DISCUSSION

The XRD pattern measured for ScNiSbg gsTe 15 is dis-
played in Fig. 1, while the results for the other samples
can be found within the Supplemental Material, Fig. S1
[50]. The refined lattice parameters (a) and atomic occu-
pancies are listed in Table I. A subtle decrease of a
with a rising Te content in ScNiSb;_,Te, series is con-
sistent with a smaller ionic radius of tellurium (rpo- =
2.11 A) with respect to antimony (rg3- = 2.45 A) [51].
According to our previous study of ScNiSb with supe-
rior quality diffraction [18], Sc atoms resided at 4a (0,0,0)
Wyckoff positions while Sb and Te are located at the 4b
(1/2,1/2,1/2) site; Ni is assumed to reside on a quarterly
occupied 16e (x,x,x) slot. To ensure validity of the Rietveld
refinement with our laboratory XRD data, the Ni atomic
coordinates as well as the thermal displacement param-
eters Bis, are fixed during the analysis, and values are
acquired from Ref. [18]: x = 0.256, Bjs;,(Sc) = 0.66 A2,
Biso(Ni) = 0.61 A2, Bis,(Sb/Te) = 0.59 A2

Vacancies and antisite defects have a similar mathemat-
ical impact on Rietveld refinement. In the current study
we decide to provide a general insight into disorder in
ScNiSb,_, Te, series with the former approach due to its
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FIG. 1. Results of Rietveld refinement for the ScNiSby gsTeq 15
sample.

simplicity. In the first step, occupancies are relaxed sepa-
rately on each atomic position. After finding vacancies on
Sc and Ni sites, we normalize the composition to Sb+Te
content; see Table I for the so-derived Sc and Ni occu-
pancies. Similar atomic masses and roughly comparable
ionic radii of Sb>~ and Te?~ hamper the precision of occu-
pancy analysis on the 4b site, so we fix the Sb/Te ratio to
the nominal stoichiometry of the sample. We also perform
the refinement with the possibility of Ni interstitials on the
nominally empty 4d (3/4,3/4,3/4) site, which is reported
for other HH phases [52,53]. The refinement resulted in
either negative occupancies in the 4d site, on a negligibly
small (< 1.5 %) amount of interstitial defects. No ten-
dency is observed regarding the total number of defects
detected by XRD analysis as a function of tellurium con-
tent. Scandium vacancies are most likely to be an acceptor
defect, as the formal valence state of Sc in the studied
material is 3+, the whole compound having closed shells
with Sc*™Ni’Sb®~. This corroborates p-type conductivity
observed for the undoped ScNiSb sample. The charge state
of vacancies on the Ni site is rather hard to guess; ab ini-
tio defect calculations would be necessary to quantitatively
answer this question. Our tentative intuition is, that in the
majority of chemical conditions it would also form an
acceptor defect, as vacancies on the Ni site are reported for
ScNiSb previously in an even bigger amount, see Ref. [17],
and undoped ScNiSb samples are always p-type conduc-

FIG. 2. SEM image and EDS elemental mapping for
ScNiSbyg gsTeg.15. The scale bar applies for all panels. The reader
is referred to Table II for quantitative analyses of the marked
areas.

other half-Heusler compounds based on RE elements in
order to evaluate possibilities of n-type doping by intrinsic
and extrinsic defect formation. For all the specimens, we
find tiny amounts of impurities: either elemental nickel or
NiSb. The summed content of contaminants in any sample
does not exceed 4 vol.%. The experimental density is close
to the theoretical one, see d.x, for the absolute and dy| for
the relative values in Table SII within the Supplemental
Material [50].

The SEM imaging and chemical EDS mapping obtained
for the ScNiSbggsTeg 5 sample is shown in Fig. 2 and
quantified in Table II. The SEM image proves that the
sample is free from crack and gas voids. The average
composition of the main phase denoted by areas 1-3 in
EDS panels of Fig. 2 is 8033_2(1)Ni32_5(2)Sb30_2(2)Te440(0),

tors [16,18,21,22]. As a next step in our research, we plan
to perform ab initio defect calculations for ScNiSb and

TABLE I. Lattice parameters and the refined atomic occupan-
cies resultant from Rietveld refinement for the ScNiSb;_,Te,
series.

Sample a(A) Scocc. (%)  Nioce. (%)
ScNiSb 6.0754(1) 98(1) 95(1)
ScNiSbg 97 Teg 03 6.0740(1) 100 98.4(8)
SCNiSb0'95T€o<05 60728(2) 94(1) 94(1)
ScNiSbg.ggTeo.10 6.0725(1) 94(1) 96.2(8)
ScNiSby gsTeg 15 6.0712(2) 99(1) 99(1)

TABLE II. Results of the EDS analysis for ScNiSbg gsTeq ;5.
The listed areas correspond to those marked in Fig. 2.

Area Sc (at.%)  Ni (at.%) Sb (at.%)  Te (at.%)
1 33.1 32.4 30.5 4.0

2 33.2 32.7 30.1 4.0

3 333 32.5 30.2 4.0
Average Sc33.2(1)Niz2.52)Sb3.2(2) Tes.o0)

4 31.5 16.7 23.5 28.3

5 33.7 24.8 9.9 31.6

6 37.2 25.7 13.0 24.1
Average SC34(3)N122(5) Sb16(7)T628(4)

7 22.9 73.5 2.2 1.4

8 232 70.5 4.6 1.7

9 21.6 75.2 1.8 1.3
Average 8023(1)Ni73 ) Sb3(2) Te 1.5(2)

10 85.3 6.0 6.7 2.0

11 82.0 8.2 7.1 2.7

12 86.8 52 5.9 2.0
Average SCg5(2) Ni7(2) Sb7( i) Tez'z 4)
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which COI’I‘eSpOl’ldS to SCg7_1(3)Ni95.0(6)Sb88.3(6)T611_7(1) if
normalized to the most occupied 4b atomic site (Sb+Te).
Slight deficiency in Sc and Ni is in agreement with the
findings from XRD analysis. The actual content of tel-
lurium is somewhat smaller with respect to the nominal
composition, which is likely due to the high volatility
of this element and formation of minuscule Te-rich pre-
cipitations (numbers 4—6 in Fig. 2). Points 7-9 denote
elemental nickel or solid solution Ni;_,Sc, with dominant
Ni content, uncovered also by the Rietveld refinement.
Rectangles 10—12 are scandium-rich regions, which might
correspond to either metallic Sc, or Sc,Oj3 in a quantity too
small to be detected by XRD. Similar results are obtained
for all the other ScNiSb,_,Te, samples, see Figs. S2, S3
and Table SI within the Supplemental Material [50].
Figure 3(a) displays the temperature dependencies of
the carrier concentration obtained from the Hall-effect
measurements. Positive sign of n for the pristine ScNiSb
sample implies that holes constitute the majority charge
carriers. The temperature dependence of 7 in this specimen
is rather complex, which most likely results from multival-
ley effects, similarly to other p-type HH phases [19,54].
The carrier concentration for the doped ScNiSb,_,Te,
materials, calculated directly from the Hall voltage turns
to negative sign, which proves successful electron doping.
In the ScNiSb; _, Te, samples with x = 3,5, 10 %, the tem-
perature dependence of the carrier concentration is rather
weak, indicative of a degenerate conductivity regime. For
ScNiSby gsTep.15 in turn, the temperature dependence of
| n| is similar to that of pristine ScNiSb. Likely, the
chemical potential in this specimen is deep enough in the
conduction band for multivalley effects to occur. Above
100 K though, the carrier concentration is weakly depen-
dent on temperature for all the specimens investigated.
At 300 K, the absolute values of n increase with rising
Te content, see Fig. S5 within the Supplemental Material
[50]. The increase in n with dopant content is monotonic;
deviations from perfect linear behavior in n(x) might be
ascribed to experimental error of Hall measurement, crys-
tallographic disorder, and complex microstructure of the

studied specimens. Even an amount of metallic Ni or NiSb
as small as 4 vol.% might contribute additional carriers to
the semiconducting half-Heusler matrix.

The temperature dependencies of the Hall mobility are
plotted in Fig. 3(b). The mobility increases with rising
temperature, which might result from mixed scattering
of charge carriers on ionized impurities (g o< 7°/?) [55]
and grain boundaries (uy o< exp[—1/T]) [56]. Finding of
similar behavior in mobility single-crystal ZrNiSn [57]
(free from grain-boundary influence) indicates that the for-
mer mechanism is more likely to be dominant in pristine
ScNiSb. Such scattering is not desired for TE materi-
als, as it usually results in small values of uy [56,58].
With Te doping, the increase in puy with temperature is
gradually suppressed, however, the values of wy rise sub-
stantially. Such behavior can be ascribed to a change of
the dominant scattering mechanism to either point defect
(g o< T~1/2) [59] or acoustic phonon (g o T73/?) [55]
scattering, which are commonly observed for state-of-the-
art thermoelectrics [55,56,58,59]. Recent studies showed
that increasing carrier concentration in ZrNiSn can lead
to a change of the dominant scattering mechanism from
ionized impurity to acoustic phonon scattering [57]. The
effect is explained by increased screening of ionized impu-
rity centers by dense electron gas in the degenerate regime.
We suggest that a similar phenomenon might be a driving
force for the change of scattering mechanism with doping
in ScNiSb. Quantitative analysis of scattering mechanisms
in ScNiSb appear to be an exciting topic for further studies.

Nonmonotoneous variation of @y at room temperature
with increasing Te content is probably due to synthesis-
dependent changes of microstructure. These variations
though, do not affect the general picture of mobility ris-
ing roughly by an order or magnitude due to electron
doping from about 0.7 cm*>V~'s~! in p-type ScNiSb to
6 — 17 ecm?V~!s7! for the n-type specimens. Here, it is
worthwhile to recall that the previous analysis of bipolar
thermal conductivity in ScNiSb predicted enhancement of
the charge mobility in this compound due to n-type dop-
ing by a factor of 8 [19], which is satisfactory agreement

(a) (b) FIG. 3. Low-temperature (2—
10 300K) Hall-effect data for
C ScNiSb;_, Te,: (a) carrier
P . concentration, (b) Hall mobility.
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with the experimental result, bearing in mind all the sim-
plifications of the model applied. Interestingly, the absolute
values of mobility in our undoped sample are still smaller
than that of prototype thermoelectric half-Heusler ZrNiSn
(g > 20 cm*V~!s7! at 7 > 100 K) [1]. In turn, simi-
lar py is observed for the ScNiSb specimen obtained with
spark plasma sintering [19], which suggests that SPS tech-
nique should be used in further thermoelectric studies of
ScNiSb.

The high-temperature electrical resistivity of the
ScNiSb;_,Te, samples is shown in Fig. 4(a). For ScNiSb,
it decreases in a manner typical for intrinsic semiconduc-
tors. The data above 500 K is analyzed with the Arrhenius
formula describing thermal activation of charge carriers

1/p = ooexp(—E,/2kpT), (1)

where E, denotes the band gap and oy corresponds
to the conductivity coefficient. The parameters obtained
via least-squares fitting are E, =404(2) meV, o¢ =
0.44(1) u2~'m~". The value of E, is in the upper range of
the band gaps reported for ScNiSb in the literature [16,18—
22]. With increasing tellurium content, p(7) gradually
changes towards behavior typical for degenerate semicon-
ductors, in concert with results of carrier-concentration
measurement. The resistivity decreases substantially with
Te doping due to simultaneous increase of the carrier con-
centration and the mobility (see above). The absolute value
of resistivity is higher than in previous literature works
most likely due to lower uy in the current study (see
above) [16,18,21,22].

Figure 4(b) shows the temperature dependencies of the
Seebeck coefficient for the ScNiSb;_,Te, series. Con-
sistently with the Hall data, thermopower switches its
sign from positive for pristine ScNiSb to negative for
the Te-doped specimens. Maximum in S corresponding to
minority carrier activation is pushed towards higher tem-
peratures with doping, from 530 K for ScNiSb to 890 K
for ScNiSbg g5 Tey. 5. Fast activation of minority carriers in
p-type specimens results most likely from superior mobil-
ity of electrons [60]. Absolute values of the thermopower
at room temperature decrease with rising Te content due
to increasing carrier concentration. The so-called Seebeck
gap (Ey) is calculated from the Goldsmid-Sharp formula
[61], relating the value of the Seebeck coefficient at its
maximum (Sp,y) to its position on the temperature scale

(Tmax):
Smax = E;/zeTmax~ (2)

For the values of £ ; in ScNiSb,_, Te, the reader is referred
to Table III. In p-type ScNiSb, the Seebeck gap is strongly
reduced with respect to the value of the band gap obtained
from the resistivity analysis (Eg). This effect probably
results from high weighted mobility ratio in favor of
minority charge carriers and small E; in ScNiSb, causing
violation of Maxwell-Boltzmann statistics [61,62]. Quan-
titative analysis of the weighted mobility ratio based on
differences between £ and the real band gap can provide
valuable information on TE performance [60,62]. Its appli-
cability, however, is limited to materials with a Seebeck

FIG. 4. High-temperature
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TABLEIIL.  Parameters characterizing electronic transport in ScNiSb;_, Te,: Seebeck band gap E [Eq. (2)], room-temperature effec-
tive mass meg [Eq. (5)], Hall mobility pp, intrinsic mobility o [Eq. (7)], weighted mobility U [Eq. (9)], effective mass from validation
of weighted mobility m.q.y [Eq. (11)], and maximum power factor PF.x.

E; (meV) meg (me) pn (sz V_ls_l) Mo (Cm2 V_ls_l) U(Cl’l’l2 V_ls_l) Mer vy (Me)  PFimax (MWK_z Cm_l)

ScNiSb 138(4)  0.10(8) 0.68(2)
ScNiSbgorTegos  106(3)  1.5(1) 16.7(5)
ScNiSbgosTegos  206(6)  5.2(4) 6.6(2)
ScNiSboooTeg 10 246(7)  5.1(4) 15.1(5)
ScNiSbggsTeg s 242(7)  8.4(7) 6.3(2)

3.2(3) 0.095(8) 0.10(8) 2.3(3)
28(2) 50(4) 1.5(1) 5.3(7)
10.4(8) 123(10) 5.2(4) 20(3)
28(2) 321(26) 5.1(4) 38(5)
13(1) 325(26) 8.7(7) 40(5)

coefficient well above 150 wV/K [62], which is why we
refrain from using this model for ScNiSb, _, Te, series.

For the Te-doped specimens, which are no longer
affected by small mobility of their majority carriers, the
values of E} rise according to expectations. Even for the
specimens with the largest doping, however, E; does not
reach the magnitude of E,, which signals difficulties in
application of Eq. (2) to materials with a relatively small
Seebeck coefficient (S < 150 ©V/K) [62]. Literature val-
ues of Seebeck coefficient for ScNiSb at 300 K span in a
wide range from 65 uV K~! [22] through 120 pV K~!
at 300 K and similar maximum of c.a. 150 pV K~!
in Refs. [16,21], up to 200 uV K~! at 300 K for the
SPS-prepared sample [18]. Such a wide range of attain-
able thermopowers depending on the synthesis conditions
is typical for half-Heusler phases based on RE elements
most likely due to strong dependence of their transport
properties on disorder [16].

With the help of the parabolic band model (PBM) [63],
one can calculate the dependence of a Seebeck coefficient
on the chemical potential (1)

S =

3)

gg[szn)_ }
e F() ni

where F; (7) denotes the Fermi integral of order j

Fj(n)=/
0

& do)
1+exp( —n)

Combination of the so-obtained results with the Hall car-
rier concentration can be used for estimating the effective
mass (meg) of the majority charge carriers

2mehs T\
n =4 (—hfsz ) Fi2(n).

(%)
The values of m.g obtained at room temperature for the
ScNiSb,_, Te, series are gathered in Table I1I and shown
as a function of carrier concentration in Fig. 5(a). ScNiSb
exhibits a very low effective mass of 0.10m,. It should be
noted, that in our previous paper on the TE properties of
p-type ScNiSb [20], the band effective mass () is cal-
culated ab initio as 0.36m,. This quantity is related to the
effective mass by the formula

mer = (N)*my, (6)
where N, corresponds to the band degeneracy. The ab ini-
tio band structure of ScNiSb with data from Ref. [20] is
shown in Fig. 5(b). The maximum of the valence band is
sixfold degenerate (N, = 6 at ' point), so the ab initio
computed meg of holes is equal to 1.19m,, in agreement
with the experimental value of megy in p-type ScNiSb
reported in the literature [19]. The surprisingly low mag-
nitude of meg at 300 K obtained in the current study in
undoped ScNiSb might be an artifact resultant from the
sign change in the thermopower close to the room temper-
ature [see Fig. 4(b)], which is a common feature of intrinsic
semiconductors. In order to get rid of this parasitic effect,

Dependence

@ n-type
® p-type

MBJLDA
GGA
I

Nl e FIG. 5. (a)
Y— /\/ 1 of effective mass in
] /N ScNiSb;_,Te, series on
N = 8.0 m, / \ carrier concentration and (b)
\\l //T . band structure of ScNiSb

=

T with data from Ref. [20].

1 10
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the effective masses are derived also at 380 K, and col-
lected in Table SII [50]. The m.gx value found for ScNiSb
is much closer to literature data. At the same time, the val-
ues obtained for the Te-doped samples are nearly the same
as those measured at room temperature. Some remaining
difference between megy derived ab initio and the experi-
mental results are likely due to synthesis-sensitive disorder
in the crystal structure of ScNiSb, affecting strongly the
electronic properties of the material.

Within the series ScNiSb;_,Te, the effective masses
rise significantly for the doped specimens, see Fig. 5(a).
Such an effect is anticipated based on the band struc-
ture of ScNiSb [20]. The conduction band in this com-
pound is highly anisotropic: the band masses are equal to
8.0m, in I'-X direction and 0.4m, for I"-W direction, see
Fig. 5(b). Taking into account twofold degeneracy of the
conduction band in ScNiSb, the ab initio n-type effective
masses are equal to 12.7m, and 0.65m, in those directions,
respectively.

The ratio of meg in two directions (the anisotropy factor,
AF) is equal to 19.5. Recently, good n-type TE perfor-
mance of classical HH compound ZrNiSn is explained as
originating from a high AF of 6 for its conduction band
[64]. Anisotropic band is expected to support the material
with both heavy carriers essential for large thermopower,
as well as some portion of light carriers providing good
electrical conductivity. Large values of AF for ScNiSb
are very promising for further optimization of its TE
properties.

3n’ 1

As a next step of the electron transport analysis in
the ScNiSb,_,Te, series, we estimate the upper limit of
charge-carrier mobility (@) in the fully intrinsic regime
using the formula [65]

F_ip
2F,

MH = Lo (7

The value of wo allows calculations of the weighted
mobility (U), defined by Slack [66] as

Mefr 3/2
U=M< ) | ®)

e

This coefficient serves as a guide in comparing TE
materials, as maximum performance available by tun-
ing carrier concentration is proportional to U, and U
is connected to the TE quality factor (B) as B =
(8kg/3e)? [8err® (2mehgT)>/? /3031 (U/k) T, where k cor-
responds to the lattice thermal conductivity [66]. For
ScNiSb,_, Te,, the simultaneous increase in o and meg
with tellurium doping yields considerable enhancement in
the TE properties.

At high temperatures, where Hall data are not avail-
able, the weighted mobility of the majority carriers can
be estimated applying the approximation in the Drude-
Sommerfeld free-electron model [67]:

U: _— X —
871e(2mekBT)3/2 P 1+ exp [_5 (

After reducing constants, one can rewrite this formula in a simpler form:

ol 3 18I
xp (kB/e 2) + JT_sz/g (9)
1] N
m-l)] 1+exp[5<k5/e_1>]
IS _ 318
exp (kB/ 2) i 72 kg (10)

|:C 2:| ( 1 ) ( [ ]>_3/2
U =3310
Vs p [n2m] 300

The approximation is correct within 3% for Seebeck
coefficient values, when | S |> 20 uVK~! [67]. The tem-
perature dependencies of U obtained for the ScNiSb;_, Te,
series from Eq. (10) are shown in Fig. 4(c). In our previous
work [19] we predicted that U in ScNiSb should consid-
erably rise with n-type doping. Asymmetry between the
valence and conduction band is also shown to be benefi-
cial for TE properties in the general case using ab initio
calculations [68]. In ScNiSb;_, Te, the enhancement in U
with n-type doping is indeed very strong, see Fig. S5 within

1 4+ exp [—5 (%/'e — 1)]

|

/e

IS _
e 1))

1 +exp [5

(

the Supplemental Material [50]. The weighted mobility
in ScNiSby ssTeg 15 reaches 325 cm*V~!s~! at room tem-
perature. Similar or lower values of U near 300 K are
reported before for the state-of-the-art thermoelectrics:
Na,Co3Sby, skutterudites (U= 340 cm?V~'s™!) [69],
FeNbSb-based HH thermoelectric (U = 330 cm*V~!s71)
[15], BiyTes (U = 250 cm*V~!s71) [70], or p-type PbTe
(U=130cm?*V~!s71K) [71].

A large magnitude of the weighted mobility ratio
in favor of electrons is previously reported also for
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ZrNiSn [53,60]. In the latter case, the Ni partial occupancy
at the nominally empty Wyckoff site 4d(3/4,3/4,3/4)
leads to the formation of in-gap states nearby the
conduction-band minimum. This feature causes a decrease
in effective band gap with respect to the value obtained
from ab initio calculations for a disorder-free compound.
Furthermore, holes originating from the impurity band are
expected to bear strongly enhanced effective mass, and
thus relatively low mobility. Despite some similarities, the
case of ZrNiSn cannot be treated as a direct analog to the
current study. The undoped samples of ScNiSb are always
p-type [16,18,21,22], while pristine ZrNiSn specimens are
n-type [60], which suggests different native defects for
the two compounds. Furthermore, for ScNiSb we do not
observe strongly reduced band gap with respect to the ab
initio results (see above). Most importantly, Ni intersti-
tials are not reported in high-quality diffraction studies on
ScNiSb [18]. Instead, Ni split positions are detected [18].
Also in the current study with laboratory XRD we did
not detect a sizable amount of Ni interstitials (see above).
Influence of Ni split positions on the band structure of
ScNiSb and possibly other RE-bearing HH phases appears
to be a fascinating topic for further ab initio studies.

In order to ensure that the approximation of U based
only on the resistivity and thermopower data, is correct, we
calculate the weighted mobility effective masses (7. )
from the formula

)

The results are gathered in Table III (room temperature)
and in Table SII within the Supplemental Material (7 =
380 K) [50]. The observed excellent agreement at room
temperature and 380 K between meg and megy proves
the correctness of the approach given by Eq. (10) in the
calculations performed.

The thermoelectric power factor (PF = S?/p) derived
for the ScNiSb,_,Te, series is shown in Fig. 4(d).
Clearly, the magnitude of the PF is substantially enhanced
due to the tellurium doping. Figure S5 within the
Supplemental Material [50] shows that an increase in
PF is precisely correlated with rising weighted mobil-
ity as a function of Te content. The maximum of
40 pWK 2 cm~! is obtained at 740 K for ScNiSby gs Teo. 5.
Comparable results are reported for the state-of-the-
art thermoelectric materials, e.g., Bi;Te; (PFuax =
38 uWK™2 cm™') [70], PbTe-based thermoelectrics
(PFmax = 33 wWK=2 ¢cm™") [71], and Fe,Co3Sb;, skut-
terudites (PFmax = 36 wWK2cm~1) [72]. It is worthwhile
to recall that the magnitude of PF is recently shown to
be a more relevant indicator for the performance of TE
material than the figure of merit (Z7) [73,74]. Contempo-
rary applications, e.g., powering space missions, require

high efficiency of energy conversion (high Z7) due to lim-
ited heat supply. In turn, for the prospect functionalities of
thermoelectrics, which is waste-heat recovery from large
energy sources like power plants or ironworks and glass-
works, it is more useful to achieve large electrical power
density (high PF), and tailored but not minimal thermal
conductivity, as the vast majority of heat-emitting devices
require dynamic cooling [73].

Bearing in mind that the current paper showcases the
successful n-type doping of ScNiSb, a large space for opti-
mization is foreseen for this compound. The most promis-
ing directions appear to be (i) synthesis-technique devel-
opment leading to more phase-pure samples with even
higher charge-carrier mobility, and (ii) doping towards
even larger n-type carrier concentration in order to push
the bipolar effects to higher temperatures and further
reduce the electrical resistivity. We evaluate possibili-
ties of further improvement in thermoelectric properties
with PBM formalism for the sample with the highest PF,
ScNiSbggsTeg 15. At each value of carrier concentration
from the range 1 x 10'® cm™3 to 1 x 103 cm™3 we solve
Eq. (5) for chemical potential and use the so-obtained
value of n for calculating the Seebeck coefficient from
Eq. (3), intrinsic mobility from Eq. (7), and the Lorenz
number using formula [75]

kg\> 3FF, — 4F?
L= <_B> x 22T (12)
e Fo

Next, we calculate the material-independent parameter

¥ [75]:

8me (2moks\*?
w=T< th) Fo, (13)

and the quality factor 8 [75]:

_ po(meg/me)> T
_ - .

B (14)

Finally, we calculate the following equation for the predic-
tion of ZT values [75]:

SZ
T=——-—.
L+ B!

We assume that the effective mass obtained from Hall mea-
surement does not vary with temperature. Lattice thermal
conductivity at each temperature is adapted from Ref. [19].
A roughly similar L value obtained at high temperatures for
ScNiSb synthesized by arc melting combined with spark
plasma sintering [19] and arc melting alone [16] support
the reliability of this approach. Incorporation of tellurium
in ScNiSby g5 Teg 15 might reduce «; with respect to values
obtained for pure ScNiSb, so it is helpful to keep in mind,

(15)
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FIG. 6. Single parabolic band-model predictions for thermo-
electric performance of ScNiSbggsTeg 5. The black open circle
marks estimate experimental ZT obtained with thermal conduc-
tivity from Ref. [16].

that the predicted Z7 might be slightly underestimated with
respect to reality.

The results are shown in Fig. 6. With rising temperature,
the maximum of predicted Z7T increase, reaching maxi-
mum of 1.63 at 950 K. Here, it is necessary to mention,
that this kind of modeling is relevant for materials with
single dominant carrier type. In other words, to benefit
from increased ZT in ScNiSbggsTeq s, it is necessary to
push activation of minority charge carriers to above 950 K.
This can be achieved, e.g., by synthesized solid solution
ScNij_,Pt,Sby_,Te,, as ScPtSb is characterized by a sig-
nificantly bigger ab initio energy gap E, = 0.42 meV with
generalized gradient approximation (GGA) potential and
0.63 with modified Becke-Johnson local density approxi-
mation (MBJLDA), while ScNiSb exhibits ab initio E, =
0.24 eV regardless of the potential used [20]. In order to
make the discussion on band-gap values more transparent,
we prepare the band-structure plot for ScPtSb (Fig. S6) and
mark the band gap with gray lines. Also for the plot of band
structure for ScNiSb [Fig. 5(b)] the band gap is marked
with gray lines.

Increasing the energy gap of ScNi;_,Pt,Sb_,Te, will
likely decrease the amount of charge carriers, which is
in line with demands of PBM. The experimental carrier
concentration of ScNiSbg gsTeg 15 is 4 x 102! cm™3, while
maximum performance is predicted at 1 x 10?! cm™ (see
Fig. 6). The estimate experimental figure of merit for
ScNiSbyg g5 Teg 15 using thermal conductivity from Ref. [19]
is shown by the black circle on the curve obtained with
T ="700K.

Similarly to ScNiSb, ScPtSb possess a heavy branch
of the conduction band in X-I" direction and a light
branch at X -W direction (see Fig. S6 within the Supple-
mental Material [50]). Ab initio calculations performed
for ScPtSb with GGA potential, suggest that additional

conduction band with minimum at I" point might con-
tribute to electron transport [20], see Fig. S6 within the
Supplemental Material [50]. Interestingly, the band struc-
ture of ScPtSb obtained with the MBJLDA potential do not
have this feature, the conduction band at I" point in this
case is located at higher energies than the anisotropic band
from X point. This complex situation makes the study of
ScNij_,Pt,Sb;_,Te, solid solutions even more exciting.

For further research, we also suggest applying electron
doping in other representatives of RE-bearing HH phases
due to the similarity of their electron in band structures
[20,76,77], see, e.g., ScNiSb, ScPdSb, YNiSb, TmNiSb,
ErNiSb, LuNiSb. In our initial experimental analysis of the
bipolar thermal conductivity we establish that the RENiSb
compounds with RE = Dy, Er, Tm, Lu, are characterized
by even higher mobility ratio in favor of electrons than
ScNiSb, up to 31.5 for TmNiSb [19]. Furthermore, it is
found that those materials exhibit significantly smaller
lattice thermal conductivity in pristine form than their d-
electron counterparts. This feature is driven by their lower
Debye temperature and intense point-defect scattering due
to intrinsic structural disorder [19]. We speculate, that RE-
bearing HH phases might turn out to be an alternative
family of excellent thermoelectrics due to the combination
of superior n-type electron transport and naturally small
thermal conductivity.

IV. CONCLUSIONS

We aim to verify the outcome of bipolar-thermal-
conductivity analysis for half-Heusler compound ScNiSb,
which suggests high mobility of charge carriers if syn-
thesized as a n-type material [19]. In order to prove
the presumption, series of ScNiSb;_,Te, specimens with
x =0,0.03,0.05,0.10,0.15 is prepared by arc melting and
annealing. The x-ray diffraction and the EDS analysis
show consistently that the HH matrix in the obtained
materials is slightly deficient in Ni and Sc. From the per-
spective of electron transport, relatively small tellurium
content in ScNiSb;_,Te, samples is enough to tune the
system towards n-type behavior. In line with the predic-
tion, electrons in ScNiSb turn out to be roughly an order of
magnitude more mobile than holes. The dominant scatter-
ing mechanisms changed most likely from ionized impu-
rity interaction to mixture of acoustic phonon and alloy
influence. We also observe a considerable increase in the
effective mass of charge carriers, which is consistent with
ab initio band-structure calculations. These two effects
lead to considerable enhancement in weighted mobility,
up to 325 cm*V~!'s™! at 300 K for ScNiSbggsTeo 5.
Large U resulted in a superior thermoelectric power fac-
tor of 40 £ WK =2 cm~! at 740 K for the same compound.
Our finding shows that ScNiSb might be a gateway to
an alternative family of excellent TE materials, namely
RE-bearing HH phases. Based on our previous analysis
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of mobility ratio, a few representatives of the group are
expected to even exceed ScNiSb in their advantageous
electron properties [19]. Furthermore, they also exhibit
small lattice thermal conductivity due to low Debye tem-
perature and intrinsic disorder leading to strong scatter-
ing of phonons. As a result, we anticipate excellent TE
performance for these compounds.
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