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An Alternative Approach to Improve the Thermoelectric
Properties of Half-Heusler Compounds
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In this report an alternative approach for optimization of the thermoelectric
properties of half-Heusler compounds is presented. The common approaches
are partial substitution of elements by elements of nearby groups and sub-
stitution with homologs. In this approach we substitute one element by one
neighboring element with fewer valence electrons and by one with more
electrons. The amounts of the substitutions are chosen such that the amount
of deficiency and excess electrons are compensated. In the solid solution
TiCo,(NigsFeo5);_,Sb, Co was substituted equally by Fe and Ni. The aim of
the substitution was to improve the figure of merit by a reduction of the
thermal conductivity accompanied by an unchanged high Seebeck coefficient.
The solid solution TiCo,(Nig5Feo5),_,Sb was synthesized by arc-melting. The
structure of the as-cast samples was analyzed by x-ray diffraction. Rietveld
refinements yielded the C1, structure type with a small amount of antisite
disorder between Co and Sb. The thermoelectric properties of the solid solu-
tion were investigated in the temperature range from 2 K to 400 K. A Seebeck
coefficient of —260 VK ™! at 400 K and a reduction of the thermal conduc-
tivity to 3Wm 1 K~! were measured. The figure of merit was enhanced by a
factor of about seven to a value of 0.04 at 400 K for TiCog g(Nig 1Feo1)Sh.
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INTRODUCTION

Thermoelectric (TE) materials and their use as
energy converters have been intensively discussed
lately.'™ Decisive for the conversion efficiency is the
figure of merit (ZT'), which is defined by

2
zr==r, (1)
K

where S,p,k, and T are the Seebeck coefficient,
electrical resistivity, thermal conductivity, and
absolute temperature, respectively. The threshold
for economical use, besides other conditions, is a ZT

value larger than 1. A very promising material class
in this field are the Heusler XYZ compounds that
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crystallize in the AlLiSi structure type. High ZT
values of up to 1.4 have been obtained in several
compounds that exhibit this structure type.>® A
compound of this material class is TiCoSb. 12

Calculations predict an energy gap of 0.95 eV'314
at the Fermi energy, which indicates the maximum
figure of merit to be in the high temperature range.
The optimum band gap Eg,, of a thermoelectric
material and its resulting optimized operating
temperature T can be estimated by

EGap = nkBT; (2)

with n between 6 and 10, where kg is the Boltzmann
constant.'® 7 n depends strongly on the scattering
mechanism, and whether it is of parabolic or non-
parabolic nature. The resulting optimized operating
temperature is between 1103 K and 1838 K for
TiCoSb. Therefore, TiCoSb is supposed to be a
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suitable material for a high-temperature applica-
tion. However, it has to be taken into account that
disorder reduces the gap and consequentially the
optimized operating temperature. A high operating
temperature is desirable because there exist many
such applications where waste heat could be recov-
ered using TE generators. A precondition for high
working temperature is chemical stability. A major
aspect influencing the chemical stability is the
homogeneous and stoichiometric composition of a
compound. Synthesis of stoichiometric and homo-
geneous TiCoSb is challen%mg, due to evaporation
of Sb during synthesis.! Small amounts of dis-
order and nonstoichiometric amounts of Sb change
the electronic band structure significantly.?° Loss of
Sb during arc-melting cannot be monitored by
standard x-ray diffraction (XRD) because it is below
its detection range. It has been shown that anneal-
ing does not improve the thermoelectric properties
for TiCoSb-based compounds.’® Loss of Sb during
synthesis causes several problems, e.g., fast degra-
dation during use, hard reproducibility, and auto-
matic doping, so great care has to be taken during
synthesis to ensure reproducible results. In this
report an alternative approach for optimization of
the thermoelectric properties of Heusler compounds
is presented. The common approaches are partial
substitution of elements by elements of nearby
groups and substitution with homologous elements.
In our new approach we substitute one neighboring
element with fewer valence electrons and one with
more electrons. The amounts of the substitutions
are chosen such that the amounts of deficiency and
excess electrons are compensated Therefore, the
amount of valence electrons is not changed and the
semiconducting properties should be maintained.?
The compound TiNigsFeq5Sb is well known and
characterized.?> Here, the solid solution TiCo,
(NigsFeps5); ,Sb(0 <x < 1) was synthesized, and
the thermoelectric properties were investigated.

EXPERIMENTAL PROCEDURES

The solid solution TiCoy(FeqsNigs); ,Sb was
prepared by arc-melting of stoichiometric amounts
of the elements. The composition was TiCo,
(NigsFeos5);_,Sb (x =0,0.4,0.6,0.8,1). Special care
was taken to avoid oxygen contamination. This was
ensured by melting Ti inside the vacuum chamber
before melting the compound. To ensure the homo-
geneity of the samples, they were remelted several
times and flipped before each melting step. Each
sample was weighed after each melting step. The
samples were not annealed due to the known loss of
Sb and the decrease of homogeneity durmg the
annealing step.'® This procedure resulted in sam-
ples exhibiting the C1, structure. Bars of about
2mm x 2mm x 8 mm were cut from the pellets and
polished before measuring.

For powder investigations, the remainder was
crushed by hand using a mortar. The structure has

been investigated by x-ray powder diffraction using
Mo K, radiation (Bruker D8 Advance).

Measurements of the Seebeck coefficient, thermal
conductivity, and electric resistivity were carried
out using a physical property measurement system
(PPMS) model 6000 (Quantum Design) equipped
with the options P400, P600, and P640. The bars
were contacted by copper stripes that were wrapped
around the sample to homogenize the current.
Additionally, the stripes were glued to the sample
with a silver epoxy paste to improve the contact.
Before contacting, the samples were polished to
remove oxide layers which may have formed in the
time between synthesis and measurement. The
thermoelectric properties were measured at pres-
sure of about 1.2 x 10~% mbar. An additional cor-
rection term for heat loss at the heating shoes was
introduced and applied to the thermal conductivity
data, as suggested by Miiller et al.?®> and Quantum
Design.?* Due to known problems of the PPMS with
the evaluation of thermal conductivity data above
250 K, a correction factor was introduced. For the
samples the empirical equation

Kcor = Kexp —~AT? 3)

was used. k¢ is the corrected value of the thermal
conductivity, xexp is the measured value of the
thermal conductivity, and A is an empirically
determined parameter that depends on the length of
the wires and their cross-section, as well as the
length and cross-section of the sample.

RESULTS AND DISCUSSION
Structural Properties

X-ray diffraction was performed on the com-
pounds. As an example the XRD pattern for
TiCogNig 1Fe1Sb is shown in Fig. 1. The relatively
sharp reflections highlight the good crystallinity of
all the samples. Rietveld refinement was performed
on the pattern, assuming space group F43m with Ti
at the 4a Wyckoff position, Sb at the 4b position, Co,
Ni, and Fe at the 4c position, and an assumed empty
4d position, as should be the case for a well-ordered
C1, structure. The refinement yielded the best
pattern R-factors for an assumed antisite disorder of
5% between the Sb at the 4b position and the Co at
the 4c position. Additional occupation of the 4d
sublattice by excess Sb increased the R value of the
refinement with increasing occupation of the 4d
position. Therefore, it is assumed that the 4d sub-
lattice is vacant and not filled with excess Sb. All
samples showed the C1, structure. A refinement of
the powder pattern for TiCoSb yielded a lattice
parameter of 5.879 A. This is in agreement with the
values found in the literature of 5.884 A%® and
5.979 A.%% The change of the lattice parameter by
the substitution is displayed in the inset of Fig. 1. A
linear fit was aJ)plied to prove whether a(x) follows
Vegard’s law.?” The equation resulting from the
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Fig. 1. XRD pattern of TiCoggNig.1Fep1Sb. In the inset the lattice
parameters for TiCox(NipsFeos);_,Sb are displayed. The line is a
result of a linear curve fit.

linear fit is a(x) = —0.032x + 5.911 A. It should be
noted that, with decreasing Co content, the lattice
parameter increased. The average size of Ni and Fe
are not equal to that of Co in this solid solution. In
all samples—except the pure TiCoSb—small
amounts (less than 1%) of kamacite (Ni;Fe) impu-
rities were observed. These small metallic inclu-
sions were randomly distributed throughout the
whole sample with a size of approximately 10 yum.
How this impurity and the above-mentioned disor-
der in the samples could influence the different
transport properties is discussed in the corre-
sponding sections below.

Transport Properties
Electrical Resistivity

The resistivity was measured in the range from
2 K to 400 K. The determined resistivity values of
the first and the last element of the solid solution
x=0 and x =1, TiNigsFeo5Sb** and TiCoSh,***’
agree well with the findings reported in the litera-
ture. For both TiCoSb and TiNiysFeq5Sb, typical
semiconducting behavior is observed. According to
Ref. 21 both C1, compounds should be semicon-
ducting, because they possess 18 valence electrons.
The calculated band gaps are 0.95 eV'? and 0.8 eV?2
for TiCoSb and TiNiysFeq5Sb, respectively. There-
fore, it is assumed that the band gap decreases with
lower Co concentrations. This explains the principle
trend of the decrease of the resistivity with
decreasing x in TiCo,(NigsFeos5);_,Sb (Fig. 2). A
perfect fit of the values for the intermediate com-
pounds (x = 0.4,x = 0.6, and x = 0.8) could not be
observed due to the strong influence on the resis-
tivity for small amounts of disorder and impurities.
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Fig. 2. Electric resistivity data for TiCox(NigsFeos);_,Sb.
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Fig. 3. Thermal conductivity data for TiCoyx(NipsFeqs);_,Sb.

Thermal Conductivity

Figure 3 shows the measurement results of the
thermal conductivity of all the compounds. The
thermal conductivity was measured in the temper-
ature range from 2 K to 400 K. For the Co concen-
trations x =0.8, x =0.6, and x =0, the lowest
overall thermal conductivities were determined.
The lowest observed values are about 3Wm 1K' at
300 K, which is among the lowest known values for
C1, compounds. A decrease in the thermal conduc-
tivity has been achieved. This decrease cannot be
explained by mass fluctuation scattering only, since
the mass differences of Fe, Co, and Ni are small. The
reduction of the thermal conductivity from TiCoSb
to TiCoggNigaFeqoSb is about 60%. A reduction of
the thermal conductivity by the substitution of Fe
for Co was reported before by Wu et al.” It can
be estimated by the Wiedemann—Franz law that the
thermal conductivity is dominated by the lattice
thermal conductivity.?® The reduction is supposed
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Fig. 4. Seebeck coefficient data for TiCoy (NigsFeos);_,Sb.

to consist of several effects, which are magnetic
scattering of phonons by Fe ions, a small amount of
additional impurities, and mass fluctuation. The
pronounced maxima of the thermal conductivity at
lower temperatures is typical for crystals with many
atoms in the unit cell.*!

Seebeck Coefficient

In Fig. 4 the measurements of the Seebeck
coefficient in the temperature range from 2 K to
400 K are shown. The values for TiCoSb agree well
with the findings of Zhou et al.® For TiNig 5Feq 5Sb,
a value of —60uVK™' at 300 K was obtained.
The Seebeck coefficient for TiNi;_.Fe,Sb is
very sensitive to the amount of Fe and Ni.??> For
the Co concentrations of x =0 and x =04 the
Seebeck coefficient is not significantly influenced.
For TiCOo_gNio'lFeo‘lsb and TiCOo'GNio.QFeolzsb
an increase of the Seebeck coefficient is
observed. The raised absolute values of S for
TiCOoﬁNio‘gFeo_QSb,TiCOO.gNio'lFeo_lsb, and TiCOoA
NipsFey3Sb at low temperatures are probably
related to a phonon drag effect.’> An additional
indication for this effect is the pronounced peak of
the thermal conductivity in this temperature range
for these compounds. The highest achieved Seebeck
coefficient increase of about 35% at 400 K was
found for TiCoggNigpeFeyp2Sb compared with Ti-
CoSb. The negative sign of the Seebeck coefficient
indicates that the electric conductivity is domi-
nated by electrons.

The figure of merit of the compounds was calcu-
lated from the measured values in the temperature
range from 2 K to 400 K. The results are displayed
in Fig. 5. The largest improvement compared with
TiCoSb was achieved with the compounds
TiCOO‘(;NiO'QFeO'QSb and TiCOo,gNio,lFeollsb. The
improvement is mainly based on the reduction
of the thermal conductivity and the electrical
resistivity.
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. 5. Figure of merit for TiCox(NigsFegs);_,Sb.

CONCLUSIONS

In this report an alternative approach for opti-
mization of the thermoelectric properties of half-
Heusler compounds is presented. The approach is
based on the substitution of one element by one
neighboring element with fewer valence electrons
and one with more electrons. The amounts of the
substitutions are chosen such that the amount of
deficiency and excess valence electrons are com-
pensated. As an example, Co was substituted in
equal parts by Ni and Fe in the solid solution
TiCo,(NigsFeq5);_,Sb. Substitution of Co by Ni and
Fe is an efficient approach to improve the figure of
merit. The enhancement is based on the reduction of
the thermal conductivity and an accompanying in-
crease of the Seebeck coefficient. The small amounts
(less than 1%) of metallic kamacite (Ni;Fe) impuri-
ties in the samples can cause a decrease in the
electric resistivity and the Seebeck coefficient
accompanied by an increase of the thermal conduc-
tivity. The slight antisite disorder (5%) can cause a
reduction of the thermal conductivity and the elec-
tric conductivity. However, since these effects are
existent in all samples, the observed influence of the
Ni and Fe substitution on the transport properties
are unambiguously distinguishable. The reduction
of the thermal conductivity is probably caused by
several effects, which are magnetic scattering of
phonons by Fe ions and mass fluctuations. In com-
bination with other reported improvements for
TiCoSb, the reported results should lead to
respectable ZT values. Further enhancements can
be achieved by partial substitution of other con-
stituents in the compound, as suggested by several
other studies.” 2
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