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TiNiSn is an N-type thermoelectric material with a high-power factor composed of low toxicity and abundant
elements. TiNiSn also shows P-type electrical conduction by hole doping. In this study, we tune the conduction
properties of TiNi; _,Co,Sn (0 < x < 0.15) with Co substitution at the Ni site. The samples were prepared by the
arc melting method, and thermoelectric properties were investigated up to 800 K. The results of the Hall effect
and the Seebeck coefficient measurements indicate that the majority of charge carriers changes from electrons to

holes at x > 0.03, suggesting that Co acts as an acceptor. We report for the first time that Tig g94Ni1 oo-
Co0.0515n1.01 exhibits ZT = 0.12 at 675 K. This work reveals that Ti 994Ni;.00C00.0515n1.01 could be a potential P-
type thermoelectric material operating at high temperatures.

1. Introduction

Thermoelectric generators (TEG) can directly convert waste heat
into electrical energy. TEG is maintenance-free because there is no
driving unit, and it can be used in various environments [1,2]. In
addition, power generation does not require fossil fuels and emits carbon
dioxide. In general, for thermoelectric conversion modules, efficient
thermoelectric conversion can be achieved by using P-type and N-type
thermoelectric materials [3,4]. By using thermoelectric materials with a
large dimensionless figure of merit, ZT (=S2Tp 'k}, where S is Seebeck
coefficient, T is temperature, p is electrical resistivity, and « is thermal
conductivity, where x consists of carrier thermal conductivity ke and
lattice thermal conductivity kit (k = kel + klat)), the high conversion
efficiency can be obtained in the module. Therefore, for practical ther-
moelectric conversion modules, it is desirable to use thermoelectric
materials with large ZT for both P-type and N-type with low environ-
mental effects and low cost. In recent years, many studies on thermo-
electric materials have reported the development and performance
improvement of eco-friendly, and low-cost thermoelectric materials [5,
6], such as oxide [7,8], sulfide [9,10], silicide compounds [11,12], and
Heusler alloys [13,14]. Among these materials, the half-Heusler (hH)
alloy TiNiSn is chemically stable at high temperatures (up to 1273 K)
and has excellent mechanical properties [15], making it suitable for a
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wide range of environments. It is also an environmentally friendly
thermoelectric material because of its non-toxicity and abundant ele-
ments [16].

The crystal structure of TiNiSn is MgAgAs type as shown in Fig. 1 (a),
where Ti and Sn form a rock salt structure (NaCl), and Ni atoms occupy
half of the sublattice. Half of the sublattice is vacancies, but Ni occupies
some of the vacancies and tends to form point defects (interstitial atoms)
[17]. When the vacancies are completely occupied by Ni atoms, a full
Heusler (fH) structure is formed as shown in (b). TiNiSn has a band gap
of Eg ~ 0.45 eV [18,19], resulting in a large Seebeck coefficient and low
electrical resistivity. Therefore, the Power factor Sz,o’1 [Wm'K™?] is
large and comparable to that of BiTes [20], a conventional thermo-
electric material (~1.0 Wm 'K ! at room temperature) [21]. One of the
ways to improve the performance of thermoelectric materials is to
optimize the carrier density using elemental substitution. Our research
group has optimized the carrier density by replacing Sn sites with Sb
sites and obtained results with improved power factors [22]. TiNiSn
exists in the electrical conduction of two types of carriers: electrons and
holes. For pristine TiNiSn, the majority of charge carriers are electrons,
indicating an N-type electrical conduction [23-25]. On the other hand,
when the majority of charge carriers are changed to holes by adding an
acceptor, P-type conduction can be obtained [26,27]. The total number
of valence electrons (VEC) of the constituent elements is used to control
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(a) half-Heusler (hH)

Fig. 1. Crystal structure (a) half-Heusler alloy and (b) full-Heusler alloy.

the majority of charge carriers in half-Heusler alloys (e. g. ZrNiSn [28])
with the band structure having such an energy gap. TiNiSn shows N-type
for VEC >18 and P-type for VEC <18.

Other P-type half-Heusler alloys were investigated by many research
groups. For example, 6.1 % Ir-doped ZrNiSn had a maximum ZT of 0.31
at 100 K [29]. In addition, 25 % Co-doped HfNiSn exhibited a maximum
ZT of 0.55 at 973 K [30]. It should be noted that those enhanced ZT
values are mainly contributed by the improvement of power factors
(~1.0-2.0 mWm 'K 2). According to Romaka et al. [31], Co substitu-
tion at the Ni site of TiNiSn changed the sign of the Seebeck coefficient
above x > 0.03, indicating that the majority of charge carriers changed
to holes. The Seebeck coefficient of 5 % Co-doped TiNiSn is ~ 230
PVK ™! at 380 K, which is relatively large among thermoelectric mate-
rials, suggesting the possibility of high ZT. In addition, according to
Wang et al. and Xiong et al., TiNiSn shows higher thermoelectric per-
formance in the P-type than in the N-type in theoretical calculations
using first-principles calculations [32,33]. However, there are few re-
ports on the thermoelectric properties of P-type TiNiSn. In addition, to
our knowledge, the thermoelectric properties of Co-substituted TiNiSn
around 600-800 K, where the peak of ZT is expected, have not been
experimentally reported.

Therefore, the current study aims to investigate the thermoelectric
properties of TiNi; _,Co,Sn (0 < x < 0.15) and find the peak of ZT up to
800 K. Our samples with high relative density are prepared by the arc
melting method. We also study the variation of structures and electrical
transport. Importantly, the optimum stoichiometric ratio to maximize
the ZT value is reported.

2. Experimental method
2.1. Sample preparation

The raw elements of Ti (grain, 99.9 % up), Ni (grain, 99 %), Co
(powder, 99 % up), and Sn (grain, 99.9 % up) were prepared to follow
the composition ratio of TiNi; _,Co,Sn (x = 0, 0.01, 0.03, 0.05, 0.08,
0.10, 0.15) so that the total weight is 15 g. The weighed materials were
melted in an arc melting furnace with high-purity Ar gas introduced at 5

Table 1
Input parameters used for AkaiKKR.
Bravais lattice fee
Wyckoff position Ti (x,y,2) = (0,0, 0)

Ni (x, y, 2) = (0.25, 0.25, 0.25)
Sn ¥, 2) = (0.5, 0.5, 0.5)
Ve (x, y, 2) = (0.75, 0.75, 0.75)

Solid State Sciences 157 (2024) 107708

(b) full-Heusler (fH)

kPa. Ti for oxygen adsorption getter was melted before the materials to
react with the residual air in the melting chamber. In this process, the
ingots were flipped and remelted several times on each side. The arc
power was gradually increased because if we increase the power too fast,
it may cause the material to fly out of the copper heart’s mold. Impor-
tantly, the distance between the electrode and the sample was carefully
controlled to avoid contact. The size of the ingot after arc melting is 13
mm x 35 mm x 7 mm. After arc melting, the samples were cut into
measurable dimensions: the size of 7 mm x 7 mm x 1 mm for p and S
measurements, 7 mm x 7 mm x 2 mm for x measurements (both pellets
are cut out from the center of the ingot: cut was started from 5 mm from
the edge and 2 mm from the bottom) by a wire electric discharge ma-
chine (EC-3025, Makino). The cut samples were vacuum sealed to pre-
vent oxidation and homogenize at 1073 K for 168 h. The carbon sheet
was set with the sample in the vacuum-sealed tube to react with residual
air. The homogeneity of the pellets is confirmed by powder X-ray
diffraction (XRD) and SEM-EDS measurements as shown in the sup-
porting information (Figs. S1-2).

2.2. Characterization method

Powder XRD measurements (SmartLab, Rigaku, CuKa: A =1.5418 A
were performed to investigate the crystal structure of the samples, and
the obtained XRD profiles were used to identify the crystal structure by
Rietveld refinement in RIETAN-FP program. The density of samples was
measured by the Archimedes method. It was confirmed that high-
density samples (6.98-7.20 gcm_3 (95%up relative density)) were ob-
tained for all samples. EPMA (JXA-8530F, JEOL Ltd.) was used for
compositional analysis. Electrical resistivity and Seebeck coefficient
were measured at temperatures ranging from 80 to 395 K using ResiT-
est8300 (TOYO Co.) and from 395 K to 800 K using home-built appa-
ratus. Thermal conductivity was measured in the range of 300-800 K
using a power efficiency measurement system (PEM-2, ULVAC, Inc.).
The thermal conductivity of a sample (ksample) can be determined from
the following equation.

L M

Ksample = — v
AT [,
)

where W is the heat flow density that penetrates the copper block, A is
the cross-section area of the copper block, AT is temperature difference
of the sample, and qa, b, and t are sample lengths, width, and thickness
respectively. To determine the majority of charge carriers, the Hall co-
efficient was measured at room temperature using ResiTest8300.
First-principles calculations using AkaiKKR [34] were performed by
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Fig. 2. XRD profiles of TiNiSn; ,Co, (0 < x < 0.15) at room temperature,
where the indexed peaks represent the half-Heusler phase.

changing the occupancies of Ni and Co sites to obtain the density of
states near each Fermi level. The crystal structure parameters were taken
from the Inorganic Crystal Structure Database (ICSD Code #174568)
and the values in Table 1 were used. The generalized gradient approx-
imation (gga91l) was used for the exchange correlation term. The
convergence condition was set so that the root-mean-square error of the
charge density is 1 part per million. The lattice constants were obtained
from the Rietveld analysis described below.

3. Result and discussion

Fig. 2 shows the results of powder XRD measurements. The indexed
peaks in the figure are the peaks of the half-Heusler (hH) structure. The
peaks were observed in all samples, indicating that the prepared samples
are composed of Co-doped TiNiSn phase. In addition, a few peaks other
than those of the hH phase were observed. These peaks are due to the

Solid State Sciences 157 (2024) 107708

formation of TiNiSn by the peritectic reaction. It has been reported that
they are also formed by other fabrication methods than the arc melting
method [35-37]. Those impurity phases are metal, and they are usually
not preferable for thermoelectric applications.

The XRD profile after Rietveld analysis is shown in Fig. 3. In the
analysis, the Co-doped phase is considered as the main phase, and the
multi-phase analysis is performed including impurity phases such as
TiNisSn, TigSns, and Sn. The crystallographic parameters after the
analysis are summarized in Table 2. The reliability factor Ry, is less than
10 % for all the samples, and a good refinement of the crystallographic
parameters is obtained. The phase fractions indicate that more than 90
% of all samples are Co-doped TiNiSn phase. The x dependence of the
lattice parameter after Rietveld analysis is shown in Fig. 4. The x =
0 sample shows a larger lattice parameter than the literature value [38],
suggesting the presence of point defects [39]. There is little change with
increasing x up to x = 0.08, but the lattice parameter increases from x =
0.08, and from x = 0.08 to x = 0.10, the lattice parameter increases by
0.01 A. Since the covalent bond radius of Co is almost the same as that of
Ni, the increase in the lattice parameter indicates that there is the
presence of point defects (interstitial atoms).

Fig. 5 shows the Back scattered electron (BSE) image for x = 0.08. In
addition to the Co-doped TiNiSn phase, the presence of impurity phases,
which are thought to be TiNi»Sn and TigSns phases, is also observed in
the XRD profiles above. The compositional analysis shows the averaged
results of five measurements of the Co-doped TiNiSn phase. The chem-
ical composition (at%) and actual composition for the Co-doped TiNiSn
phase of all samples are shown in Table 3. Table 3 shows that Co is
present in the TiNiSn phase in all samples as the nominal composition. In
addition, the Ni amount is slightly more than the nominal composition
(0.03-0.13), indicating the presence of excess Ni atoms in the TiNiSn
phase. Chai et al. reported that TiNiSn tends to produce interstitial Ni
atoms and local fH structures, and in this case, the Ni composition ratio
is larger than the stoichiometric composition due to the excess of Ni

[17]. Therefore, the reason for the increase in the actual composition
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Fig. 3. Rietveld refinement of TiNi; ,Co,Sn (0 < x < 0.15) at diffraction angles of 20° < 20 < 90°, where the indexed peaks represent the half-Heusler phase.
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Table 2
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Crystal structure parameters for TiNi; ,Co,Sn (0 < x < 0.15) at room temperature, where the Rietveld analysis refines parameters.

Samples TiNi; _,Co,Sn
Composition, x 0 0.01 0.03 0.05 0.08 0.10 0.15
Space group F3m
a=b=c[A] 5.93307(4) 5.92711(5) 5.93096(5) 5.93086(5) 5.93198(5) 5.93992(7) 5.93877(6)
V [A%] 208.85(1) 208.22(1) 208.63(1) 208.62(1) 208.74(1) 209.58(1) 209.45(1)
Ti x 0 0 0 0 0 0 0
y 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
B [A?] 0.50 0.50 0.50 0.50 0.50 0.50 0.50
g 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ni x 0.25 0.25 0.25 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25 0.25 0.25 0.25
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25
B[A%] 0.50 0.50 0.50 0.50 0.50 0.50 0.50
g 1.0 0.99 0.97 0.95 0.92 0.90 0.85
Co x - 0.25 0.25 0.25 0.25 0.25 0.25
y - 0.25 0.25 0.25 0.25 0.25 0.25
2 - 0.25 0.25 0.25 0.25 0.25 0.25
B [A?] - 0.50 0.50 0.50 0.50 0.50 0.50
g - 0.01 0.03 0.05 0.08 0.10 0.15
Sn x 0.50 0.50 0.50 0.50 0.50 0.50 0.50
y 0.50 0.50 0.50 0.50 0.50 0.50 0.50
z 0.50 0.50 0.50 0.50 0.50 0.50 0.50
B [A?] 0.50 0.50 0.50 0.50 0.50 0.50 0.50
g 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ryyp [%] 3.104 3.456 3.360 3.208 2.961 3.270 3.161
Rp [%] 2.319 2.529 2.509 2.409 2.261 2.446 2.375
Re [%] 2.121 2.190 2.168 2.148 2.298 2.181 2.137
S = Rup/Re 1.464 1.578 1.549 1.494 1.289 1.499 1.479
Rg [%] 3.213 4.259 3.581 3.484 3.520 5.007 4.995
Rr [%] 1.727 2.026 1.834 1.803 2.077 2.234 2.298
Ti-Ni/Co [A] 2.5691 2.5665 2.5682 2.5681 2.5686 2.5721 2.5716
Ni/Co-Sn [A] 2.5691 2.5665 2.5682 2.5681 2.5686 2.5721 2.5716
Sn-Ti [A] 2.9665 2.9636 2.9655 2.9654 2.9660 2.9700 2.9694
Mass fractions TiNiSn [%] 94.35 95.11 95.89 97.17 91.56 93.77 95.52
TiNizSn [%] 3.06 1.48 2.48 1.66 211 3.07 1.12
TigSns [%] 1.05 1.35 1.23 0.74 5.39 2.61 2.07
Sn [%] 1.55 2.06 0.40 0.42 0.94 0.55 1.29
5.950 T T T T 4
5.9401 o - o TR
L
TiNi,Sn 4,
< ' o A o ¥ -
S 5930 X0 1 TigSng
C \. @ x=0.01
=0.03
Literature value (Y. Stadnyk etal.) E §=0_05
5.920r O x=008 1
1 x=0.10
A x=0.15
5.910 L L L y
0 0.03 0.06 0.09 0.12 0.15

Co contents

Fig. 4. Lattice constants of TiNi;_,Co,Sn (0 < x < 0.15) depending on Co
doping content. The data from the previous report of Stadnyk et al. [38] is
included for comparison.

ratio of Ni above the nominal composition may be attributed to these
factors.

The values of Hall coefficient Ry [em®C~1], Hall carrier density nyg
[cm’?’], Hall mobility uy [cm2V’1s’1], and thermoelectric properties at
room temperature obtained from Hall effect measurements are sum-
marized in Table 4. For x > 0.03, the sign of Hall coefficient changed
from negative to positive, indicating that the majority of charge carriers
changed from electrons (N-type) to holes (P-type). The dependence of
Hall carrier density on the amount of Co substitution is shown in Fig. 6.

Fig. 5. BSE image obtained from TiNi; _,Co,Sn (x = 0.08).

The Hall carrier density increases with increasing x. Since the Hall
carrier density does not increase beyond 5.0 x 102! cm™3, it is consid-
ered that based on the results of the lattice parameter changes described
above, this may be due to the formation of point defects (interstitial
atoms), resulting in saturation of the hole density. Fig. 7 shows the Hall
mobility as a function of x. The Hall mobility decreases by more than one
order of magnitude after the change of majority carriers. The mobility
can be expressed in terms of the relaxation time 7, the effective mass m*,
and the electric charge g by the following equation
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Table 3
Elemental composition of TiNi; ,Co,Sn (0 < x < 0.15) at room temperature
which is determined by quantitative analysis using EPMA.

x Chemical composition (at%) Actual composition for Co-doped
X X TiNiSn phase

Ti Ni Co Sn

0 328 344 - 328 Tios9eeNivoswSN1o00)
(€))] 2 (€))]

0.01 331 33.7 0.30 32.8 Ti1.001)Ni1.02(1)C00.009(1yS10.995(3)
@ @ ()] @

0.03  33.0 33.6 0.92 32.5 Ti1.01(1)Ni1.021)C00.028(2)SN0.993(4)
(@) 3 ) (€)]

0.05 325 32.9 1.7(1) 329 Tio.994(3)Ni1.001)C00.051(2)SN1.01(1)
@ (€D)] (2)

0.08 325 325 2.82) 321 Ti1.011)Ni1.01(1)C00.088(5)510.993(4)
@ 3 @

0.10 32.4 32.2 3.3(1) 32.0 Ti1.01(1)Ni1.001)C00.10(1)SN0.994(2)
2 3 (€)]

0.15  32.0 31.3 4.8(8) 31.8 Ti1.00(2)Ni0.980(5)C00.15(2)S01.00(1)
©)] 2 3

qr
k= (&)

From Eq. (2), if the effective mass of the electron is m.* and that of
the hole is my*, then my* > m,*, which explains the decrease in mobility
after the majority of charge carriers changes. The Hall mobility de-
creases with the increase of x. In addition, since the presence of point
defects also decreases the mobility, the low Hall mobility is also due to
point defects.

Fig. 8 shows the temperature dependence of electrical resistivity p
[Qcm]. Above room temperature, a semiconducting behavior is
observed in which the electrical resistivity decreases with increasing
temperature for all samples. p has the following relationship with elec-
tric charge g, carrier density n, and mobility u.

1

- 3
qny

P

After the majority of charge carriers change, the electrical resistivity
increases more than x = 0 up to x < 0.05, because the mobility decreases
by more than one order of magnitude. For x > 0.08, the Hall carrier
density reaches the region of degenerate semiconductors and the elec-
trical resistivity decreases.

Fig. 9 shows the temperature dependence of the Seebeck coefficient S
[uVK’l]. The highest Seebeck coefficient for x = 0.05 was observed for
the prepared samples. Consistent with the Hall effect measurements, the
Seebeck coefficient changes its sign for x > 0.03. For x = 0.01, the
Seebeck coefficient is positive up to around room temperature but turns
negative with increasing temperature due to the effect of excited car-
riers, as the majority of charge carriers changes from holes to electrons.
Since the absolute value of the Seebeck coefficient decreases for x >
0.05, excessive Co substitution decreases the absolute value of the
Seebeck coefficient. For this reason, according to Mott’s equation, the
Seebeck coefficient can be expressed as follows [40-42].

ks> m" /N2
Sl~2 1 ()3 4
151 3le| " n? (3n) @
Table 4
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Fig. 6. x dependence of Hall carrier density (ny) for TiNi; ,Co,Sn (0 < x <
0.15) at room temperature.
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Fig. 7. x dependence of Hall mobility (uy) for TiNi; _,Co,Sn (0 < x < 0.15) at
room temperature.

10° . . ; . . . .
o x=0
o x=0.01
=0.03
- 2
e 101 %010
5 A x=0.15
G
=102 L ;
o
0 100 200 300 400 500 600 700 800

T/K

Fig. 8. Temperature dependence of electrical resistivity (p) for TiNi; ,Co,Sn (0
<x < 0.15).

Summary of thermoelectric properties of TiNi; ,Co,Sn (0 < x < 0.15) at room temperature, where Lo, ny, 4y, S, p, and « are Lorenz number, Hall carrier density, Hall
mobility, Seebeck coefficient, electrical resistivity, and total thermal conductivity, respectively.

x Lo [ x 1078 VZK2] Ry [em®C™!] ng; [em ™3] iy [em?V—1s71] |S| [UVK '] p [Qem] x [Wm K]
0 1.629 —2.12(2) x 107! 2.9 (1) x 10*° 28(1) 273 7.38 x 107° 5.44
0.01 2.440 -8.1(3) x 1072 7.7 (3) x 10*° 1.0(1) 5.09 6.31 x 1072 5.81
0.03 1.967 2.5(1) x 1072 2.6 (1) x 10%° 1.2(1) 89.4 1.95 x 1072 4.07
0.05 1.658 3.2(1) x 1072 1.9 (1) x 10%° 1.1(1) 192 2.78 x 1072 4.73
0.08 2.336 1.7(3) x 1073 3.8 (7) x 10* 0.41 (8) 33.0 3.54 x 1072 3.66
0.10 2.352 1.0(1) x 1073 6.2 (1) x 10* 0.17(1) 30.3 5.37 x 1072 3.50
0.15 2.310 1.2(2) x 1073 5.5 (8) x 10* 0.27(4) 36.9 4.26 x 1073 3.76
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Fig. 10. Temperature dependence of power factor (5%p™?) for TiNi; _,Co,Sn (0
< x < 0.15).

where kg is Boltzmann constant, e is the elementary charge, # is Planck
constant, n is carrier density, and m* is the effective mass. From Eq. (4),
x > 0.05 can be explained by the fact that the absolute value of the
Seebeck coefficient decreases because the carrier density increases by
more than one order of magnitude. Since the effective mass and mobility
are inversely related, the effective mass is expected to increase with
increasing x. However, in the temperature range measured, the absolute
Seebeck coefficient is dominated by the carrier density rather than the
increase in effective mass. Table 3 shows that all samples exhibit excess
Ni composition ratios, suggesting the presence of interstitial Ni atoms or
local fH phases. According to Ren et al., the presence of interstitial Ni
atoms decreases the Seebeck coefficient |S| [39]. This effect was re-
ported not only for TiNiSn but also for ZrNiSn, which is also a
half-Heusler alloy [43]. Therefore, excess Ni atoms may decrease the
absolute value of the Seebeck coefficient. Since interstitial Ni atoms and
local fH phases are formed during the reaction process, control of excess
Ni atoms requires off-stoichiometric composition control. The control of
excess Ni atoms is expected to suppress the decrease of the Seebeck
coefficient.

Fig. 10 shows the power factor $2p™! [mWm 'K~2] for x > 0.03,
which is P-type. The power factor shows a maximum at x = 0.05, which
is attributed to the Seebeck coefficient |S| being the largest among the P-
type samples. For x > 0.05, the carrier density increases by an order of
magnitude, and the Seebeck coefficient |S| decreases, so that the opti-
mum carrier density is estimated to be around ~ 10%° cm™~

Fig. 11 shows the temperature dependence of thermal conductivity x
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Fig. 11. Temperature dependence of total thermal conductivity (x = ke + Kjat)
for TiNi; _,Co,Sn (0 < x < 0.15), inset is fitted curve equation calculated by
least-squares method.
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Fig. 12. (a) Temperature dependence of carrier thermal conductivity (k) for
TiNi; ,CoxSn (0 < x < 0.15). where ke = Lop’lT calculated by Wiedemann-
Franz law. (b) Temperature dependence of lattice thermal conductivity and
bipolar thermal conductivity (ko + kbi = k—ke) for TiNi; ,Co,Sn (0 < x
< 0.15).

[Wm 'K ']. x were measured in the 300-800 K range. Outside the
measurement range was extrapolated by the least-squares method. The
fitted curve equations are shown in the inset figure. After Co substitu-
tion, the temperature dependence of the high-temperature thermal
conductivity changes. For x > 0.01, the thermal conductivity increases
by about 0.5-2 Wm ™K ™! at high temperatures. From the Wiedemann-
Franz law, the carrier thermal conductivity is obtained by the
following equation

LoT
Kel =~ 5
p

where Ly [V*K~2] is the Lorenz number, and the value of the Lorenz
number is determined from the experimental values of the Seebeck co-
efficient at room temperature using the following equation [44]. The
scattering factor r is assumed to be acoustic phonon scattering, and r =
—1/2 is used [45].
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Fig. 13. Temperature dependence of ZT for TiNi; _,Co,Sn (0 < x < 0.15), inset
is ZT values of previous studies for HfNig g5C0g.155n [30], ZrNig 9gC0¢.025n [52],
and that of our research for TiNig 95C0g.o5Sn.
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where F, (1) is a function of the Fermi energy Er with the following
relation.
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Table 4 summarizes the Lorenz number for each sample. Fig. 12
shows the carrier thermal conductivity calculated from equation (5),
also the temperature dependence of the lattice thermal conductivity and
the bipolar thermal conductivity due to minority carriers (kp;), which is
the thermal conductivity minus the carrier thermal conductivity.

12
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Fig. 14. DOS calculated by AkaiKKR for TiNi; ,Co,Sn (0 < x < 0.15) near the Fermi level.
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From Fig. 12, the sample with a large carrier density x > 0.08 shows
1.0-1.6 Wm 'K~ ! at high temperatures. The thermal conductivity of the
samples with large carrier density increases at high temperatures due to
significant carrier excitation. And the lattice thermal conductivity
dominates the thermal conductivity of Co-substituted TiNiSn. This result
also indicates that the decrease in lattice thermal conductivity is effec-
tive in reducing total thermal conductivity [46]. In general, the lattice
thermal conductivity decreases after the Debye temperature. Since the
Debye temperature of TiNiSn is around ~400 K [47-50], the rise in the
high temperature is due to the effect of minority carriers (bipolar effect)
[51]. Therefore, the increase of thermal conductivity at high tempera-
tures for x > 0.01 is due to the effects of both electron and hole carriers.

Using the results for S, p, and x (80-300 K are extrapolated values),
we calculated ZT. Fig. 13 shows the temperature dependence of ZT. The
largest ZT is obtained for x = 0.05, showing ZT = 0.12 at T = 675K. The
large ZT is attributed to the high-power factor. In addition, for x > 0.08,
the absolute value of the Seebeck coefficient decreases and ZT de-
teriorates due to the increase of thermal conductivity at the high tem-
perature. The inset compares these results with those of a previous study
of Co-doping in a similar half-Heusler MNiSn (M = Ti, Zr, Hf) at similar
temperatures. The ZT of our study’s value is inferior to that of HfNiSn,
which is composed of expensive Hf, but larger than that of ZrNiSn.

Fig. 14 shows the density of states (DOS) near the Fermi level of
TiNi;_»Co,Sn (0 < x < 0.15) using AkaiKKR. The dotted line in the
center indicates the Fermi level. With increasing Co substitution, the
Fermi level shifts toward the valence band. This is considered to be due
to the formation of an acceptor level by Co, and first-principles calcu-
lations also indicate that the Co substitution at the Ni site is effective in
making TiNiSn P-type. The change in the number of carriers associated
with the shift of the Fermi level is consistent with the experimental re-
sults. The Hall effect measurements show that the carrier density in-
creases up to the region of degenerate semiconductors for x > 0.08, but
the ab initio calculations suggest that the increase in carrier density is
due to the Fermi level entering into the valence band and becoming
degenerate.

4. Conclusion

In this study, thermoelectric properties of P-type half-Heusler
TiNi; _xCoySn (0 < x < 0.15) were measured up to 800 K to clarify the
ZT at the high-temperature side. From the Hall effect measurements and
Seebeck coefficient measurements, we confirmed the change of majority
carriers in TiNiSn for x > 0.03. This result is consistent with the results
reported by Romaka et al. [27] and first-principles calculations and
confirms that Co substitution at Ni sites is effective for hole doping. As
for ZT, x = 0.05 (Tig.994Ni1.00C00.0515n1.01) showed the largest ZT value
(ZT = 0.12, T = 675 K) among all P-type samples. The results of the
compositional analysis indicated the presence of excess Ni atoms in the
Co-doped TiNiSn phase. The presence of excess Ni atoms possibly pro-
vokes a decrease in the Seebeck coefficient; however, this could be
improved by controlling the Ni compositional ratio. As a prospect,
further increase of ZT can be expected by controlling the excess Ni atoms
and by reducing the lattice thermal conductivity through heavy ele-
ments substitution.
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