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Optimizing the electronic transport properties of thermoelectric compounds is commonly achieved by
either donor or acceptor atom doping to increase the conduction of the appropriate carrier type,
electrons or holes, respectively. Enhancing carrier mobility and carrier concentration will both lead to
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optimized electronic properties. In this work the effect of various dopants on the electronic properties
of TiNiSn was explored, by modeling the doping of an ideal compound on the Ti-sublattice with
acceptor or donor elements. Using ab initio DFT calculations and a set of analytical expressions of
transport properties, the temperature dependencies of the electronic properties were calculated, to
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1. Introduction

Climate change challenges are drawing further attention to
renewable energy solutions. One of the key strategies is waste
heat recovery. The demand for alternative energy technologies
to reduce the dependence on fossil fuels leads to new research
frontiers, including energy harvesting via the direct recovery of
waste heat and its conversion into useful electrical energy.!
Nowadays about 50% of industrial energy is wasted as heat.’
Therefore, extensive research is conducted on thermoelectric
(TE) materials to obtain an optimized solution for converting
heat into electricity, creating an opportunity as a renewable
energy. The basis of transforming heat to energy lays in the
ability to exploit a temperature gradient to electrical power. TE
materials’ performance is widely characterized using the TE
figure of merit, ZT = «’¢T/k, where o is the Seebeck coefficient, o
is the electrical conductivity, k is the thermal conductivity, and
T is the temperature.® The power-factor of a material, PF = «%c,*
which refers to the product of the electrical conductivity and
Seebeck coefficient, measures its ability to extract electrical
power from temperature differences.”” In the ideal case, the
Seebeck coefficient is linked to (i) the relative position of Fermi
energy (Er) with respect to the top of the valence band (VB) or to
the bottom of the conduction band (CB) in the density of states
(DOS) and determines the sign of the Seebeck coefficient, and
to (ii) the carrier concentration that will vary with temperature.
Lv et al.® describe the Seebeck coefficient, electrical conductiv-
ity and PF variation with the change in carrier concentration. As
suggested, the increase in carrier concentration derives an
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examine possible n-type or p-type dopants to be used in further experimental studies.

increase in conductivity along with a decrease in the Seebeck
coefficient. Also, it is suggested that doping is an effective way
to improve the thermoelectric performance when the optimal
carrier concentration is achieved.®

The PF is useful to determine the optimum electronic
properties, since « and ¢ are parameters most strongly depen-
dent on the carrier concentration, which is effectively demon-
strated by the energy levels located at the band edge, known as
the effective density of states (DOS).* The other quantity that is
involved in the definition of the figure of merit (Z7) is the
thermal conductivity, k, which is less dependent on the concen-
tration of the charge carriers since it is often dominated by the
lattice contribution.” Thus, the carrier concentration that yields
the maximum PF for a given material is usually close to that
which gives the highest figure of merit.* The thermopower, or
Seebeck coefficient («), can be thought of as the energy per
carrier over temperature. To gain a more effective thermo-
power, it is necessary to dope the semiconductors with either
donor or acceptor states to allow extrinsic conduction of the
appropriate carrier type, electrons or holes, respectively." Opti-
mal thermoelectric generator (TEG) configuration requires n-
type node and p-type node with suitable thermal coefficient, to
reduce the risk of thermal expansion differential in the device.”
Recent advancements in TE materials suggested the manipula-
tion of the electronic band structure for enhancing the Seebeck
coefficient.”

By the end of the 1980’s a new class of intermetallic
compounds XNiSn (X = Ti, Zr, Hf) was shown to demonstrate
unusual transport properties.® Half-Heusler (HH) compounds
are ternary intermetallic compounds with a typical XYZ for-
mula, and a structure composed of a combination of zinc
blende (YZ) and rock-salt (XZ), with the F43m (#216) cubic space
group.’ HH alloys are promising TE materials for mid-to-high
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temperature power generation applications, but a mechanically
robust TE module requires both n- and p-type nodes with
comparable thermal expansion coefficients. It is highly desir-
able to have efficient p-type forms of HH alloys to accompany
their already very good n-type structures. HH were found to
exhibit a semiconducting behavior with absolute Seebeck coef-
ficients as large as 200 to 400 uvV K~ ' at room temperature,’
and allow easy doping of either impurity or parent elements,
improving their electronic properties.'" At present, n-type half-
Heusler alloys are based on TiNiSn, and p-type half-Heusler
alloys are based on TiCoSb, and so finding adequate p-type TiNiSn
compound is valuable. Specifically, TiNiSn is a HH compound,
well known for its high thermal stability, semiconductor-like
electrical properties, as well as cost-effectiveness,’” making it a
viable candidate for engineering of electronic properties, to create
n-type and p-type semiconductors with enhanced electrical con-
ductivity. Several methods have been previously used such as
isoelectronic substitution of the Ti-atom by heavy atoms (Zr,Hf)
to create point defects; or doping with elements rich or deficient in
electrons at the Ti/Ni/Sn sub-lattices to increase the concentration
of charge carriers (electrons or holes).>"* Doping of the TiNiSn
ternary HH compound may improve the electronic properties by
controlling the type of charge carriers, the shape of DOS in the
vicinity of the Fermi energy, Er, and engineering of the band gap
(Eg). While TiNiSn is well known as an efficient n-type semicon-
ductor, a ptype HH compatible material, is scarce.'* It was
previously demonstrated that defects in TiNiSn, such as exchange
anti-site defects, Schottky defects and others, may lead to a
decrease of the bandgap, simultaneously stimulating a p-type
conductivity in this material."> Another way of achieving a more
effective thermopower and increasing the PF is by doping the
Ti-sublattice with acceptor or donor elements, thus engineering
the band structure and creating a higher DOS near Fermi level.

Impurity doping introduces donor or acceptor elements into
the pure system and is expected to change the carriers’ concen-
tration (electrons or holes respectively), which may impact the
electronic properties of the host material. Donor impurities
include elements with a higher valence-electron (VE) than the
parent atom,'® creating donor levels below the CB and shift
Fermi level higher than in the host compound, and increasing
carrier density. Introduction of acceptor impurities will result
in a lower VE count, and empty states will be created just above
the VB, where electrons from the VB will populate the acceptor
states, exciting holes as the charge carriers."®

DOS plot indicates the distribution of states of electrons as a
function of energy and can be calculated using density functional
theory (DFT)."” The DOS plot may describe the calculated local DOS
(LDOS) for each of the elements in the compound or the partial
DOS (PDOS) for each of the orbitals. There are several factors that
can influence the electronic properties of the HH compound,
namely the crystallographic sites (X/Y/Z) and the orbital characters
(s/p/d/f), but still only several of them contribute meaningfully to
the valence states: most of the variation in an orbital character is
accounted for by the X-d, Y-d, and Z-p components alone."®

Such impurity induced scheme in TiNiSn is one of the ways
used for engineering the compound to attain a p-type transport
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character or optimize the n-type material. An important ques-
tion is which elements can be used to dope the X-sublattice in
TiNiSn ternary HH compounds, to optimize the PF of the doped
compound, by controlling the type of charge carriers, shape of
the DOS in the vicinity of the Fermi energy, and engineering of
the band gap. We further explore what is the contribution of the
Ti-atom and its corresponding d-states alongside the substitu-
tional atom doping element, to the DOS, and to the electronic
transport properties. This research offers a computational
methodology to examine various doping elements, based on
ab initio DFT calculations and an analytical model."® Our
novelty is in applying first-principles calculations to investigate
the contribution of doping elements on the X-atom positions,
their respective d-states and their specific role in enhancing the
electronic transport properties, by displaying the fine features
of the DOS in the vicinity of the Fermi energy. For TiNiSn, this
investigation of impurity-induced control by acceptor or donor
elements is still not well systematically explored.

2. Methodology

This work uses ab initio DFT calculations integrated with an
analytical electronic transport model*® to calculate the electro-
nic properties of a TiNiSn-based material through simulation of
a doped Ti-sublattice. We used 4-stages in our work: (i) selec-
tion of 6 acceptor/donor elements; (ii) DOS calculation for a 96-
atom supercell, using ab initio DFT, replacing one Ti-atom with
one atom from the list of doping elements; (iii) calculation of
Seebeck coefficient (o) and electrical conductivity (¢), using an
analytical electronic transport model, previously reported and
demonstrated experimentally,">'*?° to determine the PF; (iv)
investigation of DOS plots from DFT, analyzing the d-states in
Ti-atom alongside dopant X-atom.

2.1 Acceptor and donor elements selection

An ideal thermoelectric couple should have nearly identical
composition for the two legs, allowing no significant mismatch
in n- and p-type properties, such as: mechanical, thermal
fatigue or thermal expansion.>" In this work we focus on TiNiSn
compound as the basis for the substitution of elements on the
Ti-sublattice, which may affect the electronic properties, by
introducing states and increasing the charge carrier’s concen-
tration, thus contributing to the electrical conductivity and
Seebeck coefficient.”> To investigate the doping of the Ti-
sublattice by substitution of acceptor or donor elements, and
their effect on the electronic properties, elements were chosen
following the criteria: (i) the number of valence electrons
compared with Ti, to create electron or hole surplus in the
compound; (ii) the electron configuration, specifically electrons
in d-orbital; (iii) and previous experimental results using these
elements as acceptors or donors in the X-sublattice — all showed
improved electronic properties compared to ideal TiNiSn, as
described below. Accordingly, the following elements were
chosen: three acceptor elements, with one less valence electron
than Ti: Sc,’** AI'* and Y;** and three donor elements:
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Table 1 Donor and acceptor elements chosen and their characterization
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Element Group Donor/acceptor Atomic number VE Electron configuration
Ti 4 N 22 4 [Ar] 3c12 45”

Al 13 A 13 3 [Ne] 3s” 3p1

Sc 3 A 21 3 [Ar] 3d" 45>

Y 3 A 39 3 [Kr] 4d" 58”

Ta 5 D 73 5 [Xe] 4f™* 5c13 6s>

v 5 D 23 5 [Ar] 3d° 45>

Mn 7 D 25 7 [Ar] 3d° 45>

Ta,?” v**?” with one more valence electron than Ti; and Mn
with three more VE,>?%2 All are listed in Table 1.

Experimental results for acceptor elements, Sc,">** Al** and
Y>* were previously reported by Kaller et al.? for substitution of
Ti by Sc, who indicated that Sc acts as an electron acceptor,
enabling generation of p-type TiNiSn-rich HH compound, and
is dominated by chemical disorder. Horyn et al.** also con-
ducted experiments with modulated Sc doping in (Ti,Sc)NiSn
and (Zr,Sc)NiSn and indicated that higher density of states at
the Fermi energy contributed by the Sc substitution leads to
high positive Seebeck coefficients in the solid solution and may
be attractive materials for thermoelectric applications as p-type
nodes. Similar results were reported by Rabin et al'* in
research conducted on Al solubility in TiNiSn, and clearly states
that the substitution of Ti by Al results in a p-type conductivity.
Substitution of X-atom by Y in the compound (Hf, Zr, Y)Ni
(Sn, Sb) was reported by Zhou et al.>* and indicated that The
Y-doping substantially increased the Seebeck coefficient
because of the introduction of hole carriers, in the temperature
range of 300-900 K.

The compounds with the donor elements Ta,* and
Mn>?%2? also were reported with improved TE properties. The
substitution of Ta in the Ti-lattice was investigated by Karati
et al.”® that demonstrated a Ta-doped compound with conduc-
tivity increasing as temperature arise. Stadnyk et al.>®
gated the TE power factor of alloys with V doping the Ti-site and
found that the power factor of the solid solution markedly
exceeds that of the undoped ternary compound. To compare
the effect of higher VE count, we chose Mn with three more VE
than Ti, in Berry’s research.>** Modulation doping of n-type
half-metallic MnNiSb was carried out into HH TiNiSn com-
pound. The Seebeck coefficient was found to increase in
comparison with pure TiNiSn, and the transport properties
confirmed a crossover from metallic to semiconducting beha-
vior caused by the defects, and possibly enhanced by other
factors such as the Fermi energy level, density of states, and
temperature gradient, affecting the Seebeck coefficient.>*’

26,27
\%

investi-

2.2 Density functional theory (DFT)

In the context of computational materials science, ab initio DFT
calculations allow the prediction and calculation of material
behavior based on quantum mechanical considerations, with-
out requiring fundamental material properties.*

In this study the density functional theory, DFT, was applied
to a HH unit cell (space group #216) with impurities. In the
DFT calculations the augmented plane wave plus local orbitals
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(APW + lo) method was used to solve the Kohn-Sham equations
of density functional theory, as implemented in the WIEN2k
code (Version 21.1).3%*' In this code, the APW + lo method
considers all electrons (core and valence) self-consistently in a
full-potential treatment.*’ The exchange-correlation potential
was calculated within the Perdew-Burke-Ernzerhof (PBE) gen-
eralized gradient approximation (GGA).>' The calculations
parameters used in this work are similar to those previously
reported for (Ti,AI)NiSn and (Ti,Sc)NiSn."* Therefore, based on
our experience, a similarly high degree of reliability of the
obtained results is currently expected. The muffin-tin radii
(Rm¢) were taken to be equal to 2.0 bohr for all atoms. The
cutoff parameter R,,:Kmax = 7 was taken for the basis-set size at
each point, where K;,,ax presents the magnitude of the largest K
vector in the wave function expansion. To represent the valence
states, a maximal /, [,,y, equal to 10 was taken in the expansion
of the radial wave functions inside the atomic sphere. The cut-
off energy, separating core and valence states, was chosen to be
—7.0 Ryd for all atoms, to minimize the leaking of the electron
core states into the interstitial region.

A cubic supercell containing 96 atoms for TiNiSn with a HH
crystal structure (space group #216) with impurities was used,
with a k-mesh of 3 x 3 x 3 points in the irreducible wedge of
the Brillouin zone (BZ). Using ab initio DFT, DOS calculation for
a 96-atom supercell, replacing one Ti-atom with one atom from
the doping elements was carried out.

Fig. 1 describes the doped compound structure. Energy
parameters were calculated for doped compounds of
(Tip.97X0.03)NiSn alloy (X = Al, Sc, Y, Mn, Ta, V).

Ty 97X0,03NiSD

Fig.1 96-atom supercell, replacing one Ti-atom (blue) with one atom of
doping element (pink).
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2.3 Transport properties calculation procedure

According to quantum theory, the probability that an electron
state of energy will be occupied is given by the Fermi distribu-
tion function. The energy, Er, at which the Fermi distribution
function is equal to 1/2 is known as the ‘Fermi level’. At T =0,
the number of electrons can be found by integrating the DOS
up to Fermi energy; at T # 0, the number of electrons can be
found by integrating the DOS times the Fermi-Dirac distribu-
tion, that addresses the chemical potential change with the
change in 7.*> When the Fermi level is close to the conduction
band or valence band edge, some electrons or holes respec-
tively, will be able to contribute to the conduction process,
making it an n-type or p-type, semiconductor. If the energy gap
(Eg) between the conduction band (Ec) and the valence band
(Ey) is small enough for this to occur, the material is an
intrinsic semiconductor. Adding donor or acceptor impurities
may induce conduction by either electrons in the conduction
band, or holes in the valence band; with this extrinsic conduc-
tion, the Fermi level is close to the edge of either the conduc-
tion band or valence band.* The Fermi energy (Eg) is only
defined at absolute zero, while the Fermi level is defined for
any temperature, and describes the energy difference including
kinetic energy and potential energy.*>* Using the ab initio DFT
analysis, (Ey — Eg) values for p-type material and (Ex — E¢)
values for n-type material were directly calculated. Further, a set
of analytical expressions for the transport properties was
applied to calculate the temperature dependencies of the
electronic properties, to evaluate possible n-type or p-type
compounds to be used in further experimental studies.

A procedure for calculations was used to derive the transport
properties of the investigated TiNiSn compounds based on the
DFT evaluated Ey locations, in relation to Ey or Eg, where Ey is
the top of the valence band, and E; is the bottom of the
conduction band. The values gathered in Table 2 from DFT at
absolute zero, are used in the reduced Fermi energy expression
() defined in eqn (1), and changes with temperature, whereas
(Ey — Eg) is used for p-type semiconductor (as used in eqn (1));
and (Eg — E¢) is used for n-type semiconductor. # is then used
in Fermi integral in eqn (2) in which ¢ is the kinetic energy of a
charge carrier, changing from 0 to oo, and f, is the Fermi
distribution function, as in eqn (3). The Fermi integral is solved
for (n = 1/2), known as the ‘Fermi level’, as in eqn (4), to
determine Fy,, and further calculate the electrical conductivity,

Table 2 Calculated data for density of states for HH with doping elements
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0; and then solved for (n = 3/2 + r) and (n = 1/2 + r), here r
describes the carriers scattering parameter (r = —1/2 for the
case of a predominant acoustic phonons scattering, such as in
TiNiSn*?*%), to determine Fs,., and Fy,,., and further calculate
Seebeck coefficient, «, as described below.®

(-"ar) 0
F, = roé%(n) 0¢ @)
0
1
So(n) = T+ expe—n) (3)

The electrical conductivity, o, is described by eqn (6), where
Fermi integral for (n = 1/2) is calculated by eqn (4); and p, n the
hole or electron concentration is calculated by eqn (5). The
following constants were used: #-Planck constant; m;-the hole
effective mass, taken as 6 m, for TiNiSn as was previously
reported by Zilber et al;** and carrier mobility, u, taken as
11 cm® V' s, in agreement with Ren et al.**

00 61/2
12 Jol+eXp(c—f1) : W
4 2 kgT %
_ 4 (e ke T?
pon=e (BT R ) )
o=pepu (6)

The Seebeck coefficient, o, is calculated using eqn (7), where e is
the electron charge; F, is Fermi integral in eqn (2), solved for
(n=3/2+r)and (n=1/2 +1).

v= 7(%+,,)Fl ‘—'7 (7)

The power-factor of a material, PF, defined in eqn (8), is the
combination of electrical conductivity and Seebeck coefficient
and measures its ability to extract electrical power from tem-
perature differences.’

PF = o’c. (8)

DFT calculation of total DOS, for ideal and

doped compounds

DFT calculation of total DOS of d-states, for Ti and X

Compound Type E, (eV) 1, p: Ey — Eg (eV), n: Ex — E¢ (eV) Ti d-states E, (eV) X d-states Eq (eV)
Ideal TiNiSn ) 0.43 0.04 0.44

(Tig.07Alp 03)NiSD p 0.40 0.08 0.46 0.64
(Tio.075¢0.03)NiSD p 0.35 0.14 0.46 0.49
(Tio.07Yo.03)NiSD p 0.57 0.06 0.49 0.68
(Ti.67Ta0.03)NiSD n 0.43 0.14 0.44 0.49
(Tio.07Vo.03)NiSD n 0.41 0.13 0.44 0.38

(Tip.67Mny 03)NiSD n 0.35 0.12 0.41 0.30

This journal is © the Owner Societies 2025
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3. Results and discussion

Hereby, we will discuss the results of the ab initio DFT calcula-
tion, analyze the contribution of acceptor and donor elements
as impurities in the form of (Tiy.¢;X.03)NiSn, to the parent
compound in terms of DOS for HH, and the contribution of
specific electron states to the change in DOS, when the sub-
stitution occurs on the Ti-sublattice. Table 2 presents the
results of calculations for the substitution of one Ti-atom with
the doping element in a 96 atom supercell, simulating the
composition (Tig.¢7X¢.03)NiSn.

3.1 Seebeck coefficient, electrical conductivity and PF
temperature dependence

Using the calculation procedure described above, the calcu-
lated temperature dependent electrical conductivity presented
in Fig. 2 and Seebeck coefficient in Fig. 3, clearly states an
increase in the charge carriers’ concentration as compared with
the ideal TiNiSn in all doped compounds for all temperatures
in range, as shown in both n- and p-type compounds. The
positive values of the Seebeck coefficient indicate a p-type
conduction, while the negative values indicate an n-type con-
duction, indicating the acceptor or donor affiliation of the
elements.

The PF’s temperature dependence, calculated from the
combination of electrical conductivity and Seebeck coefficient,
is described in Fig. 4. PF is slightly favorable for ideal TiNiSn in
low temperatures, but the doped compounds are showing
slightly higher slope as temperatures increase above 550 K
(Fig. 5).

The trends of PF can be considered as interchanging
between the ideal TiNiSn and the doped compounds as the
temperature increases, allowing the actual substitution
between the Ti-atom and the dopant. At elevated temperatures
the atomic fraction, ¢, of dopants forming the solid solution
without its decomposition (which is usually very small)

Electrical Conductivity vs.Temp
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Temperature (K)

—&~ Ideal TiNiSn (Ti0.977a0.03)NiSn
=&~ (Ti0.97A10.03)NiSn (Ti0.97V0.03)NiSn
-~ (Ti0.975¢0.03)NiSn —@~ (Ti0.97Mn0.03)NiSn
=&~ (Ti0.97Y0.03)NiSn

Fig. 2 Temperature dependence of electrical conductivity (s) for ideal
TiNiSn and for doped compounds.
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Seebeck coefficient vs.Temp
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Fig. 3 Temperature dependence of Seebeck coefficient () for ideal
TiNiSn and for doped compounds.
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Fig. 4 Temperature dependence of power factor (PF) for ideal TiNiSn and
for doped compounds.

increases. It makes our model of supercell containing ¢ = 0.03
doping atoms more relevant at high temperatures. The fact that
the acceptor or donor elements exhibit holes or electrons
conduction suggests that TE pairs can be formed.

3.2 Acceptor/donor analysis of orbital contribution

3.2.1 Acceptors and donors DFT calculation. A comparison
of DOS for the doped compounds is presented in Fig. 6. While
reviewing the Eg results in Table 2, it may be seen that n-type
compounds with the donor elements Mn and V, have a nar-
rower bandgap than the ideal TiNiSn, as well as the p-type
compounds with the acceptor elements Sc and Al, suggesting
they could be effective p-type or n-type compounds to be used

This journal is © the Owner Societies 2025
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donors (X = Ta, V, Mn) forming n-type. A magnification of the area in the vicinity of Fermi energy, Er, (set to zero) is shown in the inset.
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Fig. 7 DFT calculation of DOS for ideal TiNiSn. (a) Total and LDOS for 96-atom supercell; (b) Ti, Ni PDOS-d contribution. A magnification of the area in
the vicinity of Fermi energy, Eg, (set to zero) is shown in the inset.
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in TE couples. And so further the analysis focuses on the
contribution of these elements and their respective d-states to
DOS compared with Ti-atom, for the following elements: Mn, V,
Sc, Al

3.2.2 Ideal TiNiSn DFT calculation. To have a clear refer-
ence, the DOS was calculated for the ideal TiNiSn state for a 96-
atoms cubic supercell (32 Ti atoms; 32 Ni atoms; 32 Sn atoms).
The calculated DOS for 96-atom TiNiSn supercell is presented
in Fig. 7 where Fermi energy (Eg) was set to zero in DOS plot.
The valence band and conduction band are separated by a band
gap (E,) of 0.43 eV in agreement with previous results: 0.45 eV;>®
0.42 eV;*© 0.47 ev;*” 0.45 eVv.?®

The local DOS (LDOS) and partial DOS (PDOS) were also
calculated for Ti, Ni, Sn as previously demonstrated by Colinet
et al.*® and agrees with peaks of Ni States at —2 eV and —0.75 eV
and peak of Ti states at 1.3 eV. Fig. 7(a) depicts the total and
local DOS of Ti, Ni, Sn, alongside the respective PDOS for Ti-d
and Ni-d states in Fig. 7(b). There is full alignment between the
contribution of d-states and the respective element, which
agrees with previous results that the states below the Fermi
level are predominantly of Ni-d character, while the states
above the Fermi level are of Ti-d character. This allows to
conclude that the d-states contribution to LDOS of Ni and Ti
are mainly dominated by their respective d-electrons.*®

3.2.3 Mn substitution on Ti-site (Ti,Mn)NiSn. Out of the
three chosen donor substitutes (V, Ta, Mn), when Ti was
replaced with Mn, the highest PF was achieved at temperatures
above 800 K. Mn has three more VE than Ti, and it was chosen

(a) Total DOS vs. Energy (Ti,Mn)NiSn
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assuming that it may create even higher carrier concentration
than Ta and V, which have only one VE more than Ti. In Berry
et al. research®® the substitution of n-type half-metallic
MnNiSb was carried out into semiconducting TiNiSn in the
HH structure. Samples investigated were of Tiy_Mn,.
NiSn(; _,Sb, series (x = 0, 0.01, 0.02, 0.03, 0.05, and 0.1), and
experimentally demonstrated that the substitution of Ti by Mn
resulted in high electron mobility and higher electrical con-
ductivity than that of the pure compound. The power factor was
found to be the highest for x = 0.02 in comparison with pure
TiNiSn enhanced by Fermi energy level and density of states,
affecting the Seebeck coefficient.>® Fig. 8(a) presents the total
and local DOS calculation for a supercell with one Mn-atom
replacing Ti-atom, where Mn contribution to total DOS can be
seen higher than Ti, near the Fermi level.

Fig. 8(b) exhibits the local and partial DOS calculated for Ti
and Mn in a 96-atom supercell structure, and the specific
contribution of the d-states to the bandgap of the doped
compound. A few key pieces of evidence are shown. First, the
bandgap near the Fermi-level narrows from 0.41 eV to 0.30 eV
(in Table 2), significantly enabling conductivity through the
transition of electrons to the conductivity band; second, the
total contribution of the Ti-atom and the d-states of Ti are
nearly identical, indicating that the Ti-atom behaviour is domi-
nated by its d-states effect, and the same for Mn; third, the
density of states at the Fermi level when comparing the Mn d-
states to Ti d-states is significantly higher, therefore allowing a
vast of electrons available for conduction. Although it is

(b) Ti and Mn dopant d-states contribution
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Fig. 8 DFT calculation of DOS for (Ti,X)NiSn with donor dopants. (a) Total and LDOS for compound with X = Mn; (b) Ti, Mn PDOS-d contribution; (c) total
and LDOS for compound with X = V; (d) Ti, V PDOS-d contribution. A magnification of the area in the vicinity of Fermi energy, E, (set to zero) is shown in

the inset.
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expected to see the main contribution to the bandgap occurring
from electrons residing in the highest orbital (d-orbital), the
current investigation found Mn to be the most favourable, as
the magnitude of the effect (narrowing of the bandgap and the
states near Fermi level), is greater than presented for the other
elements. This resides well with this compound showing the
highest slope in PF as temperatures arise. Given these attri-
butes, doping the ideal compound with Mn seems favourable
compared to the other chosen elements, and we expect to see
apparent effect of the electrons in d-orbital to the change in
bandgap also in experiments.

3.2.4 V substitution on Ti-Site (Ti,V)NiSn. The second
donor element out of the three to achieve increasing PF with
the rise of temperatures was vanadium, when replacing Ti-atom
in TiNiSn, as shown in Fig. 8(c and d). Stadnyk et al.>® inves-
tigated the TE power factor of alloys with V doping on the
Ti-site (Ti_yV,NiSn) solid solution samples, with x in the
range of 0 and 0.1, and found that the TE power factor of the
solid solution markedly exceeds that of the undoped ternary
compound. The experimental results showed that (Ti,V)NiSn
substitutional solid solution undergoes the largest changes in
electronic properties when transitioning from x = 0 to
0.005.>>*” Fig. 8(c) presents the total and local DOS calculation
for a supercell with one V-atom replacing Ti, notice the con-
tribution of V to DOS (in pink) is greater than that of Ti (in
green) near Fermi level, indicative of the higher carrier concen-
tration owed to the excess valence electron.
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Fig. 8(c) exhibit the DOS calculated for Ti-atom and V-atom
in a 96-atom supercell structure, and Fig. 8(d) exhibits the
specific contribution of the d-states to the bandgap of the
doped compound. Again, in the case of V substitution for Ti,
the bandgap near the Fermi-level narrows from 0.44 eV to
0.38 eV (in Table 2), the narrowing of the bandgap enables
conductivity through easier transition of electrons to the con-
ductivity band. The contribution of Ti-atom and the d-states of
Ti are nearly identical, indicating that the Ti-atom behaviour is
dominated by its d-states, and the same for V. Additionally, as
can be seen in the graph, when comparing the V d-states
contribution to the DOS near the Fermi level, it is higher than
that of Ti d-states contribution, but less than when comparing
the Mn d-states contribution to that of Ti d-states. Again, a
higher electrical conductivity is achieved by substituting Ti with
V, mainly driven by its d-states contribution vs. the ideal
TiNiSn.

3.2.5 Sc substitution on Ti-site (Ti,Sc)NiSn. The third com-
pound to demonstrate high PF in temperatures above 550 K is
that doped with Sc. Fig. 9(a and b) present the total and local
DOS calculated for Ti-atom and Sc-atom in a 96-atom supercell
structure, and the specific contribution of the d-states in the
bandgap of the doped compound. Previous experimental
results indicate that the electron transport properties in
Tig_xScxNiSn, are enhanced upon Sc substitution on Ti sub-
lattice. Below the solubility limit, Sc is shown to act as an
electron acceptor, enabling generation of p-type TiNiSn-rich

(b) Ti and Sc dopant d-states contribution
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Fig. 9 DFT calculation of DOS for (Ti,X)NiSn with acceptor dopants. (a) Total and LDOS for compound with X = Sc; (b) Ti, Sc PDOS-d contribution; (c)
total and LDOS for compound with X = Al; (d) Ti, AL PDOS-d contribution. A magnification of the area in the vicinity of Fermi energy, Ep, (set to zero) is

shown in the inset.
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HH compound.” In this case, the bandgap owed to Sc-atom
appears to be wider than that of Ti, which may contradict the
assumption that high PF is achieved, but in this case as well, we
see slight increase in the DOS caused by Sc near Fermi level,
compared with that of Ti. This suggests that still there is an
opportunity for electrons to move to these states, leaving holes
in the valence band, contributing to the p-type conductivity as
temperatures arise.

3.2.6 Al substitution on Ti-Site (Ti,A)NiSn. The compound
doped with Al has higher PF than the other compounds up to
650 K and is then reduced as temperatures arise up to 900 K, as
can be seen in Fig. 5. The electron configuration for Al is the
only one in our study which does not have electrons in
d-orbital. The compound (Tipy,Aly03NiSn) was previously
widely investigated, and we think it is worthwhile to include
it in this study of band structure of components, to better
understand the nature of electron contribution to n- or p-type
conductivity. Research conducted on Al solubility in TiNiSn'*
clearly states that the substitution of Ti by Al results in a p-type
conductivity, which verifies the acceptor nature of Al in TiNiSn.
Experimental results in the case of doping under the solubility
limit of ~1 at%, have shown the compound to maintain a
single-phase state of TiNiSn compound.'* Therefore, a great
importance should be noted to the solubility limit of Al in ideal
TiNiSn, above which decomposition to several phases may
occur.'* Our study is focused on 3 at% doping, and we expect
the impact of molecular orbitals to be higher, if maintaining a
single phase. Fig. 9(c and d) describe the total, local and partial
DOS calculated for the compound doped with Al-atom in a
96-atom supercell structure, noting the specific contribution of
the d-states to the bandgap of the doped compound. It is
interesting to mention the formation of d-states for Al in the
doped compound in the vicinity of the top of valence band.
These states can be the promoted states, which appear due to
excitation by surrounding crystal field of the matrix and con-
tribute to the p-type conductivity in Tiy ,Aly ¢3NiSn. The band-
gap for the doped compound is still lower than that for TiNiSn,
but the PF is higher, suggesting the presence of enhanced
electronic properties over the pure material.

4. Summary and conclusions

In this study we demonstrated that ab initio DFT approach
combined with transport properties calculation, may be applied
to study the effect of acceptor or donor element substitution of
Ti-atom. Our approach was based on the analysis of the
contribution of d-states to the DOS in the doped compounds.
We considered the valence electron difference between Ti and
the acceptor or donor elements and the electron configuration
of the elements to simulate the efficiency of doping in deliver-
ing a more effective TE conversion, as shown in the calculated
power factor of the different compounds.

DFT was applied to calculate the DOS of the doped com-
pounds and that of the ideal state, then used in the transport
properties calculations to witness trends of PF interchanging
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between the ideal TiNiSn and the doped compounds as tem-
perature increases. Suggesting effective n-type and p-type TE
pairs to be formed from the substitution of Ti with acceptor or
donor element, which reside well with experimental results,
using similar doped compounds compared to the pure TiNiSn.
The analysis of the d-states contribution to DOS, that was
suggested in this study, has shown indication of the doping
contribution to electronic transport properties in all elements,
and specifically the formation of d-states in the (Tig.97Alg o3
NiSn) compound were noticed, which are promoted states
caused by an excitation of electrons by the surrounding crystal
field of the matrix. Further, a strong indication of n-type
compounds using donor elements was found. Specifically,
Mn substitution on the Ti sublattice in the composition
(Tig.07Mng ¢3NiSn), was found to be most favorable in demon-
strating a narrower bandgap than the ideal compound,
enabling conductivity through the transition of electrons to
the conductivity band. Yet, only moderate indication of p-type
compounds was found to generate a favorable bandgap, using
the acceptor elements.

It should be mentioned that the analysis suggested in our
study, based on the fine features of DOS in the vicinity of the
Fermi energy, using bandgap analysis and contribution of
d-states to electronic properties, may be used systematically,
prior to experimentation, in other acceptor or donor elements,
to identify n-type or p-type compounds for thermoelectric
devices.
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