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Optimization of Properties of a New Thermoelectric Material Obtained by
Doping of n-Ti1.xNb.NiSn Semiconductor with Sb Atoms

The structural, electrokinetic, and energetic properties of the new thermoelectric material
n-Ti;«Nb:NiSn;.,Sb,, x = 0.01-0.02, y = 0-0.03, obtained by doping the semiconductor n-
Ti;<Nb.NiSn with Sb atoms (4d'°5s°5p’) by replacing Sn atoms (4d'°5s’5p°) were
investigated. The nature of the generated energy states and mechanisms of electrical
conductivity were established. It was shown that at varying concentrations of Sb atoms in
the crystallographic position 4c, structural defects of a donor nature are generated, and

So6W are generated in the band gap e, of the

the corresponding energy states ep
semiconductor. Optimization of the properties of the n-Ti;«Nb.NiSn solid solution by
doping the n-type semiconductor with a donor impurity leads to a decrease in the
compensation degree and meets the conditions for achieving maximum efficiency of
thermal energy conversion into electrical energy. A new semiconductor thermoelectric

material, Ti;«NbNiSn1.,Sb,, with high thermoelectric power values, was obtained.

Keywords: thermoelectric material, semiconductor, electronic structure, electrical
resistivity, thermopower coefficient, thermoelectric figure of merit.

Introduction

The experimental study of the semiconductor solid solution n-Tii-+NbxNiSn showed that
it is a promising thermoelectric material (Fig. 1 a). The simulated thermoelectric figure of merit
values are maximum (Z7 = 0.76) at the concentration n-Ti0.99Nbo.01NiSn and the temperature
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T = 650 K [1]. Doping the semiconductor #n-TiNiSn [2] with Nb atoms (4d*5s") by replacing Ti
atoms (3d°4s?) in the crystallographic position 4a met the condition of achieving maximum
values of the thermoelectric figure of merit Z (Z = a?-6/x), when the type of doping impurity
and the type of conductivity of the base semiconductor are the same [3, 4]. In this case, only
structural defects of donor nature and their corresponding energy states in the band gap &g
should be generated in the crystal, as Nb has more d-electrons than Ti. Modeling of the
distribution of the density states DOS in n-Ti1xNbxNiSn confirmed that under such doping
conditions the Fermi level er should approach the percolation level of the conduction band ec
(Fig. 1b). This would lead to a rapid increase in the electrical conductivity o(7) while
maintaining high values of the thermopower coefficient a(7) and the invariance of the thermal
conductivity coefficient «(7).
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Fig. 1. Change in the thermoelectric power factor Z*(x) (a) and the distribution of density states
DOS (b) of the semiconductor solid solution n-Ti;..NbNiSh.
Inset 1a: change in the unit cell parameter a(x) of n-Ti;.«Nb.NiSn

However, the study of n-Ti1-xNbxNiSn solid solution established [1] that Nb atoms can
occupy different crystallographic positions, generating structural defects of both acceptor and
donor nature simultaneously in various ratios. It is indicated, in particular, by the behavior of
the unit cell parameter of Ti1xNb:NiSn (Fig. 1 a, inset). At concentrations of Ti1-xNbxNiSn,
x =0-0.03, Nb atoms simultaneously in different ratios replace Ti and Ni atoms (3d%4s?),
generating donor and acceptor states in the band gap &g, respectively. The appearance of
acceptor states significantly compensates for the generated donors, which slows down the
movement of the Fermi level ¢r to the percolation level of the conduction band &c. In this case,
the values of the electrical conductivity o(7) increased more slowly than predicted and reached
maximum values at concentrations x > 0.04. But at such concentrations of Nb impurity atoms,
the value of the thermopower coefficient a(7) rapidly decreased, which ultimately limited the
growth of the thermoelectric figure of merit of Tii-«NbxNiSn.

To obtain maximum thermoelectric figure of merit values in the n-Tii«NbxNiSn
semiconductor, it is necessary to optimize its electrokinetic properties. For this purpose,
n-Ti1«NbxNiSn was doped with a donor impurity Sb (4d'°5s°5p°), replacing Sn atoms
(4d'°5s°5p%) (Sb has more valence electrons than Sn), which should bring the Fermi level er

42 Journal of Thermoelectricity Ne4, 2025 ISSN 1607-8829



V.A. Romaka, Yu.V. Stadnyk, L.P. Romaka, A.M. Horyn, P.I. Haraniuk
Optimization of Properties of a New Thermoelectric Material Obtained by Doping of n-Ti;..Nb.NiSn...

closer to the percolation level of the conduction band ec. Such doping meets the conditions for
obtaining maximum Z values [3, 4]. To determine the conditions for the synthesis of a new
semiconductor thermoelectric material Tii+NbxNiSni,Sb, with maximum efficiency of
converting thermal energy into electrical energy, it is necessary to establish the nature of the
generated energy states and mechanisms of electrical conductivity, which is the subject of the
study presented below.

Research methods

Modeling and experimental studies of the structural, energy, and electrokinetic properties
of a new semiconductor thermoelectric material #-T11xNbxNiSni-,Sby, obtained by replacing Sn
atoms in n-Ti1.xNbxNiSn with Sb atoms in the crystallographic position 4c, were carried out.
Samples of n-Ti1xNbxNiSni,Sby, x =0.01-0.05, y = 0.01-0.03, were produced by arc-melting
of a charge of starting components in a purified argon atmosphere. To achieve an equilibrium
state for the alloys, homogenizing annealing was performed at a temperature of 1073 K for
700 h, followed by quenching in cold water without breaking the ampoules beforehand. X-ray
phase analysis of the synthesized samples was performed using X-ray diffraction (DRON-2.0m
diffractometer with Fe Ku-radiation). The chemical composition of the samples was controlled
by energy-dispersive X-ray spectroscopy (Tescan Vega 3 LMU electron microscope). The
structural parameters of the n-Tii-«NbxNiSni-,Sby samples were calculated using the WinCSD
program [5]. For the ordered version of the n-TiixNbxNiSni,Sb, crystal structure, the
distribution of the density of electronic states DOS was calculated using the KKR method in
the CPA coherent potential approximation and the LDA local density [6]. The experimental
values of the constant unit cell on a k-grid with a size of 10 x 10 x 10 and the Moruzzi-Janak-
Williams type of exchange-correlation potential parameterization [7] were used for the
calculations. The width of the energy window enclosed by the contour is equal to 16 eV. The
number of energy values for the DOS calculation was 1000. The accuracy of the Fermi level
position calculation er was + 6 meV. To study the electrokinetic properties, samples in a regular
geometric shape measuring ~ 1.0 x 1.0 x 4 mm? were used. The temperature and concentration
dependences of the resistivity p(7) and the thermopower coefficient a(7) for the
n-Ti1NbxNiSni.,Sby samples were measured in the temperature range from 80 to 400 K. The
thermopower coefficient a(7) was measured by the potentiometric method relative to copper.
The voltage drop on the samples was determined for different current directions to avoid the
influence of a possible p-n junction at the contact points.

Study of structural properties of thermoelectric material n-Ti1.xNbxNiSn1.,Sby

The study of the phase composition of the surface of the n-Ti11-xNbxNiSni.,Sb, samples,
x=0.01-0.05, y = 0.01-0.03, established the correspondence of the composition of the charge
of the initial components. X-ray structural studies of all synthesized n-Tii-xNbxNiSni-,Sb,
samples showed that they belong to the MgAgAs structure type [8]. In this case, the Ti(Nb)
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atoms occupy the crystallographic position 4a (0, 0, 0), Ni — 4d (Y4, Y4, 4) and Sn(Sb) —
4c (2, Yo, 12).
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Fig. 2. Change in the the unit cell parameter a(x,y) of n-Ti;..NbNiSn,.,Sb,

From the powder diffraction data of n-Tii«NbxNiSni,Sby samples, x =0.01-0.05,
y=10.01-0.03, the unit cell parameter a(x,y) was calculated (Fig. 2). As seen from Fig. 2, the
unit cell parameter a(y), as we predicted, monotonically decreases in all n-Ti1xXNbxNiSni-Sby
samples. This means that in the crystal structure of the semiconductor, larger Sn atoms
(rsn=0.162 nm) are replaced by smaller Sb atoms (rsb=0.159 nm). Taking into account that
Sb atoms (4d'°5s?5p*) have a higher number of valence electrons than Sn atoms (4d'°5s*5p?),
structural defects of donor nature and corresponding energy states ep°° in the semiconductor
band gap ¢ are generated in the crystal. Such doping of n-Tii-+NbxNiSni-,Sby should bring the
Fermi level er closer to the percolation level of the conduction band ec and ensure high Z values.

Thus, the analysis of the results of X-ray structural studies of the thermoelectric material
n-Ti1-xNbxNiSni,Sby, x =0.01-0.05, y = 0.01-0.03, showed that at all concentrations of Sb
atoms in the semiconductor, impurity donor states are generated, which corresponds to the
conditions for obtaining maximum values of the thermoelectric figure of merit [3, 4]. Therefore,
at some concentrations of n-T11-«NbxNiSni.,Sby, we can expect an increase in the efficiency of

converting thermal energy into electrical energy, which corresponds to the stated goal (aim) of
this work.

Modeling the electronic structure of thermoelectric material n-Ti1.xNbxNiSn1.,Sby

The KKR method was used to calculate the density of electronic states (DOS) distribution
for all samples T11-+NbxNiSni-,Sby, where x = 0.01-0.05 and y = 0.01-0.03, under the condition
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of an ordered variant of their crystal structure. This assumes that Nb atoms replace only Ti
atoms in position 4a, and Sb atoms replace Sn atoms in position 4c. Figure 3, as an example,
illustrates the results of the DOS calculation for two solid solution compositions, highlighting

the dynamics of the Fermi level (er) movement.
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Fig. 3. Calculation of the density of electronic states (DOS) distribution for n-Tig9oNbo.91NiSn;.,Sb,

Since the substitution of Sn atoms for Sb atoms generates donor states ep®® in the band
gap &g of the semiconductor, then at a concentration of 7-Tio.99Nbo0.01NiSno.99Sbo.o1, the Fermi
level er will be located near the percolation level of the conduction band ec. At higher
concentrations of Sb atoms, in particular, n-Ti0.99Nbo.01NiSno.sSbo.o2, the Fermi level er will
cross the edge of the conduction band ec: a dielectric-metal conduction transition (Anderson

transition) will occur [9].
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Fig. 4. Modeling of the behavior of the temperature dependences of electrical
resistivity p(T,y) and thermopower coefficient a(T,y) for n-Tip.ooNbg.oiNiSn,.,Sb,:

Modeling the behavior of the temperature dependences of the resistivity p(7) and the
thermopower coefficient a(7) for the n-T11xNbxNiSniSby samples, x = 0.01-0.05,y = 0.01-0.03,
showed a metallic type of electrical conductivity at all concentrations and temperatures.
Figure 4, as an example, shows the modeling results for the n-Tio.99oNbo.o1NiSni-Sb,
semiconductor at two concentrations of Sb atoms: y =0.01 and y = 0.02. As the concentration
of the donor impurity Sb increases, the resistivity p(7) significantly decreases, while the
thermopower coefficient a(7) shows a slight increase. Based on the obtained modeling results,
we can predict an increase in the thermoelectric figure of merit at certain concentrations of the
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n-Ti1«NbxNiSni,Sby semiconductor solid solution. The results of electrokinetic and energy
studies of n-Ti1-xNbxNiSni.,Sb, will show the degree of adequacy of the conclusions drawn
above regarding the increase in the efficiency of converting thermal energy into electrical
energy.

Electrokinetic and energetic properties of n-Ti1.xNbxNiSn1.,Sby

In Fig. 5, as an example, the temperature dependences of the resistivity p(7,y) and the
thermo-power coefficient a(7, y) of the semiconductor solid solution n-Ti1xNbsNiSni-ySby,
x=0.01-0.02, y=0-0.03, are presented. It can be seen that the resistivity p(7, y) of
n-Ti1-xNbxNiSni.,Sby at temperatures of 80—400 K only increases, indicating a metallic type of
electrical conductivity, when the Fermi level &r crosses the percolation level of the conduction
band ec: the dielectric-metal conductivity transition predicted by calculations occurs.
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Fig. 5. Temperature dependences of the resistivity p(T,y) (a) and
the thermopower coefficient a(T,y) (b) of n-Ti;xNb:NiSn;.,Sby

The fact that the Fermi level er crossed the percolation level of the conduction band &c is
evidenced by the negative values of the thermopower coefficient a(7, y) at all studied
concentrations and temperatures (Fig. 5 b). Instead, the action of current carrier scattering
mechanisms is one of the main reasons for the increase in resistivity p(7, y) with temperature.
This behavior of the temperature dependences of the electrical resistivity p(7, y) and the
thermopower coefficient a(7, y) of n-Ti1«NbxNiSni.,Sb, is consistent with the simulation
results (Fig. 4). Therefore, n-Ti1«NbxNiSn1-4Sby, x = 0.01-0.02, y = 0-0.03, is a heavily doped
semiconductor of the electronic conduction type, when the Fermi level er approached the edge
of the conduction band ec, crossing its percolation level [10]. After all, a priori we planned
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exactly such dynamics of the Fermi level er, which corresponds to the condition for achieving
maximum values of the thermoelectric figure of merit [3, 4]. The negative values of the
thermopower coefficient a7, y) at all studied concentrations and temperatures (Fig. 5 b)
indicate that the Fermi level er crosses the percolation level of the conduction band &c.

It is informative to present the change in the resistivity p(y, 7) and thermopower
coefficient a(y, T) of n-Ti1+NbxNiSni-,Sb, with a change in the concentration of Sb atoms at
different temperatures. Fig. 6, for example, illustrates the changes in p(y, 7) and a(y, 7) for
semiconductor solid solutions n-Ti1-xNbsNiSni.,Sby, with x =0.01-0.02 and y = 0—0.03. We can
see that with an increase in the concentration of the donor impurity Sb, the resistivity p(y, 7)
decreases at all studied temperatures, since the concentration of free electrons, which are the
main current carriers, increases.
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Fig. 6. Change in resistivity p(y,T) (a) and thermopower coefficient a(y,T) (b)
of n-Ti;«Nb:NiSn,.,Sb, at different temperatures: 1 — T=80 K; 2—-T=250K; 3 — T=380 K
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Recall that in [1], it was shown that in n-Ti1xNbxNiSn, Nb atoms can occupy different
crystallographic positions, generating structural defects of both acceptor and donor nature
simultaneously in various ratios. The solid solution obtained in this way contains significant
local structural disorders and is a heavily doped and highly compensated semiconductor
(HDHCS) [10]. On the other hand, the presence of a significant number of different charged
defects in a semiconductor, the location of which is of a fluctuating nature, radically changes
its electronic structure, which leads to fluctuations in the potential relief and modulation of
continuous energy bands [10]. The authors of [11] showed that the numerical values of the
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activation energies €1* and €3% determined from the activation parts of the temperature
dependences of the thermopower coefficient a(1/7), are proportional, respectively, to the
modulation amplitude of the continuous energy bands and to the small-scale fluctuation of the
HDHCS.

Fig. 7, as an example, presents the temperature dependences of the thermopower
coefficient a(1/7, y) of the semiconductor solid solution n-Tii-+NbxNiSni-,Sby, x =0.01-0.02,
y =0-0.03, which can be described by the well-known formula [9]:
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where 7y is a parameter that depends on the nature of the scattering mechanisms.
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Fig. 7. Temperature dependences of the thermopower coefficient
a(1/T,x) of n-Ti;«NbNiSn,.,Sb,

Using this formula from the high-temperature activation parts of the a(1/7, y) dependence
of n-Ti1.NbxNiSn1,Sby (Fig. 7), the activation energies €1%(y) (Fig. 8 a) were calculated, which
are proportional to the amplitude of the large-scale fluctuation of the continuous energy bands
of the HDHCS [10, 11]. Fig. 8 a shows the change in the activation energy €1“(y) of the
semiconductor thermoelectric material n-T11-+NbxNiSn1,Sby, x = 0.01-0.02, y = 0-0.03. In this
context, it is important to note that the amplitude of the large-scale fluctuation of the continuous
energy bands depends on the compensation degree of the semiconductor: a higher compensation
degree leads to a greater amplitude of band modulation [10].
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As seen from Fig. 8 a, doping the n-Ti1-«NbxNiSn semiconductor with the donor impurity
Sb at all concentrations of impurity atoms Nb and Sb leads to a decrease in the activation energy
€1%(y) (read — the amplitude of the band modulation). Thus, if the activation energy in the
n-Ti0.99Nbo.01NiSn semiconductor was &1%~0=42.7 meV, then at the concentration of
n-Ti0.99Nbo.01NiSno.9sSbo.o2, it decreased to €1%;=002) =37.3 meV, and to the values
£1%=0.03)= 35.4 meV for the n-Ti0.99Nbo.01N1Sno.97Sbo.03 semiconductor. Such a decrease in the
activation energy values €1%(y) for n-Tii.NbxNiSni,Sby, means that the amplitude of the
modulation of the continuous energy bands in the semiconductor decreases. It occurs in an
electron-conducting semiconductor only when it is doped with a donor impurity. The obtained
results provide independent confirmation that Sb atoms introduced into the crystal structure of
the Ti1«NbxNiSn solid solution generate donor-type structural defects and the corresponding
energy states within the semiconductor’s band gap.

Experimental measurements of the electrical conductivity o(y, T) and the thermopower
coefficient a(y, 7) allowed us to construct, for example, for 300 K, the dependence of the
thermoelectric power factor Z* of the semiconductor solid solution n-TiixNbiNiSni,Sby,
x=0.01-0.02, y = 0-0.03, (Fig. 8b). The results shown in Fig. 8 b indicate that at specific
concentrations of the impurity atoms Nb and Sb, the dependence of Z*(y) reaches a maximum,
which suggests the highest efficiency of converting thermal energy into electrical energy for
this composition n-Tii«NbxNiSni,Sby. By the way, if in the semiconductor thermoelectric
material Tii-Nb.NiSn at a concentration of x = 0.03 the maximum values of Z* = 25.7 pW/K? cm
were reached (see Fig. 1), then its doping with a donor impurity Sb at a concentration of n-
Ti0.98Nbo.02NiSno.99Sbo.o1 allowed us to obtain Z* = 35.1 uW/K? cm (Fig. 8 b).

ey 36
551 B S = —a— =001
‘\\ —0—. :::Jg; 341 —a—x=0.02
50 B R . —h— x=0.03
= e \u\—v—vn.os 8 PR
v 45 N . W 30 i 1
g [ . . BT > o N
S |, W - - .
[*y 401 T e = N
v SE * 26 »
N hinsg, - ¥, 261
- . .
35 \L\‘ a4 Ti; ,Nb,NiSn, Sb,
i
3041 — . . : 2% . . .
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
v (Sb) v (Sb)
a b

Fig. 8. Change in activation energy &:* (a) and thermoelectric power factor Z*(y) (b)
of n-Ti;xNb:NiSn.,Sb, at T=300 K

Thus, the study of the structural, electrokinetic and energy properties of the
semiconductor solid solution n-Ti1+NbxNiSni.Sby, x = 0.01-0.02, y = 0-0.03, established that
at all concentrations of impurity Sb atoms in the semiconductor, structural defects of donor
nature are generated, as well as the corresponding energy states which corresponds to the
conditions to obtain maximum values of the thermoelectric figure of merit [3, 4]. Therefore, at
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certain (or specific) concentrations of n-Ti1.xNbxNiSni1,Sby, we can expect an increase in the
efficiency of converting thermal energy into electrical energy, which corresponds to the stated
aim of this work. The performed studies enabled us to identify the mechanisms of electrical
conductivity to determine the conditions for synthesizing the thermoelectric material
n-Ti1xNbxNiSni.,Sb, with maximum efficiency of converting thermal energy into electrical
energy.

Conclusions

The structural, electrokinetic and energetic properties of the new semiconductor
thermoelectric material n-T11xNbxNiSniSby, x =0.01-0.02, y = 0-0.03, obtained by doping
n-Tii«NbiNiSn with Sb atoms (4d'°5s*5p®) by replacing Sn atoms (4d'°5s*5p?) were
investigated. The nature of the generated energy states and mechanisms of electrical
conductivity were established. It was shown that at different concentrations of Sb atoms in the
crystallographic position 4c, structural defects of donor nature and the corresponding energy
states ep°" within the semiconductor band gap &g are generated. Optimization of the
properties of the n-Ti1«NbxNiSn solid solution by doping the n-type semiconductor with a
donor impurity leads to a decrease in the compensation degree and meets the conditions for
achieving maximum efficiency of thermal energy conversion into electrical energy. A new
semiconductor thermoelectric material, n-Ti1.xNbxNiSni1.,Sby, was obtained, exhibiting high
values for the thermoelectric power factor.
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OnTumizanisa BJacTUBOCTEH HOBOT0 TEPMOEJIEKTPUIHOTO
MaTepiajay, OTPUMAHOI0 JIEr'yBAHHSAM
HaniBnpoBigauka n-Ti;.«Nb.NiSn aromamu Sb

Hocniosxceno cmpykmypHi, eneKmpoKiHemuuHi ma eHepeemuyHi GIAcmMUBoCmi HOB020
mepmoenekmpuunoeo  mamepiany — n-TijNbNiSn;.,Sb,,  x=0.01-0.02, y=0-0.03,
ompumanozo nezyéanuam nanienpogionuxa n-Ti Nb.NiSn amomamu Sb (4d'’5s°5p’)
wiaxom  samiwenns amomie Sn (4d'°5s°5p?). Bcemanoeneno npupoody cemeposanux
eHepeemUYHUX CMAHI6 ma MexaHizmie eiekmponposgionocmi. llokazano, wo 3a pizHux
KoHyenmpayiu amomie Sb y kpucmanoepadiuniil nozuyii 4¢ eenepyromvbcsi CmpyKmypHi
Odeghexmu OOHOPHOT NPUPOOU, a 8 3a00POHEHIIl 30HI & HANIBNPOGIOHUKA — BIONOBIOHI iM

enepeemuuni cmamnu ep>™".

Onmumizayis eracmueocmell meepooco posuurny n-Tij.
«Nb.NiSn winsaxom necysanns HanienpogioHUKA N-muny npogioHOCMI OOHOPHOI OOMIUKOK
npusoouUms 00 3MEHUIEHHSI CMYNEHI0 KOMAReHCcayil ma i0nogioac ymMosam O00CACHEeHHS
MAKCUMATLHOL  ehbexmueHoCmi  nepemeopenHs Mmenio8oi eHepeii 6 eleKmpudHy.
Ompumarno Ho8Ull HANiGNPoGioHUKosull mepmoeirekmpuynuti mamepian n-Ti;-NbxNiSn;.

wSby, 3 GUCOKUMU 3HAYUEHHAMU MEPMOENEKMPUUHOL NOMYIHCHOCTHI.

KirodoBi citoBa: TEpMOCTIEKTPUIHIA MaTepiall, HaIliBIIPOBITHUK, eIEKTPOHHA CTPYKTYpa,
EJIEKTPOOTIIIp, KOEPIIIEHT TEPMO-epC, TEPMOEIEeKTpHYHa TOOPOTHICTB.
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