
 

MEASURING TRANSDUCERS 

INVESTIGATION OF SENSITIVE ELEMENTS OF TEMPERATURE TRANSDUCERS 
BASED ON THERMOMETRIC MATERIAL Lu1-xScxNiSb 

Volodymyr Pashkevych, Ph. Dr., As.-Prof., Volodymyr Krayovskyy, Dr. Sc., Prof., Petro Haranuk, Ph. Dr., As.-
Prof., Volodymyr Romaka, Dr. Sc., Prof., 

Lviv Polytechnic National University, Ukraine, e-mail: volodymyr.z.pashkevych@lpnu.ua 
Yuriy Stadnyk, Ph. Dr., Senior Scientist, Lyubov Romaka, Ph. Dr., Senior Scientist,  

Andriy Horyn, Ph. Dr., Senior Research,  
Ivan Franko National University of Lviv, Ukraine 

https://doi.org/ 

Abstract. The results of experimental studies of sensitive elements of temperature transducers based on semiconductor 
thermometric material Lu1-xScxNiSb, x=0.01–0.10, are presented. Thermometric materials Lu1-xScxNiSb were made by fusing a 
mixture of components in an electric arc furnace with a tungsten electrode (cathode) in an atmosphere of purified argon under a 
pressure of 0.1 kPa on a copper water-cooled hearth (anode). Heat treatment of alloys consisted of homogenizing annealing for 720 
h in vacuumed to 1.0 PA at a temperature of 1073 K. Arrays of diffraction data of X-ray diffraction studies were obtained on a 
powder diffractometer STOE STADI-P, and using the program Fullprof calculated structural characteristics. The chemical and 
phase compositions of the samples were monitored by metallographic analysis (scanning electron microscope Tescan Vega 3 
LMU). 
The basis of the sensitive element of the resistance thermometer on Lu1-xScxNiSb materials is polycrystalline samples in the form 
of rectangular parallelepipeds with a size of 0.5 × 0.5 × 5 (mm3), to which the contacts are made of copper and/or platinum wire. 
Experimental measurements of electrical resistance values were performed using the four-contact method, and the values of the 
thermopower coefficient by the potentiometric method concerning copper and/or platinum. The thermoelectric pair platinum-
thermometric material was the basis of the thermoelectric converter. 
Modeling of thermometric characteristics of sensitive elements of the thermometer of resistance of the thermoelectric converter is 
carried out by a full potential method of linearized plane waves (Full Potential Linearized Augmented Plane Waves, Elk software 
package). The results of experimental measurements served as reference currents in modeling the characteristics. 
X-ray phase analysis showed the homogeneity of the studied samples of thermometric materials Lu1-xScxNiSb, as evidenced by the 
absence of traces of extraneous phases on the diffractograms. The dependences of the period of the unit cell a(x) Lu1-xScxNiSb are 
not linear, which indicates more complex structural changes than the one-act substitution of the Lu atom by Sc. 
Measurements of the values of the specific magnetic susceptibility χ (T, x) were performed by the relative Faraday method at 
T=273 K using a thermogravimetric installation with an electronic microbalance EM-5-ZMP in magnetic fields up to 10 kGs. 
Experimental studies of the specific magnetic susceptibility of χ(x) sensitive elements have shown that the samples at all 
concentrations are Pauli paramagnetics, and the value of χ(x) is determined by the electron gas. In this case, the values of the 
magnetic susceptibility χ(x) are proportional to the density of electronic states at the Fermi level g(εF). In the area of concentrations 
x=0–0.02, the values of magnetic susceptibility χ(x) undergo insignificant changes, which indicates small changes in the 
concentration of current carriers. At a concentration x>0.02 there is a rapid increase in the density of electronic states at the Fermi 
level g(εF), indicating an increase in the concentration of free current carriers. 
The presence of high-temperature activation sites on the temperature dependences of the resistivity ln(ρ(1/T)) for all Lu1-xScxNiSb 
samples indicates the location of the Fermi level εF in the band gap εg of the semiconductor, and positive values of the 
thermopower coefficient α(T) specify its position - near the valence band εV. The main carriers of electric current are holes. The 
nature of the behavior of the resistivity ρ (x, T) Lu1-xScxNiSb at all temperatures also corresponds to the results of modeling the 
kinetic properties. The fact that in the range of concentrations x=0–0.04 the values of the resistivity ρ (x, T) Lu1-xScxNiSb change 
slightly at all temperatures indicates a significant advantage of the concentration of holes over electrons. This is indicated by 
positive values of the thermopower coefficient α (x, T). At concentrations x≥0.04, the resistivity increases rapidly, which is due to 
the appearance of donors, which partially compensate for the acceptors, which reduces the concentration of free holes, and, as a 
result, we have an increase in the resistance. 
The behavior of the thermopower coefficient α (x, T) Lu1-xScxNiSb is adequate. The appearance and increase in the electron 
concentration are accompanied by an increase in the thermopower coefficient α (x, T). At a concentration of x≈0.07, the 
dependence of the thermopower coefficient contains an extremum, and then the values of the thermopower coefficient rapidly 
decrease at a temperature of T=80 K and concentrations at x≈0.1. Electrons are already the main current carriers. This is indicated 
by the negative values of the thermopower coefficient. It was experimentally established that at the concentration range x= 0–0.07 
the Fermi level velocity εF from the valence band εV is ΔεF/Δx=4.9 meV /% Sc, and at the concentration, x≥0.07 – ΔεF/Δx=11.2 
meV /% Sc. The presence of a difference in the velocities of the Fermi level εF indicates different rates of generation of acceptors 
and donors: at a concentration of x≥0.07, the concentration of donors increases ~2 times faster than at the site x=0–0.07. 
The functions of conversion of sensitive elements of resistance thermometer and thermoelectric transducers in the temperature 
range 4.2–1000 K are modeled. The ratio of the change in the values of the thermopower coefficient to the range of temperature 
measurements in thermocouples is greater than all known industrial thermocouples. In addition, the temperature coefficient of 
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resistance (TCR) of the obtained resistance thermometers is higher than the TCR of metals but is inferior to the value of TCR of 
sensitive elements made of traditional semiconductors. At the same time, none of the known resistance thermometers based on 
traditional semiconductors provides stable characteristics at temperatures of 4.2÷1000 K. 
Key words: Electric conductivity, Thermopower coefficient, Fermi level. 
 

1. Introduction 

The results of experimental studies of sensitive 
elements of temperature transducers based on a new 
semiconductor thermometric material Lu1-xScxNiSb, 
x=0.01–0.10, are presented. This study is a continuation 
of the modeling of structural, thermodynamic, kinetic 
and energy characteristics of the semiconductor 
thermometric material Lu1-xScxNiSb started in [1]. The 
simulation of the above-mentioned properties of Lu1-

xScxNiSb was performed by two methods: Koring-Kon-
Rostocker (KKR method, AkaiKKR software package 
[2] in coherent potential approximation and full-potential 
linearized plane wave method (FLAPW 3), Elk software 
package. After all, the modeling of the electron density 
distribution and the electron localization function Elf 
Lu1-xScxNiSb give an idea of the changes in the crystal 
and electronic structures. Based on the simulation 
results, a model of the structure of the thermometric 
material Lu1-x+yScxNi1-2ySb was proposed, in which at 
position 4a the Lu atoms are replaced by Sc atoms. In 
addition, the Lu atoms partially move to the 4c position 
of the Ni atoms, and a vacancy (Vac) occurs 
simultaneously in this position. Moreover, the more Lu 
atoms additionally move to the 4c position of Ni atoms, 
the more vacancies arise in this position. That is, if the 
Lu atoms at the number x=0.01 move to position 4c of 
Ni atoms, then there are additional vacancies with a 
concentration of x=0.01. Therefore, in position 4c of Ni 
atoms is: Ni – x=0.98, Lu – x=0.01, Vac – x=0.01. In this 
model of the crystal structure Lu1-xScxNiSb, the 
calculation of the density distribution of the electronic 
states of DOS shows the presence of the band gap εg, and 
the Fermi level εF lies near the valence band εV. This 
means that the values of the thermopower coefficient 
α(T,x) at all investigated concentrations and temperatures 
will be positive in the experiment. The proposed model 
is correct only for a small number of Sc atoms because 
even partial occupation of the position of Ni atoms by Lu 
atoms deforms the structure with its subsequent decay. 
The disadvantage of this model is also the generation in 
the band gap εg a significant number of energy levels that 
intersect with the zones of continuous energies and fix 
the Fermi level εF, which complicates the determination 
of the band gap εg and the value of activation energy 
ε1

ρ(x) from the Fermi level εF in valence zone εV. 
The following results of structural, kinetic, 

energy, and magnetic properties of sensitive elements of 
thermocouples based on thermometric material Lu1-

xScxNiSb, x=0–0.10, will establish the correctness of the 
used methods of modeling its properties [1], obtained by 
doping the basic semiconductor by LuNiSb Lu (4a). The 
obtained results allow to specify the spatial arrangement 

of atoms in the nodes of the unit cell, as well as to 
identify the mechanisms of electrical conductivity to 
determine the conditions for the synthesis of 
thermosensitive materials with maximum efficiency of 
thermal energy conversion into electricity. 

2. Disadvantages  

Studies of the sensitive elements of resistance 
thermometers and thermoelectric temperature transdu-
cers based on the RNiSb semiconductor [4–6] have 
established their high sensitivity to heat treatment modes 
(temperature and duration of annealing). 

3. Aim of the Paper 

To establish the mechanisms of electrical 
conductivity of sensitive elements of thermocouples 
based on the thermometric material Lu1-xScxNiSb, which 
will determine the conditions for obtaining sensitive 
elements with high sensitivity and stability in the 
temperature range up to 1000 K. 

4. Research methods 

Thermometric materials Lu1-xScxNiSb, x=0.01–
0.10, were made by fusing a charge of components 
weighed with an accuracy of ± 0.001 g in an electric arc 
furnace with a tungsten electrode (cathode) in an 
atmosphere of purified argon at a pressure of 0.1 kPa on 
a copper water-cooled pod. Pre-alloyed spongy titanium 
was used as the hetero. To achieve homogeneity, the 
alloys were melted twice. Control of charge losses 
during melting was performed by repeated weighing. 
Heat treatment of alloys consisted of homogenizing 
annealing at a temperature of 1073 K. Annealing of 
samples was performed for 720 h in vacuum-packed up 
to 1.0 Pa ampoules of quartz glass in muffle electric 
furnaces with temperature control with an accuracy of 
±10 K. Diffraction data arrays obtained on powder 
diffraction STADI-P (Cu Kα1-radiation), and with the 
help of the program Fullprof [7] the structural 
characteristics of Lu1-xScxNiSb were calculated. The 
chemical and phase compositions of the samples were 
monitored by metallographic analysis (scanning electron 
microscope Tescan Vega 3 LMU). 

The sensitive element of the resistance thermo-
meter based on Lu1-xScxNiSb is based on polycrystalline 
samples in the form of rectangular parallelepipeds with a 
size of 0,5×0,5×5 (mm3), to which the contacts are made 
of copper or platinum wire. Experimental measurements 
of electrical resistance values were performed using the 
four-contact method, and the values of the thermopower 
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coefficient by the potentiometric method concerning 
copper and platinum. To reduce the "parasitic" effects 
caused by the influence of thermo-emf at the points of 
contact, as well as the effects caused by the possible 
influence of the p-n junction, the voltage drop was 
measured in different directions of electric current. The 
thermoelectric pair platinum-thermometric material was 
the basis of the thermoelectric converter. Measurements 
of the values of the specific magnetic susceptibility χ (T, 
x) were performed by the relative Faraday method at a 
temperature of 273 K using a thermogravimetric 
installation with an electronic microbalance EM-5-ZMP 
in magnetic fields up to 10 kGs. 

Modeling of thermometric characteristics of 
sensitive elements of electro resistive and thermoelectric 
thermometers in the temperature range 4.2–1000 K was 
performed by the full potential method of linearized 
plane waves (Full Potential Linearized Augmented Plane 
Waves, Elk software package [3]). The results of 
experimental measurements served as reference currents 
in modeling the characteristics. 

5. Study of Structural Characteristics  
of Lu1-xScxNiSb samples 

X-ray phase analysis showed the homogeneity of the 
studied samples of thermometric materials Lu1-xScxNiSb, 
x=0.01–0.10, as evidenced by the absence of traces of 
extraneous phases on the diffractograms. Based on the 
fact that the atomic radius of Lu (rLu=0.173 nm) is larger 
than Sc (rSc=0.164 nm), it is expected to decrease the 
values of the period of the unit cell a(x) Lu1-xScxNiSb by 
substituting Lu atoms at position 4a for Sc atoms. As can 
be seen from Fig. 1, the course of the dependence a(x) 
Lu1-xScxNiSb confirms the assumption regarding the 
reduction of the period of the unit cell of the 
thermometric material. However, the dependence of a(x) 
Lu1-xScxNiSb is not completely linear and there are local 
extrema. The nonmonotonic change in the values of the 
period of the unit cell a(x) Lu1-xScxNiSb (Fig. 1) and the 
presence of local extrema depend on the dependence that 
more complex structural changes occur during the 
formation of thermometric material than the one-act 
substitution of the Lu atom by Sc. 

The results of modeling the energy characteristics 
of the basic semiconductor LuNiSb [1] showed the 
existence of vacancies in position 4a of Lu atoms, which 
form a structural defect of acceptor nature and the 
appearance in the band gap εg acceptor level εA

1. In this 
case, the introduction of Sc atoms into the structure of 
LuNiSb will be accompanied by both the partial 
displacement of Lu atoms from position 4a and the 
occupation of vacancies in the same position. If Lu 
atoms are replaced by Sc atoms in position 4a, structural 
defects of neutral nature will be generated in the Lu1-

xScxNiSb thermometric material, since Lu and Sc atoms 

are located in the same group of the Periodic Table of 
the Elements. When Sc atoms occupy vacancies in 
position 4a, it simultaneously eliminates the structural 
defect of acceptor nature and the corresponding acceptor 
level εA

1 in the band gap εg of the semiconductor Lu1-

xScxNiSb and a structural defect of donor nature is 
formed with the appearance of band gap εg in the band 
εD

1. 
 

 
 

Fig. 1. Change in the values of the period  
of the unit cell a(x) and the specific magnetic  

susceptibility χ (x, 273 K) (insert) Lu1-xScxNiSb 
 

Therefore, the introduction of Sc atoms into the 
crystal structure of LuNiSb changes the electronic 
structure of the semiconductor thermometric material 
Lu1-xScxNiSb and redistributes the density of electronic 
states at the Fermi level g(εF). Experimental studies of 
the specific magnetic susceptibility χ(x) Lu1-xScxNiSb at 
T=273 K showed that the samples at all concentrations 
are Pauli paramagnetics (Fig. 1, inset), and the value of 
the magnetic susceptibility is determined exclusively by 
the electron gas. In this case, the values of the magnetic 
susceptibility χ(x) are proportional to the density of 
electronic states at the Fermi level g(εF). We can see that 
in the area of concentrations x=0–0.02 the values of 
magnetic susceptibility χ(x) change insignificantly. This 
indicates slight changes in the concentration of current 
carriers in this range. And only at a concentration x>0.02 
there is a rapid increase in the density of electronic states 
at the Fermi level g(εF), indicating an increase in the 
concentration of free current carriers. The results of 
magnetic studies of Lu1-xScxNiSb are consistent with the 
conclusions of structural studies. The following results 
of the study of kinetic and energy characteristics of 
sensitive elements of thermocouples based on Lu1-

xScxNiSb, x=0–0.10, will identify the mechanisms of 
electrical conductivity and conditions for obtaining 
sensitive elements with high sensitivity and stability in 
the temperature range up to 1000 K. 
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6. Study of Kinetic and Energy Properties 
of Sensitive Elements Based on Lu1-xScxNiSb 

Temperature and concentration dependences of specific 
electrical resistance ρ and thermopower coefficient α of 
sensitive elements of thermocouples based on 
thermometric material Lu1-xScxNiSb are shown in Fig. 2, 
3. As can be seen from Fig. 2a, for all investigated cases, 
the temperature dependences of the resistivity ln(ρ(1/T)) 
are characteristic of semiconductors [8] and are 
described by relation (1): 
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here the first high-temperature term describes the 
activation of current carriers ε1

ρ from the Fermi level εF 
to the level of continuous energy zones, and the second, 
low-temperature term, the hopping conductivity at 
impurity donor states ε3

ρ with energies close to the Fermi 
level εF. In turn, the temperature dependences of the 
thermo-emf coefficient α(1/T) Lu1-xScxNiSb (Fig. 2b) can 
be described by the known expression (2): 
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here γ is a parameter that depends on the nature of the 
scattering mechanism [9]. From high- and low-
temperature activation regions of the α(1/T) LuNiSb 
dependence, the values of activation energies ε1

α=35.3 
meV and ε1

α=1.9 meV were calculated, respectively, 
which are proportional to the amplitude of large-scale 
fluctuations of zones of continuous energies and small-
scale flux [8].  

The presence of high-temperature activation sites 
on the temperature dependences of the resistivity 
ln(ρ(1/T)) for all Lu1-xScxNiSb samples indicates the 
location of the Fermi level εF in the band gap εg of the 

semiconductor, and positive values of the thermopower 
coefficient α(T) specify its position - near the valence 
band εV. The main carriers of electric current are holes. 

The nature of the behavior of the resistivity ρ (x, 
T) Lu1-xScxNiSb at all temperatures (Fig. 3) also 
corresponds to the results of modeling the kinetic 
characteristics under conditions of vacancies at the 
positions of Lu and Ni atoms [1]. If the semiconductor 
simultaneously contains carriers of electric current of 
both types (electrons and holes), then the maximum 
depends on the resistivity ρ (x, T), which shows that the 
concentrations of acceptors and donors are the same. The 
fact that in the range of concentrations x=0–0.04 the 
values of the resistivity ρ (x, T) Lu1-xScxNiSb change 
slightly at all temperatures, indicates a significant 
advantage of the concentration of holes over electrons. 
This is indicated by positive values of the thermopower 
coefficient α (x, T). And only at concentrations x≥0.04 
the values of resistivity begin to increase rapidly. We 
associate this increase in the values of ρ (x, T) Lu1-

xScxNiSb with the appearance of donors, which partially 
compensate for the acceptors, which reduces the 
concentration of free holes, and, as a result, we have an 
increase in the values f electrical resistance. 

The behavior of the thermopower coefficient  
α (x, T) Lu1-xScxNiSb is adequate (Fig. 3). The 
appearance and increase in the concentration of electrons 
are accompanied by an increase in the values of the 
thermopower coefficient. At a concentration of x≈0.07, 
the dependence of the thermopower coefficient α (x, T) 
contains an extremum, and then the values of the ther-
mopower coefficient decrease rapidly at a temperature of 
T=80 K and concentrations at x≈0.1. Electrons are 
already the main current carriers. This is indicated by the 
negative values of the thermopower coefficient α (x, T) 
(Fig. 3). 

 

  
a b 

Fig. 2. Temperature dependences of specific electrical resistance ln(ρ(1/T)) (a) and thermopower coefficient α(1/T) 
(b) of sensitive elements of thermocouples based on thermometric material Lu1-xScxNiSb: 1 – x=0.10; 2 – x=0.07; 3 

– x=0.03; 4 – x=0; 5 – x=0.01; 6 – x=0.02 
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Fig. 3. Change in the values of resistivity ρ( x, T) (1) and the thermopower coefficient α (x, T) (2) 
Lu1-xScxNiSb at different temperatures 

 
We can state that the substitution of Lu atoms by 

Sc atoms in Lu1-xScxNiSb generates structural defects of 
neutral nature, and the occupation of vacancies by Sc 
atoms simultaneously eliminates the structural defect of 
acceptor nature and when Sc atoms are filled, the 
structural defect of acceptor nature and the correspon-
ding acceptor zone εA

1 are eliminated and a structural 
defect is formed. donor zone εD

1. 
The analysis of energy characteristics of Lu1-

xScxNiSb turned out to be interesting. It is known that in 
p-LuNiSb the Fermi level εF is located at a distance of 
10.2 meV from the edge of the valence band εV, and the 
amplitude of modulation of the zones of continuous 
energies is ε1

α=35.3 meV (Fig. 4). High values of the 
activation energy ε1

α indicate the presence of a 
significant number of uncontrolled donors in p-LuNiSb, 
and the position of the Fermi level εF is determined by 
the ratio of the concentrations of ionized acceptors and 
donors. And if the nature of the acceptors is related to 
the presence of structural defects of p-LuNiSb in the 
form of vacancies in positions 4a and 4c, the origin of 
the donors is related to the purity of the source 
components and the technology of obtaining materials. 

Analysis of the behavior of ε1
ρ(x) Lu1-xScxNiSb 

shows (Fig. 4) that at the concentration range x=0–0.07 
the change in the activation energy values ε1

ρ(x) is 
almost linear, and the velocity of the Fermi level εF from 
the valence band εV is constant and is ΔεF/Δx=4.9 meV 
/% Sc. At a concentration, x≥0.07, the angle of 
inclination of the dependence ε1

ρ(x) increases, which 
indicates an increase in the velocity of the Fermi level εF 

from the valence band to the values of ΔεF/Δx=11.2 meV 
/% Sc. The presence of a difference in the velocities of 
the Fermi level εF from the valence band εV to the middle 
of the band gap Lu1-xScxNiSb indicates different rates of 
generation of acceptors and donors. Thus, at the 
concentration x≥0.07 the concentration of donors 
increases ~2 times faster than at the site x=0–0.07. And 
this is caused by various changes in the crystal structure 
of Lu1-xScxNiSb depending on the concentration of Sc 
atoms. 

 

 
 

Fig. 4. Change in the values of activation energies  

1
ρε (x) (1) and 1

αε (x) (2) Lu1-xScxNiSb 
 
Thus, the results of experimental studies of 

sensitive elements of temperature transducers based on 
Lu1-xScxNiSb material completely coincide with the 
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results of modeling their kinetic characteristics under the 
presence of vacancies in the crystallographic positions 
4a and 4c of Lu and Ni atoms, respectively [1]. 
Experimental studies of the electrokinetic, energy and 
magnetic properties of Lu1-xScxNiSb have revealed 
different rates of generation of structural defects of 
acceptor and donor nature at different concentrations, 
which is due to different mechanisms of Sc atoms 
entering the semiconductor matrix. The obtained results 
allow to specify the spatial arrangement of atoms in the 
nodes of the unit cell, as well as to identify the 
mechanisms of electrical conductivity to determine the 
conditions for the synthesis of thermosensitive materials 
with maximum efficiency of thermal energy conversion 
into electricity. 

7. Modeling of Function of Transformation 
of Sensitive Elements on Basis of Thermometric 
Material Lu1-xScxNiSb 

Simulation of the conversion functions of the sensitive 
elements of the resistance thermometer and 
thermoelectric transducer in the temperature range 4.2–
1000 K was performed using the Full Potential 
Linearized Augmented Plane Waves method using the 
Elk software package [8]. The results of experimental 
measurements served as reference currents in modeling 
the characteristics. 
In fig. 5, as an example, the conversion functions of the 
sensitive element of the resistance thermometer based on 
the thermometric material Lu0.99Sc0.01NiSb and the 
thermoelectric pair Pt- Lu0.99Sc0.01NiSb are given. We 
can see that the obtained sensitive elements of thermo-
couples based on the latest thermometric materials have 
a high sensitivity. The ratio of the change in the values 
of the thermopower coefficient to the range of tem-
perature measurements in thermocouples is greater than 
all known industrial thermocouples. In addition, the 

temperature coefficient of resistance (TCR) of the 
obtained resistance thermometers is higher than the TCR 
of metals but is inferior to the value of TCR of sensitive 
elements made of traditional semiconductors. At the 
same time, none of the known resistance thermometers 
based on traditional semiconductors provides stable 
characteristics at temperatures of 4.2 ÷ 1000 K. 

8. Conclusions 

Studies of structural, kinetic, energy, and magnetic 
properties of sensitive elements of thermotransducers 
based on the thermometric material Lu1-xScxNiSb, x=0–
0.10,  showed that the results of the experiment and 
modeling of characteristics are consistent [1]. The 
relationship between the spatial arrangement of atoms in 
the nodes of the unit cell (crystal structure) and the me-
chanisms of electrical conductivity of the thermometric 
material Lu1-xScxNiSb, x=0–0.10. This allows us to 
determine the conditions of thermometric materials 
synthesis with the maximum efficiency of conversion of 
thermal into electrical energy. The regularities of the 
transformation functions of the sensitive element of the 
resistance thermometer based on the thermometric 
material Lu0.99Sc0.01NiSb and the thermoelectric pair Pt-
Lu0.99Sc0.01NiSb are established. 
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Fig. 5. Thermometric characteristics of resistance (a) and thermoelectric (b) thermometers based  
on thermometric material Lu0.99Sc0.01NiSb 
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