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o The structural, energy state, electrokinetic and magnetic characteristics of the n-ZrNiSn intermetallic
semiconductor heavily doped with Bi were investigated. It was shown that the obtained ZrNiSn ,Bi,
thermoelectric material has high efficiency of thermal into electrical energy conversion in the
T =80+ 400 K temperature range.

Introduction

Growing interest in the undoped and doped intermetallic semiconductors of MgAgAs (ZrNiSn,
TiNiSn, HfNiSn, TiCoSb) structural type is due to equally high values of their electrical conductivity
(o) and the Seebeck coefficient (o) which, in turn, assures high efficiency of thermal into electrical
energy conversion and makes these semiconductors the best studied new thermoelectric materials
[1-5]. In the proposed work which contributes to further research on the effect of heavy doping
(N4 Np~ 10" + 10" cm™) of this class of semiconductors on their structural, energy state,
electrophysical and magnetic properties, conditions for the origination of maximum thermoelectric
power factor Z* (Z* = a’-c) in n-ZrNiSn on doping with Bi donor impurity have been determined.
Analysis has been performed on the peculiarities of change in crystalline and electronic structures,
the temperature dependences of electrical resistivity, the Seebeck coefficient and magnetic
susceptibility (y) of ZrNiSn,_Bi, semiconductor solid solution in the range of Bi impurity
concentrations that corresponds to x =0+ 0.10 compositions. Techniques for the fabrication of
samples, structural studies, band structure calculation, kinetic and magnetic characteristics are
described in [4].

Research on ZrNiSn,,Biy crystalline structure

For a precision specification of ZrNiSn,_Bi, unit cell periods and determination of crystallographic
parameters: atom coordinates, thermal parameters, occupancy of crystallographic positions, we used data
sets obtained both by powder methods on automatic diffractometer Guinier-Huber image plate system
(CuKa,; 8°<260<100) subject to the existence of Ge reference (ag.=0.565791 nm) and by single-
crystal methods (Enraf-Nonius CAD-4 diffractometer, MoK -radiation). All calculations relating to
crystalline structure interpretation and specification were made with the use of WinCSD program
package [6]. The phase and chemical composition of samples was controlled via electron microscopy
and microprobe analysis (JEOL-840A scanning electron microscope).
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The X-ray phase and structural analyses have shown that the investigated ZrNiSn,..Bi, samples are
single-phase (MgAgds structural type, ( F 43m ) space group): the X-ray diffraction patterns lack reflections
that might be identified with uncontrolled phases, and ZrNiSn,_.Bi, crystalline structure is an ordered one.
The picture of ZrNiSn, .Bi, sample surface points to the homogeneity of obtained samples (Fig. 1). The
results of research on a change in Sn atoms concentration are the experimental evidence of the fact that in
ZrNiSn,_Bi, there is a monotonous and forecasted substitution of Sn atoms by Bi atoms (Fig. 2).
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Fig. 1. ZrNiSn; .Bi, surface Fig. 2. Change in the values of Sn atoms concentration in
(magnification x 1320). ZrNiSn;_.Bi,.

Our previous investigations have shown that n-ZrNiSn crystalline structure is a disordered one
[7], which is due to partial occupancy of smaller-size Ni atoms (7y;= 0.124 nm) of the crystallographic
position of Zr atoms (rz = 0.160 nm). In work [4] it is shown that with the introduction into ZrNiSn
compound structure of weak concentrations of large-size atoms, for instance, rare-earth metals by the
substitution of Zr or In atoms, and Sh by the substitution of Sn atoms, the impurity atoms have a
different effect on the degree of order and stability of semiconductor crystalline structure. Without
getting into details that can be found in [4], note that with the substitution of weak concentrations of
Sn atoms by In and Sbh atoms, there was no ordering of semiconductor crystalline structure.

On introducing into ZrNiSn compound structure of Bi impurity atoms by the substitution of Sn
atoms, one could expect a monotonous increase of unit cell parameter values in ZrNiSn, . Bi,.
However, as we can see from Fig. 3 a, introduction into ZrNiSn compound structure of least attainable
concentrations of Bi atoms (x = 0.005) leads to a drastic decrease of unit cell parameter values. This
result, at first glance, is not logical, because the atomic radius of Bi (rz = 0.170 nm) is larger than that
of Sn (75, = 0.158 nm) that must be attended with increase in a(x) values. This, in turn, allows casting
doubt upon the order of crystalline structure of ZrNiSng 99sBio 005 Sample. At Bi impurity concentrations
corresponding to ZrNiSn;_Bi, compositions x > 0.005, the values of a(x) increase in a predicted
manner, and the order of semiconductor crystalline structure is beyond question

With regard to the fact that Zr, Sn and Bi elements have close values of atomic radii, a
hypothetical occupation by Bi atoms of Zr and/or Ni crystallographic positions would lead to increase
of ZrNiSn,_,Bi, a(x) values, but at no event to their reduction. The established reduction of a(x) values
for ZrNiSny ¢95Bio 005 sample is possible only with occupation by smallest-size Ni atoms of Zr and/or Sn
crystallographic positions. In both cases, such a substitution would generate in a crystal the donor-
nature structural defects differing from such at the substitution of Sz atoms by Bi. In that event, on the
temperature dependences of ZrNiSn,_.Bi, kinetic coefficients we have the right to expect their
manifestation in the form of several activation regions as a result of activation of electrons from two
different impurity levels into semiconductor conduction band. Looking ahead, we should note that this
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assumption has found its empirical support.

Crystal-chemical analysis has also shown that Ni-Sn(Bi), Zr-Sn(Bi) and Ni-Zr interatomic
distances are smaller than the sum of respective atomic radii (Fig. 3 ). However, this change as
regards an undoped compound is minor. This is due to the fact that the dominating factor governing Bi
solubility in ZrNiSn is the difference in the electronic structure of Sn and Bi atoms, namely in the
configuration of external electronic levels. Bi atoms, unlike Sn atoms, are not characterized by sp’
hybridization, and valence IV is apparent in compounds with a big difference in electronegativities.
That is why the substitution of Sn by Bi leads to MgAgAs type structure destruction, and the solubility
itself will be very slight. With regard to semiconductor properties of ZrNiSn compound, the
substitution of Sn (5s5°5p”) atoms by Bi (6s°6p’) atoms is attended with generation of donor-nature
structural defects and metallization of ZrNiSn, .Bi, conductivity.
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Fig. 3. Change in the values of unit cell parameter a(x) (a) and relative reduction of interatomic
distances d(x) (b) in the ZrNiSn, .Bi, crystalline structure.

As long as Bi atoms occupy the same crystallographic position, this enables to dope a
semiconductor with high precision and to obtain ZrNiSn, .Bi, material with the preassigned
characteristics within the concentration range of x = 0 + 0.10. Hence, merely on the basis of structural
study, we can forecast the reproducibility and stability of ZrNiSn,..Bi, solid solution properties, which
will enable control over the basic physical regularities of transform functions of n-ZrNiSn-based
thermoelectric materials.

Research on ZrNiSn,.Biy density of states distribution

To forecast the Fermi level behaviour, the electrical conductivity, the Seebeck coefficient and
magnetic susceptibility values on doping of n-ZrNiSn intermetallic semiconductor with Bi impurity,
the electron density distribution was calculated (Korringa-Kohn-Rostocker method in the coherent
potential and local density approximations). Taking into account that doping of n-ZrNiSn with
Bi impurity puts in order the crystalline structure, calculations were made for the case of ordered
ZrNiSn,_Bi, crystalline structure. Fig. 4 shows the results of calculations of the electron density
distribution in ZrNiSn,_.Bi, for Bi atoms concentration: x = 0, x = 0.005, x = 0.05, x = 0.10.

The substitution of Sk by Bi atoms does not change the observed form of electron density
distribution in conformity with strong hybridization between all the elements. Doping of n-ZrNiSn
with Bi donor impurity is attended with the Fermi level drift (g) towards the conduction band. Under
certain concentrations of Bi atoms, the Fermi level will intersect the bottom of conduction band and
enter the band of continuous energies, i.e. there will take place dielectric-metal transition in the
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conductivity (Anderson transition) [8]. Accordingly, the Seebeck coefficient values of ZrNiSn, .Bi,
will not change their sign, and the electrons will remain the majority carriers. In this context, it should
be noted that intersection by the Fermi level of ZrNiSn, ,Bi, conduction band at certain concentration
of Bi atoms must be attended with the fulfillment of the condition of getting maximum values of
thermoelectric power factor Z* [5]. It makes this material a promising thermoelectric with a high
efficiency of thermal into electric energy conversion. The experiment must also include a reduction of
activation energy values from the Fermi level to the conduction band mobility edge on drawing of the
Fermi level near the bottom of the conduction band.
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Fig. 4. Density of states distribution in ZrNiSn, .Bi,.

The experimental results of research on the field and concentration dependences of ZrNiSn, ,Bi,
magnetic susceptibility (y) prove the above reasoning concerning a change in semiconductor electronic
state. The intermetallic semiconductor »n-ZrNiSn is known to be a weak diamagnetic
(x =—0.07-10"° cm’/g). The introduction of small concentrations of Bi atoms is attended with a change
in magnetic state from a weak diamagnetic to a Pauli paramagnetic (Fig.5). In such a case the
magnetic susceptibility of ZrNiSn,..Bi, will be determined by the magnetic susceptibility of majority
carriers, notably their concentration (n) (for a Pauli paramagnetic the value y ~ n). With regard to the
fact that Bi atoms occupying the crystallographic position of Sz atoms generate donor-nature defects in
crystal, which will lead to increased concentration of free electrons, the magnetic susceptibility values
must change in a similar way. Fig. 5 represents a plot of y(x) based on the results of ZrNiSn, .Bi,
experimental investigations at 7= 300 K and the magnetic field susceptibility H= 0.5 T, as well as a
theoretical calculation of a change in density of states values on the Fermi level. We can see that such
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dependences are similar. This and other experimental results have proved that our model of change in
ZrNiSn,_Bi, crystalline structure and the results of calculation of the electron density distribution
adequately reflect physical processes in the substance.
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Fig. 5. Change in the values of magnetic susceptibility (y) (experiment) and density of states
at Fermi level (DOSeg) in ZrNiSn . Bi,.

Thus, the above investigations of ZrNiSn, .Bi, crystalline and electronic structures have shown
that doping of n-ZrNiSn with Bi impurity enables a forecast of getting thermoelectric materials with
the preassigned properties, control over their characteristics, and ZrNiSn, Bi, can be a promising
thermoelectric material with stable parameters and practically appealing.

Research on ZrNiSn,_,Biy electrokinetic properties

Fig. 6 shows the temperature dependences of the electric resistivity and the Seebeck coefficient
of ZrNiSn,_.Bi,. It can be seen that a change in the electrical resistivity values for n-ZrNiSn is typical
for doped semiconductors with the available high- and low-temperature activation regions. Thus, in
the undoped n-ZrNiSn semiconductor the Fermi level (gr) is located in the energy gap at the distance
of 28.9 meV from the conduction band percolation level [4]. In that case, with a rise in temperature,
under the energies larger or commensurate with the Fermi level depth of occurrence, there will be a
transition of electrons from the impurity donor level to the edge of conduction band. Exactly this fact
provides for the existence of high-temperature activation region on the temperature dependence
Inp(1/T) of n-ZrNiSn (Fig. 6 a) [4]. At the same time, the availability of a low-temperature activation
region testifies to the existence of a hopping mechanism of charge transfer along the localized states of
impurity donor level [8]. The Fermi levels intersection and the conduction band percolation is
followed by a considerable reduction of ZrNiSn,.Bi, electrical resistivity values (Fig. 7 a) due to
increased concentration of free electrons, for instance, at 80K, from the values of
p(x =0)=129.1 uOhm-'m to the values of p(x = 0.01) = 22.49 uOhm-m.

The introduction of least attainable in the experiment concentration of Bi donor impurity that
corresponds to ZrNiSn, .Bi, (x = 0.005) composition is followed by a drastic change in the behaviour
of Inp(1/T) dependence (Fig. 1 @) where three regions are clearly seen, testifying to a change of energy
levels in the energy gap of such a semiconductor. Thus, at low temperatures the activation region is
created as a result of electron throw from a shallow donor level (zone) with the depth of occurrence
€;”=1.3 meV. Then, at the intermediate temperatures, on the Inp(1/7) dependence one can see a
plateau with a small minimum, testifying to depletion of a shallow donor level (zone), namely all
carriers from this level (zone) have passed to conduction band. At high temperatures, the activation
region appears due to electrons transition from a different impurity donor level with the depth of
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occurrence €, = 11.5 meV. At Bi concentration that corresponds to ZrNiSn; .Bi, x > 0.01 compositions
the activation regions disappear, the conductivity acquires a metallic character, indicating to
intersection by the Fermi level of conduction band bottom, i.e. dielectric-metal transition in the
conductivity is realized which is foreseen by DOS calculations in ZrNiSn,_,Bi,.
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Fig. 6. Temperature dependences of electrical resistivity (a) and the Seebeck coefficient (b) in ZrNiSn, .Bi,.

Thus, based on the above experimental results of the temperature dependence of
ZrNiSng 995Big 05 €lectrical resistivity Inp(1/7), two activation regions were revealed as a result of
activation of electrons from the two different impurity levels. This assumption looks logical, if we
remember the results of structural analysis of ZrNiSng e9sBio 005 samples that have two different donor-
nature structural defects. We think that this structural phenomenon became apparent on the
temperature dependences of ZrNiSng 995Biy 005 €lectrical resistivity Inp(1/7).
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Fig. 7. Concentration dependences of electrical resistivity (a) and the Seeebeck coefficient (b) in ZrNiSn, .Bi,.

The fact that Bi impurity served as a donor is experimentally validated by the negative sign of
ZrNiSn,_,Bi, Seebeck coefficient (Fig. 6 b, 7 b) over the entire investigated concentration range. In
turn, conduction metallization will lead to a reduction of ZrNiSn,_.Bi, Seebeck coefficient values. It is
conceivable that in the region of Bi donor impurity concentration, x > 0.01, which, on the one hand,
will assure high electric conductivity values, and on the other hand, the Seebeck coefficient values will
be still relatively high, the thermoelectric power factor of ZrNiSn, .Bi, will have an extreme point.
From the high-temperature areas of ZrNiSn, Bi, o(1/T) dependences (Fig. 6 b) we calculated the
values of large-scale fluctuation amplitude of continuous energy bands (g,*) and averaged amplitude of
small-scale fluctuation potential well (g3%) (Fig. 8). The behaviour of change in &,“ and &;* values is
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predictable. Indeed, the introduction of a donor impurity into an n-type semiconductor is followed by a
decrease in semiconductor compensation degree [4] and, as a consequence, the fluctuation amplitude
is reduced. Moreover, a correlation that has been also observed above takes place between the values
of large-scale fluctuation amplitude and the depth of potential well of small-scale fluctuation: the
smaller is fluctuation amplitude, the smaller is potential well of small-scale fluctuation.
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Fig. 8. Change in activation energy values £,°(x) and €;"(x) in ZrNiSn,_Bi,.

Thus, control over the thermoelectric characteristics of n-ZrNiSn by doping with Bi donor
impurity is followed by a reduction of semiconductor compensation degree, the Fermi level drift towards
the conduction band percolation level, realization of dielectric-metal transition in the conductivity.

Research on ZrNiSn,.Bi, thermoelectric power factor

In work [5] it was established that a condition for origination of maximum values of
thermoelectric power factor Z* in the intermetallic semiconductors is fixation of the Fermi level by the
mobility threshold of one of continuous energy bands. Taking into account that n-ZrNiSn is a
semiconductor of electron conductivity we can assume that such a situation will be realized by
introducing into the semiconductor of a small concentration of Bi donor impurity. Fig. 9 represents the
concentration Z*(x) and temperature Z*(T) dependences of ZrNiSn, ,Bi, thermoelectric power factor.
The above assumption that in the region of intersection of the Fermi levels and percolation of
ZrNiSn,_,Bi, conduction bands there will be extreme points on the dependences of thermoelectric
power factor has been verified. Therefore, the obtained ZrNiSn, .Bi, semiconductor solid solution
outperforms n-ZrNiSn considerably and is a promising thermoelectric material.
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Fig. 9. Concentration (a) and temperature (b) dependences of thermoelectric power factor Z* in ZrNiSn,; ,.Bi,.
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Conclusions

Thus, as a result of integrated research on the crystalline structure, energy spectrum,

electrokinetic and magnetic properties of n-ZrNiSn intermetallic semiconductor heavily doped with

donor impurity Bi, we have managed to predict and obtain a new promising thermoelectric material

ZrNiSn,_Bi, which outperforms n-ZrNiSn considerably.

The work was performed in the framework of grants of the National Academy of Sciences of

Ukraine (Ne 0106U000594) and Ministry of Education and Science, Youth and Sports of Ukraine
(Ne DR 0111U001088).
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