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Structural, electrokinetic and energy state characteritics of the Zry,V,NiSn semiconductive solid solution
(x =0-0.10) were investigated in the temperature interval 80 — 400 K. It was shown that doping of the ZrNiSn
compound by V atoms (ry=0.134 nm) due to subgtitution of Zr (rz = 0.160 nm) results in increase of lattice
parameter a(x) of Zr1.,V,NiSn indicating unforecast strucrural change. Based on analysis of the motion rate of the
Fermi level Aee/Ax for Zri,V,NiSn in direction of the conduction band it was concluded about simultaneous
generation of the structural defects of the donor and acceptor nature (donor-acceptor pairs) by unknown
mechanism and creation of the corresponding energy levelsin the band gap of the semiconductor.
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I ntr oduction

The importance of the study of e ectroconductivity
mechanism of the thermoelectric materias based on the
n-ZrNiSn, n-HfNiSh  and n-TiNiSh intermetallic
semiconductors is due to the fact that thermoelectric
materials based on the above-mentioned semiconductors
have high efficiency of conversion of thermal energy into
electric, and optimization of their characteristics is
carried out by appropriate doping [1, 2].

The crystal dructure of the intermetallic
semiconductors was studied earlier. However, an
andysis of the research results of the semiconductive
solid solutions based on half-Heuder phases showed the
difference (of severa orders) between experimental
measurements, for example, dectrica resigtivity and
thermopower coefficient values and modding of these
characteristics by calculation of eectronic structure. It's
worth to note, that the basis of the calculation of the
electronic dructure by any method is the correct
construction of the Wigner-Seitz cell in reciprocal space,
which is the first Brillouin zone [1]. In other words, the
degree of accordance of crystal structure model to real
distribution of the atoms in the sites of the unit cell (or
their absence - vacancies) determines the degree of
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accordance of the semiconductor's characteristics,
obtained by modeing, to the results of experimental
measurements.

What is the reason of such unpredictability and
discrepancy?

Analysis of the Zr-Ni-Sn phase diagram in Ref. [3]
showed a coexistence of the two related compounds,
namely ZrNiSn (half-Heusler phase, space group F43m)
and ZrNi,Sn (Heusler phase, space group Fm3m) [4].
Absence of center of symmetry in ZrNiSn is caused by
covalent bonds between atoms, which results in the
semiconductor properties, and forms in the unit cell the
volume, not occupied by atoms (tetrahedral voids) (Fig.
1a), which is ~ 24 % of the total. The term “relation”
means the following. If to assume, that these voids are
occupied by smaller Ni atoms and to consider void as a
vacancy (Vac) in 4d position of Heuder phase, then the
filling of 4d position by Ni atoms results in change of
symmetry and realization of the ZrNi,Snh compound at
certain Ni concentration (Fig. 1, b).

The complex investigation of crystal and eectronic
structures, thermodynamic, electrokinetic and energy
dstate characteristics of ZrNi;«RhSn semiconductive
solid solution showed complicate change in the crystal
and dectronic structures [5, 6] caused by simultaneous
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Fig. 1. Transformation of crystal structure of ZrNiSn (a) compound into ZrNi,Sn (b) due to accumulation of
additional Ni atoms in tetrahedral voids of structure (occupation of vacancies by Ni atoms).

generation of the structural defects of acceptor and donor
nature. It was shown an energy advantage of occupation
4c position of Ni (3d®4s?) atoms by Rh (4d®5s") atoms
which generates the structural defects of acceptor nature
(Ni has more s-electrons) and creates an impurity
acceptor band £, in the band gap. At the sametime, part
of the replaced Ni atoms is accumulated in tetrahedral
voids (vacancies), generating the structural defects of
donor nature, and in the band gap the deep donor band
€p° appears.

According to previous studies it was established that
structure of the basic ZrNiSn compound is disordered as
aresult of partia, up to ~1 % (z= 0.01), occupation of 4a
position of Zr (4d°55%) atoms by Ni (3d°4s?) atoms,
which generates the structural defects of donor nature
and corresponding donor band g (Ni has more
d-electrons). Formula of the compound can be written as
(Zri NiNiSn [3].

Recent investigations of TiNiSn.Ga, [7] and
ZrNiSn;.,Gay, [8] semiconductive solid solutions revealed
an earlier unknown mechanism of generation of the
structural defects of donor nature which suggests the
appearance of vacancies in 4b position of Sn atoms. It
was established that in the case of doping of n-TiNiSh
and n-ZrNiSn by Ga (4s5’4p*) atoms due to substitution of
Sn (58°5p%) in the same crystallographic position 4b the
defects of acceptor nature (Ga has less p-electrons than
Sn) and donor nature (vacancies in position of Sn atoms)
are generated. The concentration of the defects increases
with Ga content, and semiconductors become heavily
doped and highly compensated (HDHCYS) [9]. At fira
sight, such unexpected result islogical, since the stability
of structure and the principle of electroneutrality for the
crystals of TiNiSn;..Ga, and ZrNiSn;.,Ga, in the case of
significant number of acceptors (NA%*~ 3:10% cm™®) are
provided by the generation of structural defects of donor
nature, the effective charge of which is the opposite. In
this case, the formulas of the solid solutions can be
written as TiNiSny..,Ga, and ZrNiSn,.,.,Ga,, wherey is
the concentration of vacancies in 4b position of Sn
atoms.

In this context, the question arises why in case of
doping of ZrNiSh compound by Rh atoms
(rrn = 0.134 nm) the part of the smalest size Ni atoms
(ryi =0.2124nm)  occupies  the tetrahedral  voids
generating donors, and in case of doping by Ga atoms
(rca= 0.141 nm) this mechanism is not identified? What
factor, dimensional, charge or other determines the
method of generation of dructura defects in
semiconductive solid solutions based on half-Heuder
phases, forming the electronic structure and electrica
conduction mechanisms?

The search of answer for these questions the first
experimental stage of the study of generation
mechanisms for structural defects in n-ZrNiSn doped by
V atoms (ry =0.134 nm) due to substitution of Zr is
devoted to. Since V (3d*4s”) atom has one d-electron
more than Zr, the structural defects of donor nature
should be generated in Zr,VNiSn, and corresponding
impurity donor level would have appear in the band gap.
It worth to note that atomic radii of Rh and V are the
same, but the way of their introduction in the structure of
the compound is different.

|. Experimental

The samples of the Zr,,VNiSh solid solution were
synthesized by direct arc-melting of the congituent
elements (content of the basic component not lower than
99.9wt. %) in é€ectric arc-furnace under inert
atmosphere. The pieces of the alloys were homogenized
in evacuated silica tubes at 1073 K for 720 h and
subsequently quenched in ice water. Phase analysis was
performed using X-ray powder diffraction of the
synthesized samples (diffractometer DRON-4.0 with
FeK, radiation). The calculation of the crystallographic
parameters was performed using the Fullprof program
package [10]. Chemical and phase compositions of the
samples were examined by eectron microprobe analysis
(EPMA) (scanning electron microscope REMMA 102-
02). Temperature and concentration dependences of the
electrical resigtivity (p) and thermopower coefficient («)
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(copper as a reference material) of the Zry,V,NiSh
samples were measured in the temperature range
T=80-400K and concentration interval
Np’ =~ 3.8:10" cm™ (x = 0.005) + 1.9-10* cm?®
(x = 0.10).

[I. Study of crystallographic
characteristics of Zr,,V,NiSn

X-ray phase and structural analyses showed that the
prepared Zr,VNiSh samples were single phases, and
the powder patterns were indexed with cubic MgAgAs
structure type (space group F-43m) [4]. Mictrostructure
andysis of the atomic concentration on the surface of the
ZrNiy«RhSn samples indicated their accordance to
initial compositions of the ingots. Since the atomic radius
of V (ry=0134nm) is smaller than that of Zr
(rz- = 0.160 nm), it was expected to decrease the values
of lattice parameter a(x) for ZrVNiSn. However, the
results of structural studies for Zry.,VNiSh showed a
clear tendency to increase of a(x) (Fig. 2) a least to
values of x = 0.07.
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Fig. 2. Variation of lattice parameter a(x) for
Zri,VyNiSn

Such behavior of the lattice parameter a(x) of
ZriV,NiSn was unexpected, and the refinement of
crystal structure due to the insignificant content of
impurity which concentration is far beyond the precision
of device did not give definit answer to the way of
introduction of V atoms into the ZrNiSn structure. This
experimental result is the first important feature that in
the structure of ZriV.NiSh semiconductor there are
unpredictable changes which will be the source of
structural defects that will determine its properties. The
fact that the lattice parameter did not change in the
concentration interval x =0.07 - 0.10 may indicate the
limited solubility of V in the semiconductor matrix,
which can be caused by the appearance of small amount
of metallic phase which we did not identify.

The growth of a(x) dependence of Zri.VNiSh is
possible, for example, due to unexpected occupation of
the crystallographic position 4c of the smaller Ni atoms
(rni = 0.2124 nm)by V atoms. In this case, the structura
defects of acceptor nature will be generated in the
crystallographic position 4c, because Ni (3d°4s?) has
more 3d-dectrons than V (3d*4s%). On the other hand, in
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the case of occupation of tetrahedral voids by replaced Ni
atoms similarly to ZrNiyRhSn [5, 6], the structural
defects of donor nature are adso generated in the
Zry,V,NiSn crystal. Asaresult, the obtained Zry.,VNiSn
samples will be HDHCS[9].

[11.Study of electrokinetic and ener gy
state characteristics of Zr1,V4NiSn

The temperature and concentration dependences of
electrical resigtivity p and thermopower coefficient o for
Zri1VNiSn are shown in Figs. 3, 4.

The dependences Inp(L/T) and a(U/T) for Zr1,V,NiSn
(Fig. 3) are typica for heavily doped and highly
compensated semiconductors [9], and presence of
activation regions indicates several mechanisms of
charge transport. These mechanisms are the activation of
current carriers from the Fermi level & to continuous
energy band (high temperatures) and hopping
conductivity within the energy states close to Fermi level
er (low temperatures). The dependences of Inp(1/T) for
Zr14VNiSn are described by known relation [9]:
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where the first term describes an activation of current
carriers from the Fermi level ¢ to continuous energy
band a high temperatures and second term at low
temperatures — hopping conductivity &3’

The temperature dependences of thermopower
coefficient a(UT) for Zr;4V,NiSn are described by
relation [11]:

o 0
él— - g+17
kgT 2
where y — parameter which depends on the scattering
mechanism. From the high temperature part of a(1/T)
dependences the activation energy values ¢, which are
proportional to amplitude of high-scale fluctuation of the
continuous energy bands were calculated. From the low
temperature part of the a(1/T) dependences the activation
energy values 3" which are proportional to amplitude of
the small-scale fluctuation HDHCS [1, 9] were obtained.

From the high-temperature part of the Inp(U/T)
dependence for undoped n-ZrNiSn semiconductor (Fig.
3, @) the values of activation energy of eectrons from
donor band ep* to the percolation level of conduction
band were calculated: ¢” = 97.6 meV. The activation of
electrons to the conduction band was confirmed by
negative values of the thermopower coefficient of n-
ZrNiSn at all temperatures. Since the Fermi level & is
fixed at the donor band ep', the calculated activation
energy value of dectronse;” represents the location depth
of the Fermi leved & relatively to the edge of the
conduction band. Obtained result agrees with previoudy
one [1]. The presence of low-temperature activation on
dependence of Inp(/T) indicated the existence of the
hopping conductivity over the energy states of donor
band ep' with activation energy &f =11.9meV.
Additionaly, from high- and low-temperatures parts of
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Fig. 3. Temperature dependences of e ectrical resistivity Inp(1/T) (1) and thermopower coefficient a(1/T) (2) for
n-ZrNiSn (a) and Inp(U/T) (b) and a(U/T) (c) for Zr1VxNiSn: 1 —x = 0.01; 2 —x = 0.03; 3—x = 0.05;
4-x=0.07;,5-x=0.10.
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Fig. 4. Variation of electrical resistivity values p(x) (a) and thermopower coefficient a(x) (b) for ZryV«NiSn
at different temperatures. 1 - 7=80K;2-T=250K; 1 -T=380 K.

o(UT) dependence the activation energy values
£1"=83.8meV and &” =115 meV, respectively, were
determined. Since the value of activation energy &
represents the modulation amplitude of continues energy
band of n-ZrNiSn [1,9], the close values of ¢,* and /" are
a feature of high compensation of the semiconductor.

Doping of ZrNiSn compound by V impurity atoms
results in the change of behavior of Inp(L/T) and a(1/7)
dependences and the values of electrical resigtivity and
thermopower  coefficient (Fig. 3,4). Since the
substitution of Zr atoms by V would have generate in the
Zr1,V,NiSn crystal the structural defects of donor nature,
an increase of the concentration of free electrons should
lead to the decrease of the electrical resistivity values
p(x,7), asit's shown in Fig. 4, a. At the same time, the
sign of thermopower coefficient a(x,7) for Zr.VNiSn
remains negative at all concentrations and temperatures
(Fig. 4, b).

As it was noted above, the ZrNiSh dructure is
disordered due to the partial occupation of 4a position of
Zr atoms by Ni atoms which generates the structural
defects of donor nature. Studies of the crystal structure of
semiconductive solid solutions, in particular Zr,,RNiSn
(R — rare earth atoms), ZrNi;,M,Sh, where M = Cr, Mn,
Fe, Co, Ni, Cu, Rh, Ru, etc, [1], showed that a
concentration x~0.01 all Ni atoms are displaced from 4a

36

position. As result, the structure becomes ordered, and
the defects of donor nature are “hedled”. Thus, in the
case of ZryVNiSn within concentration range x=0-
0.01 dynamic variation of the ratio of donors and
acceptors (compensation degree) takes place, which is
caused by:

- increase of the eectron concentration due to
appearance of the impurity donor band ep? and increase
of the donor number due to substitution of the Zr atoms
by V atoms;

- decrease of the eectron concentration caused by
disappearance of the impurity donor band ep® due to
ordering of Zri,V,NiSn sructure as a result of
displacement of the Ni atoms from 4a position of Zr
atoms (“healing” of the defects of donor nature).

At higher V concentration (x> 0.01) only the
structural defects of donor nature should be generated in
the semiconductor, that will result in enlarge of the
electron concentration and decrease of the eectrical
resistivity values as shown in Fig. 3, aand 4, a

The presence of high-temperature activation parts in
the Inp(L/T) dependences of Zr,,VNiSn even at “giant”
concentration of the donor impurity (Np'~1.9-10* cm®
for x=0.10) (Fig. 3,b) and negative values of the
thermopower coefficient o(x,7) indicate that the Fermi
level e islocated in the band gap near the bottom of the
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conduction band. This experimental fact is the second
feature that in the semiconductor Zr;V«NiSn, besides
donors, the defects of acceptor nature appear by
unknown mechanism and compensate the donors (catch
free electrons increasing their concentration). As a result
the movement of Fermi level ¢ to the conduction band
becomes slower.

It's worth to remind that the doping of n-ZrNiSn, for
example, by donor impurity Sb (4d'°5s’5p%) due to
substitution of Sn (4d'°55°5p%) leads to rapid drift of the
Fermi level ¢ to the bottom of the conduction band and
crossing of this band at the concentration Sb x = 0.02,
which was accompanied by metallization of the
conductivity of ZrNiSn;,Sby [1]. In the case of
ZriVi\NiSn  the metalization of conductivity
(disappearance of activation part in Inp(1/T) dependence)
was not observed at al temperatures and concentrations.

On the other hand, the presence of high-temperature
activation parts in Inp(1/T) dependence of Zry,VNiSh
(Fig. 3,b) dlows to calculate the values of activation
energy of dectrons ¢/”(x) from the Fermi levd &r to the
mobility edge of the conduction band and to trace
dynamics of the Fermi level position & in the band gap
of the semiconductor. From the activation parts of a(1/7)
dependences we can obtain information concerning with
the change of compensation degree for Zr,V,NiSn by
calculation of activation energy values ¢, which are
proportional to the amplitude of large-scale fluctuation of
continuous energy bandsin HDHCS.

The variation of activation energy values ¢,°(x) and
&1%(x) for Zri,V,NiSn is presented in Fig. 5. At the
lowest impurity concentration of Zr;V,NiSn, x =0.01,
the  Fermi levl &  with motion rate
AeelAx =~ 77.8 meV/%V  rapidly  approached  the
percolation level of conduction band at the distance of
19.8 meV, while in n-ZrNiSn it was located at the
distance of 97.6 meV. And this despite the fact that in
this concentration range there was a decrease of the
electron concentration due to the disappearance of
impurity donor band ep' caused by ordering of Zry.
WV, NiSn sructure, which would have to dow down the
Fermi level €F in the direction of conduction band. With
the same rate the Fermi level ¢ moved to the percolation
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level of conduction band in the case of doping of n-
ZrNiSn by donor impurity Sb [1].

However, at higher concentrations V, the rapid
decrease of motion rate of Fermi level ¢ in the direction
to conduction band takes place. Thus, in the
concentration interval x = 0.01 - 0.03, the motion rate of
Fermi  level ¢ is  AedAx=22meV/%V, a
concentrations x = 0.03 - 0.10 becomes even smaller and
is equal Aee/Ax~ 0.7 meV/%V. Since the concentration
of impurity V atoms, which should generate donors, is
introduced into the matrix of n-ZrNiSn semiconductor
according to the linear law, then the Fermi level & would
have to move to the percolation level of conduction band
of Zr1,V,NiSn in the same way. What is the reason for
“braking” of this motion?

From the point of view of semiconductor physics it
is possible only if simultaneously with donors the
generation of acceptors takes place by unknown
mechanism. Thus, obtained experimental result is the
third indisputable feature, which confirms, except
donors, the appearance of some number of acceptors in
ZriV,NiSn, which generation rate is lower than
generation rate of donors, because the Fermi level ¢ is
still approaching to the percolation level of conduction
band, as indicated by negative values of thermopower
coefficient.

This conclusion is consistent with the results of
change of activation energy values ¢,%(x) for ZryVNiSn,
x >0.01, (Fig. 5, b), which reflects the compensation
degree of semiconductor. Since the dependence of ¢,%(x)
represents the ratio of ionized acceptors and donors, the
total number of donors exceeds the number of acceptors
in Zr;VyNiSh, provided that the sign of thermopower
coefficient is negative. The compensation degree and
£1%(x) values become lower with increasing this
exceedation.

Thus, in Zry,V,NiSn the reduction of compensation
degree initialy takes place, as indicated by decrease of
energy activation values from ¢;%(x =0) =83.8 meV to
£1%(x=0.01) =60.1 meV and &“(x =0.03) =52.5 meV.
Such decrease of ¢;,%(x) values, as well as the mation rate
of Fermi level & to the the conduction band, is also
nonlinear. However, at concentration x>0.03, the
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Fig. 5. Variation of activation energy values ¢,°(x) (a) and &,%(x) (b) for Zry,V,NiSn.
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dependence £,%(x) rapidly increases with maximum at comparison of calculations with experimental results
x =0.07, indicating that in the crystal acceptors are described above will give final answer about mechanism
generated with larger rate than donors, but the total of introduction of V atoms into the n-ZrNiSn structure.

number of ionized donors is ill higher than ionized That will be the subject of our next studies.
acceptors. The obtained result is an additional factor that

indicates the simultaneous generation of acceptors and )

donors in Zr.,V,NiSn. Taking into account the sructurd~~ Conclusions

investigations, we consider that the activation energy

values ,%(x = 0.10) = 50.7 meV do not correspond to real Thus, based on the abovementioned results we can
gtate in the semiconductor due to possible shunting of suppose that to provide the stability of the structure and
current by channels of admixture phase. the principle of eectroneutrality in Zry,V,NiSn the

Consequently, the presented experimental results of structural defects of acceptor and donor nature (the
dectrokinetic and energy state studies confirmed the  effective charge of which is opposite) are generated
predicted complicated character of introduction of V simultaneoudly, the concentration of which enlarges with
atoms into the structure of Zr,..V,NiSnh semiconductor, as the increase of V content. Determination of the
evidenced by the unexpected increase of unit cel mechanisms for generation of acceptors and donors need
parameter a(x) (Fig. 2). Performed analysis shows that an additional investigation of the Zr,.,VNiSn solid solution,

increase of lattice parameter a(x), on the one hand, and  to which our next work will be devoted.

the appearance of acceptorsin Zr;VNiSn, on the other

hand, can only be achieved by the partial occupation of

4c position of smaller Ni atoms (ry = 0.124 nm) by V Romaka V. — Proffesor;

atoms. If the displaced Ni atoms occupy the tetrahedral ~ Romakal. - Ph.D., Senior Scientist;

voids of the structure, as in the case of ZrNi.,RhSn Stadnyk Yu. - Ph.D., Senior Scientigt;

[5, 6], then structural defects of the donor nature will also Horyn A. - Ph.D., Senior Research;

be generated in Zry,V,NiSn. Krayovskyy V. - Assoc. Professor ;
These considerations need confirmation by  Romanivl. - Ph.D. student;

eectronic structure calculations for various variants of Garanuyk P. - Assoc. Professor.

atomic distribution in the matrix of semiconductor,

which will show the motion of Fermi level & The
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JlocmikeHHS CTPYKTYPHUX, KIHETHYHHX TA eHePpreTHYHMX BJIACTHUBOCTE
HANBIPOBITHMKOBOT0 TBEPAOT0 po3unHy Zr 1.,V NiSn

1Ha14i0Ha/1meZ yuigepcumem “ JIvgiscoka nonimexnixa” , gya. C. banoepu, 12, Jlvgis, 79013, Vkpaiua,
e-mail: vromaka@I|p.edu.ua;
2Il—tcmumym npuknaonux npoonem mexawixu i mamemamuxu im. A.C. Iliocmpueava HAH Ykpainu,
eyn. Hayxosa, 3-0, Jlvgis, 79060, Vrpaiua;
8 Tvsiscokuti nayionanvruti ynisepcumem im. I.dpanka, eyi. Kupuna i Megoois, 6, Jlvsi, 79005, Vipaina,
e-mail: lyubov.romaka@gmail .com;

JocnimxeHo  0COONMBOCTI  CTPYKTYPHHX,  KIHeTMYHHMX  Ta  CHEPreTHYHHX  XapaKTepPUCTHK
HAaIiBIPOBITHUKOBOr0 TBepAoro po3unHy ZriV,NiSn (x=0-0,10) B inTepBaini Ttemmeparyp 80—400K.
ITokaszano, mwo yBexeHHs atoMiB V (ry =0,134 HM) y crpykTypy cnomyku ZrNiSn muiixom 3amiieHHst Zr
(rz = 0,160 HM) CynpOBOKYETHCS HEOUiKYBAHHUM 301IBIICHHSM 3HAUYCHb MEPIOLY €IEeMEHTapHOI KOMIpKU a(x)
Zr1.4V4NiSn, Bka3yrour Ha HENIPOrHO30BaHi CTPYKTYpHi 3MiHu. Ha ocHOBI aHami3y mBuakocti pyxy piBHst ®epmi
Aeel Ax Zr1.,VNiSn y HampsiMi 30HM IPOBIAHOCTI 3p00JIEHO BUCHOBOK IIPO OJHOYACHE I'€HEPYBaHHS Y KpPHUCTAi
CTPYKTYpHHX HAedeKTiB IOHOPHOI Ta aKUENTOPHOI HPHUPOAM (TOHOPHO-aKLENTOPHI MapH) 3a HEBIIOMUM
MEXaHi3MOM, SIKi IOPOJKYIOTh BIANOBIHI €HepreTHyHi piBHI y 3a00pOHEHil 30H1 HaMiBIPOBIJHHUKA.

KurouoBi ci10Ba: TBepMii po3unH, €I1EKTPONPOBIIHICTD, KoedilLlieHT TepMo-epc, piBeHb Depmi.
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