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The structure characteristics, temperature and concentration dependences of the electrical resigtivity and the
thermopower coefficient for the V,.,Co..,Shs skutterudite were investigated in the ranges: T = 80 - 400 K, x =
0.02 - 0.20. It was shown that the introduction of V atoms into the structure of CoSb® thermoel ectric material was
accompanied by an increase in the efficiency of conversion of therma energy into electrical energy. It was
established that the inversion in the sign of the thermopower coefficient for V. ,Co,.,Sbs not observed for these
concentrations of V impurity atoms. Based on the anaysis of electrokinetic and energy state characteristics of
VyyCO1,Shs, it was assumed that the V (3d°4s’)impurity atoms simultaneously replaced Co (3d74s”)atoms,
generating structural defects of acceptor nature, and were located in the icosahedra voids of the crystal structure

and generated donors.
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I ntr oduction

Thermoelectric materials obtained by the way of
heavy doping of the n-CoShs; skutterudite by acceptor
and/or donor impurities, exhibit high values of figure of
merit, possess high efficiency of conversion of thermal
energy into electric one, and at present are the most
investigated. In the coaystal dructure of CoShs
skutterudite the Co atoms form a primitive cubic lattice,
the anion groups of Sb atoms [Sh], occupy the six of
eight smaller cubes in the unit cell [1]. Two empty cubes
contain the voids of icosahedral type, formed by
octahedra of Sb atoms around Co atoms (Fig. 1) which
can be filled by electropositive metal cations (M)
corresponding formula M,CoShs. This feature of the
crystal structure of CoShs is mostly used for optimization
of the thermoelectric characteristics by introduction of
the doping atom into icosahedral cavities (the intergtitial
solid solution) influencing on the eectronic structure of
material, at which the efficiency of conversion of therma
energy into eectric energy will be maximal.

Introduction of rare-earths atoms with considerable
sizesLa[2], Sm [3], Gd [4], and also commensurable in
size Ca atoms [5] into the structure of CoShs; skutterudite
under high pressure resulted in increase of figure of
thermoelectric  merit  values. In  particular, for
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L a9 20C04Shy, sample the maximum value ZT = 1.06 was
obtained at 863 K, for SmyCo,Sby, sample ZT = 0.8 at
the temperature 716 K, and Cay3;Co,Sby, skutterudite
was characterized by ZT = 0.8 at 840 K. Inclusion of Pd
and Te aoms into the dtructure of n-CoShs
semiconductor under high pressure [6] led to an increase
of the efficiency of conversion of thermal energy into
electric energy, and the maximum value ZT =1 was
obtained at 873 K. At the same time for n-Co,Sby;sTeys
sample [7] a maximum value ZT = 0.92 was reached at
710 K. By powder pressing of the components with the
following sintering under vacuum the skutterudite
Y 0.18C04Shy, Was synthesized, for which values of figures
of thermoelectric merit increase due to the enlargement
of eectric conductivity values and decrease of the
coefficient of thermal conductivity. In all analyzed cases
impurity atoms of big size were located in icosahedra
voids of CoSb; structure.

In addition, optimization of thermoelectric
characteristics is possible by a substitution of one of the
components in n-CoSb; by an impurity atom
(substitutional solid solution). By changing the type of
impurity atoms, their concentration, one can affect the
electronic structure of thermoeectric material and its
properties. In particular, study of structural and
electrokinetic characteritics of n-CoShs, doped by the Fe
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(3d°4s%) atoms by induction melting [9] showed that the
impurity Fe atoms replace Co (3d’4s?) atoms in their
crystallographic positions generating the structural
defects of acceptor nature in crystal because 3d-€lectrons
number of Fe atom is smaller than for Co one. Acceptor
nature of the structural defects in p-Co.FeShs is
confirmed by the positive values of the thermopower
coefficient at all temperatures of investigation. During
this there occurs the change of the type of conductivity of
semiconductor, and holes become the basic charge
carriers. Taking into account the near atomic radii of Co
(rco = 0.1252 nm) and Fe (ree = 0.127nm) the substitution
of Co atoms for Fe does not cause the substantial
changes in the crystal structure of semiconductor,
however the dectronic structure changes fundamentally.
Such doping leads to reduction of therma conductivity
coefficient and increase of the figure of thermoe ectric
merit coefficient values.

The aim of the present investigation isto receive the
thermoelectric material  with  high efficiency of
conversion of therma energy into eectric energy by
realization of “hybrid” variant of introduction of impurity
V atoms into the structure of CoShs compound: both
substitution of the Co atoms that generates the defects of
acceptor nature in crystal and appearance of the donor
defects during the location of V atoms in the icosahedral
voids. At choosing the impurity atoms the size factor
(correlation between atomic radii of impurity atom and
substituted atom) and the charge state of these atoms
were taken into account.

|. Experimental details

The crystal structure, electrokinetic and energy state
characteristics of V,.,Coy.,Sb; were investigated. The
samples were synthesized by a direct arc melting of the
congtituent elements (overall purity up to 99.9 wt. %)
followed by homogenizing annedling at a temperature of
870 K for 1440 hours. The phase anaysis was performed
using X-ray powder patterns obtained on the DRON—
20M powder diffractometer (Fe K, radiation).
Calculations of the crystallographic parameters were
carried out using the WinPLOTR program packages [10].
Chemical and phase compositions of the samples were
examined by Scanning Electron Microscopy (EPMA,
energy-dispersive X-ray analyzer). The temperature and

concentration dependencies of eectric resistivity (p) and
thermopower coefficient («) (pure copper as a reference
materia) for V,.,Coy.,Sh; samples were measured in the
temperature range 80-400 K and concentration range
Ny ~ 3.8:10%° cm™ (x = 0.02) — 3.8:10°* cm’® (x = 0.20).

II. Experimental results

According to EPM analysis, the aomic
concentration on the surface of V,,,Co.,Sb; samples
corresponded to the initia compositions of alloys, and X-
ray phase and structural analyses indicated that prepared
samples up to x = 0 - 0.20 composition can be indexed in
the LaFe,Pio-structure type [11] (space group Im-3) and
do not contain the traces of other phases. Taking into
account the larger atomic radius of V (ry = 0.135 nm) in
comparison with Co, the increase of the lattice parameter
a(x) of V,,Cop.,Sbs from a(x =0)=0.9016(1) nm to
a(x = 0.20) = 0.9028(1) nmisclear.

At this stage of structural research we could not
definitely establish one or another number of V atomsin
the crystallographic position of Co or in the icosahedral
voids of the skutterudite, since such information is
beyond the accuracy of the X-ray diffraction method. In
this work the results of the gualitative estimation of
occupancy of crystallographic positions by certain type
of atoms are given. Thus, the crystal structure modeling
of V,.,Co,.,Sbs; for the case of occupation by V impurity
atoms the crystallographic position of Co shows the
larger change of lattice parameter values a(x), than
experimentally obtained. In the case of filling of
icosahedral voids of CoSh; by V atoms (Fig. 1) the
crystal structure modeling gives insignificant increase of
a(x) values. Exactly based on these results the
assumption about simultaneous substitution of Co atoms
by V impurity and filling of icosahedra voids by V
atoms in the CoSb; structure was made.

At the same time, the combination of the results of
structural and electrophysical studies allows to reduce the
variability of occupation of definite crystallographic
position by certain type of atoms or statistical atomic
mixture. Exactly this problem is solved in the present
work. The result of atomic distribution in V,,,Coy.,Shs, as
close as possible to the real distribution of atoms in the
structure can be obtained only after comparison of the
results of electronic structure calculation with the results

Fig. 1. Modd of crystal structure transformation of CoShys in V.,Co01.,Sbs (LaFesP1o-type, space group Im:-3).
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of electrophysical studies [12], which our next research
will be devoted to.

The temperature and concentration dependences of
electric resigtivity p and thermopower coefficient o for
V,.,Cor.,Shs are shown in Fig. 2, 3. The Inp(UT) and
a(1/T) dependences for V,.,Coy.,Sh; samples (Fig. 2) are
typical for heavily doped and highly compensated
semiconductors (HDHCS) [13], and existing activation
regions indicate several mechanisms of charge transport
[12]. The dependences of Inp(U/T) are approximated by
therelation [13]:
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where the first high-temperature constituent describes an
activation of current carriers ¢;,” from the Fermi level ¢
to the percolation level of continuous energy band, and
second, low-temperature, — hopping conductivity &5°. In
turn, the temperature dependences of thermopower
coefficient a(1/7T) for V,.,Co.,Sb; can be approximated
by the following dependence [14]:
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where y is a parameter that depends on the nature of
scattering. From the high temperature part of a(1/7)
dependence the values of activation energy ¢* were
calculated, which, as shown in [12], are proportional to
the amplitude of large-scale fluctuation of continuous
energies band, and from the low-temperature part — the
values of activation energy 3*, which are proportional to
amplitude of modulation of small-scale fluctuation of
HDHCS[12, 13].

The presence of high-temperature activation parts in
the Inp(U/T) dependences (Fig. 2, a) for all V,.,Co..,Sbs
samples indicates that the Fermi level ¢r islocated in the
band gap, from which the thermal activation of current
carriers to the percolation levels of continuous energies
band occurs. At the same time, negative values of
thermopower coefficient (Fig. 2, b) for al V,.,Co.,Sbs
compositions and temperatures indicate that electrons are
the main current carriers, and the Fermi level & is
located closer to the percolation level of conduction band
than to the valence band.

Increase of dectric resdtivity p(x,7) and
thermopower coefficient a(x,7) values of V,.,,C0..,Sbs
(Fig. 3) for all temperatures indicates that V impurity
atoms generate the structura defects of acceptor nature
in the crystal. Thus, theintroduction of V impurity atoms
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Fig. 2. Temperature dependences of eectric resigtivity Inp(1/T) (@) and differential thermopower o(L/T) (b) for
VyryCOyShs: 1 —x = 0.02; 2—x = 0.12; 3—x = 0.20.
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Fig. 3. Variation of eectric resistivity p(x) (a) and thermopower coefficient a(x) (b) for V.,Co..,Shs at different
temperatures; 1-T=80K;2-T=200K; 3—T=380K.
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rapidly increases the value of the resigtivity p(x) a
T=80K from p(x =0.02) =1245.2 pQ'm to
p(x=0.12) = 1908.5 uQ2:m and p(x=0.20) =
3475.3 uQ'm. Such arapid growth of p(x) dependenceis
possible only if the concentration of the main current
carriers decreases with ther “freezing” into the band gap
to the generated acceptor levels due to the substitution of
Coatomsto V.

On the other hand, the negative values of the
thermopower coefficient for V,.,Co.,Sb; during the
generation of structural defects of acceptor nature in the
crystal indicates that more complicated structural
changes occur in the crystal. We can assume that
structural defects of acceptor and donor nature (donor-
acceptor pairs) are simultaneously generated in V., Coy.
ySbs crystal to ensure the stability of the structure and the
principle of eectroneutrality. Such defects can be the V
atoms, which are located in the icosahedral voids of
VyyCoryShs. Thus, the analysis of the behavior of the
energy state characteristics for V. ,Co,.,Sbs, in particular
the changes in the values of the activation energy &,°(x)
and amplitude of modulation of continuous energies band
&" aso shows that acceptors and donors are
simultaneously generated in a semiconductor (Fig. 4).

At firgt let us perform an analysis of change of the
position of the Fermi levd e for V,.,C0..,Shs during the
concentration increase of V impurity atoms. Taking into
account that at high temperatures the sign of
thermopower coefficient remains negative we can
conclude that in V,.,Co.,Sbs, x =0.02, the value of
activation energy &;,"(x = 0.02) = 29.8 meV represents the
energy gap between the position of the Fermi leve e and
the percolation level of conduction band. It's worth to
remind that the value of activation energy &:.°(x) is
calculated exactly from the high-temperature activation
part of Inp(L/T) dependence (Fig. 2a).

Further increase of V impurity concentration in the
n-type semiconductor up to the values x = 0.12 results in
deepening of the Fermi leve & into the band gap to the
distance &,°(x = 0.12) = 34.2 meV. Such behavior of the
Fermi levd ¢r can only be caused by the generation of
structural defects of acceptor nature in the V,.,Co;.,Sbs
crystal. Acceptor defects may appear in V,.,Coy.,Sb; only
in the case of occupation of the crystallographic position
of Co (3d’4s) atoms by V atoms (3d°4s?), because the
number of 3d-electrons of V is smaller than that of Co.
Generated structural defects cause the appearance of
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impurity  acceptor levels in  the n-V,.,Co.,Sbs
semiconductor which are situated near the top of the
valence band and take the part of free electrons, lowering
the position of the Fermi levd ¢r, that we observed
during the experiment with the increase of ¢,” values in
the concentration range x =0.02-0.12. In addition,
decrease of the free eectron concentration in the
semiconductor with eectron type of conductivity at ther
“freezing” to the acceptor levels certainly will result in
the increase of dectric resistivity values that aso takes
place in an experiment (Fig. 3, a).

However, at the higher concentration of V impurity
in the concentration range x = 0.12 - 0.20 the motion rate
of Fermi level & for n-V,.,Co.,Sbs Semiconductor into
the depth of energy band gap halves, and the Fermi level
in n-V,.,Coy.,Sh; is located at the distance of 35.1 meV
from the percolation level of the conduction band.

There appears a question, what caused the "braking"
of mation of the Fermi level ¢ at the constant rate of
introduction of impurity V atoms into the V,.,Co.,Sbs
crystal?

Decrease of the motion rate of the Fermi level & in
the direction from the percolation level of conduction
band at the x > 0.12 concentrations alows to assume that
occupation of crystallographic position of Co atoms by V
atoms at such concentrations becomes less energy
advantageous, and impurity concentration x =0.20 is
close to the V solubility limit during the redlization of
substitutional solid solution V. ,Coy.,Sbs.

Thus, the following question arises, where are the
impurity V atoms introduced into the skutterudite?

The answer to this question can be the assumption
about simultaneous occupation of icosahedra voids of
V,+,Co1.,Sbs structure by the part of V atoms (Fig. 1),
which generates the structural defects of donor nature in
the crystal. In this case impurity donor levels generated
in the band gap are the source of electrons, which are
locked by the part of acceptors, and the semiconductor
becomes more compensated (ratio of the ionized
acceptors and donors). This leads to the nonlinear change
of the Fermi levd vaues ¢ a the different
concentrations of impurity V atoms.

Thus, anaysis of change of activation energy values
of current carriers &,°(x) from the Fermi level & to the
percolation level of conduction band of n-V,,,Co..,Sbs
indicates the simultaneous generation of the structural
defects of acceptor and donor nature in a crystal in
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Fig. 4. Variation of activation energy e,°(x) (1), e1(x) (2) () and e5’(x) (1), £5"(x) (2) (b) Of VisyCOy., S,



L.P. Romaka, Yu.V. Stadnyk, V.A. Romaka, A.M. Horyn

different ratios that changes the compensation degree of
semiconductor.

On the othe hand, if in the band gap of
n-V,.,Co..,Shs semiconductor the impurity acceptor and
donor levels are generated simultaneoudy in different
relations, changing the compensation degree, it must be
accompanied by the increase of modulation amplitude
value of bands of continuous energies of HDHCS [12,
13]. Indeed, we can see from Fig. 4a the increase of
activation energy values g,“(x) of V,Co,.,Sbs, Which are
proportional to the modulation amplitude of bands of
continuous energies of V,.,Co.,Shs. In case of
VyCO1yShs, x = 0.02, the value of modulation amplitude
ise(x = 0) = 25.1 meV. The growth of concentration of
impurity V atoms increases the compensation degree,
which is indicated by the growth of modulation
amplitude values from &°(x=0.12)=324 meV to
&1"(x=0.20) =61.2 meV. Such behavior of activation
energy values ¢,%(x) is possible under the condition of the
simultaneous generation of the acceptors and donors in
the V,.,Coy.,Sh; structure by the mechanism described
above.

Behavior of activation energy values of hopping
conductivity ¢3” and modulation amplitude of small-scale
fluctuation &;* of HDHCS V.,Coy.,Sbs (Fig. 4b) supports
the proposed above model of simultaneous occupation by
the impurity V atoms the crystall ographic positions of Co
atoms and icosahedra voids of V,.,Co;.,Sb; structure in
different ratios (Fig. 1). Increase of the length of electron
jump (&3° value) within the impurity states of donor band
of n-V,CaoSh; in the concentration range x = 0.02 - 0.12
can take place only at the condition that part of donorsis
compensated by the acceptors generated in the
semiconductor that is possible at the occupation of
crystallographic positions of Co atoms by V atoms. In
opposite, twofold reduction of the length of eectron

[1]

jump in the concentration range x = 0.12 - 0.20 indicates
that simultaneously with the acceptors the donors appear
in a crystal. The behavior of modulation amplitude of
small-scale fluctuation ¢5* isalso clear.

As it is known, one of the important characteristics
of thermodlectric materials is the thermodectric power
factor (z* = Slp). Comparing Z* values (Fig. 5) for
initial CoShs compound and doped alloys we can see that
at higher temperatures the thermoeectric power factor
for alloys at x >0.12 compositions is much higher than
for the initial compound, which makes these aloys more
perspective for further optimization of their
thermoel ectric characterigtics.

Conclusions

Thus, results of the structural, eectrokinetic and
energy state studies of V,.,Co,.,Sh; allow to talk about the
complicated mechanism of generation of structural
defects in the crystal and to make assumptions about the
mechanisms of generation of donor-acceptor pairs that
findly increases the efficiency of conversion of thermal
energy into eectric. More precise result of atomic
distribution in V,,,Co.,Shs, maximally close to the real
state of crystal that will allow to predict its
thermoelectric properties, will be obtained after the
electronic structure calculation for skutterudite, which
will bethe aim of our further investigations.
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Oco0,IMBOCTI CTPYKTYPHHUX, KIHETUHYHHUX TA €HEPreTUHYHUX XapPAKTEPHUCTUK
cKyTepyauTy Vy.yC0y.,Sh3

Ylvsiscoruii nayionansnui ynisepcumem im. I.dpanka, syn. Kupuna i Megoois, 6, Jesis, 79005, Vpaina,
e-mail: romakal @franko.lviv.ua;
2Iucmumym npuxnaduux npo6rem mexanixu i mamemamuxy im. A.C. Iiocmpueaua HAH YVpainu, eyn. Hayxosa, 3-6,
Jveis, 719060, Yrpaiua,
3Ha14iouwzwm7 yuigepcumem “ JIvgiscoka nonimexnixa” , gyn. C. banoepu, 12, Jlvgis, 79013, Vkpaina

JlocnipkeHoO CTPYKTYpPHI XapaKTePUCTHKH, TEMIICPATYPHI 1 KOHLEHTpaLilHi 3aJIeKHOCTI UTOMOrO €JIEKTPOONOopy Ta
koedinieHTa TepMo-epc cKyrepyauty V., C01yShs y mianmasonax: 7' =80 - 400K, x = 0,02 - 0,20. IToka3aHo, 1m0 YBEAECHHS Y
CTPYKTYpy TepMoeseKTpudHoro marepiany CoSbz aromiB V cynpoBo/KyeThesi 301IbIICHHSIM €(EKTHBHOCTI MEPETBOPCHHS
TEIUIOBOI €Heprii B eJeKTpuuHy. BeraHoBIEHO, 110 32 JAHUX KOHLEHTpALl JOMIIIKOBUX aToMiB V He BiIOyBa€ThCS 3MiHA 3HAKY
xoedinienra Tepmo-epc Vy.yC01.ySbs. Ha ocHOBI aHanizy €NeKTPOKIHETHUHHX Ta €HEPTETUYHUX XapaKTEPUCTHK V., COp.,Shs
3po6JIEHO MPHUITYIIeHHs, Mo gomMimkosi atomu V (3d°4S) onHouacHo BuricHstots atomu Co (3d'4S%), renepyroun CTpyKTypHi
JeheKTH aKLEeNTOPHOI aKIENTOPH, Ta PO3TALIOBYIOTHCS B OKTACIPHUUYHUX HMOPOXKHUHAX KPUCTAIUHOI CTPYKTYPH, T€HEPYIOUH
JIOHOpH.

KirouoBi ci10Ba: kpucraiiusa cTpyKTypa, eJIeKTpooIip, KoediuieHTTepMo-epc.
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