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L.P. Bulat, I.A. Nefedova 

Saint-Petersburg National Research University ITMO 
9, Lomonosov Str., Saint-Petersburg,  

191002, Russian Federation 

NONLOCAL TRANSPORT PHENOMENA  
IN SEMICONDUCTORS 

 

The content of “nonlocality” concept in theory of transport phenomena is discussed. Nonlinear 
and nonlocal phenomena in thermoelectricity are compared. Finite element method is used to 
calculate the characteristic length of change in temperature and nonlocality length for a 
semiconductor “cone-plate” contact. It is shown that the presence of nonlinear phenomena brings 
about the emergence of nonlocal phenomena and vice versa. 
Key words: nonlocal transport phenomena, nonlinear transport phenomena, thermoelectric phenomena, 
semiconductors, solids, finite element method. 

Conventional theory of transport phenomena in solids, liquids and gases employs a well-known 
Boltzmann equation derived as far back as 1872. In almost all cases, local solutions of this equation 
are considered. In the strict sense, classical Boltzmann equation has its domain of applicability, and 
the problem of correctness of local solutions in each case demands verification and justification [1-3]. 
In monograph [1] and a cycle of works (see, for instance, [2, 3]) the fundamental concepts of a 
generalized Boltzmann gas-kinetic theory as part of nonlocal physics are developed. It is established 
that theory of transport phenomena can be considered within a unified theory based on nonlocal 
description [2]. Moreover, a generalized nonlocal quantum kinetics and gas-hydrodynamics is 
applicable to mathematical simulation of the vast class of objects – from galaxies to atoms [2, 3]. A 
large number of applied problems can be considered with the aid of a generalized Boltzmann nonlocal 
theory of transport, starting from study of various turbulent flows, application of generalized quantum 
mechanics and quantum hydrodynamics for the analysis of nanostructures, to theory of dark energy 
and matter evolution after the Big Bang [1-3]. 

What is the essence of nonlocality of transport phenomena in semiconductors and solids in general? 
Let some function f(x) and derivative ∂ϕ(x) / ∂x are related by the relation [4] 

 ( ')( ) ( ') d '.
'

xf x K x x x
x

+∞

−∞

∂φ
= −

∂∫  (1) 

Relation (1) between f(x) and ∂ϕ(x) / ∂x
 
 is inherently linear, rather than local, since the value 

f(x) at point x depends on the value of derivative ∂ϕ(x) / ∂x
 
 at other points [4]. A nonlocal bond 

nucleus K(x – x′) must possess the property K(x – x′) → 0 at x – x′ → ∝. 
It is easy to verify [4] that if the nucleus is of the form K(x – x′) = K0δ(x – x′) where δ(x – x′) is a 

δ-function, then formula (1) goes over into f(x) = –K0dϕ/dx, i.e. the relation acquires a local character. 
In other words, if some function f(x) depends only on the first derivative (derivatives) of other function 
with respect to coordinates, then function f(x) is local. 
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As is known, under thermodynamic equilibrium conditions temperature T and electrochemical 
potential μ = μ0 – eϕ at each sample point are constant (μ0 and ϕ are chemical and electrical potentials, 
respectively, e is electron charge). If, however, these conditions are not satisfied, the following spatial 
derivatives of temperature and electrochemical potential must be different from zero [4]: 
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 (2) 

Of course, higher-order derivatives with respect to coordinates can be nonzero, too. 
The vectors of current density and heat flux 

 { , , }, { , , }x y z x y zj j j j q q q q= =
G G   

must be functions of derivatives of temperature and chemical potential with respect to coordinates [4]: 

 ( ) ( ),j q
k k k kj f q f= =… … , (3) 

where three dots in brackets mean a collection of spatial derivatives (2). 
In the lectures by A.G. Samoilovich [4] it was assumed that with small deviations from 

thermodynamic equilibrium the expressions for current and heat flux densities (3) will comprise only 
linear summands, and will not involve quadratic, cubic and higher degrees of spatial derivatives of 
temperature and electrochemical potential. Thus, in (3) only linear summands will be left with 
quadratic, cubic, etc. higher derivatives with respect to coordinates.  

However, direct solution of the Boltzmann equation and calculation of current density and heat 
flux density for semiconductors dependent on not very small temperature gradients [5-8] has shown 
that nonlinear and nonlocal terms in equations for fluxes are of the same order. Therefore, at least in 
the model assumed in [5-8], the presence of nonlinear summands automatically brings about the 
emergence of nonlocal terms, and, vice versa, the presence of nonlocal summands automatically 
causes the emergence of nonlinear terms. In one-dimensional geometry, solution of the Boltzmann 
equation was obtained with electron scattering on acoustic phonons or ionized impurities by two 
methods: perturbation theory and variation [5-8]. Both methods yield the expressions for current 
density and heat flux density. If we restrict ourselves to conventional linear and local summands and 
the first nonlinear and nonlocal terms, then the equation for current density for a single-dimensional 
problem can be represented as follows: 
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 (4) 
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where σ and α are known electric conductivity and Seebeck coefficients (in the anisotropic case – 
second-rank tensors), ak are kinetic coefficients characterizing nonlinear and nonlocal phenomena. The 
analytical expressions for coefficients ak for different cases are given in [6, 7]. 

The first line in Eq. (4) corresponds to a conventional generalized Ohm’s law which in a vector 
form is given by 

 ( ) ˆˆ ˆoj E T= σ − σα∇
GG

, (5) 

where 1E
e

= ∇μ
G

 is a generalized intensity of the electric field. 

Note that Eq. (4) involves not quadratic, but only cubic combinations of derivatives of 
temperature and electrochemical potential, and also third, rather than second, derivatives of 
temperature and electrochemical potential with respect to coordinate. It is due to symmetry 
requirements, i.e. in a one-dimensional or isotropic case, replacement of temperature gradient direction 
or electric field intensity should not lead to a change in current density or heat flux value. At the same 
time, in the case of a sample having no inversion centre an equation of (4) type must also involve 
quadratic terms. This fact yields a variety of new nonlinear and nonlocal phenomena in the samples 
having no inversion centre. Even in cubic crystals a variety of new effects can appear [9-11]. 

Apart from linear and local, Eq. (4) also involves nonlinear and nonlocal terms, i.e. actually we 
have in (4) an expansion in small parameters. Physically, it means that each of the two lengths, namely 
characteristic length of temperature change LT and nonlocality length in temperature LTnloc 

 
11 2

2

d d, ,
d dT Tnloc
T TL T L T
x x

−− ⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (6) 

are large as compared to current carrier cooling length L0 [6-8] 

 0 0, .T TnlocL L L L≥ ≥  (7) 

Eq.(4) has been written for a one-dimensional geometry. In a real three-dimensional problem 
the respective equation must also include summands comprising all, among them cross derivatives 
with respect to different coordinates (2). 

Thus, if characteristic lengths (6) are not very large as compared to charge carrier cooling 
length, then, as it follows from solving the Boltzmann equation in a one-dimensional model [5-8], Eq. 
(4) must comprise nonlocal terms. To check the conditions whereby in a real three-dimensional model 
the nonlinear (nonlocal) phenomena must become apparent, we made a calculation using finite 
element method of the temperature field for a semiconductor “cone-plate” contact [12] which is often 
realized in various applied problems. 

In the present paper, computer simulation method is used to study possible emergence of 
nonlocal thermoelectric phenomena in a real three-dimensional geometry. As a geometrical model, 
“truncated cone-plate” structure is employed (Fig. 1). Such a structure is interesting for the following 
reasons: 1) it simulates properly real contacts in the bulk nanostructured and composite materials [13]; 
2) it describes properly particle contacts for spark plasma sintering method (SPS-method) showing 
good promise for creation of efficient thermoelectric nanomaterials [14]; 3) such a structure is used in 
thermoelements “with cold contacts” offering high thermoelectric figure of merit [15]. 

Let the Joule heat be used for heating “truncated cone-plate” contact, with electric voltage 
applied between the cone base and the lower part of the plate for electric current generation (Fig. 1). 



L.P. Bulat, I.A. Nefedova 
Nonlocal transport phenomena in semiconductors 

 Journal of Thermoelectricity №2, 2013 ISSN 1607-8829 8

D = 10 mm

d

a = 10 mm

H
=

15
m

m

 
Fig. 1. Model geometry. 

The basic equations of the problem include energy balance equation 

 ( )div T Q−κ∇ =  (8) 

and current-continuity equation 

 ( )div 0Eσ =
G

, (9) 

where Q is heat source power (Joule heat). 
The boundary conditions were selected as follows: the lateral surfaces of cone and plate are 

thermally and electrically isolated, the temperatures of cone base and plate outer face are thermostated 
at equal temperature T0, with constant electric voltage U0 maintained between them, and cross-linking 
in temperature and thermal flux made in contact area. The boundary conditions of this kind 
correspond, for instance, to situation whereby the Benedicks effect arises [6-8]. 

Comsol Multiphysics software package was used to calculate and visualize the distribution of 
temperature field and temperature gradient. For certainty, n-Ge sample with parameters k = 60.2 W/(m⋅K), 
σ = 10 S/m was considered. Temperature T0 = 300 K, voltage U0 assumed the values: 50, 75, 100, 125 and 
130 V. Geometric dimensions D = 10 mm, H = 15 mm, а = 10 mm were assigned (Fig. 1). 

The calculated data are represented in Figs. 2 – 3. 

 
Fig. 2. Dependences of maximum temperature at contact point  

on contact plane diameter. 
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Fig. 3. Dependences of temperature gradient at contact point  

on contact plane diameter. 

Calculations have shown that as long as geometric dimensions D, H and а are large as compared 
to neck diameter d (Fig. 1), these dimensions have no effect on the temperature field in contact area. 

From Fig. 2 it is seen that maximum temperature in contact area is almost independent of neck 
diameter at a fixed voltage. It increases with voltage, and in this model at a voltage of 130 V 
maximum contact temperature becomes comparable to germanium melting point (Тmelt = 937 °С). 
Naturally, temperature gradient reduces with increase in contact plane diameter and grows with 
increase in applied voltage (Fig. 3). 

Knowing temperature gradient, one can determine characteristic length of its change LT and 

temperature nonlocality length LTnloc. These results are represented in Figs. 4 – 5. 

 

Fig. 4. Dependences of characteristic length of temperature change  
on contact plane diameter. 

From Fig. 4 it is seen that the lowest LT value in the model under consideration is achieved with 
a minimum contact diameter d = 2.8 μm and varies from 1.3 μm to 7.8 μm, whereas cooling length for 
n-Ge Lo = 1.7 μm [8]. It means that cooling length and characteristic length of temperature change are 
quite comparable. That is, under conditions at hand the processes of heat and electric charge transport 
become nonlinear. Now, inequality Lo << LT is not satisfied, and we have no right to use conventional 
linear transport equations, such as generalized Ohm’s and Fourier’s laws [12]. 
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Fig. 5. Dependences of temperature nonlocality length  
on contact plane diameter. 

An important role of nonlocality is illustrated in Fig. 5. We see that minimum values of 
nonlocality length LTnloc are also achieved with a minimum contact diameter d = 2.8 μm and make 
(0.7 – 0.9) μm, i.e. 2 – 7 times less than nonlinearity length LT under the same conditions. Thus, 
computer simulation proves theoretical conclusions within a one-dimensional model [5-8] that the 
presence of nonlinear transport phenomena automatically brings about the emergence of nonlocal 
phenomena and vice versa, the presence of nonlocal summands automatically causes the emergence of 
nonlinear terms. Moreover, nonlocal phenomena can be even more important, like in the case under 
consideration, when the following inequality is satisfied 

 .Tnloc TL L<  (10) 

Inequality (10) means that situations are possible when one can ignore the nonlinear phenomena 
(Lo << LT), but must already take into account the nonlocal effects (LTnloc ∼ LT). In general, in each 
specific case it is necessary to check the relative role of nonlinear and nonlocal phenomena using, for 
instance computer simulation. 

There is a further point to be made. In the present model we calculated only the temperature 
field and were not interested in the electric field arising in the sample. In thermoelectric problems, the 
presence of temperature field brings about the appearance of corresponding electric (thermoelectric) 
field. And, in general, apart from nonlinearity and nonlocality lengths related to temperature (5), one 
should consider similar nonlinearity and nonlocality lengths due to electrochemical potential. 
However, if we restrict ourselves to thermoelectric problems, then in conformity with Seebecks’s 
formula, characteristic nonlinearity and nonlocality lengths related to temperature and electrochemical 
potential, respectively, must be of the same order of magnitude [7]. Therefore, for the estimates it is 
sufficient to be restricted to the above approach. Certainly, for correct calculation of kinetic 
coefficients with regard to nonlinear and nonlocal phenomena, one should solve a self-consistent 
system of equations comprising energy balance equation and current-continuity equation with regard 
to the Seebeck and Peltier effects.  

Mesoscopic and nanostructures are known to be promising thermoelectric materials. In such 
materials, the size of inhomogeneities (for instance, nanograins) can become comparable not only to 
characteristic length of temperature change, but also to nonlocality length. The effect of nonlocal 
phenomena on heat and electrotransport in semiconductor nanostructures has not been studied so far.  
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P.V. Gorsky, V.P. Mikhalchenko 

Institute of Thermoelectricity  
NAS and MES of Ukraine, 1, Nauky Str.,  

Chernivtsi, 58029, Ukraine 

ON THE ELECTRIC CONDUCTIVITY  
OF CONTACTING PARTICLES  

OF THERMOELECTRIC MATERIAL 

In the isotropic approximation the electric conductivity was calculated for a physical model – two 
half-spheres contacting in a circle with regard to electron scattering on the contact boundary as 
applied to Bi2Te3. It is shown that the value of effective electric conductivity of this material in the 
temperature range of 300 K and higher can be retained if contact radius exceeds 10.4 of mean free 
path of electron (hole). Calculated data are briefly discussed from the general physics and applied 
standpoints of thermoelectric material science. 
Key words: thermoelectric material, extrusion, figure of merit, conductivity, shape-forming 
element, contact, boundaries, electrons, phonons, scattering. 

Introduction 
One of the most efficient conventional thermoelectric materials used today for the manufacture 

of working members of thermoelectric instruments and devices is bismuth telluride Bi2Te3. Its single 
crystals are traditionally prepared by one of the three methods, namely zone recrystallization, 
Czochralski pulling and oriented crystallization. The specific feature of Bi2Te3 single crystal is the 
presence of cleavage planes, along which it easily splits, by virtue of which with a reasonable degree 
of accuracy it can be considered to be layered. Besides, Bi2Te3 single crystal possesses a pronounced 
thermal conductivity and electric conductivity anisotropy. Thermal conductivity χ11 of this crystal 
along cleavage planes is 2 – 3 times larger than its thermal conductivity χ33 in the direction normal to 
these planes. Quite similarly, electric conductivity σ11 of Bi2Te3 along cleavage planes for p-type 
material is a factor of 2.7, and for n-type material – a factor of 4 – 6 larger than electric conductivity 
σ33 in the direction normal to cleavage planes. For this reason, to maximize thermoelectric figure of 
merit, thermoelectric modules of single crystals are made so that electric current and temperature 
gradient are parallel to cleavage planes. 

Alongside with single-crystal materials, polycrystalline materials are used for the manufacture 
of thermoelectric modules. They can be divided into two classes: materials with oriented cleavage 
planes of individual crystallites and materials with a disordered (random) orientation of cleavage 
planes of individual crystallites. For the latter materials, according to the Odelevsky formula, electric 
conductivity is 11 33σ = σ σ  and thermal conductivity is 11 33χ = χ χ . 

Materials prepared by extrusion method in their structure are similar to polycrystalline materials 
with disordered orientation of cleavage planes of individual crystallites. Therefore, by virtue of the 
Odelevsky formula, in going from a single crystal to extruded material, the thermoelectric figure of 

P.V. Gorsky V.P. Mikhalchenko 



 P.V. Gorsky, V.P. Mikhalchenko 
On the electric conductivity of contacting particles of thermoelectric material 

ISSN 1607-8829 Journal of Thermoelectricity №2, 2013   13

merit must mostly drop. However, in actual practice such a drop is not observed. Hence, a mechanism 
must exist due to which material thermal conductivity drops, and electric conductivity is retained. 

One of possible mechanisms of electric conductivity retention is quantum tunneling mechanism 
which manifests itself at small, i.e. comparable to electron (hole) de Broglie wavelength dimensions of 
thermoelectric material particles and contacts between them. The authors of [1] were among the first 
to pay attention to this fact. In [2] this mechanism was studied in more detail as applied to BixSb2–xTe3. 
Exactly due to a large role of tunnelling effect in the formation of electric conductivity the researchers’ 
attention is drawn to materials of the type TTF-TCNQ and similar to them with large carrier mobilities 
and the lowest lattice thermal conductivity [3-5]. 

At the same time, in the manufacture of thermoelectric products of conventional materials by hot 
pressing or extrusion, of current concern is a problem of optimal in terms of thermoelectric figure of 
merit dimensions of thermoelectric material grains and contacts between them. In particular, a question 
arises whether these dimensions can be selected so as to retain the electric conductivity of thermoelectric 
material particle aggregates with a simultaneous reduction of their thermal conductivity. 

The form-shaping element of extruded material structure can be a system of two half-spheres of 
macroscopic radius R contacting in a circle of radius r [6]. The purpose of this work is to calculate the 
electric conductivity of such a system with regard to electrons or holes scattering on the contact boundaries. 

Phenomenological consideration of the problem 
Let us determine the effective electric conductivity of a 

system of two half-spheres of radius R of thermoelectric material 
contacting in a circle of radius r as a ratio of current through the 
system to potential difference between the large circles of half-
spheres. A physical model of this problem is shown in Fig. 1. 

In the formulation of the problem it is assumed that the 
surfaces of half-spheres are electrically isolated, their bases 
(large circle planes) are maintained at given potentials φ1 and φ2, 
and tunnelling of carriers to a gap between the spherical surfaces 
is ignored. 

For the analytical calculation of potential distribution in such 
a system we will make direct use of Ohm’s law. Let us direct the Z 
axis of coordinate system along the common axis of half-spheres. 
Then in the area of half-sphere with a larger potential from Ohm’s 
law follows the equation: 

 ( )2 2
0

d
d

R z I
z
ϕ

−σ π − = , (1)  

where σ0 is known electric conductivity of half-sphere material, φ is potential, I is current through the 
system to be determined from the boundary conditions. The solution of Eq. (1) is of the form: 

 1
0

ln
2

I R z
R R z

+
ϕ = ϕ −

σ π −
. (2)  

Hence we find the contact potential: 

 
Fig. 1. Physical model  

of the problem. 
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2 2

1 2 2
0

ln
2s

I R R r
R R R r

+ −
ϕ = ϕ −

σ π − −
.  (3)  

If, however, current coordinate varies within a half-sphere with a smaller potential 
2 2 2 22R r z R r− ≤ ≤ − , from Ohm’s law follows the equation: 

 ( )2
2 2 2

0
d2
d

R R r z I
z
ϕ⎛ ⎞−σ π − − − =⎜ ⎟

⎝ ⎠
.  (4)  

Solution of Eq.(4) is given by: 

 
2 2 2 2

1 2 2 2 2
0 0

2ln ln
2 2

I R R r I R R r z
R RR R r R R r z

+ − − − +
ϕ = ϕ − −

σ π σ π− − + − −
. (5)  

Satisfying condition 2 2 22
|
z R r= −

ϕ = ϕ , we get the following expression for current through the system: 

 
( )0 1 2

2 2

2 2
ln

R
I

R R r
R R r

π σ ϕ −ϕ
=

⎛ ⎞+ −
⎜ ⎟⎜ ⎟− −⎝ ⎠

.  (6)  

Therefore, the effective electric conductivity of a system of two half-spheres in S (Ω–1) is equal to: 

 0

2 2

2 2
ln

ef
R

R R r
R R r

π σ
σ =

⎛ ⎞+ −
⎜ ⎟⎜ ⎟− −⎝ ⎠

. (7)  

At r / R << 1 this formula goes over into: 

  
( )

0
2 2ln 4ef

R
R r

π σ
σ = .  (8)  

So, the final expression for potential distribution in a half-sphere with a larger potential is as follows: 

  ( )1 1 2 2 2

2 2

ln
0.5

ln

R z
R z

R R r
R R r

+
−ϕ = ϕ − ϕ −ϕ

+ −

− −

.  (9)  

Whereas in a half-sphere with a smaller potential this expression is given by: 

 ( )

2 2

2 2

2 1 2 2 2

2 2

2ln
20.5

ln

R R r z
R R r z

R R r
R R r

+ − −

− − +ϕ = ϕ + ϕ −ϕ
+ −

− −

.  (10)  

Examples of potential fields in a system of two half-spheres are shown in Figs. 2 and 3. The Z 
axis is directed as in Fig. 1, i.e. from the base with a smaller potential to that with a larger potential. 
For simulation the values φ1 = 10 V, φ2 = 0 V, R = 3 and 4 mm, r = 500 and 25 μm were taken. 

For comparison, crosses on the same plots are used to show the results of a numerical solution of 
Laplace’s equation for a system of two half-spheres with the aid of “Comsol Multiphysics” program. The 
distinctions are mostly due to the error of difference approximation of differential operators with a 
numerical solution of second-order differential equations in partial derivatives by method of networks. 
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a) b) 

Fig. 2. Results of a correlation between the numerical and analytical solutions 
at R = 3 mm and r = 500μm (а), 25 μm (b). 

  

a) b) 

Fig. 3. Results of a correlation between the numerical and analytical solutions  
at R = 4 mm and r = 500 μm (а) and 25 μm (b). 

Dependence of current through the system (and its effective electric conductivity) on the ratio 
b* = r / R with a fixed radius of half-spheres is shown in Fig. 4. 

  
a) b) 

Fig. 4. Dependence of effective electric conductivity of the system (and current through it)  
on the relative contact radius for moderate (a) and particularly small (b) radii.  

The dashed curve in Fig. 4 а is constructed by a simplified formula (8). 
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Thus, it follows from the results of phenomenological consideration of the problem that by 
virtue of similarity between thermal conductivity and electric conductivity effects, no gain in 
thermoelectric figure of merit can be obtained due to purely “geometric” factor, hence, it is necessary 
to consider the microscopic mechanism of system electric conductivity retention with a reduction of its 
thermal conductivity. In this case we will consider purely drift mechanism, thus far leaving aside 
quantum tunneling. 

Consideration of the problem of electrons (holes) scattering on sample boundaries  
in the approximation of power dependence of relaxation time on energy  

Consider this problem within a model of two half-spheres contacting in a circular spot of 
radius r . In the bulk material the mean free path lcc of electron or hole depends on energy by the power 
law lcc(ε) = Aεq, where A is a certain coefficient of proportionality, q is power exponent. The values of 
these quantities are defined by specific scattering mechanism, where q, according to general concepts 
of quantum mechanics varies from 0 at low to 4 at high energies. Therefore, for the electric 
conductivity of the bulk sample in the isotropic approximation in the case of a nondegenerate gas of 
current carriers the following expression is valid: 

 ( ) ( ) ( ) ( )1 11
0

0

exp d 2q qqD kT x x x D kT q
∞

+ ++σ = − = Γ +∫ . (11)  

In this formula, D = ABCexp(ζ/kT), B is coefficient of proportionality between the density of 
states of current carriers and the square root of their energy, C is coefficient of proportionality between 
the rate of current carriers and the square root of their energy, ζ is chemical potential, T is temperature, 
Γ(x) is gamma-function. 

For carrier scattering on the contact spot boundaries the following expression for the resulting 
mean free path of current carriers is valid: 

 ( ) ( )
( )

.cc
cct

cc

l L
l

L l
ε

ε =
+ ε

 (12)  

In this formula, lcc(ε) is mean free path of current carrier (electron or hole) in material determined 
by all scattering mechanisms, except for the contact spot boundaries, L is effective mean free path of 
current carrier determined by the sample boundaries. Now we introduce the mean free path of current 
carrier, for instance, electron, by the formula: 

  
( ) ( ) ( )

( ) ( )

0
0

0
0

d

d

cc

e

l f g
l

f g

∞

∞

ε ε ε ε
=

ε ε ε

∫

∫
. (13)  

In this formula, f0(ε) is the Maxwell-Boltzmann distribution function, g(ε) is the electron density 
of states. From (12) follows the following relation for :A  

 ( )
( ) ( )

1.5

1.5
e qA l

kT q

Γ
=

Γ +
. (14)  

In the case of a circular contact which is small as compared to half-sphere diameters, it can be 
considered that a drag of current carriers, for instance, electrons, takes place only in the area of this contact. 
Moreover, all contact points are equivalent due to its symmetry. Therefore, a general formula for electric 
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conductivity [7] with regard to (12) and (14) yields the following expression for the ratio between the 
electric conductivity of a system of half-spheres to the electric conductivity of the bulk sample: 

 
( )

( )2 11 2

2
0 0 0 0

1 2 cos exp1 d d d
2 1 2 cos

q
bs

q

k y y yx x
y x

q x k y y

∗ +∞ π

∗

+ − ϕ −σ
= ϕ

σ πΓ + + + − ϕ
∫ ∫ ∫ . (15) 

In this formula, σbs is the electric conductivity of the system, k* = [Γ(q+1.5)/Γ(1.5)](r/le). As it 
must be, at k* = 0 formula (13) gives zero, and at k* → ∞ – the electric conductivity of the bulk 
sample. The results of this calculation are depicted in Fig. 5. 

 
Fig. 5. Dependence of the electric conductivity of a system of two half-spheres contacting in a circular spot  

on its radius. Curves 1 – 9 are constructed for the values of q from 0 to 4 with a step of 0.5. 

Dependence of r/le ratio on q following from considerations of retention of at least 90 % of the 
electric conductivity of the bulk sample is depicted in Fig. 6. 

  
Fig. 6. Dependence of r/le ratio on q following from considerations of retention  

of at least 90 % of the electric conductivity of the bulk sample. 

From this figure it is evident that with increase in q after the value equal to 2, r/le ratio is rather 
drastically increased. However, in semiconductors the most frequent q values are equal to 0, which 
corresponds to approximation of constant mean free path, or 0.5, which corresponds to approximation 
of constant relaxation time. In the temperature range of 300 K and above which is relevant for 
thermoelectricity it can be considered that q = 0. In this case the mean free path of current carriers, i.e. 
electrons (holes) lcc at temperature T is expressed through their mobility b and density-of-state 
effective mass m* as follows: 
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 .
2cc

bl m kT
e

∗π
=  (16)  

Therefore, the estimate of mean free paths at this temperature, based on the mobilities and 
density-of-state effective masses of electrons and holes [7], yields le = 38.7 nm, lh = 20.4 nm. 
Minimum contact radius at q = 0, necessary for the retention of 90 % of electric conductivity, is 10.4 
of the mean free path of electron or hole. And this corresponds (with a larger path) to 0.4 μm. 

Conclusions and recommendations 
1. In the isotropic drift approximation with regard to charge carrier scattering on the acoustic phonons 

and contact boundaries it is shown that in going from single crystal to extruded material the 
electric conductivity of shape-forming material structural element at least 90 % is retained, if the 
radius of contact between half-spheres is at least 10.4 of the mean free path of electron (hole). 

2. As applied to Bi2Te3 at a temperature of 300 K it means that contact radius must be not less than 
0.4 μm, and such contacts can occur between particles of diameter 40 to 80 μm. 

3. Retention or slight change of thermoelectric figure of merit in going from single crystal to extruded 
material is attributable to the fact that at phonon scattering on the boundaries of contact between half-
spheres of shape-forming element its thermal conductivity drops, while the electric conductivity even 
with account of charge carrier scattering on the contact boundaries remains the same.  

The Authors express their gratitude to academician L.I. Anatychuk for the problem statement 
and important critical remarks.  
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ANISOTROPIC SCATTERING THEORY 
AND RELEVANT PROBLEMS OF THE 

KINETICS OF ELECTRON PROCESSES  
IN MANY-VALLEY SEMICONDUCTORS 

This paper deals with the physics of anisotropic scattering theory. Researchers’ attention is drawn to 
the advantageous features of this theory which made it suitable for practical application in the region 
of intermediate magnetic fields (μH / c ≈ 1) where the use of other theories proved to be inefficient. 
Key words: theory of anisotropic scattering, many-valley semiconductors, kinetic phenomena, 
electric and magnetic fields.  

Introduction 
Without exaggeration one may state that a real prerequisite to progress in some divisions of the 

kinetics of electron processes in semiconductors in our country (and abroad) over the last three to four 
decades has been development of anisotropic scattering theory (AST) efficiently pursued by its author, 
professor A.G. Samoilovich and his school of thought in Chernivtsi since 1960 and actually to the last 
day of his creatively rich and far from being easy life.∗ 

Some AST divisions appeared in special editions [1-4] dealing with dedicated problems. Therefore, 
in this review it would not be inappropriate to set forth, possibly briefly and consecutively, the main 
postulates of AST, paying special attention to specific features of this theory assuring the opportunity of its 
application in such regions of magnetic field intensity (satisfying, in particular, criterion μH / c ≈ 1) in 
which a description of electron gas kinetics for other theories is virtually impossible. 

The most detailed and complete (so to speak, first-hand) AST outline can be found in the 
compendium of lectures by A.G. Samoilovich [5] prepared for publication by Anatoliy Grygorovich’s 
pupils – L.N. Vikhor, O.A. Okhrem and A.O. Snarskii. 

Note that the theoretical special course of AST (published as a compendium of lectures) is 
certainly self-sufficient and complete. However, being restricted by the scope of university program, it 
surely did not embody the results of experimental research pursued at the Lashkaryov Institute of 
Semiconductor Physics, NAS Ukraine with the active participation of theoreticians from Chernivtsi 
State University. It is exactly this gap in the interpretation of AST interaction with the experiment that 
the authors of this review would like to fill to some extent, referring, of course, only to scientific 
papers and monographs published with A.G. Samoilovich and the research officers of the department 
he was in charge of. 

                                                 
∗ At the age of 5 A.G. Samoilovich lost the opportunity not only to move without exterior help, but even to eat. 
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1. Physics of anisotropic scattering theory and its contribution to research on electron 
gas kinetics in many-valley semiconductors (n-type Ge and Si)  

Research on the electric and galvanomagnetic properties of solids yields important information 
on the energy spectrum structure of carriers, the character of their scattering and other values 
describing transport effects. Knowledge of precise quantitative theory of these effects allows 
determination of a variety of parameters and enables a wide practical use of the electric and 
galvanomagnetic properties of solids in science and technology. 

When considering electron motion in crystal lattice, it is necessary to take into account correctly 
the effective mass anisotropy and the anisotropy of electron scattering both on crystal lattice vibrations 
and on the ionized impurities. 

The first successful step in this direction was taken in the work by Herring and Vogt [6]. In this 
work, the non-equilibrium addition to distribution function '

knG  was taken in the form of a linear 

function of quasi-pulse k
G

 

 ( )' ,kn A k= εG
GG

 (1) 

which is equivalent to taking into account only the first harmonic in the expansion of '
knG  with respect 

to spherical functions, that is, use was made of a linear approximation. Being restricted to a linear 
approximation, it is impossible to evaluate the errors that arise. In the case of strongly anisotropic 
scattering (scattering on ionized impurities) such an approach is unacceptable altogether. 

As will be shown below, within AST the solution of the kinetic equation has a reliable 
mathematical background. This method is equivalent to variation one. We will restrict ourselves to 
consideration of elastic scattering of electrons that have isoenergetic surfaces in the form of ellipsoids 
of revolution. The solution of the kinetic equation is sought as a series of expansion with respect to 
spherical functions and reduced to an infinite system of linear algebraic equations with respect to 
coefficients of this expansion. 

To calculate the fluxes, it is necessary to determine the first harmonic coefficients in the system. 
When scattering probability in the axes of mass ellipsoid does not depend on the azimuth of vector qG  
equal to a change in quasi-pulse at scattering, and the magnetic field is equal to zero, the first 
harmonic coefficients can be represented as a series where the first term gives a linear Herring-Vogt 
approximation. In the case of elongated isoenergetic ellipsoids of revolution (m|| > m⊥) at scattering on 
ionized impurities these series rapidly converge for any (considerable) m|| / m⊥ ratios, so it is enough to 
preserve two terms of the series. In the case of Si and Ge (as shown by estimates) at scattering on 
acoustic phonons it is enough to be restricted to the first term of expansion, because the second term is 
two orders of magnitude smaller than the first one. According to estimates, the last statement remains 
valid with a mixed scattering as well. 

2. Solution of the kinetic equation with anisotropic electron scattering 
2.1. Reduction of the kinetic equation to a system of algebraic equations  
(according to data reported in works [1 – 10]) 

Under anisotropic scattering conditions, the probability of 'k k
WG G  transition from k

G
 state to 'k

G
 

state depends on k
G

 and 'k
G

directions. Such scattering can be caused either by the anisotropy of 
electron energy spectrum or by the anisotropic character of scatterer. We will consider only elastic 
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scattering. Let us assume that the energy spectrum of electrons in the external electric field in the 
absence of a magnetic field (Н = 0) is given by: 

 
2 23

1
.

2
i

i i

k
m=

ε = ∑ =  (2)  

Then with the weak electric field and temperature gradient (grad T), in conformity with 
[2, 3, 7 – 10], the kinetic equation can be written as 

 ( )0 'ˆ ˆ 0k kD n R n+ =G G , (3)  

where 

 ( )' '
'

' ' 'ˆ
k kk k k

k

R n W n n= −∑G GG G G
G

, (4) 

where ( )0
knG  is equilibrium distribution function, '

knG  is nonequilibrium addition to distribution function, 

R̂  is collision operator, ( )0ˆ
kD nG  is a free term of the kinetic equation 

 ( )
( )0

0 1ˆ k
ik

i i i i

n TD n e E
x T x k

∂ ⎛ ⎞∂μ ε − μ ∂ ∂ ε
= + −⎜ ⎟∂ ε ∂ ∂ ∂⎝ ⎠

∑
G

G
=

, (5) 

μ is chemical potential, E is external electric field. 
The kinetic equations are solved for each isoenergetic ellipsoid taken individually (Umklapp 

processes between minima are disregarded). 
Let us introduce “deformed” coordinates in quasi-pulse space 

 
2i i

i

k
m

ξ =
ε

= . (6) 

Then expression (2) will be of the form 

 2 1i
i

ξ =∑ . (7) 

Let us introduce a spherical coordinate system with a polar axis oriented along 0Z axis of 
constant energy ellipsoid 

 1 0 0sin cosξ = ϑ φ , 2 0 0sin sinξ = ϑ φ , 3 0cosξ = ϑ . (8) 

In this case, denoting through 

 i i
i i

TK e E
x T x

∂μ ε − μ ∂
= − − +

∂ ∂
, (9)  

one can write a free term of the kinetic equation as 

 ( ) ( )0
1 0 0

ˆ
m mk

m
D n D Y= ϑ φ∑G , (10) 

where ( )0 0l mY ϑ φ  is a spherical function normalized to unity. 

 

( )

( )

0
1

1 2
1 2

0
*

0 3 1 1
3

4
3

8 ,
3

k

k

n K iD K
m m

nED K D D
m −

⎫⎛ ⎞∂πε
= − ⎪⎜ ⎟⎜ ⎟∂ ε ⎪⎝ ⎠

⎬
∂ ⎪π

= = − ⎪∂ ε ⎭

G

G
. (11) 



P.I. Baranskii, G.P. Haidar 
Anisotropic scattering theory and relevant problems of the kinetics of electron processes… 

 Journal of Thermoelectricity №2, 2013 ISSN 1607-8829 22

With regard to equation (10), it is natural to seek the solution of the kinetic equation as 
expansion with respect to spherical functions 

 ( ) ( )'
0 0k m k mk

k m

n X Y= ε ϑ φ∑G . (12) 

As long as under elastic scattering conditions a collision operator affects only the angular part of 
function '

knG , we get 

 ( ) ( ) ( )'
0 0

ˆ
k m j k j pk

j k m p
R n X B p m Y= − ε ϑ φ∑G , (13) 

where 

 ( ) ( ) ( )0 0 0 0
ˆ

j p j p k m
j p

B p m Y R Y− ϑ φ = ϑ φ∑ . (14) 

Substituting (10) and (13) into (3), we obtain a system of equations in unknowns ( )k mX ε  

 ( ) 1j k k m p j
k m

B p m X D= δ∑ . (15) 

Thus, the problem of finding '
knG  from equation (3) came down to determination of k mX  from 

the infinite system of linear algebraic equations (15). Current components are proportional to first-
order spherical functions. Hence, for current calculation it is enough to find 1mX  from the reduced 

system. Part of distribution function '
knG  whereby current is determined is of the form 

 ( ) ( )'
1 1 0 0 .m mk

m
n X Y= ε ϑ φ∑G  (16)  

Based on the principle of microscopic reversibility it can be shown that expansion (12) includes 
only unpaired harmonics.  

Note that a system of equations (15) can be also obtained using the principle of entropy growth 
rate maximum. 

As a result of collision operator action on the angular part of function '
knG  and performing the 

necessary calculations [8, 9], the expression for coefficients ( )j kB p m  was obtained as below: 

 
( )

( )
( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

1 2 3
3

/2
*

0

4 2 2 1 2 1 ! !
! !2

sin cos cos cos cos cos .

paired

m p
j k

s

i m ps s j k
j k s p s m

m m m j k j s k s
B p m i

j s k s

d d W P P P P e

−

π
− φ

ε + + − −
= ×

+ +π

× Ω θ θ θ θϑφ θ θ ϑ ϑ

∑

∫ ∫

=  (17) 

Summation in (17) over Spair is done from –k + 1 to k – 1, when k < j; and from –j + 1 to j – 1, 
when j < k; s

jP  is an associated Legendre function; j
s pP  is an orbital part of generalized spherical 

function (Wigner function) determined in [11]. sind d dΩ = ϑ ϑ φ . ϑ0 and ϕ0 determine a direction ξ
G

 

of electron quasi-pulse in "deformed" coordinate system (6) up to scattering, ϑ and ϕ determine a 

direction of vector 'q = ξ − ξ
G GG  equal to a change in quasi-pulse on scattering, χ = π – 2θ is scattering 

angle, that is, the angle between ξ
G

 and 'ξ
G

 (Fig. 1). 
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'ξ

ξ

q
χ

θ

 
Fig. 1. Schematic of scattering angle χ. 

When probability of scattering in the axis of mass ellipsoid does not depend on vector azimuth 
qG  (on angle ϕ), then matrix ( )j kB p m  is diagonalized in р and m: 

 ( ) ( )j k j k m pB p m B p= δ . (18) 

In so doing, system (15) is disintegrated into independent systems with different р: 

 ( ) 1j k k p p j
k

B p X D= δ∑ . (19) 

Accordingly, W(θ ϑ ϕ) in (17) will not depend on ϕ and we will get: 

 
( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( ) ( )

1 2 3
2 3

/2
*

0 0

2 2 1 2 1 ! !
! !

sin sin cos , cos cos cos cos .

paired

j k j k m p
s

s s j k
j k s m sm m p

m m m j k j s k s
B p m B m

j s k s

d d W P P P P
π π

ε + + − −
= δ = ×

π + +

× ϑ ϑ θ θ θ θ ϑ θ θ ϑ ϑ × δ

∑

∫ ∫

=  (20) 

As is evident from (17), 

 ( ) ( )*
j k k jB p m B m p= . (21) 

Using an explicit expression for functions ( )cosj
smP ϑ  [11], it is readily apparent from (20) that 

coefficients ( )j kB m  (as real ones) meet the condition 

 ( ) ( )j k k jB m B m= , (22) 

and, with regard to (20), one can also write 

 ( ) ( )j k j kB m B m= − . (23) 

2.2. Iteration method for determination of X1m  

A method for calculation of X1m that will be set forth below can be efficiently used to find X1m 
from system (19). 

Let B(XX) be a quadratic form of variables Xlm 

 ( ) j k j k
j k

B X X B X X= ∑  (24) 

 (index m is omitted as yet). 
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Let us introduce the notation 

 ( ) ,i i k k
k

A X B X= ∑  (25) 

 ( )

( )
( )

( )

11 13 1, 2 3 1

31 33 3, 2 3 3
1 1

2 1,1 2 1, 3 2 1, 2 3 2 1

, .

k

k
k

k k k k k

B B B A X

B B B A X
Z A X Z

B B B A X

−

−

− − − − −

…

…
= =

""""""""""""""""""""
"

 (26) 

In conformity with the Jacobi formula 

 ( )
2

1

,l

l l l

ZB X X
−

=
Δ Δ∑  (27) 

where Δl is determinant of the principal "l"-th minor matrix j kB . However, in our case variables X1m 

meet system (18), therefore 

 ( ) ( )1 1 1, 0, .iA X D A B X X D X>= = =  (28) 

Thus, for c we obtain from (27) the following series 

 
( ) ( )

2
1

1
1

l
m m

l l l

ZX D
m m

−

−

=
Δ Δ∑ , (29) 

where 

 ( )

( ) ( ) ( )

( ) ( ) ( )

31 33 3, 2 3

1 0

2 1,1 2 1, 3 2 1, 2 3

; 1.

l

m
l

l l l l

B m B m B m

Z Z

B m B m B m

−

−

− − − −

…

= =
""""""""""""""""""
""""""""""""""""""

"

 (30) 

The sum of the first n terms of series for X1m is a solution of system (19), if we set Xlm = 0 at 
l > n. In this sense, said method for calculation of X1m can be referred to as iteration. Note that series 
(29) when considering scattering on phonons and impurity ions is rapidly converging. For instance, at 
scattering on ionized impurities in the case of strongest anisotropy (when scattering is mainly forward 
and m1

 / m3 << 1) the ratio of the first four terms in this series is as follows: 1: 0.72: 0.015: 0. Here, the 

nondiagonal matrix elements ( )j kB m  are not small. 

2.3. Scattering on ionized impurities 

Let us consider a dielectric constant ς isotropic and assume impurity potential as  

 
2

/0 r aeV e
r

−=
ς

, (31) 

where e0 is electron charge, а is screening radius which in the degenerate case is calculated by the 
formula 

 
2 '

2 04 e na
k T

− π
=

ς
, (32) 
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where ( )' 1 A
A

D

n Nn n n N
N

⎛ ⎞+
= + + −⎜ ⎟

⎝ ⎠
. Here n is electron concentration in conduction band, ND and NA 

are donor and acceptor concentrations. The 'n value, according to Brooks [12], takes into account the 
effect of compensating impurity on screening. 

Under these conditions, in the Born approximation, for matrix transition element we get 

 ( )

( )
'

'

2 2/
,0 0

2' 2

4 1 .
r a

i k k r

k k

e eeV e d r
r k k a

−
−

−

π
= =

ς ς − +
∫

G G G
G G

G
G G  (33)  

If ( ) 2'k k−
G G

 is expressed through angles θ, ϑ and ϕ (see explanations to (17)), in the case of 

ellipsoid of revolution we obtain the following expression for transition probability 

 ( ) '

3 4 32
0

2

2 2 2 2 2 2 21
3

3

2 ,

2 cos sin cos
k k

e NW N V
mm
m

ππ
θϑφ = =

⎡ ⎤⎛ ⎞
ε χ ϑ + ϑ θ + γ⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦

G G
=

=
 (34) 

where  

 
2

2
2

3

,
8 a m

γ =
ε

=  (35) 

N is the number of ionized impurities per 1 сm3, m1 = m2 < m3. 
Parameter γ2 in the region of 5 ≤ Т ≤ 300 K and 1014 ≤ ND ≤ 1017 сm–3 is in the range of  

10–7 ≤ γ2 ≤ 10–2. With that sort of low γ2 an angular summand in denominator (34) is essential, since 
the probability of scattering for certain angle χ (scattering angle χ = π – 2θ) with real values m1

 / m3 
is strongly dependent on angle ϑ, that is, on the direction of electron motion. 

As long as in our case W(θ ϑ ϕ) does not depend on ϕ, coefficients ( ) ( )j k j k p mB p m B m= δ  

(see (18)) – X1m can be determined by means of series (29). In the boundary case of low but finite γ2 
and m1

 / m3 we get 

 
( ) ( )0

10
11

1 0.72 0.015 0.00018 .
0

DX
B

= + + + +…�  (36)  

The values of ( )j kB m�  for m = 0.1 are given in Tables 1 and 2. 

Table 1 

The values of coefficients 
( )
( )11

0
0

j kB
B

�
�  at certain j and k 

k 
j 

1 3 5 7 
1 1 3.44 6.74 10.7 
3 3.44 28.2 59.2 96.0 
5 6.74 59.2 169 287 
7 10.7 96.0 287 576 
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Table 2 

The values of coefficients 
( )
( )11

1
1

j kB
B

�
�  at certain j and k 

k 
j 

1 3 5 
1 1 1.40 1.74 
3 1.40 4.70 6.24 
5 1.74 6.24 11.4 

For larger γ2 and m1
 / m3 values, when the anisotropy is lower, series (29), naturally, converges 

even better. If we use an evaluation formula where we substitute m1
 / m3 = 0.052 for Ge and 

m1
 / m3 = 0.196 for Si, the second term in (29) will be equal to 0.38 and 0.15 respectively, and the third 

term ≅ 10-3 in both cases. 
Similarly, for X11 in the boundary case of low but finite γ2 and m1

 / m3, we obtain 

 
( ) ( )1

11
11

1 0.72 0.015 .
1

DX
B

= + + +…�  (37)  

For Ge and Si the second term in (37) will be equal to 0.50 and 0.18, respectively. So, both for 
X10 and X11 we can restrict ourselves to two terms of the series. 

Restricting ourselves in (29) to the second term, we will have 
 1 ,m m mX D= χ  (38) 

where 
( )

( )
( ) ( ) ( )

2
1 3

2
11 11 3 3 13

1 1m

B m
B m B m B m B m

⎡ ⎤
χ = +⎢ ⎥

−⎢ ⎥⎣ ⎦
, (39) 

in which case χ1 = χ–1. Taking into account (21) and (38), we will get the following expressions for 
components of relaxation time tensor 

 
( ) ( )

( ) ( )

|| 33 0 0
11

11 1 1
11

1 1
0

,
1 1

1

g
B

g
B⊥

⎫τ = τ = χ = + ⎪
⎪
⎬
⎪τ = τ = χ = +
⎪⎭

 (40) 

where 
( )

( ) ( ) ( )

2
13

2
11 3 3 13

.m

B m
g

B m B m B m
=

−
 (41) 

In the isotropic case (m1
 / m3 = 1) all Bjk(m) = 0 at j ≠ k and formulae (40) give us relaxation time 

obtained by Brooks and Herring [12] and Dingle [13]: 

 
4 2

1 0
2 22 * 3

1 1ln .
12

e N

m
− ⎛ ⎞π + γ

τ = −⎜ ⎟γ + γς ε ⎝ ⎠
 (42) 

Note that all coefficients Bjk(m) can be precisely calculated and are rather complicated and 
cumbersome expressions. However, as it turned out, in the calculation of Bjk(m) for Ge and Si one can 
make an expansion with respect to parameter α2 = γ2m3

 / m1 and omit all α2 and higher-order terms, 
since, in practically most important region, γ2 ≤ 10–2. The obtained coefficients Bjk(m) can be used for 
calculation of correction gm by formula (39) in the cases when scattering on impurity ions prevails 
over other scattering mechanisms (heavily compensated samples, low temperatures, etc.). 
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2.4. Scattering on acoustic phonons 

Based on deformation potential theory [6] and the results of Ref. [14], the probability of 
scattering for Ge and Si is of the form 

 ( )
( ) ( )

( )

2 2 2 4
2 3 2 3

22 2 2 2 2
2 1 1 3 1 1 3

1
' 2 ' 2 2
11 2 11 1 3

22 ' 2 2
1 44 1 3

2 cos cos1
sin cos sin cos2 ,

sin cos

sin cos

C m C m
C m m C m mk T CW

C C C m m

C C m m

⎧ ⎫ϑ ϑ
+ + +⎪ ⎪ϑ + ϑ ϑ + ϑ⎪ ⎪π ⎪ ⎪ϑ = ⎨ ⎬

ϑ ϑ⎪ ⎪+⎪ ⎪ϑ + ϑ⎪ ⎪⎩ ⎭

=
 (43) 

where С1 and С2 are deformation potential constants, '
11C  and '

44C  are averaged elastic constants 

determined in [14]. 
As can be seen from (43), W does not depend on angle θ, hence, on scattering angle either. 

Coefficients Bjk(m) are calculated by the formula 

 ( )
( )

( )1 3
3

4 2
,

2 paired

s s
j k j k j k

s

m m
B m L R m

ε
=

π
∑

=
 (44) 

where 
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( ) ( ) ( )

/2
*
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*

! !
2 sin cos cos cos

! ! ,

cos cos

s s s
j k j k

s j k
j k s m s m

j s k s
L d P P

j s k s

R m d P P

π ⎫− −
= θ θ θ θ θ ⎪⎪+ + ⎬

⎪
= Ω ϑ ϑ ⎪⎭

∫

∫
 (45)  

( )cosj
s mP ϑ  are functions normalized to unity. 

A matrix of coefficients Bjk(m) in this case is very close to the diagonal one, so in series (29) for 
X1m the second term can be already omitted, since it is two orders of magnitude smaller than the first 
one for Ge and Si. 

The respective B11(m) values, according to (44) and (45), will be given by 

 ( )11
0

1 ,mB m S=
τ

 (46) 

where "isotropic" relaxation time τ0: 

 
' 4
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0 2 2
1 1 3

,
2
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π
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 (47)  
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Here, 2 3 1

1

m m
m
−

β = , b arctg= β . 

Relaxation time tensor is given by 

 
( )

0
11 22

11 1

1 ;
1B S⊥

τ
τ = τ = τ = =  

( )
0

33 ||
11 0

1 .
0B S

τ
τ =τ = =  (50) 

2.5. Mixed scattering 

In the case of mixed scattering, coefficients Bjk(m) (owing to summation of transition 
probabilities) will be as follows 

 ( ) ( ) ( ) ,f іon
j k j k j kB m B m B m= +  (51) 

where ( )f
j kB m  and ( )іоn

j kB m  are coefficients corresponding to scattering on phonons or impurity ions 

only. The second term of series (29) for X1m (designated as gm) will be determined by the relationship 

 
( ) ( )( )

( ) ( )( ) ( ) ( )( ) ( ) ( )( )

2

13 13
2

11 11 33 33 13 13

.
f іоn

m f іоn f іоn f іоn

B m B m
g

B m B m B m B m B m B m

+
=

+ + − +
 (52) 

As long as a matrix of coefficients ( )ф
j kB m  (as mentioned above) is almost diagonal, from 

(52) it is seen that correction gm in this case is much smaller than in the case of purely ion scattering. 
Analysis shows that gm with a mixed scattering is of the order of several percent for Ge and Si in the 
entire practically important range of temperatures and impurity concentrations. Therefore, for the case 
of mixed scattering (and this kind of scattering in actual practice is very frequent) it is enough in series 
(29) for X1m to be restricted to the first term (linear approximation). 

3. The use of AST for study of thermoelectric and thermomagnetic effects  
in anisotropic semiconductors 

As long as the theory of thermoelectric and thermomagnetic effects within the assumptions used 
here was published in full scope as a separate edition [3], we will restrict ourselves to several general 
comments related to practical use of this theory (by comparison of its conclusions to the experiment). 

In the framework of assumptions accepted in the band theory and AST, in said edition a general 
theory of galvano- and thermomagnetic effects was built for arbitrary-value (but non-quantizing) 
magnetic fields. In so doing, the kinetics of electron processes in many-valley semiconductors was 
considered both in the presence and absence of electron phonon drag effects. 

It turned out that qualitative and quantitative analyses of the entire combination of considered 
effects can be carried to completion with restriction to two parameters that are well measured 
experimentally: mobility anisotropy parameter K = μ⊥

 / μ|| and drag thermoEMF anisotropy parameter 
М = α||

ф /  α⊥
ф, which characterize an isoenergetic ellipsoid taken individually. 

The use of uniaxial elastic deformation (with application to crystal and a change in deforming 
mechanical stress Х in rather wide limits) assures the analysis of effects under study with a different 
number of efficient isoenergetic ellipsoids: from one (n-Ge, deformed in <111> direction) to six (n-Si 
– in the non-deformed crystal). 

However, there are many semiconductors whose isoenergetic surfaces are shaped not as ellipsoids 
of revolution, but as three-axial ellipsoids (and even more complicated). In monograph [3], the necessary 
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generalizations of the theory appropriate for the description of kinetic effects in these (far from being 
simple) cases were made and can employed for comparison of experimental data to the theory. 

Conclusions 
1. The basic postulates of anisotropic scattering theory (AST) are formulated and the most important 

formulae of this theory are given in a form convenient for practical use by comparison to the 
experimental data. 

2. Possibilities of AST practical use in the investigation of thermoelectric and thermomagnetic 
effects in many-valley semiconductors of the type n-Si and n-Ge are explored. 

3. The specific feature of AST is pointed out, namely its suitability for the description of the kinetics 
of electron processes not only in the region of near-boundary small or boundary large (non-
quantizing) magnetic fields Н, but also in the region of intermediate magnetic fields (that is, at 
μH / c ≈ 1), where the use of other theories is inefficient.  
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THE INFLUENCE OF PHONON THERMAL CONDUCTIVITY  
ON THERMOELECTRIC FIGURE OF MERIT  
OF BULK NANOSTRUCTURED MATERIALS  

WITH TUNNELING CONTACTS 

A composite material is considered which consists of conducting nanoparticles separated by 
tunneling dielectric barriers. The influence of the phonon thermal conductivity of dielectric matrix 
κd on the thermoelectric figure of merit of this composite material is theoretically investigated. The 
range of κd values and barrier parameters that can lead to the thermoelectric figure of merit 
greater than unity is estimated. The influence of space charge and nonlinearity of current-voltage 
relations of tunneling barrier are also discussed. 
Key words: thermoelectrics, bulk nanostructures, electron tunneling, thermoelectric figure of merit. 

Introduction 
Thermoelectric materials are used in heat to electricity converters and refrigerators. Their main 

advantages are the lack of moving parts and environmentally unsafe refrigerants, maintenance-free 
operation and usage in waste heat utilization [1, 2]. The efficiency of energy conversion is determined 
by the thermoelectric figure of merit Z 

 
2

,SZ T σ
=

κ
 (1) 

where T is the absolute temperature, S is the Seebeck coefficient, σ and κ are electrical and thermal 
conductivities of the material. One of the possibilities to enhance ZT above unity proposed recently is 
to use bulk nanostructured materials [3-10]. These materials are synthesized by means of ball milling 
of initial BiTe-SbTe solid solution material and subsequent hot-pressing [3-8]. The final samples were 
polycrystalline with grains of the size of about 20 – 30 nm3 [3]. The other authors obtained solid 
solutions based on PbTe-SbTe with nano-inclusions of Ag or Pb [9, 10]. One can imagine that during 
the preparation process the nanograins can be coated with a dielectric material. So the composite will 
consist of conducting grains separated by a dielectric matrix. This type of nanostructured material is 
considered in the present paper. 

The conduction in such structures is determined by electron tunneling through the dielectric 
barriers. This mechanism is similar to that in thermionic energy converters that were considered for 
the cases of layered geometry [11-13] and for the case of vacuum barrier between conical tip and 
semiconducting plate [14]. In the previous work [15] the influence of three-dimensional geometry of 
the grains on the thermoelectric efficiency of such nanocomposite was considered for the case of 
vacuum barriers. The grain geometry was modeled by two truncated cones with the same base (Fig. 1). 
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It was shown that in the case of vacuum barriers the thermoelectric efficiency of composite material 
can reach the values ZT =3.0 – 4.0 at room temperature [15]. In the present work the results of the 
previous consideration [15] are extended to take into account the lattice thermal conductivity of 
intergrain dielectric media κd. The range of κd values and parameters of tunneling barrier that gave 
ZT > 1 were examined. In addition the influence of the space charge inside the barrier and possibility 
of nonlinearity of current-voltage dependence of tunneling junction are discussed. 

 

y
2b 2b

z

h

x
r0

a
d

ri

x

d0

εb

 
Fig. 1. Schematic drawing of the nanoparticle modeled as two truncated cones. 2a – nanoparticle length,  

r0 – the radius of truncated part, r1 – the radius of base of the cone, h and 2b – height and width  
of elementary cell, d – width of tunneling barrier. In the inset the tunneling barrier  

of height εb under applied voltage difference is schematically drawn. 

Calculation of electric and heat currents in tunneling junction 
In the calculation it was assumed that the tunneling current flows only through the cylindrical 

part with the height d and base radius r0 and the energy height of barrier is εb. The total energy ε of 
electron is conserved during the trip across the gap. Due to the conservation of the component of the 
momentum parallel to the electrode surface k|| the component of the energy corresponding to the 
movement perpendicular to that surface εx is conserved as well. This value is a sum of kinetic energy 
and potential energy inside the barrier 

 
2 2 ( ) ( ).
2

x
x

k x U x
m

ε = +  (2) 

The energy is considered to be zero at the bottom of the conduction band of the first electrode.  
The number of electrons with a given energy εx inside the interval dkx can be calculated as 

 ( )
||

( )0
0 || 2 2

d ( ) 2 ( ) ln 1 .
d 2

x
xk

x

mk TN x f e
k V

∗ ∗− ε −μ= Σ ε + ε −μ = +
π

 (3) 

Here, μ is the chemical potential, m is the electron effective mass, f0 is the Fermi-Dirac 
distribution function and all variables with asterisks are measured in k0T units. The same quantity per 
unit interval of energy is 

 ( ) ( )( )
3/2

0

3/2 2 3

d ( ) ln 1 .
d 2 ( )

xx

x x

mk TN x e
U x

∗ ∗− ε −μ

∗ ∗ ∗
= +

ε π ε −
 (4) 

The contribution of the electrons in the energy interval (εx, εx + dε) to the current density flow 
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equals to 

 ( ) ( )( )
2

0
2 3d d ( ) ln 1 d .

2
x

x x x x

m k T
j ev N x e e

∗ ∗− ε −μ ∗= − = − + ε
π

 (5) 

The current flow in the vertical direction (x-axis) inside the tunneling gap is given by the 
following equation 

 ( )2
0 1 22

12 3
1 10

( , )( ) ( , ) 1 d ,
2 ( , )

x
x x x x

x

m k T Tj e D
T

∞ ∗ ∗
∗ ∗ ∗ ∗

∗ ∗

⎛ ⎞ν ε μ
= − ε ν ε μ − ε⎜ ⎟π ν ε μ⎝ ⎠

∫  (6) 

where indices i = 1, 2 denote two electrodes, ( )xD ∗ε  is the electron tunneling probability and 

 ( )( )( , ) ln 1 .x yx y e− −ν = +  (7) 

The equation for the heat flow is similar to (6) 

 ( ) 23
0 1 22

12 3
1 10

( , )( ) ( , ) 1 d ,
2 ( , )

x
x x x x

x

m k T Tq D
T

∞ ∗ ∗
∗ ∗ ∗ ∗

∗ ∗

⎛ ⎞⎛ ⎞ θ ε μ⎜ ⎟= ε θ ε μ − ε⎜ ⎟⎜ ⎟π θ ε μ⎝ ⎠⎝ ⎠
∫  (8) 

where 

 ( ) ( )
2

2
2

1( , ) 3( ) 6 ln 1 Li ,
6 2

y x x yx y x y x e e− −⎛ ⎞π
θ = + − + + + −⎜ ⎟

⎝ ⎠
 (9) 

and Li2(x) is a dilogarithm. 
In an external electric field the initial square barrier changes to a triangular. For the calculation of 

current and heat flow we use tunneling probability in WKB approximation for a triangular barrier [16]: 
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3

4 2( ) exp ,
3

1,
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b x
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F

mD F d
F
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⎜ ⎟⎪ ⎝ ⎠⎪
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In this equation F = –eE is the force acting on the electron in electrical field E. 
When temperature difference is smaller than the average temperature 2 1| | | |T T T TΔ = − <<  and 

the potential drop on the single barrier 2 1 e Vμ −μ = − Δ  is small 0| | ,e V k TΔ <<  εb linear transport 
coefficients can be obtained neglecting the change of the barrier shape. For example, electric current 
density can be written as [20, 21] 
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x x
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k k k  (11) 

The equation for heat current density qx can be obtained from (11) replacing –evx(k) with  
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(ε – μ1)νx(k). It is useful to introduce an integral 
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∫

k k k  (12) 

Then expressions for tunneling electrical conductivity σt, thermopower St and thermal 
conductivity at zero voltage drop κt, ΔV = 0 can be written as 

 2
0 1 0 1 1 , 0 0 2( / ) , ( / ) / , .t t t t Ve k T J S e T J k JΔ =σ = = σ κ =  (13) 

Usual thermal conductivity at zero electric current can be expressed as κt = κt, ΔV = 0 – St
2σtT1 [18]. 

For the case considered here, when tunneling probability depends only on εx and effective 
masses in electrodes and barrier are the same, integration in (12) – (13) can be partially performed 
analytically. These equations were obtained in the previous work [15] and are given in the appendix. 

Note that the units of barrier kinetic coefficients σt and κt are different from that of a bulk sample 
as they connect flow density with potential and temperature difference and not with potential and 
temperature gradients. For comparison with the bulk values it is convenient to use values of σt d and κt d. 

The dependence of current density on voltage drop is shown in Fig. 2. In the calculations the 
effective mass was assumed to be equal to that of free electron m0. The figure shows that there is a 
wide range of voltages for which the junction operates in a linear region. Usually, the practical current 
densities start from 1 A/cm2. In Fig. 2 it can be seen that such currents are attainable for the barrier 
height of several tenths of eV and barrier thickness of several nanometers even in a linear regime of 
operation. Though the smallest available work function up to date [19-21] is about 0.8 eV, in 
heterostructures the barrier height εb is determined by the difference in the energy positions of 
conduction (valence) band in the material of grains and matrix which can be smaller (of the order of 
0.1 eV). So, the values εb ∼ 0.1 eV look quite reasonable. 

 

Fig. 2. Current-voltage dependences of tunneling contact. εb = 0.1 eV (1, 2), 0.2 eV (3, 4);  
d = 2 nm (1, 3), 5 nm (2, 4). 

In Fig. 3 the plot of the Peltier coefficient Пt = q/j is presented. It can be seen that the values of 
the Peltier coefficient are greater than conventional values for room temperature thermoelectrics based 
on Bi2Te3-Sb2Te3 solid solutions. The values of the Peltier coefficient increase when the relative 
contribution of more energetic carriers to the heat flow increases. The energy filtering of carriers in a 
linear region of operation is determined by the exponential dependence of tunneling probability on 
carrier energy. So, the contribution to the heat flow from carriers with energies lower than εb is small. 
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At larger voltages the shape of barrier changes from square to triangular. Generally, this can lead to 
stronger energy filtering and increase in the Peltier coefficient. But this effect can be seen only for 
large εb (see 5 in Fig. 3). For smaller εb this effect is less important and the increase of tunneling 
probability for all electrons with energies lower than εb leads to decrease in Peltier coefficient (see 
curves 1 – 4 in Fig. 3). 

In a bulk composite material with grains of 20 – 30 nm in size the voltage drop and temperature 
difference are small, as was discussed in the previous work [15]. For example, if the size of the sample is 
1mm, and the grain size is 20 nm, then ΔT is 5⋅104 times smaller than total temperature difference of the 
order of 100 K, so ΔT ∼ 2⋅10–3 K << T . This can lead to the total voltage difference due to the Seebeck 
effect of the order of 0.1 V for large S = 103 μV/K and ΔV ∼ 2μV. So, even for the several orders of 
magnitude increase in total voltage difference the single junction will operate in a linear regime. As can 
be seen from Figs. 2 and 3, a linear region of operation can be attractive for getting large Peltier 
coefficients and reasonable current densities. Therefore, only this region will be considered. 

 

Fig. 3. Dependences of the Peltier coefficient of tunneling contact on voltage.  
(1 – 4 – see Fig. 2; 5 – εb = 0.5 eV, d = 2 nm). 

The dependences of the electrical conductivity and thermopower on the barrier thickness in a linear 
operation region are plotted in Fig. 4, as calculated using equations from the previous work [15]. It can be 
seen that for small d the electrical conductivity decreases with the increase of d due to decrease of the 
tunneling probability and then it slowly increases as it is proportional to barrier thickness for ballistic 
transport. The thermopower, on the contrary, increases with d due to better energy filtering of heat carriers. 

 
Fig. 4. Dependences of the Seebeck coefficient (1 – 3) and electrical conductivity (4 – 6)  

on barrier thickness. εb = 0.05 eV (1, 4); 0.1 eV (2, 5); 0.2 eV (3, 6). 
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The potential barrier can be changed not only due to external electric field but also due to 
charge buildup and image charge effects. The latter effect decreases the energy height of the potential 
barrier that leads to increase in current density. However, the former effect leads to the increase of the 
barrier height. The influence of both effects is less pronounced in dielectric media with permittivity 
εd > 1. In order not to complicate the treatment they are not included in consideration. We just estimate 
the possible influence of the charge buildup effect as the one that worsens the situation and show that 
for small d  this effect is negligible. The effect is connected with the electrons which have enough 
energy to penetrate into barrier region and create negative charge that prevents other electrons from 
getting there. This leads to effective increase of the barrier height and decrease of the current density. 
This effect was taken it into account in [11, 22] for the case of thermionic emission and classical 
statistics. The simple equation for barrier form in equilibrium given in [11] reads 

 ( )0( ) 2 ln cos ( / 2) / 2 / ,b lU x k T x d c x c= ε + ⎡ − ⎤⎣ ⎦  (14) 

where ( )2 3 2 3/2
04 2 b

l dx e k T m e
∗ ∗ε −μ= ε π  and constant c can be determined from equation 

cos(dc/4xl) = c for 0 < c < 2πxl / d. This effect is most important for small εb. But it appears that for 
small barrier thickness the change of the barrier height is less than several percent. For example for 
εb = 0.1 eV and d = 2, 5, 10 nm the increase in barrier height is 0.23, 1.4 and 5 percent, respectively. In 
these estimations εd is taken to be unity. In dielectric media εd > 1 so the barrier increase will be even 
less. So, for a linear operation region this effect can be disregarded. 

Kinetic coefficients of a composite medium 
A fruitful method for calculation of thermoelectric effective kinetic coefficients in two-phase 

structures was suggested in [23]; then the method was generalized and developed (see the review 
[24]). The method allows establishing an exact conformity (isomorphism) between calculation of 
effective kinetic coefficients for system with thermoelectric phenomena and effective electric 
conductivity in a medium without thermoelectricity. But if it is impossible to represent a system as 
consisting of two phases, the problem of determination of effective values becomes much more 
complicated, as the isomorphism method in this case cannot be used. An example of such situation is 
bulk nanocomposite [15]; the approach to calculation effective kinetic coefficients in this case is 
discussed in [25]. To calculate the effective coefficients for composite material, we will be limited to a 
model similar to the previous one [15]. 

The nanoparticle is modeled with the help of two truncated cones with the same base. The 
nanocomposite is formed from the primitive cells depicted in Fig. 1. The geometric parameters are the 
following: a is the height of each truncated cone, so 2a is the size of nanoparticles along the vertical 
direction. Radii r0 and r1 are the smaller and larger radii of the cone bases and 2θ is the cone aperture 
angle. The primary cell has a square base in horizontal plane with size 2b. The height of the 
elementary cell is h = 2a + d. The analytical solution for effective kinetic coefficients was obtained 
previously but the lattice thermal conductivity of dielectric κd was not taken into account [15].  

Due to the complexity of the geometry of the considered object and the fact that κd ≠ 0 the 
variables cannot be separated and the analytical solution for kinetic coefficients was not found. In the 
present work the numerical solution of equations for heat and current flow was used for calculation of 
the effective kinetic coefficients. In the following treatment the index n for kinetic coefficient σn, Sn, 
κn corresponds to nanograin. 
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In our calculations the system of differential equations for the temperature and electrical 
potential distribution was solved numerically [26] 

 2 2

div( ) div( ) 0,
div( ( ) ) div( ) (( ) ),

T
T T T T

−σα∇ + −σ∇φ =

− σα + κ ∇ + −σα ∇φ = σ ∇φ + α∇ ∇φ
 (15) 

where φ is electrical potential. 
To calculate the effective coefficients of the nanostructures material, one has to set the boundary 

conditions. The set of 5 elementary cells stacked in the vertical direction and connected to metallic 
contacts were considered and in the horizontal direction the structure was considered to be periodic. 
The comparison with the case of only one cell showed that the influence of contacts is negligible. The 
boundary conditions on outer boundaries are the following: on the left, right, front and back sides of 
the primary cell normal components of electrical and heat currents are set to zero jn = 0, qn = 0; on the 
top T1 = 300 K, φ1 = 0; on the bottom side one can fix either temperature and potential T0, φ0 or 
inflowing heat and current fluxes jn = j0, qn = q0. Here, the second type of conditions was used because 
they provide better convergence during numerical calculations. The boundary conditions on the inner 
boundaries are the continuity of the normal components of current and heat fluxes determined and 
continuity of temperature and potential fields. These boundary conditions automatically include the 
Peltier effect at the contact of two dissimilar materials. 

For each set of parameters two calculations were performed. In the first run the heat flow 
density was fixed q0 and j0 = 0. Then the temperature T0 and potential φ0 on the bottom contact were 
calculated. From this run the effective thermal conductivity and thermopower can be calculated  
κeff = –q0 / (T1 – T0)L, αeff = –(φ1 – φ0)/(T1 – T0). Here L is the size of the considered part of the sample 
along the vertical direction. Next we perform another calculation with q0 = 0 and fixed j0 and 
determine the electrical conductivity σeff = –j0 / (φ1 – φ0 + αeff (T1 – T0)L. 

In the calculations two possible material sets were considered. In the first one the grains were 
assumed to consist of typical thermoelectric semiconducting material with μ = 0, σn = 1000 S/сm, 
αn = 200 μV/K, κn, ph = 1 W/m⋅K. These values are close to transport coefficients of p-Bi2Te3 in 
cleavage plane (normal to trigonal axis). In the second parameter set the nanograin was assumed to 
consist of metal (Ag) with μ = 5.49 eV, σn = 6.3⋅105 S/сm, αn = 1.33 μV/K, κn = 430 W/m⋅K. The 
effective coefficients were calculated for the following geometries: 2a = 10, 20, 30 nm, d = 1, 2, 5 nm, 
εb – μ = 0.05, 0.1, 0.2 eV, b = 1.1 a, θ = 15°, 30°. Note that for metal nanoparticles εb is counted from 
the chemical potential level. 

Typical dependencies of effective thermoelectric figure of merit on dielectric thermal 
conductivity are presented in Fig. 5 for θ = 15° and 2a = 20 nm. The dashed curves correspond to 
metallic grains and solid curves correspond to semiconducting ones. From Fig. 5 it can be seen that the 
thermoelectric efficiency can be greater than unity if thermal conductivity of dielectric 
κd < 0.01 ÷ 0.02 W/m⋅K at εb = 0.1 eV and for κd < 0.05 W/m K at barrier height of 0.05 eV. The 
increase in electrical conductivity is preferable for increase of ZeffT. Hence ZeffT is greater for smaller 
εb. It is interesting that for sufficiently small εb the electrical conductivity (σt d) increases with the 
increase of barrier thickness as it should be for ballistic transport. This leads to larger ZeffT values for 
larger d (compare curves 1 and 2 in Fig. 5). Further increase of ZeffT with d is limited by the number of 
factors, e.g. due to increase of space charge effect or transition from ballistic to diffusive transport in 
barriers where the approach developed in this paper is inapplicable. 

The comparison of ZeffT for semiconducting and metallic grains shows their similarity. As the 
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main contribution to the thermal conductivity is due to tunneling barrier, the effective Seebeck 
coefficient is not very sensitive to the value of Sn. But the thermal conductivity of nanograin should be 
increased so that the temperature difference on the tunneling junction is increased as well. This leads 
to larger ZeffT values for metallic nanoinclusions (compare solid and dashed curves in Fig. 5). 

 
Fig. 5. Dependences of the thermoelectric figure of merit on dielectric thermal conductivity for different  
material parameters. Solid and dashed curves are plotted for semiconducting and metallic nanoparticles 
correspondingly assuming the same effective mass in nanoparticle and barrier. Dash-dotted curves are  
plotted taking into account the influence of anisotropy of semiconducting material (see text for details).  

Barrier parameters d and εb are the following: 1 – 2 nm, 0.1 eV; 2, 2’, 2’’ – 5 nm, 0.1 eV;  
3 – 5 nm, 0.05 eV; 4 – 5 nm, 0.2 eV. 

It is interesting also to estimate the influence of the anisotropy of semiconducting material on 
the obtained results. The anisotropy can enter the calculations in two ways: due to anisotropy of band 
structure and the anisotropy of transport coefficients. Bi2Te3 is a layered material of rhombohedral 
symmetry. Usually trigonal axis normal to cleavage planes is denoted as crystallographic direction 3. 
If axis 1 lies in the plane and directed along one of binary axes, then the remaining 2nd direction lies in 
one of mirror planes. The anisotropy of transport coefficients for holes in Bi2Te3 is σ11 / σ33 = 2.7 and 
κph,11 / κph,33 = 3, while thermopower is isotropic [27]. The band structure of Bi2Te3 can be described by 
6-ellipsoidal Drabble-Wolfe model [28]. The effective masses of holes m1 = 0.73 m0, m2 = 0.064 m0, 
m3 = 0.196 m0 and tilt angle θ = 39.6° are given in [29]. The probability of tunneling through the 
square potential barrier for the case of anisotropic energy spectrum is given in [30]. Let’s assume that 
the anisotropic energy spectrum for one ellipsoid can be written as ε(n) = (ћ2 / 2m0)k(n)⋅α(n)⋅k(n), where 
α(n) is inverse effective mass tensor in crystal axes and indices n = 1, 2 are for semiconductor and 
barrier, respectively. Components of the wave vector parallel to interface k2(3) and total energy ε 
conserve during tunneling. Tunneling probability can be written as [30] 
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The difficulty in calculations of tunneling transport coefficients for this case comes from the fact 
that tunneling probability D(k) depends not only on energy εx in the direction of tunneling but on all 
components of wave vector k and the expressions for transport coefficients (12) – (13) involve triple 
integration. To estimate the influence of anisotropy, we calculated tunneling transport coefficients for 
three possible orientations when x axis of tunneling was directed along one of three crystallographic 
directions mentioned above. The effective mass in barrier was assumed to be m0 for comparison with 
previous estimations. Tunneling transport coefficients for these cases are listed in Table 1. 

Table 1 
Tunneling transport coefficients for barrier parameters d = 5 nm and εb = 0.1 eV 

 St,ii, μV/K σt,ii, S/cm  κt,ii, W/m⋅K 

Isotropic WKB approximation 504 4.47 0.002 
i = 1 518 6.94 0.0029 
i = 2 516 6.76 0.0028 
i = 3 504 7.43 0.003 

From the Table 1 it can be seen that the thermopower in all tree cases differs insufficiently from 
WKB approximation. When we took into account the influence of anisotropy of effective mass in the 
semiconductor and its difference from barrier effective mass, tunneling current from single ellipsoid 
became smaller than in the isotropic case. But for considered material when x axis is parallel to 
directions 1 or 2 there are two sets of 2 and 4 equivalent ellipsoids, while when x is parallel to trigonal 
axis all 6 ellipsoids are equivalent. As a result, total electrical and thermal conductivities appeared to 
be 1.5 – 1.7 times larger than in the isotropic WKB case. Tunneling transport coefficients are almost 
isotropic and for directions 1 and 2 are almost equal. 

The influence of the anisotropy of transport coefficients of Bi2Te3 is illustrated in Fig. 5. Curves 
2', 2'' are plotted for directions 1 and 3 mentioned above taking into account anisotropy of both 
semiconductor and tunneling transport coefficients. These curves can be compared to curve 2 obtained 
in the isotropic WKB approximation. From the figure it can be seen that the anisotropy of 
semiconducting material did not change qualitatively the results of estimations. The main impact on 
the results of estimations comes from the change of tunneling probability, and the anisotropy of 
semiconductor transport coefficients is less important.  

 
Fig. 6. Dependences of the thermoelectric figure of merit on dielectric thermal conductivity  

for semiconducting grains and different geometric parameters. Barrier parameters εb = 0.05 eV, d = 5 nm.  
1 and 2 – θ = 15°, 2a = 30 nm and 10 nm; 3 – θ = 30°, 2a = 10 nm; 4 – layered geometry 2a = 10 nm. 
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In Fig. 6 the dependence of effective thermoelectric figure of merit on the geometric parameters 
is illustrated. For getting larger ZeffT values the smaller grain size is preferable to increase the barrier 
contribution to Seebeck coefficient (compare 1 and 2 on fig. 6). In Fig. 6 curve 4 is plotted for layered 
geometry and it can be seen that in this case larger ZeffT values can be obtained for the same κd. This is 
because in the layered geometry the area of tunneling contact increases which leads to the increase of 
effective electrical conductivity. The decrease of the thermoelectric figure of merit for the larger θ 
with the other parameters unchanged is due to the same reason (curve 3 in Fig. 6). 

Conclusions 
In the present work effective transport coefficients and thermoelectric figure of merit were 

calculated for nanostructured composite material that consists of conductive grains separated by a 
dielectric matrix. The tunneling current and heat flow through the dielectric barrier was calculated for 
the linear and nonlinear regions of operation. It was shown that the current density can be larger than 
1 A/cm2 even in the linear operating region if barrier height εb is less than about 0.2 eV and barrier 
width d is less than about 5 nm. Estimations showed that at such small barrier widths the increase of 
the barrier height due to the free electron space charge inside the barrier is negligible.  

A range of the lattice thermal conductivity of dielectric that can lead to ZeffT > 1 was estimated. 
This range depends on the parameters of tunneling barriers and grain size, e.g. for barriers with the 
thickness of 5 nm and height 0.05 – 0.1 eV κd values should be less than 0.02 – 0.05 W/m K. This result 
was compared to the layered geometry and it was shown that for the same barrier parameters the upper 
limit for κd is expanded to 0.1 W/m K. Thus there are three types of requirements that should be satisfied 
in order to get ZeffT > 1. The first one is the barrier thickness less than 5 nm – this can be readily satisfied 
with current level of material technology. The second requirement is low thermal conductivity of the 
barrier (less than 0.05 – 0.1 W/m K). The third one is the barrier height less than 0.1 eV.  

The second and third conditions can at the first glance seem to be incompatible. To resolve this 
contradiction, one of the possibilities is to use porous materials with a low thermal conductivity. For 
example, in sintered aerogel films (porous SiO2) the thermal conductivity can be well below 
0.1 W/m K [31]. But in the case of porous material the tunneling barrier height is determined by the 
work function that could hardly be less than 0.8 eV [19-21]. In this case, if the pores are filled with a 
gas, then even tiny thermal conductivity of gaseous phase would completely cancel the effect of 
thermoelectric efficiency increase due to tunneling through the barrier structure. The contradiction of 
the second and the third requirement for this case can be resolved only with vacuum barriers. The 
vacuum is a unique dielectric material that can satisfy all requirements. So, one of the possibilities is 
that corresponding thermoelectric material with good efficiency could be a porous nanostructure based 
on bismuth telluride with vacuum pores. 

The second possibility that has emerged recently is to use dense materials with ultralow thermal 
conductivity [32]. Usually the low limit of thermal conductivity is connected with disordered materials 
[33] where the mean free path for phonons is about interatomic distances. But in the multilayered 
WSe2 material the thermal conductivity as low as 0.05 W/m K was observed [32]. It is interesting that 
in this material low thermal conductivity is connected with the phonon scattering on the precisely 
ordered Se-W-Se layers connected with weak van der Waals forces. Taking into account that bismuth 
telluride also consists of layers connected by van der Waals forces, it possible to imagine the 
preparation of at least layered structure from thin barrier WSe2 layers with low thermal conductivity 
and layers of bismuth telluride as a good thermoelectric material. For the bulk material electron 
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affinity and band gap of WSe2 are about 4 eV and 1.2 eV, respectively [34]. For Bi2Te3 the electron 
affinity is similar about 4.125 – 4.525 eV [35]. This suggests that if the proper doping levels are 
achievable, then one can obtain the work function difference and corresponding barrier height about 
0.1 – 0.05 eV. To confirm this possibility, further investigation of the band diagram and transport 
properties of this type of structure are required. 
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Appendix 
The expressions for tunneling transport coefficients obtained in [15] can be written as follows: 
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In these expressions ξ is defined as ξ = εx
* – μ1

*. The Fermi integrals are defined as 

0
0
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nF y f x y x x

∞

= −∫ . It can be shown that 1( ) ( 1) Li ( )y
n nF y n e+= −Γ + − , where ( 1)nΓ +  and Li(x) 

are gamma-function and poly-logarithm. Using this relation the expression for κt, ΔV = 0 was rewritten in 
a more compact form compared to [15]. 
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SYNTHESIS, PROPERTIES AND MECHANISMS  
OF DOPING WITH Sb  

OF THERMOELECTRIC LEAD TELLURIDE PbTe:Sb 

The effect of Sb doped lead telluride n-PbTe:Sb fabrication factors on the electric conductivity and 
the Seebeck coefficient values was studied. It was established that optimal properties are inherent 
in the samples with impurity content 0.3 at% Sb the thermoelectric power of which reaches a 
maximum at a temperature of Т = 500 K and makes α2σ ≈ 70 μW/(K2сm). The crystal-chemical 
doping mechanisms and the dominant point defects of investigated crystals were determined. 
Key words: lead telluride, doping mechanisms, thermoelectric properties. 

Introduction 
Lead telluride is a promising thermoelectric material for medium-temperature (500 – 700) K 

thermal energy converters [1-3]. The properties of PbTe can be improved by chemical composition 
modification, in particular, by doping and optimization of technological processes of compound 
synthesis and preparation of thermoelectric pellets. 

Considerable interest has been shown recently in the investigation of properties of lead 
chalcogenides doped with V group elements of the periodic table [4]. According to [5], Sb and Ві 
impurities in PbTe are donors and the share of electrically active atoms is appreciably less than the 
number of introduced ones. It is explained either by formation of electrically inactive complexes in the 
lattice of Sb2Te3 type compound, or the distribution of impurity between the cation (where it is a 
donor) and anion (where it is apparently an acceptor) sublattices [4, 6, 7]. In [4, 8] by means of the 
emission Mőssbauer spectroscopy technique on 119Sb (119mSn) isotope it is shown that Sb impurity 
atoms in lead chalcogenide sublattices are distributed between the cation and anion sublattices, in 
which case in the electron samples the main share of Sb is localized in the anion sublattice, and in the 
hole samples – in the cation sublattice. 

Thus, doping of lead telluride with Sb should result in the optimization of material 
thermoelectric parameters: increase in the electric conductivity of samples and reduction of their 
thermal conductivity. However, despite the already established general concepts of PbTe:Sb doping, 
the issue remains open as to the effect of samples preparation process on the mechanism of entering Sb 
impurity atoms into lead telluride crystal lattice and its influence on the thermoelectric figure of merit 
of material as a whole. 

In this paper, the effect of PbTe:Sb samples fabrication and thermal treatment on their electrical 
characteristics is studied, and crystal-chemical models of crystal doping mechanisms are proposed. 
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Experimental procedure 
Impurity-free and doped lead telluride was obtained by direct melting of prepurified components 

agitated during synthesis. To remove the impurities, metal lead was placed into cleaned and dried Pyrex 
or molybdenum ampoules which were evacuated to residual pressure 10–4 Pa, sealed and placed into a 
double-zone electric furnace. The temperature in heating zone was set 70 to100°K higher than lead 
melting point. The temperature maintained in substance-free ampoule area was 340 to 350 K. In this 
state the ampoule was maintained for 5-6 hours. During this time, impurities with melting point lower 
than that of lead were evaporated and due to the effect of temperature gradient they were transferred to 
free ampoule end, being deposited on its walls. Following that, the free ampoule end was removed from 
the furnace and the ampoule was inclined in such a way that liquid lead slowly spread over the walls and 
immediately solidified. As long as lead oxide has melting temperature about 1160 K, it remained on the 
ampoule walls at loading place, together with high-melting impurities. 

Sublimation technique was employed to purify tellurium from impurities. The evacuated 
ampoule with tellurium was placed into a double-zone furnace inclined in such a way that evaporation 
area (hot zone) was 7 to 10 сm lower than condensation area (cold zone). The hot zone temperature 
was set as 770 °K and in condensation area – 690 K. The process duration was up to 120 hours. 

Purified components Pb, Te and Sb doping impurity in the appropriate mass ratios were loaded 
into prepared ampoules of С5-1 quartz glass. The ampoules were evacuated to a residual pressure of 
10–4 Pa and sealed. Then they were placed in a double-zone resistance electric furnace, and chromel-
alumel thermocouples were arranged on the ampoule edges for temperature control. The temperature 
800 K was set in the furnace, whereby all the components passed into a liquid phase. To increase 
compound homogeneity [9], the electric furnace performed 6 full-wave oscillations with a deviation 
from the horizontal position by the angles ± 30°. After that, the electric furnace was held for 50 hours 
for the diffusion processes. Then, at a temperature of 1240 K, the furnace again made 6 full-wave 
oscillations. Afterwards, the electric furnace was installed horizontally, and in this state the process of 
synthesis lasted for another 70 hours. 

The electric furnace with a synthesized 
compound was cooled down to 700 K at a rate of 
5 K/hour, and, subsequently, at a double rate to 
room temperature. 

The obtained material was ground in agate 
mortar and, on separating fractions of size 
0.05 – 0.5 mm, it was compacted under pressure 
0.5 – 1 GPa, which yielded cylinder-shaped 
samples with d = 5 mm and l ≈ 5 – 10 mm. 
Following that, the samples were again annealed 
in the air for 5 hours at a temperature of 500 K. 

The thermoEMF (α) and electric conducti-
vity (σ) values were determined by standard 
procedure on the installation schematically shown 
in Fig. 1. The sample was placed in a furnace 
between two copper rods one of which was heated 
to create temperature gradient (≈ 10 K) on the 
sample. The temperature was measured by two 

 
Fig. 1. Schematic of installation for measuring  

the Seebeck coefficient and electric conductivity:  
1 – sample; 2, 3 – copper rods; 4 – quartz tube. 
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chromel-alumel thermocouples placed in the holes drilled in the sample. The electric conductivity was 
found by measuring a drop in the sample voltage generated by constant voltage source U3. In the process, 
one of the legs of each thermocouple was used as current conductor. 

Experimental results 
The resulting samples possessed stable n-type conductivity, and their thermoEMF and electric 

conductivity grew with a rise in temperature (Fig. 2). As is evident from the figures, doping of PbTe with Sb 
leads to improvement of its basic thermoelectric characteristics. Thus, for instance, the electric conductivity 
grows from the values of σ ≈ (100 – 200) (Ω·сm)–1 for impurity-free PbTe to σ ≈ (700 – 800) (Ω·сm)–1 for 
PbTe doped with 0.3 at.% Sb. The Seebeck coefficient in this case is reduced on the average by 50 μV/K 
over the entire temperature range, but the absolute value remains sufficiently high (≈ 300 μV/K). Increase in 
impurity concentration to 1.0 at. % Sb leads not only to essential reduction of the Seebeck coefficient, but 
also to decreased electric conductivity of doped samples. 

а) b) 

 
c) 

Fig. 2. The temperature dependence of electric conductivity σ (а), 
Seebeck coefficient α (b) and thermoelectric power α2σ (c) of PbTe:Sb. The content of Sb, at %:  

1 (♦) – 0, 2 (■) – 0.1, 3 (▲) – 0.3, 4 (●) – 1.0. 

Thus, based on the presented dependences, it can be stated that the optimal thermoelectric 
parameters are inherent in a material with impurity concentration 0.3 at.% Sb. The value of 
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thermoelectric power for samples made of such material at a temperature of ≈ 500 K is 
α2σ ≈ 70 μW/(K2сm), which is a fairly high figure. 

Crystal-chemical doping mechanisms 

The behaviour of electron concentration depending on the content of Sb impurity can be 
related to the character of crystalline structure defect subsystem – the kind of point defects and their 
charge state [5]. The fact that Sb can occupy both lead and tellurium positions in PbTe crystalline 
structure can be described by its charge state disproportioning. Sb, when substituting lead in its 
sublattice, is a donor. In so doing, it is ionized from Sb0(5s25p3) state to Sb3+(5s25p0) + 3е– state. 
Relative to Pb2+ sublattice, the impurity is in 3 1

PbSb Sb+ +→  state. In tellurium sublattice Sb is ionized as 
Sb0(5s25p3)→Sb3–(5s25p6) + 3h+ and  is an acceptor, with that, relative to Te2– sublatice the impurity is 
in 3 1

TeSb Sb− −→  state. Hence, impurity disproportioning will be written as follows: 

 0 3 3
1 3(1 ) 3 .z zSb Sb Sb z e zh+ − − +
−→ + + − +  (1) 

Here z is the value of Sb charge state disproportioning. It is the ratio between the concentrations 
of Sb3+ and Sb3– that will determine the donor or acceptor effect of doping impurity. 

In terms of crystal-quasi-chemical approach based on the concept of antistructure [10], doping 
cluster for Sb impurity under condition of Sb ions location both in the cation and anion sublattices will 
be represented as follows: 

 / / •• 0 / / • •• /
1 1 3(1 ) 3 .Pb Te z z z zPb Te

V V Sb V Sb V Sb z e zh− +
− −⎡ ⎤ ⎡ ⎤+ → + − +⎣ ⎦ ⎣ ⎦  (2)  

Here / / ••
Pb TeV V  is PbTe antistructure, / / ••,Pb TeV V  are Pb and Te vacancies, respectively, e−  is electron, 

•h  is hole, „/”, „•”, „x” are the negative, positive and neutral charges, respectively. 
Crystal-quasi-chemical formula of n-PbTe with a complicated spectrum of point defects in the 

cation sublattice (single- and double-charge lead vacancies / / /,Pb PbV V ), according to [11], is of the form: 

 ( )/ / / •• ••
1- (1- ) 1- (2 ) .x x

Pb Te i
Pb V V Te V Pb e−

ασ ασ δ ασδ α α ασ⎡ ⎤ ⎡ ⎤ + α + ασδ⎣ ⎦ ⎣ ⎦  (3) 

Its superposition with the doping cluster will represent the crystal-quasi-chemical formula of 
n-PbTe: Sb: 

 

( ){ }
{ }

/ / / •• •• /
1 (1 ) 1

/ / • •• /
1 1

• / / / /
(1 )(1- ) (1 ) (1 )(1 ) (1 ) (1 )(1 ) (1 )

(1 ) (2 )

3(1 ) 3

x x

Pb Te i

z z z zPb Te

x x
x z x x zx x x zx xPb

x Pb V V Te V Pb e

x V Sb V Sb z e zh

Pb Sb V V Te Sb V

−ασ ασ −δ ασδ −α α ασ

− +
− −

− ασ − ασ −δ − + ασδ − −α − α −

⎡ ⎤ ⎡ ⎤− + α + ασδ +⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤+ + − + →⎣ ⎦ ⎣ ⎦

⎡ ⎤→ ⎣ ⎦ ( )
( )( ){ }

•• ••
(1 ) (1 )

2 1 3(1 ) 3 .

z x xTe i
Pb

x z x e zxh

+ − ασ −

− +

⎡ ⎤ +⎣ ⎦

+ α + ασδ − + − +

 (4)  

Here, х is an atomic share of Sb, α is the value of initial deviation from stoichiometry on the 
side of Pb, δ is disproportioning coefficient of the charge state of lead vacancies, σ is the share of 
interstitial lead atoms. 

The proposed doping mechanism and the obtained crystal-quasi-chemical formulae yield the 
analytical dependences of the concentration of individual point defects and current carriers on the 
deviation from stoichiometric composition in the basic compound α, the value of Sb atoms charge 
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state disproportioning z and its content x. Thus, according to crystal-quasi-chemical formula, full 
electroneutrality equation will be written as follows: 

 
/

•• •• •

/

•• •• •

[ ] [ ] [ ]

[ ] [ ] [ ],

Pb Pb Te

Te i Pb

V Pb V Pb TeSb

Te i PbV Pb Sb

n q V q V q Sb

p q V q Pb q Sb

′′ ′′′ ′+ + + =

+ + +
 (5) 

where ( )( ) ( )( )2 1 3 1n A x z x= α + αγδ − + − , 3p Azx=  /[ ]ТеSb Azx= , ( )( )[ ] (1 ) 1PbV A x zx′′ = ασ − δ − + , 

( )[ ] 1PbV A x′ = ασδ − , ( )•[ ] 1PbSb A z x= − , ( ) ( )( )••[ ] 1 1TeV A x z x= α − + − , ( )••[ ] 1iPb A x= ασ − , 

PbVq ′  = •
PbSb

q  = /
ТеSb

q  = 1, 
PbVq ′′  = ••

TeV
q  = ••

іPb
q  = 2. Here, 3

2ZA
a

= , Z is the number of structural 

units in the unit cell, а is lattice parameter. The Hall concentration of current carriers nH in this case 
will be determined as: 

 ( )( ) ( )2 1 3 1 3 .Hn A x z x zx= α + αγδ − + − −  (6)  

Figs. 3 to 5 represent calculations of the Hall concentration of current carriers and the 
concentration of point defects in PbTe:Sb crystals versus the impurity content and Sb atoms charge 
state disproportioning. 

From the calculation of the Hall concentration (Fig. 3) it is seen that with the value of z < 0.5 
the impurity has a donor effect ( 1 1[ ] [ ]Pb TeSb Sb+ −> ), and with the prevalence of antimony ions in tellurium 
positions (z > 0.5) – an acceptor effect. Thus, for the case of z = 0.7 with a growth in concentration of 
introduced impurity there is a decrease in the concentration of the major electrons, conversion of n- to 
р-type conductivity and further growth of hole concentration (Fig. 3 – curve 4). In the case of z = 0.5 
(Fig. 3 – curve 3) there is full self-compensation of impurity (equal concentrations of 1

PbSb +  and 1
TeSb −  

ions) and the Hall concentration in both cases is reduced only marginally. The above behaviour 
peculiarities of the Hall concentration of current carriers versus the impurity content and its charge 
state are well illustrated in the space diagram (Fig. 4). 

 
Fig. 3. The Hall concentration of current carriers in n-PbTe:Sb crystals versus Sb content  

for different values of Sb atoms charge state disproportioning z: 1 – 0.2; 2 – 0. 45; 3 – 0. 5; 4 – 0. 7. 
 The points correspond to experiment [7], the curves – to calculation. 
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Fig. 4. Space diagram of the Hall concentration of current carriers for n-PbTe:Sb crystals versus  

the content of Sb х and the value of its charge state disproportioning z. 

From the calculation of point defects concentration for the case of doping with Sb (Fig. 5) it is 
seen that the dominant defects are Sb ions introduced both into lead sublattice PbSb+  and into tellurium 

sublattice TeSb−  of lead telluride, the concentration of which grows with increasing the content of Sb 
doping impurity. Considerable support to conductivity is also added by double ionized lead vacancies 

2
PbV −  and double charged tellurium vacancies 2

TeV +  whose concentration grows with increasing the 
impurity content. 

 
Fig. 5. The Hall concentration of current carriers (1 – nH) and the concentration  

of dominant point defects Ni for n-PbTe:Sb crystals versus the content of Sb impurity (х) at z = 0.45.  

Ni: 2 – 2
TeV +⎡ ⎤⎣ ⎦ ; 3 – PbSb+⎡ ⎤⎣ ⎦ ; 4 – TeSb−⎡ ⎤⎣ ⎦ ; 5 – 2

PbV −⎡ ⎤⎣ ⎦ ; 6 – 2
іPb +⎡ ⎤⎣ ⎦ ; 7 – PbV −⎡ ⎤⎣ ⎦ ; 8 – 0

іTe⎡ ⎤⎣ ⎦ . 

Analysis of investigation results 
Based on the obtained experimental data, as well as the results of works [7, 12] on the donor 

impurity effect and taking into account possible models of crystal-chemical mechanisms of doping  
n-PbTe:Sb, it can be concluded that in our case the concentration of bismuth ions in 1

PbSb +  state is in 

excess over 1
TeSb −  concentration. In particular, by comparison of the experimental data of the Hall 

concentration in PbTe versus the content of Sb [7] with the calculations performed (Fig. 3), the value 
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of Sb impurity charge state disproportioning was determined as z ≈ 0.45. 
The character of obtained temperature dependences of the Seebeck coefficient corresponds to 

similar data in [12] and [7]. First, temperature growth causes an increase in the absolute value of α [7] 
and, second, on the concentration dependence of the Seebeck coefficient there is a maximum near the 
concentration of impurity 0.3 at.% Sb [12]. It is noteworthy that [7] dealt with investigation of 
crystalline samples cut of a synthesized ingot whose chemical formula is represented as Pb1–хSbхTe. 
That is, the impurity was added with regard to substitution of lead atoms by Sb atoms. At the same 
time, in [12] the chemical formula of investigated samples obtained by the Bridgman method is 
represented as PbTe+x at.% Sb. In so doing, at room temperature and equal impurity concentrations, 
the Seebeck coefficient value for samples investigated in [12] exceeds almost twice a similar value for 
samples investigated in [7]. 

This regularity is confirmed by the results of the present and one of our previous works [13]. 
That is, from the standpoint of α increase, doping with Sb by adding to stoichiometric charge of PbTe, 
is more efficient. In so doing, the fabrication technique of thermoelectric samples, namely cutting of 
synthesized ingot, cutting of ingot obtained by the Bridgman method or the use of metalloceramic 
method is not a governing factor for the Seebeck coefficient increase in the course of doping. 

A change in the electric conductivity of samples with increasing amount of introduced impurity 
(Fig. 2.) is similar to that obtained in [7] and differs from a similar dependence obtained in [12]. Thus, 
according to [12], the increased number of Sb in PbTe causes a monotone reduction of σ value in the 
concentration range from 0 to 0.5 at.% Sb, whereas in [7] there was a growth in the electric 
conductivity of samples with increasing impurity concentration from 0.25 to 0.5 at.% Sb and its 
subsequent reduction at 1.0 at.% Sb. Note that the numerical value of the electric conductivity of 
undoped samples (≈ 300 (Ω·сm)–1) is close to the value represented in [12] (≈ 400 (Ω·сm)–1). 

The temperature change in electric conductivity, unlike that represented in [7], is characterized 
by a positive slope. Representation of σ(Т) dependence in ln(σ) – 1/T coordinates allowed estimating 
the activation energies of conductivity which for samples doped with Sb in the amount of 0.1 and 
0.3  at. % is ≈ (0.01 – 0.02) eV. 

Assuming that at temperatures under study the dominant mechanism is electron scattering on 
optical phonons [14-15], based on the obtained α(T) dependences one can determine the position of 
the Fermi level which is one of the basic characteristics of semiconductor material and largely defines 
its kinetic properties. For this purpose, the Pisarenko formula valid for carrier concentrations less than 
1019 сm–3 [7] was used in the form: 

 

( )1/2
1/2

5 ln
2

5 5ln ln ( , ) .
2 ( , ) 2

C

C

C

Nk r
e n

Nk kr r F T
e N F T e

⎛ ⎞⎛ ⎞α = + +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞ ⎛ ⎞= + + = + − μ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⋅ μ ⎝ ⎠⎝ ⎠⎝ ⎠

 (7)  

Here, NC = (2πme
*kT / h2)3/2 is the density of states in conduction band, n = NC ⋅ F1/2 (μ, T) is 

electron concentration in conduction band, F1/2 (μ, T) is the Fermi integral of order one-half. 
From formula (7) we obtain F1/2 (μ, T) = exp(5 / 2 + r – α⋅e / k). Then for impurity 

concentration 0.3 at.% Sb the chemical potential of electrons at a temperature of 300 K is 0.12 eV, 
and at 500 K – 0.05 eV. Accordingly, the electron concentrations are lg(n) = 18.6 сm–3 and 
lg(n) = 18.1 сm–3. In so doing, it is taken into account that the effective mass of electrons is a 
function of their concentration [16]: 
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 (8)  

Hence, crystals under study are weakly degenerate semiconductors where electron concentration 
decreases with a rise in temperature. The same n(T) dependence was obtained in Ref. [7]. 

However, despite the position of the Fermi level, it is more reasonable to use instead of formula 
(7) the dependence  

 
2 3

3 2
k kTS r
e

π ⎛ ⎞= ⋅ +⎜ ⎟μ ⎝ ⎠
, (9)  

which is valid exactly for the degenerate semiconductors [1]. 
In this case, for the impurity concentration 0.3 at % Sb the chemical potential of electrons at 

temperatures 300 K and 500 K is 0.075 eV and 0.080 eV, and the respective electron concentrations 
found with the use of a numerical calculation of the Fermi integral are equal to lg(n) = 18.54 сm–3 and 
lg(n) = 18.97 сm–3. As with the use of (7), the effective mass dependence on their concentration was 
taken into account according to (8). Hence, with the use of (9) the electron concentration increases 
with a rise in temperature. 

From the analysis of the calculated temperature dependence n(T) represented in coordinates 
ln(n) – 1/T the activation energy 0.01 eV was obtained for PbTe crystals with Sb content 0.3 at. % Sb. 
Taking into account the proximity of determined activation energies from the temperature 
dependences of electric conductivity and electron concentration, it can be concluded that the main 
factor of σ growth is activation of electrons from defect levels, which is also confirmed by crystal-
chemical analysis. 

The obtained n values and represented in Fig. 2 σ(Т) dependences were used to determine the 
electron mobility. In particular, at impurity concentration 0.3 at.% Sb and temperatures 300 K and 
500 K the values of µ are equal to ≈ 1180 (сm2/V·s) and ≈ 540 (сm2/V·s), respectively. Such high 
mobilities can testify to structural perfection of the obtained crystals. 

It is noteworthy that the calculations performed are of approximate nature due to the fact that 
the semiconductor is weakly degenerate and the employed formulae are valid for material which is 
nondegenerate (7) and strongly degenerate (9). Besides, the Fermi integral used for the calculation of 
F and n, is represented in the approximation E ~ k2, whereas in reality the conductivity band of PbTe is 
not parabolic. 

Conclusions 
1. Synthesis was conducted and the temperature dependences of the electric conductivity and the 

Seebeck coefficient of Sb doped lead telluride n-PbTe:Sb were studied. It was established that 
doping promotes improvement of the basic thermoelectric characteristics of material. 

2. Based on the proposed crystal-quasi-chemical formulae for nonstoichiometric crystals n-PbTe:Sb 
taking into account a complicated spectrum of point defects in lead telluride ( 2

PbV − , 1
PbV − , 2

TeV + , 2
іPb + , 

0
іTe ) and different charge state of impurity atoms Sb3+ and Sb3– , it was established that doping 

mechanism consists in the substitution by Sb atoms of both cation and anion vacancies, and its 
donor effect is determined by prevailing substitution by Sb atoms of cation vacancies 
( 1 1[ ] [ ]Pb TeSb Sb+ −> ). The value of Sb impurity charge state disproportioning is z = 0.45. 
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3. Optimal parameters required of a material for n-legs of thermoelectric converters are inherent in 
lead telluride samples with the concentration of 0.3 at.% Sb, the thermoelectric power of which at a 
temperature of ≈ 500 K is α2σ ≈ 70 μW/(K2⋅сm). The obtained samples possess a perfect structure, 
as evidenced by high values of current carrier mobility (≈ 540 сm2/V·s). 
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PARAMETER OPTIMIZATION OF THERMOELECTRIC MATERIAL  
BASED ON n-ZrNiSn INTERMETALLIC SEMICONDUCTOR 

The structural, energy, electrokinetic and magnetic characteristics of intermetallic n-ZrNiSn 
semiconductor heavily doped with Ni impurity are investigated. A new method for parameter 
optimization of thermoelectric material based on n-ZrNiSn using peculiarities of its crystalline 
structure is proposed. The mechanism for accumulation in the tetrahedral voids of ZrNiSn 
compound of both intrinsic and impurity excess atoms generating previously unknown energy 
levels in the semiconductor is established. It is shown that the obtained thermoelectric material 
(Zr1–yNiy)Ni1+xSn has high efficiency of thermal into electric energy conversion in the range of 
investigated temperatures. 
Key words: crystal and electronic structures, semiconductor, conduction. 

Introduction 
It is known that parameter optimization of thermoelectric materials to obtain maximum values 

of thermoelectric figure of merit Z depends on a series of factors, in particular, current carrier 
concentration, scattering mechanisms, thermal conductivity, the choice of crystallographic orientation, 
etc. [1]. Therefore, it is precisely these factors that formed the basis for an algorithm of a new method 
for parameter optimization of thermoelectric material based on intermetallic n-ZrNiSn semiconductor 
proposed below. 

Analyzing the results of studies on n-ZrNiSn semiconductor, as well as thermoelectric materials 
on its basis in various research centres [2-6], we have revealed the presence of essential differences 
(orders of magnitude) in parameter values under identical temperatures, in particular, electric 
conductivity, the Seebeck coefficient, thermal conductivity and magnetic susceptibility. Since the 
purity of precursor components of ZrNiSn compound is almost the same in all research laboratories 
and synthesis methods are also similar, then what is it that provokes the irreproducibility of n-ZrNiSn 
characteristics and virtually eliminates it from the range of materials that can be used for thermal into 
electric energy conversion?  

In the present work, we have not only found the reason for such behaviour of n-ZrNiSn 
characteristics, but on the basis of identified solutions we propose a new method for parameter 
optimization of thermoelectric material based on n-ZrNiSn semiconductor, using the established features 
of its crystalline and electronic structures. It was preceded by the following reasoning. 

1. We proceeded from the assumption that semiconductor properties are largely determined by 
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the concentration and type of impurities, as well as the depth of their occurrence and the concentration 
ratio of acceptors and donors (compensation degree) [7]. Therefore, structural defects of n-ZrNiSn 
were analyzed as one of the sources of semiconductor impurity states. Thus, in [6] it was established 
that crystalline structure of ZrNiSn compound is disordered, i.e. crystallographic position of Zr 
(4d25s2) atoms up to~ 2 аt.% (у ≤ 0.02) is occupied with Ni (3d84s2) atoms which generates donor-
nature structural defects and makes the semiconductor  heavily doped and compensated [7]. Precisely 
this “self-doping” or “a priori doping” method [8] assures the electron type of semiconductor 
conductivity. In the presence of this structural defect, the compound formula is transformed and has 
the form of (Zr1–yNiy)NiSn. Besides, it was established that under certain conditions, in particular, on 
introducing the atoms of rare-earth metals into ZrNiSn compound, its structure is arranged in an 
ordered fashion, i.e. the smallest-size Ni atoms (rNi = 0.125 nm) return from Zr position 
(rZr = 0.160 nm) to position of their own [6].  

2. Analyzing phase equilibrium diagram of Zr-Ni-Sn system, we noticed that alongside with 
ZrNiSn compound (structural type MgAgAs, space group 43F m ), there is ZrNi2Sn compound 
(structural type MnCu2Al, space group 3Fm m ). Moreover, it turned out that crystalline structures of 
the above compounds are related [9]. The difference in them lies in the fact that in ZrNiSn compound 
coordination of Ni atoms around Sn atoms is tetrahedral, whereas in ZrNi2Sn it is octahedral. The 
absence of symmetry centre in ZrNiSn is caused by the presence of strong tetrahedral covalent bonds 
between atoms which, on the one hand, is a guarantee of semiconductor compound properties, and, on 
the other hand, creates in the unit cell a volume making ~ 24 % from the total one which is unoccupied 
with atoms (the tetrahedral void) (Fig. 1).  

By the “relationship” crystallographers mean the following. If we assume hypothetically that the 
smallest-size Ni atoms can be arranged in the tetrahedral voids of ZrNiSn and consider a void as a 
vacancy (Vac) of crystallographic position 4d, then occupation by Ni atom of 4d position (vacancy 
occupation) will result in a change of crystal symmetry and realization under certain Ni concentrations 
of ZrNi2Sn compound.  

Based on the relationship between crystalline structures of ZrNiSn and ZrNi2Sn compounds, we 
asked ourselves the following questions: 

а) can Ni atoms in ZrNiSn compound, apart from being arranged in their own crystallographic 
position and partially (up to 2 at.%) in Zr position [6], not hypothetically, but virtually occupy the 
tetrahedral voids of ZrNiSn crystalline structure, generating thereby the earlier unknown structural defects 
which will result in the redistribution of semiconductor electron density and change its properties? In 
other words, can tetrahedral voids available in the structure act as traps and accumulate both the excess 
atoms of ZrNiSn compound components and other controlled or uncontrolled impurity atoms? 

b) if a certain number of atoms, say, Ni, is accumulated in the tetrahedral void of ZrNiSn, is the 
resulting structural defect of a donor, acceptor or neutral nature? 

в) how many excess atoms of the smallest-size Ni can be accumulated in the unit cell of a 
semiconductor, without changing its crystalline structure? 

Below, based on the results of experimental studies and theoretical calculations, we will show 
that in ZrNiSn compound Ni atoms can simultaneously occupy both their own crystallographic 
position and partially position of Zr atoms [6], as well as be arranged in the tetrahedral voids of 
compound crуstalline structure (Fig. 1), generating the earlier unknown donor-nature structural 
defects. In other words, a situation is created when the excess number of Ni1+х atoms is accumulated in 
ZrNiSn crystal, and compound formula is (Zr1–yNiy)Ni1+xSn. With a certain number of excess Ni atoms, 
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another ZrNi2Sn compound is formed. It is precisely the mechanism of accumulation in the tetrahedral 
voids of ZrNiSn compound of both excess and impurity atoms that generates new energy levels in the 
semiconductor accounting for the characteristics irreproducibility of n-ZrNiSn synthesized in various 
research centres [2-6]. 

HfNiSn F m-43

Hf
Ni
Sn
Vac

+Ni

HfNi Sn Fm m2 -3

Hf
Ni
Sn

 
Fig. 1. Transformation of crystalline structure of ZrNiSn compound  

in ZrNi2Sn while accumulating excess Ni1+х atoms in the tetrahedral voids  
(occupation of vacant positions by Ni atoms). 

Note that our new method of doping n-ZrNiSn semiconductor with Ni donor impurity meets the 
condition of getting maximum values of thermoelectric power factor [10]. 

Research methods 
The object to be investigated included crystalline structure, electron density distribution (DOS), 

electrokinetic, magnetic and energy characteristics of (Zr1–yNiy)Ni1+xSn. The samples were synthesized in 
the laboratory of Institute for Physical Chemistry, Vienna University. Structural studies were performed 
for samples of composition (Zr1–yNiy)Ni1+xSn, х = 0 ÷ 1.0 and electrokinetic and magnetic – for 
х = 0 ÷ 0.10. The X-ray structural analysis method was used to obtain the values of (Zr1–yNiy)Ni1+xSn, 
х = 0 ÷ 0.10 crystal lattice periods and to establish its parameters: atom coordinates, thermal parameters 
and occupancy of crystallographic positions [11]. The data arrays obtained by powder method with a 
stepwise recording of Bragg reflections intensity were used (diffractometer Guinier-Huber image plate 
system, CuKα1-radiation; 8° ≤ 2θ ≤ 100°). Calculations related to interpretation and refinement of  
(Zr1–yNiy)Ni1+xSn crystalline structure were made with the use of WinCSD program [12]. The phase and 
chemical compositions were controlled by scanning electron microscope (SEM, Zeiss Supra 55VP) and 
microprobe analyzer (EPMA, energy-dispersive X-ray analyzer). The calculation of DOS was made by 
KKR-CPA-LDA method (AkaiKKR program [13]). The temperature and concentration dependences of 
the electrical resistivity ρ, the Seebeck coefficient α and magnetic susceptibility χ of (Zr1–yNiy)Ni1+xSn 
were measured in the ranges: Т = 80 ÷ 400 K, ND

Ni ≈ 9.5⋅1019 сm–3 (х = 0.005 ÷ 0.1) ÷ 1.9⋅1021 сm–3 and 
magnetic field intensity H ≤ 10 kgf. 

Research on (Zr1–yNiy)Ni1+xSn crystalline structure 
X-ray phase and structural analyses have shown that the investigated samples of (Zr1–yNiy)Ni1+xSn, 

0 ≤ x ≤ 0.30 and 0.65 ≤ x ≤ 1.0 are single-phase, X-ray diffractograms are indexed in MgAgAs and MnCu2Al 
structural types, respectively, and Bragg RBr factor of a discrepancy between crystalline structure model and 
the experimental results of structural studies does not exceed 1 % (Table). The composition of 
semiconductor solid solution (Zr1–yNiy)Ni1+xSn, x ≤ 0.30, fixes the solubility limit of Ni atoms in the 
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structure of ZrNiSn compound. At the same time, samples of compositions (Zr1–yNiy)Ni1+xSn, 
0.30 ≤ x ≤ 0.65 are not single-phase, pointing to the absence of a continuous solid solution between ZrNiSn 
and ZrNi2Sn compounds. 

Table 
Structural and metallographic characteristics of ZrNi1+xSn, (0 ≤ x ≤ 1) 

Compound composition  ZrNi1+xSn (0 ≤ x ≤ 0.3) ZrNi1+xSn (0.65 ≤ x ≤ 1) 

Space group 43F m , MgAgAs 3Fm m , MnCu2Al 

Composition (SEM), at. % Zr32.5Ni35.5Sn32.5 Zr31.5Ni37.5Sn31.0 Zr27.5Ni46.7Sn27.0 

Composition (EPMA), at.% Zr33.1Ni33.8Sn33.1 Zr33.0Ni34.0Sn33.0 Zr25.6Ni48.9Sn25.6 
а (nm) 0.611173(2) 0.611081(3) 0.627252(7) 

RBr (%) 0.0084 0.0069 0.0172 

Atom parameters:    

Zr in 4a (0, 0, 0) – – – 

Biso (102 nm2) 0.92(4) 0.57(6) 0.41(11) 

Sn in 4 b (1/2, 1/2, ½) – – – 

Biso (102 nm2) 0.36(3) 0.38(5) 0.54(9) 

Ni in position: 4d (3/4, 3/4, 3/4) 8c (1/4, 1/4, 1/4) Ni in position: 

Ni/Vac. 0.09/3.91 0.13/3.87 Ni/Vac. 

Biso (102 nm2) 0.86(4) 0.87(5) Biso (102 nm2) 

Ni in 4c (1/4, 1/4, 1/4) – – Ni in 4c (1/4, 1/4, 1/4) 

Biso (102 nm2) 0.86(4) 0.87(5) Biso (102 nm2) 

The fact that the investigated samples comprise an excess number of Ni1+х atoms whose 
concentration corresponds to the composition of input components charge mixture is empirically 
supported by the results of measuring concentration of Ni atoms on the surface of samples (Table). In 
so doing, which is of principal importance, the spatial relationship of atoms in the basic array of 
compound compositions (Zr1–yNiy)Ni1+xSn, 0 ≤ x ≤ 0.30 and 0.65 ≤ x ≤ 1.0, is not changed. This is 
indicated by the low values of RBr factor of a discrepancy between the experimental results and the 
model arrangement of atoms in a space typical of structural types MgAgAs and MnCu2Al (Table).  

As long as we are interested in ZrNiSn compound, it is reasonable to ask: where are Ni1+х excess 
atoms accumulated in (Zr1–yNiy)Ni1+xSn, 0 ≤ x ≤ 0.30, and what is the nature of structural defects 
generated thereby which define the semiconductor properties? 

The refinement of crystalline structure of (Zr1–yNiy)Ni1+xSn, 0 ≤ x ≤ 0.30 samples has shown 
that when excess Ni1+х atoms are arranged in crystallographic position 4d (the tetrahedral void), the 
discrepancy factor does not exceed 0.8 %, which is even slightly incorrect, since it exceeds the 
accuracy of the measuring system. Thus, doping of n-ZrNiSn semiconductor with Ni atoms results in 
the formation of point structural defects – Ni atoms in the interstitial site (the tetrahedral voids), the 
type of which will be established from the results of calculating the semiconductor electron structure 
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and the electrokinetic properties.  
The refinement of crystalline structure of samples also allowed establishing an important result 

which in the future will help to identify the type of defects that are generated in the crystal. It turned out 
that doping of n-ZrNiSn with Ni atoms is accompanied by ordering semiconductor crystalline structure 
through return of Niу atoms from Zr crystallographic position to their own crystallographic position 
(Fig. 2). If we take into account that exactly Niу atoms, partially occupying Zr crystallographic position, 
generate donor-nature structural defects in the crystal, then ordering of crystalline structure on 
introduction of excess Ni1+х atoms will be accompanied by a decrease in donor concentration (“healing” 
of donor-nature structural defects). As can be seen from Fig. 2, at concentration of excess Ni1+х atoms 
that corresponds to compositions (Zr1–yNiy)Ni1+xSn, х ≥ 0.07, there are no donor-nature structural defects 
in the crystal that are related to “a priori doping” of a semiconductor. 

 

Fig. 2. Dynamics of change in the concentration of Niу atoms  
in Zr crystallographic position (Zr1-yNiy)Ni1+xSn, х ≤ 0.10. 

Thus, structural studies of n-ZrNiSn heavily doped with Ni atoms have confirmed the above 
assumption that crystal can accumulate an excess amount of Ni1+х atoms in the tetrahedral voids. In so 
doing, in a semiconductor there takes place a dynamic change in the compensation degree which 
reduces the concentration of donor-nature defects related to a reduced amount of donor-nature 
structural defects (Niу atoms in Zr position). At the same time, structural studies cannot identify the 
nature of defects that arose while accumulating Ni1+х atoms in the semiconductor tetrahedral voids. 

Research on electron density distribution in (Zr1–yNiy)Ni1+xSn 

To predict the behaviour of the Fermi level εF, the energy gap εg, the electrokinetic and 
magnetic characteristics of n-ZrNiSn doped with Ni atoms, the electron density distribution was 
calculated with regard to the contribution of Ni1+х excess atoms located in the tetrahedral voids of 
semiconductor structure. Taking into consideration that introduction of excess Ni1+х atoms into ZrNiSn 
compound arranges in an ordered fashion its crystalline structure, calculation of DOS was carried out 
for the case of ordered crystalline structure. Introduction of excess Ni1+х atoms into concentrations of 
(Zr1–yNiy)Ni1+xSn, 0 ≤ x ≤ 0.30, does not radically change the shape of electron density distribution in 
conformity to hybridization between all the elements (Fig. 3). There is an increase in the “tails” of 
continuous energy bands, leading to a slight reduction in the values of efficient energy gap (Fig. 4 а, 
insert) in (Zr1–yNiy)Ni1+xSn. 
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Fig. 3. Calculation of change in the edge profiles of continuous energy bands in (Zr1–yNiy)Ni1+xSn. 

As is evident from Fig. 4 b, with an increase in concentration of Ni1+х atoms, the density of 
states on the Fermi level DOSεF in (Zr1–yNiy)Ni1+xSn is also increased, and the Fermi level moves in the 
direction of conduction band (Fig. 4 а, dependence 1). In a semiconductor, this is possible only on 
condition of its doping with donor impurity. Note that the results of calculating the position of the 
Fermi level relative to the edge of conduction band in Zr1–yNiy)Ni1+xSn are of a more complicated 
character than a regular drift  due to the effect of electron-type Ni donor impurity introduced into a 
semiconductor. Apart from the drift caused by a reduction in semiconductor compensation degree, 
there is also a reduction in the values of effective energy gap εg from εg (x = 0) = 287.7 meV to 
εg (x = 0.01) = 181.7 meV due to increase in band “tails” changing the profile of continuous energy 
bands (Fig. 4 а, insert). 

 

Fig. 4. A change in the values of activation energy ε1
ρ from the Fermi level to percolation level of conduction 

band (а): 1 – from lnρ(1/T) dependences; 2 – calculation; insert – energy gap εg and density of states  
on the Fermi level DOSεF (1), magnetic susceptibility χ (2) at Т = 300 K, (b) (Zr1–yNiy)Ni1+xSnx. 

Thus, the results of calculation of electron density distribution in (Zr1–yNiy)Ni1+xSnx based on the 
results of structural research point to a donor nature of generated structural defects, and experimental 
studies will allow checking the adequacy of calculation results, hence of selected model of 
semiconductor structure.  
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Research on the magnetic characteristics of (Zr1–yNiy)Ni1+xSn 

Research on the field and temperature dependences of magnetic susceptibility χ (Zr1–yNiy)Ni1+xSn 
provided additional information as to the reasons for a change in the electronic structure of a semiconductor. 
Fig. 4 b shows the results of measuring χ(х) values at Т = 300 K and magnetic field intensity H = 10 kgf. 
The n-ZrNiSn is known to be a weak diamagnetic (χx = 0 = –0.057⋅10–6 сm3/g) [8]. Introduction of weak 
concentrations of Ni1+х atoms reduces the diamagnetic component χx = 0.01 = –0.015⋅10–6 сm3/g, and with the 
concentration x ≥ 0.03 the semiconductor becomes the Pauli paramagnetic and χx = 0.03 = 0.027⋅10–6 сm3/g. In 
this case, the magnetic susceptibility (Zr1–yNiy)Ni1+xSn is governed by the major carriers, and its values are 
proportional to concentration of free electrons n (for the Pauli paramagnetic χ ~ n). Taking into account that 
χ(х) dependence in (Zr1–yNiy)Ni1+xSn grows, we can state that donor-nature structural defects are generated in 
the crystal when the tetrahedral voids are occupied by Ni atoms.  

Research on the electrokinetic characteristics of (Zr1–yNiy)Ni1+xSn 
The temperature dependences of electric resistivity lnρ(1/T) and the Seebeck coefficient α(1/T) 

for samples of (Zr1–yNiy)Ni1+xSn, x = 0 ÷ 0.10 are represented in Fig. 5 and are typical of doped and 
compensated semiconductors with high and low-temperature activation regions. Such regions of 
dependences lnρ(1/T) were used to calculate the values of activation energy from the Fermi level εF to 
percolation level of conduction band (ε1

ρ) and electron hops (ε3
ρ) in the states with energies close to 

εF, and dependences α(1/T) were used to calculate the values of activation energies ε1
α and ε3

α, 
proportional to modulation amplitude of continuous energy and small-scale fluctuation zones, 
respectively [14]. 

 

Fig. 5. Temperature dependences of electric resistivity ρ (a) and the Seebeck coefficient α (b)  
(Zr1–yNiy)Ni1+xSn: 1 – х = 0; 2 – х = 0.01; 3 – x = 0.03; 4 – x = 0.10. 

As can be seen from Figs. 5 b and 6 b, the Seebeck coefficient (Zr1–yNiy)Ni1+xSn, х = 0,  
(n-ZrNiSn) has negative values, and electrons are major carriers. This is a well-known and expected 
result which is related to the donor nature of intrinsic structural defects in a semiconductor due to 
partial occupation by Niу atoms of Zr crystallographic position (“a priori doping”) [6]. In this case, 
the Fermi level εF is located close to the bottom of conduction band at the distance of 
ε1

ρ(х = 0) = 97.6 meV from the percolation level, and ε1
α(х = 0) = 83.8 meV determines the 

modulation amplitude of continuous energy bands of n-ZrNiSn (Fig. 4 а). 
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Fig. 6. A change  in the values of electric resistivity ρ (а) and the Seebeck coefficient α (b) (Zr1–yNiy)Ni1+xSn 
at different temperatures: 1 – Т = 80 K; 2 – Т = 160 K; 3 – T = 250 K; 4 – T = 380 K. 

Introduction into ZrNiSn compound of the smallest concentrations of Ni1+х atoms leads to a 
drastic reduction of electric resistivity values, for instance, at 80 K, from the values of 
ρ(х = 0) = 4751.1 μOhm·m to ρ(х = 0.01) = 231.0 μOhm·m and ρ(х = 0.10) = 62.8 μOhm·m. Such 
behaviour of ρ(х) dependence testifies that donor-nature structural defects are created in the crystal 
whose concentration grows with increasing the content of Ni1+х atoms. This is regardless of the fact 
that, as follows from structural studies, introduction of excess Ni1+х atoms first reduces the number of 
donor-nature structural defects due to return of Niу atoms from Zr position to their own 
crystallographic position.  

Thus, the results of electrokinetic research on (Zr1–yNiy)Ni1+xSn lead to the conclusion as to the 
donor type of defects generated in the crystal of ZrNiSn compound while introducing excess Ni1+х 
atoms and accumulating these atoms in the tetrahedral voids of the structure. In this case, the degree of 
semiconductor compensation is reduced, and the dependence in Fig. 2 describes the dynamics of 
change in the number of various types of structural defects of (Zr1–yNiy)Ni1+xSn. 

The fact that donor-nature structural defects are generated in the crystal while introducing 
excess Ni1+х atoms is evidenced by the character of the Fermi level drift in the direction of conduction 
band (Fig. 4 а, dependence 1). We can see that introducing the lowest concentrations of excess Ni1+х 
atoms into n-ZrNiSn is accompanied by a drastic decrease in the values of activation energy ε1

ρ from 
the Fermi level to percolation level of conduction band from ε1

ρ(х = 0) = 97.6 meV to 
ε1

ρ(х = 0.01) = 38.3 meV. On the other hand, if the degree of semiconductor compensation is reduced, 
then it is quite logical that the values of modulation amplitude of continuous energy bands [7] will be 
reduced to values ε1

α(х = 0.01) = 51.4 meV and ε1
α(х = 0.10) = 31.9 meV. Besides, exactly due to this 

at low temperatures the length of electron hop ε3
ρ will decrease in the states close to the Fermi energy 

from the values of ε3
ρ(х = 0) = 11.5 meV to ε3

ρ(х = 0.01) = 4.4 meV and ε3
ρ(х = 0.08) = 1.4 meV. Note 

that concentration of excess Ni1+х atoms introduced into n-ZrNiSn proved to be insufficient for the 
intersection by the Fermi level of the percolation level of conduction band and realization of 
dielectric-metal transition in the conductivity [7]. 

Thus, the experimentally observed drastic decrease in the values of electric resistivity ρ(х) 
(Fig. 6 а), activation energy ε1

ρ(х) from the Fermi level to the percolation level of conduction band 
(Fig. 4 а), as well as the negative values of the Seebeck coefficient α(х) is related both to increased 
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concentration of donor-nature defects and decreased energy gap between continuous energy bands, 
which facilitates throwing of electrons from the donor levels to the conduction band of a heavily 
doped and compensated semiconductor (Zr1–yNiy)Ni1+xSn. This statement makes specific the 
consequence of structural research and confirms that which is based on the results of calculating the 
semiconductor electronic structure and its magnetic characteristics. 

Thermoelectric power factor of (Zr1–yNiy)Ni1+xSn 

Maximum values of thermoelectric power factor Z* (Z* = α2σ, where α is the Seebeck 
coefficient, σ is electric conductivity) are attained under condition when the Seebeck coefficient is still 
high and the electric conductivity values of (Zr1–yNiy)Ni1+xSn semiconductor solid solution have 
become even higher [10]. Under these conditions, on Z*(х) dependences there are extremes at all 
temperatures under study. Fig. 7 а shows Z*(х) dependence from which it is seen that the value of 
thermoelectric factor in (Zr1–yNiy)Ni1+xSn is higher than in the undoped semiconductor n-ZrNiSn. 
Besides, with a rise in temperature the absolute values of Z*(Т) are still further increased (Fig. 7 b). 
Taking into account that calculations show a slight (by ~ 5 %) increase of thermal conductivity κ for 
(Zr1–yNiy)Ni1+xSn, х = 0.03, the values of thermoelectric figure of merit Z with this impurity 
concentration will be higher than in the undoped semiconductor n-ZrNiSn. 

 

Fig. 7. Changes in the values of thermoelectric power factor Z* (Zr1–yNiy)Ni1+xSn  
with a change in composition (а): 1 – Т = 375 K; 2 – Т = 300 K; 3 – Т = 250 K;  

4 – Т = 160 K; 5 – Т = 80 K and temperature (b): 1 – х = 0.03;  
2 – х = 0.005; 3 – х = 0.10; 4 – х = 0.08; 5 – х = 0. 

Conclusions 
As a result of integrated research on the crystalline structure, energy spectrum, electrokinetic and 

magnetic characteristics of intermetallic semiconductor n-ZrNiSn heavily doped with a donor impurity Ni, 
the effect of accumulation of excess Ni1+х atoms in the tetrahedral voids of (Zr1–yNiy)Ni1+xSn structure up to 
concentrations 0 ≤ x ≤ 0.30 has been revealed, and the donor nature of such structural defect has been 
established. The use of this effect for semiconductor doping is a new mechanism for parameter 
optimization of thermoelectric material based on n-ZrNiSn. It is shown that the obtained thermoelectric 
material (Zr1–yNiy)Ni1+xSn has high efficiency of thermal into electric energy conversion in the range of 
investigated temperatures. 
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PECULIARITIES OF THE CONCENTRATION 
DEPENDENCES OF STRUCTURAL  

AND THERMOELECTRIC PROPERTIES  
IN SOLID SOLUTIONS PbTe-PbSe 

New experimental results and an overview of the results obtained earlier by the authors on the 
dependences of structure, mechanical, galvanomagnetic and thermoelectric properties on the 
composition of isovalent semiconductor solid solutions PbTe-PbSe in the range of small 
concentrations of PbSe (0 – 5 mol.%) as well as on the temperature dependences of 
galvanomagnetic properties (80 – 300 K) are presented. For the first time within the studied range 
of concentrations, an anomalous increase in electrical conductivity, charge carrier mobility and 
the exponent in the temperature dependence of charge carrier mobility under increasing PbSe 
content and an oscillatory behavior of the dependences of X-ray linewidth, microhardness, the 
Hall coefficient and the Seebeck coefficient on composition were registered. The observed effects 
are attributed to the existence of a percolation-type phase transition, presumably typical for all 
solid solutions, and to the self-organization processes occurring in solid solutions under the 
transition to the impurity continuum. 
Key words: PbTe-PbSe solid solution, composition, heat treatment, percolation threshold, 
temperature dependence, microhardness, diffraction line width, electroconductivity, charge carrier 
mobility, Hall coefficient, Seebeck coefficient. 

Introduction 
The solid solution method proposed far back by academician A.F. Ioffe is still one of the main 

methods for improving the thermoelectric (TE) figure of merit Z of materials (Z = S2σ/λ, where S is the 
Seebeck coefficient, σ is electric conductivity, λ is thermal conductivity) [1-3]. In so doing, it is 
generally supposed that increase in the concentration of introduced component is accompanied by a 
monotonous change in TE properties. However, in a number of solid solutions based on semiconductor 
compounds of the type IV-VI (PbTe, SnTe, GeTe) we have discovered a nonmonotonous character of 
concentration dependences of various properties in the region of low impurity content (see, for instance, 
[4-9]) and it was conjectured [10, 11] that the observed effect is typical of all solid solutions and is due to 
critical phenomena attending a transition from the dilute to concentrated solid solutions. 

Recently, when investigating the concentration dependences of TE properties of PbTe-based 
solid solutions in PbTe-Bi2Te3 system we have discovered [12] another effect, namely an oscillatory 
behaviour of the composition dependences of properties, which we attributed to structural 
rearrangements occurring in a concentrated solid solution with increase in impurity content.  

The importance of observed effects in terms of TE material science stimulates the expansion of 
the scope of investigated solid solutions and a more detailed study of the concentration dependences of 
properties. In particular, it is interesting to clear out whether the above effects will manifest 

 
E.I. Rogacheva O.S. Vodorez 



E.I. Rogacheva, O.S. Vodorez 
Peculiarities of the concentration dependences of structural and thermoelectric properties… 

 Journal of Thermoelectricity №2, 2013 ISSN 1607-8829 62 

themselves on composition-property dependences in case of isovalent and isostructural solid solutions. 
Such materials include solid solutions PbTe-PbSe, promising TE materials used in thermogenerators 
working in medium-temperature region (600 – 900 K) [2, 3]. Note that exactly this system was one of 
the first to demonstrate the efficiency of using the solid solution method for Z increase. 

Binary compounds PbТe and PbSe are crystallized in the structure of NaCl type with the unit cell 
parameters а = 0.645 nm and а = 0.612 nm, respectively [13]. These are nonstoichiometric compounds 
with double-sided homogeneity areas with n-type conductivity at lead excess and p-type conductivity at 
chalcogen excess. The maxima on the liquidus and solidus curves in Pb-Тe and Pb-Se systems do not 
coincide with the stoichiometric composition, being slightly displaced toward Te excess (50.002 at.%) or 
Se excess (50.005 at.%), which determines p-type conductivity of stoichiometric compositions PbТe and 
PbSe and undoped solid solutions PbТe-PbSe [13]. PbTe and PbSe have a complicated structure of 
valence band consisting of two overlapping subbands with different density of states [14].  

PbTe and PbSe form a continuous series of isovalent and isotructural solid solutions with a 
minimum at 18 mol.% PbSe [13]. Depending on composition, the unit cell parameter changes in a 
linear fashion, with a slight negative deviation from linearity [13, 15], and microhardness grows as 
compared to the initial compounds, forming a curve with a maximum [16]. As far as we know, neither 
of the works dealing with the unit cell parameter and microhardness have studied alloys with PbSe 
content less than 5 mol.%. The energy gap of PbTe-PbSe alloys determined by self-absorption edge is 
a monotonous function of composition and almost linearly increases with increasing PbSe content [14, 
15]. In [17], TE properties of solid solutions PbTe-PbSe of both n- and p-type were studied. Research 
on Na-doped р-PbTe-PbSe (0 – 15 mol.% PbSe) alloys has shown that the use of solid solutions 
allows reducing phonon thermal conductivity without major deterioration of electrical properties and 
that maximum value of Z (Z = 2.0·10–3 K–1) exceeding by 30 % the value of Z for р-PbTe is achieved 
at 650 K for a solid solution with 5 mol.% PbSe and 0.7 аt.% Na. 

The existing works on TE properties of solid solutions PbTe-PbSe are mainly concerned with doped 
alloys of electron or hole types with different impurity concentration. In these works, the compositions and 
doping level optimal from the standpoint of practical applications, that is, with maximum Z values, are 
determined. However, to reveal the concentration anomalies of properties related to transition into heavy 
doping area, investigations should be conducted on the undoped stoichiometric solid solutions, where the 
role of impurity is played by the second component (in the case at hand it is selenium). 

In [18-22] we reported on the results of measuring various properties of solid solutions PbТe-PbSe 
in the range of concentrations not exceeding 5 mol.% PbSe. It was established that isotherms of 
microhardness H, the Seebeck coefficient S, the Hall coefficient RH, electric conductivity σ and the Hall 
mobility of charge carriers μH comprise anomalous parts on which a monotonous change of properties 
with composition is violated. 

The purpose of this work is a more detailed additional study and analysis of the character of 
change in the structure and TE properties depending on the composition and temperature in the 
undoped polycrystalline solid solutions PbТe-PbSe in the range of compositions 0 – 5 mol.% PbSe. As 
long as in the manufacture of TE devices wide use is made of material pressing which allows 
increasing the strength and homogeneity degree of samples as compared to cast ones and generally 
followed by annealing, a question arises as to the relation between the characteristics of cast and 
pressed, annealed and unannealed samples of the same material.  

Having analyzed the obtained results, we managed to reveal new effects taking place in solid 
solutions under study and governing the specific character of the composition and temperature 
dependences of TE properties.  
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Experimental procedure 
Polycrystalline samples of PbTe-PbSe system (0 – 5 mol.% PbSe) were prepared by direct 

alloying of Pb, Te and Se elements of high degree of purity (99.999 % of basic component) in 
evacuated quartz ampoules at a temperature of 1250 ± 10 K for 6 hours with the use of vibratory 
agitation and subsequent annealing at a temperature of ∼ 870 K for 250 hours (series 1). Some of the 
samples of series 1 were used to manufacture pressed samples at a temperature of 670 K and pressure 
400 MPa (series 2), which after measurement were subject to homogenizing annealing in vacuum at 
770 K for 260 hours (series 3). Besides, in the range of concentrations 0 – 2.5 mol.% PbSe the alloys 
were subject to additional heat treatment, namely after the synthesis the alloys were annealed at a 
higher temperature 1020 K for 200 hours (series 4). The alloys of each series were prepared 
simultaneously, so as to assure the identical conditions of their production. X-ray spectroscopy and 
chemical analysis methods were used to establish the homogeneity of samples. It was shown that a 
deviation of chemical composition from the assigned value did not exceed ± 0.02 at.%.  

Microhardness was measured at room temperature on PMT-3 microhardness tester, using a 
diamond pyramid, under a constant load on the indentor Р = 0.49 N. To establish the necessary load 
value, prior to measurement of H, dependences H(P) were studied in the range of P = 0.03 – 0.49 N, 
and it was shown that H is reduced with increase in P and is practically independent of load, starting 
from P ~ 0.30 N. As an example, Fig. 1 shows dependences H(P) for alloys of series 4. The time of 
loading, the time of exposure to load and the time of unloading were 10 s each. Device adjustment was 
performed using fresh chips of NaCl crystals. Surface preparation for measuring Н (grinding, 
mechanical polishing and etching) was identical for all samples. Measuring Н of each sample was 
performed at least at 30 points of a sample with subsequent statistical processing of results. Relative 
mean-square fluctuation for all samples did not exceed 3 %. 

 
Fig. 1. Microhardness of solid solutions PbTe-PbSe versus the load  
on the indentor: 1 – PbTe, 2 – 1 mol.% PbSe, 3 – 1.5 mol.% PbSe. 

The unit cell parameters a were determined on X-ray diffractometer DRON-2 with the Bragg-
Brentano focusing geometry in filtered radiation of X-ray tube copper anode to an accuracy not lower 
than Δa = 2·10–4 nm. 

The Hall coefficient RH and electric conductivity σ were measured with the use of standard dc 
method in the range of temperatures from 80 to 300 K. The error of measuring RH and σ did not exceed 
5 %. The Hall mobility was calculated by the formula μH = σ⋅RH. The Seebeck coefficient S was measured 
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by compensation method according to copper electrodes at room temperature at no fewer than 20 sample 
points with subsequent statistical processing of measured data. The root mean square relative error for all 
samples did not exceed 3 %. All the samples, except for samples of series 3, were of p-type conductivity. 

Discussion of the results 
According to the results of microstructural and X-ray diffraction analyses, over the entire 

investigated range of compositions the alloys were single-phase and had crystalline structure of NaCl 
type. Fig. 2, а shows a dependence of the unit cell parameter on the composition of PbTe-PbSe alloys in 
the range of 0 – 5 mol.% PbSe for series 1 and 4 at room temperature. It is seen that for both series the 
points fall on one straight line which to a high accuracy corresponds to the Vegard line, confirming the 
fact of formation of a continuous series of solid solutions in the investigated range of concentrations. 

 

Fig. 2. Dependence of unit cell parameter a (a) and a relative change in diffraction line width (644)α+(820)α 
ΔB/B (b) on the composition of solid solution PbTe-PbSe for samples of series 1.  

а) 1 – the Vegard curve; 2 – series 1; 3 – series 4. 

Unlike the unit cell parameter, dependence of X-ray line width B on the composition of alloys is 
not monotonous. From Fig. 2, b it is evident that with a general tendency to growth of relative change 
in ΔB/B with increasing PbSe concentration, the dependence has a distinct oscillatory behaviour. 

Fig. 3 shows dependences of H on the composition of PbTe-PbSe alloys prepared with the use of 
various techniques, and it is seen that neither of these dependences is monotonous, which was to be 
expected at formation of a perfect solid solution. On introduction of the first portions of PbSe (up to ~ 
0.5 mol.%), the value of H for all series of samples is increased, pointing to crystal strengthening with 
introduction of Se impurity. However, with further increase in PbSe concentration, the behaviour of  
H – composition dependences is different for different series, though the general tendency to H increase 
within the entire concentration range (0 – 5 mol.% PbSe) is retained. Thus, for cast samples of series 1 in 
the range of compositions 0.5 – 1.25 mol.% PbSe there is a horizontal pad on the dependence; a similar 
pad is also observed for pressed unannealed samples (series 2), but its concentration range is somewhat 
expanded (0.5 – 1.75 mol.% PbSe). In so doing, for pressed samples there is a more considerable H 
increase in the range of 0 – 0.5 mol.% PbSe than for cast samples, though H values of series 1 and 2, 
achieved on the boundary of investigated composition range, are practically identical. Annealing of 
pressed samples in vacuum (series 3) leading to inversion of conductivity sign (p → n) changes 
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considerably the composition dependence of H: in the range of 0.5 – 2.5 mol.% PbSe on the isotherm of 
H there are distinct oscillations, following which H increases drastically when approaching the 
composition of 5 mol.% PbSe (Fig. 3, c). A similar oscillatory behaviour of H dependence is observed 
for cast samples subject to high-temperature annealing (series 4), that were prepared in the range of 
concentrations 0 – 2.5 mol.% PbSe. From Fig. 3, d it is seen that such oscillatory bahaviour of the 
composition dependence of H is also retained for series 4 with a change in the indentor load. 

 

Fig. 3. Dependence of microhardness H on the composition of solid solution PbTe-PbSe  
for samples prepared by different methods: а) – series 1; b) – series 2;  

c) – series 3 and d) – series 4: 1 – 0.049 N, 2 – 0.39 N, 3 – 0.49 N. 

Thus, irrespective of sample preparation technique (cast or preseed) and heat treatment, 
introduction of up to 0.5 mol.% PbSe leads to a drastic increase of H. The effect of solid-solution 
hardening on the introduction of impurities related to blocking of dislocations by impurity atoms is 
well known [23]. However, demands explanation the fact that starting from ~ 0.5 mol.% PbSe, for all 
series there is a qualitative change in dependence, namely the appearance of plateaus or oscillations. 

Studies on the kinetic properties at room temperature have proved the existence of concentration 
anomalies in solid solutions PbTe-PbSe. From Fig. 4, а and b, showing dependences of σ and μH on 
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composition for cast polycrystalline samples of series 1, one can see that these dependences have a 
behaviour uncommon for solid solutions: after a drop in said parameters with increase in PbSe 
concentration to 0.5 – 0.75 mol.% there is a drastic (more than 100 %) growth of σ and μH over a 
sufficiently narrow concentration range, following which σ and μH again drop with increase in PbSe 
content to 5.0 mol.%. The parts of σ and μH drop with a growth in PbSe concentration can be adequately 
explained, since with introduction to crystal of impurity atoms the mobility of charge carriers is generally 
reduced due to increased imperfection of crystal lattice and the emergence of additional centres of charge 
carrier scattering, but growth of σ and μH from this standpoint is anomalous. 

Even more complicated composition dependence is observed for the Hall and Seebeck 
coefficients (Fig. 4, c, d): up to ~ 2.5 mol.% PbSe, despite the general tendency to reduction of RH and 
S with a growth in concentration PbSe, parts of drop in RH and S interchange with parts of growth, 
owing to which the composition dependence of RH and S exhibits a distinct oscillatory behaviour.  

The nonmonotonous behaviour of kinetic coefficients is also responsible for a complicated 
dependence of TE power P = S2 σ on the composition (Fig. 4, e). 

Research on the effect of pressing on the values of S, σ and μH of polycrystals of solid solutions 
PbTe-PbSe in the range of concentrations 0 – 5.0 mol.% PbSe at room temperature performed in [21] 
has shown that in pressed samples the values of S remain almost unchanged, and σ and μH are reduced 
as compared to cast samples. Annealing of pressed samples leads to a reversal of hole to electron 
conductivity type, growth of σ and μH. However, concentration anomalies of properties in the range of 
compositions 0.5 – 2.5 mol.% PbSe, observed in cast samples and presumably related to a transition to 
impurity continuum also occur in pressed samples, confirming the fact of existence of percolation-type 
concentration phase transition. 

Fig. 5 shows the temperature dependences of σ, μH and RH for samples of series 1 of various 
composition. All the samples have p- conductivity over the entire investigated range of temperatures 
and compositions. For samples of all compositions a rise in temperature leads to a monotonous 
decrease in σ and μH and a slight increase in RH. Unlike other lead chalcogenides, where, as a rule, 
RH(T) dependence in the range from helium to room temperature and higher is very weak, in р-PbTe at 
higher than 150 K there is a marked growth of RH. Such RH behaviour in р-PbTe is attributable to the 
influence of the second valence band characterized by larger effective mass and located below the 
edge of light holes at the distance of order 0.1 eV. Due to a low mobility and a larger effective mass of 
holes in the second valence band, their contribution to the Hall effect is relatively small, and as the 
holes go over to the second band, with a rise in temperature, the effective concentration of charge 
carriers is decreased, and RH is increased. Taking into consideration the presence of light and heavy 
holes, the expression for RH can be written as follows: 

 
2

1 1 2 2
2 2

1 1 2 2 1

1 ,
( ) (1 )H

p pr r fR
e p p ep f

μ + μ + γ
= =

μ + μ + γ
 (1) 

where р1 and р2 are concentrations of light and heavy holes, respectively, the sum of which does not 
depend on temperature and is equal to the number of acceptors, μ1 and μ2 are their mobilities, 
γ = p1 / p2, f = μ1 / μ2, r is Hall-factor depending on the degeneracy degree and the mechanism of charge 
carrier scattering. From formula (1) it follows that as the contribution of heavy holes increases with a 
rise in temperature, RH increases as well. As is evident from Fig. 5, а, b, c, a similar effect occurs in 
solid solutions PbTe-PbSe, whose valence band structure is identical to that of lead telluride. 
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Fig. 4. Dependence of electric conductivity σ (а), Hall mobility of charge carriers μH (b),  
Hall coefficient RH (c), Seebeck coefficient S (d) and thermoelectric power P = S2σ (e)  

on the composition of solid solutions PbTe-PbSe for samples of series 1. 
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Of interest is the composition dependence of exponent ν in the temperature dependence of 
charge carriers mobility μH ~ T ν (Fig. 5, d), which, as the other characteristics, has a nonmonotonous 
behaviour. With a general tendency to drop of ν with increasing PbSe content, the curve has an 
anomalous part of exponent growth, which is additional proof of a complicated concentration 
dependence of properties in a solid solution PbTe-PbSe. 

 
Fig. 5. Temperature dependences of electric conductivity σ (а), Hall mobility of charge carriers μH (b),  

Hall coefficient RH (c) and exponent ν in the temperature dependence μH = A⋅T 
ν(d) 1 – PbTe;  

2 – 0.7 mol.% PbSe; 3 – 1.2 mol.% PbSe; 4 – 2.0 mol. % PbSe. 

For a qualitative explanation of a change in the composition dependence of properties, observed 
for all properties, starting from ~ 0.5 mol.% PbSe, one can use the concepts of percolation theory, as we 
did it for other semiconductor solid solutions [4-11]. It is supposed that in any solid solution, irrespective 
of the character of impurity interaction, there exists a critical concentration xC – “percolation threshold”, 
whereby a continuous chain of interactions between impurity atoms is formed (“infinite cluster” in terms 
of percolation theory) [24]. As long as percolation transition refers to second-order phase transitions, it 
must be attended with critical phenomena, that is, a drastic change in properties. Using percolation 
theory approximation, it can be assumed that the onset of anomalous portions corresponds to reaching 
percolation threshold xC, and in the concentration ranges corresponding to anomalous change of 
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properties the density of infinite cluster is increased. On completion of the latter process, crystal goes 
over into a new state, i.e. impurity continuum, when impurity atoms become interconnected and their 
interaction acquires a cooperative nature. We think that exactly percolation threshold might serve the 
boundary that separates dilute solid solutions from concentrated ones. Of course, in the general case for 
various properties defined by various interaction types (deformation, Coulomb, dipole-dipole, etc), the 
values of percolation thresholds xC for the same system can be different. However, in PbTe-PbSe system 
under investigation these values almost coincide – the anomalies start from ~ 0.5 – 0.75 mol.% PbSe. 

Let us consider as an example such property as microhardness. It is known that the basic 
mechanism of solid-state hardening is related to elastic interaction of dislocation fields and impurity 
atoms, as a result of which the dislocation mobility is reduced, hence, strength characteristics, such as 
yield strength, microhardness, etc., increase. As long as marked displacements of atoms are created at 
the distance of one or two atomic spacings, one can consider the field of elastic deformations to be 
short-range and speak of a typical radius of deformation interaction r0. With low impurity 
concentrations (in this case Se atoms), when the distance between them is much larger than r0, the 
fields of elastic deformations created by individual impurity atoms are isolated from each other, 
almost not overlapped and make an additive contribution to H value. This results in H growth with 
increasing impurity concentration, which is observed in the range to ~ 0.5 mol.% PbSe. 

With further increase in impurity atoms content for samples of series 1 and 2 on the isotherm of 
H there appear plateau in the range of 0.5 – 1.25 and 0.5 – 1.75 mol.% PbSe, respectively, and for 
samples of series 3 and 4 this dependence acquires oscillatory behaviour in the range of compositions 
0 – 2.5 mol.% PbSe. This fact testifies to the presence of concentration phase transition which in the 
general case can be due to solid solution decomposition or rearrangement of crystal or electronic 
structure. The assumption of possible decomposition or change in crystal structure contradicts the 
results of X-ray structural analysis. The presence of anomalies on the curve H – composition points to 
a change in dislocation motion pattern, owing to which the dislocation motion grows and crystal 
softening occurs. This can be explained as follows. With increasing impurity concentration, the fields 
of elastic deformations start to be overlapped, leading to partial stress relief in a crystal. As long as 
impurity atoms are distributed in crystal lattice nonuniformly, some deformation spheres are 
overelapped, and the others – not, and portions with reduced stresses are formed in a crystal, which up 
to a certain concentration of impurity atoms are not interrelated. However, when concentration of 
impurity atoms becomes such that a continuous chain is formed, penetrating the entire crystal and 
interrelating impurity atoms through their deformation fields, the character of concentration 
dependence H should change, since dislocation motion pattern will change under the effect of applied 
load. As long as overlapping of deformation fields of two neighbouring atoms results in partial 
compensation of elastic stresses of opposite sign, formation of percolation channels will be matched 
by a drastic increase in dislocation mobility, hence, a decrease in H. The specific mechanism of 
collective effect of impurities on crystal plastic properties, which is a function of many factors and 
governs crystal softening, is not known so far and calls for special consideration. After crystal goes 
over into a qualitatively new state, related to formation of “impurity condensate”, new centres appear 
which impede the dislocation motion, and H grows again.  

As can be seen from Fig. 3, the character of H dependence on composition and the character of 
concentration anomaly in this area is affected by sample fabrication technique (cast or pressed), the 
presence or absence of annealing, as well as annealing temperature. It is quite natural to be expected, 
since the degree of phase transition smearing, the character of properties change with phase transition 
are essentially dependent on the defective structure of crystal, its homogeneity, kinetic factors which, 
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in turn, are largely determined by thermal treatment. It can be supposed that with a rise in annealing 
temperature of cast samples from 870 to 1020 K and with annealing of pressed samples, firstly, higher 
homogenization degrees are achieved than for samples of series 1 and 2, and, secondly, the number of 
interstitial atoms is increased, which for series 4, possibly, become predominant point defects, taking 
into consideration that annealing of pressed samples is followed by inversion of conductivity type, 
caused, apparently, by slight losses of chalcogen at annealing. Microscopic mechanisms leading to 
oscillatory behaviour of H with composition in the intermediate range of compositions corresponding 
to transition from dilute to concentrated solid solutions are as yet unknown, but it is clear that 
considerable role in the manifestation of concentration anomalies is played by self-organization 
processes (when H drops), alternating with defect accumulation processes (when H increases). This 
assumption is supported by the presence of oscillatory concentration dependence of X-ray linewidth 
(644)α + (820)α (Fig. 2, b). It is known that the main factors causing X-ray lines widening include 
fluctuations of atomic spacings due to microstresses and small size of coherent scattering areas [25]. In 
homogeneous solid solutions widening can be caused by disorder in the distribution of atoms of 
different sort and statistical displacements of atoms surrounding impurity atom relative to their 
position in a perfect crystal. So, widening of lines on introducing the first portions of impurity atoms 
can be readily explained. As long as all the samples were prepared by the same procedure, and X-ray 
study was identical, the change in ΔВ/В with a variation of impurity atoms concentration can be due to 
internal structural changes caused by disorder in the distribution of impurity atoms and the 
microstresses they caused. When impurity concentration reaches xC, the lattice stresses are partially 
relieved and dependence behaviour is changed.  

The observed anomalous growth of σ and μH also testifies to qualitative changes of solid 
solution properties with a variation of impurity content. We observed similar concentration anomalies 
of σ and μH in the investigation of other solid solutions (PbTe-MnTe [7], PbTe-GeTe [9] etc.) and also 
attributed them to critical phenomena attending concentration phase transitions. 

Considering these critical phenomena within the percolation theory [24], one can estimate the 
radius of impurity atom domain ro, using equation for problem of spheres: 

 ( )3
0

4 2 2.7,
3 cN rπ
⋅ ≈  (2)  

where Nc is the average number of sphere centres in unit volume corresponding to percolation 
threshold. Such estimate for solid solutions PbTe-PbSe yields the value ro ≈ 1.5 a0 (a0 is parameter of 
unit cell PbTe), which is in good agreement with the short-range character of impurity potential in 
compounds IV-VI [14]. 

Oscillatory behaviour of dependences of RH, S, H and ΔB/B on composition with PbSe content 
less than ~ 2.5 – 3.0 mol.% shows that the system passes through a number of intermediate states 
with very close compositions, but different character of space correlations. Such behaviour can 
testify that, under certain concentrations of impurity components, self-organization processes 
interchange with defect accumulation processes in the ordered medium. We observed a similar 
situation in PbTe-Bi2Te3 system in the composition range up to ~ 3 mol.% Bi2Te3, namely 
concentration dependences of σ, RH, μH, as well as ΔB/B were of oscillatory nature [12]. And this 
situation is not unique. There are well known nonstoichiometric phases of variable composition 
where homogeneity area is divided into a number of subareas with different type of long-range or 
short-range ordering and very close compositions.  

The initial growth of RH on the introduction of the first portions of PbSe – up to 0.2 mol.% 
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(Fig. 4, e) can be related to a complex mechanism of defects formation occurring in this case. The 
point is that with a small content of impurity atoms a change in free energy is caused mainly by 
entropy member, and the probability of processes related to configuration entropy growth is increased, 
stimulating such phenomena as delocalization of impurity atoms with respect to the main structural 
positions (for instance, their introduction to interstitial sites), formation of new defect types, etc. On 
introducing selenium impurity atoms into interstitial sites of anion sublattice, chalcogen atoms create 
equivalent number of once ionized vacancies exhibiting donor properties. Moreover, it should be taken 
into account that on introducing the first portions of impurity atoms, because of a change in the 
thermodynamic equilibrium conditions in a doped crystal there can be a change in the equilibrium 
concentration of nonstoichiometric cation vacancies possessing acceptor properties, leading to a 
reduction of hole concentration and, respectively, to growth of RH. Subsequent reduction of RH with 
increasing content of PbSe to ~ 0.75 mol.% is in good agreement with the reduction of the Seebeck 
coefficient (Fig. 4, e). 

Processes of impurity atoms redistribution with increase in impurity concentration can include: 
1) formation of superstructure with a periodic distribution of impurity atoms in the structure of basic 
material; 2) formation of structure with short-range ordering extending to one or several coordination 
spheres; 3) change in the character of impurity atoms localization; 4) formation of clusters whose 
structure is different from the structure of basic material.  

A qualitative change in properties can be expected, when with increasing concentration of 
doping component the average distances between impurity atoms achieve the values whereby their 
interaction covers the entire crystal, stimulating self-organization processes leading to a reduction of 
the internal crystal energy and assuring solid solution stabilization. It can be assumed that formation of 
percolation channels through Se impurity atoms on achievement of percolation threshold stimulates 
self-organization processes or is attended with them. Note that the value ro ≈ 1.5 a0 corresponds to 
close packing of impurity spheres with formation of face-centered cubic lattice with unit cell 
parameter a = 4 a0. 

In heterovalent nonisotructural solid solutions between two chemical compounds after 
formation of “impurity continuum” there is high chance of short-range ordering of solid solution with 
formation in the initial compound of complexes with crystal structure different from die structure and 
corresponding to second component structure. As regards isovalent and isotructural solid solutions, 
including PbTe-PbSe solution, here the probability of long-range ordering is higher.  

Thus, the results of this work provide another evidence of the universal character of critical 
phenomena attending a transition from weak doping to formation of impurity continuum and 
governing a complicated character of the concentration dependences of properties. Irrespective of the 
character of interaction between impurity atoms, crystal properties are fundamentally changed, when a 
continuous chain of interactions between impurity atoms is formed and the velocity of distribution of 
elementary excitations is varied. Moreover, the results obtained imply that the emergence of 
percolation channels in a solid solution initiates self-organization processes in a solid solution leading 
to complex concentration dependences of properties.  

Conclusions 
Dependences of structural, mechanical, galvanomagnetic and thermoelectric properties on the 

composition of isovalent and isostructural solid solutions PbTe-PbSe in the range of concentrations  
0 – 5 mol.% PbSe exhibit a distinct nonmonotonous character. The observed concentration anomalies 
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are proved by the fact of existence of percolation-type phase transition within any solid solution and 
testify to a complicated character of isotherms of properties in the transition area of concentrations 
between the dilute and concentrated solid solutions close to percolation area.  

The obtained results should be taken into account in the investigation and interpretation of 
properties of solid solutions PbTe-PbSe, at their further doping for the purpose of optimization of 
thermoelectric parameters, as well as in the development of new thermoelectric materials based on 
lead telluride and other materials, as long as the discovered effects are, apparently, of a general nature.  

The authors are grateful to student E. Martynova for the assistance in the work.  
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SEGMENTED AND MULTI-STAGE STRUCTURES  
BASED ON PbTe/Zn4Sb3  

FOR THERMOELECTRIC GENERATOR MODULES 

This paper presents the results of designing segmented thermoelectric modules, as well as 
functionally graded material (FGM)-based modules and multi-stage structures of PbTe/Zn4Sb3-based 
materials for use in thermoelectric power converters with the hot side temperature level 780 K. 
Key words: generator modules, heat recovery, power converters. 

Introduction 
Among thermoelectric materials used for creation of generator modules for the hot side 

temperature level 775-875K, PbTe is traditionally employed [1]. At current stage of development of 
science and technology, the presence of lead and tellurium in this material is not a limiting factor for 
its mass use, in particular, for the recovery of waste heat from vehicles, industry, etc. However, unlike 
n-PbTe, p-type has a low mechanical strength and unstable parameters, especially at elevated 
temperatures [2]. Most frequently an alternative to p-PbTe is GeTe-AgSbTe [3-5], however, taking into 
account the world reserves and the cost of source elements listed in Table 1 [6], the use of Ag, Ge and 
Те as the basic components for creation of thermoelectric power converters should be restricted. 

Table 1 
The cost, production outputs and world reserves of components used for creation  

of medium-temperature thermoelectric materials [6] 

                         Material 
Characteristics 

Pb Te Ag Ge Sb Zn 

Price (2011), $/kg 2.73 360 1109 1400 15.1 2.34 

Production (2011),1000 t 4.5 0.12 23.8 118 169 12.4 

World reserves, 1000 t 85 24 530 > 500 1800 250 

Within recent years a number of researchers have obtained a series of thermoelectric materials 
with potentially high operating characteristics [7-10]. Among them, good promise is shown by  
β-Zn4Sb3 that has a high figure of merit (ZT = 1.2 – 1.4 at 675 K) with a rather low prime cost. The 
above factors prove the possibility of using β-Zn4Sb3 material as a p-type leg for medium-temperature 
thermoelectric modules.  

The purpose of this work is to design and evaluate the efficiency of segmented, multi-stage and 
FGM modules based on PbTe/Zn4Sb3, as well as to optimize such structures for achieving maximum 
module efficiency. 
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Design of segmented thermoelectric modules and FGM modules 
Calculation and design of modules was done with the use of optimal control theory methods 

[11] and experimentally measured concentration-temperature dependences of α, σ, κ parameters of  
n-type PbTe samples doped with iodine [12] and europium [13], as well as p-type samples of 
Zn3.96+xCd0.04Sb3 [14] and (Zn1–xCdx)4Sb3 [15]. Such dependences for the best samples with different 
doping level, different composition and, respectively, different current carrier concentration are given 
in Figs. 1 and 2. 

  
a) b) 

Fig. 1. Temperature dependences of thermoelectric parameters of PbTe-based n-type materials:  
а) PbTe+x mol.% PbI2 (1 – х = 0.01; 2 – х = 0.03; 3 – х = 0.055; 4 – х = 0.1) [12];  

b) PbTe+x % Eu (1 – х = 1; 2 – х = 2; 3 – х = 3) [13]. 

The temperature dependences shown in Figs.1 and 2 were approximated by two-dimensional 
polynomials in the form of αn,p = αn,p(σ0

n,p, T), σn,p = σn,p(σ0
n,p, T), κn,p = κn,p(σ0

n,p, T). Polynomial 
coefficients were introduced into computer program as input data for the design of thermoelectric 
modules. Designations of module legs of such materials are given in Table 2. 

Calculated in maximum efficiency mode, optimal energy characteristics (current I, voltage U, power 
P, efficiency η) of one- and two-segment modules, as well as FGM modules comprising 32 
thermoelements (the height of legs 5.6 mm, the cross-sectional area of legs 4 × 4 mm2) are given in 
Table 3. The values of contact resistances in the calculations were assumed to be equal to 5⋅10–5 Ω·сm2. 
Optimization was performed by determination of such impurity concentrations in each segment material 
whereby thermoelement efficiency reaches a maximum with regard to optimal current densities in its legs 
and the height of segments. 
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a) b) 

Fig. 2. Temperature dependences of thermoelectric parameters of Zn-Sb-based p-type materials:  
а) Zn3.96+xCd0.04Sb3 (1 – x = –0.05; 2 – x = 0; 3 – x = 0.05; 4 – x = 0.1) [14];  
b) (Zn1–xCdx)4Sb3 (1 – x = 0; 2 – x = 0.005; 3 – x = 0.01; 4 – x = 0.015) [15]. 

Table 2 
Leg designations of generator modules of PbTe/Zn4Sb3-based thermoelectric materials 

Designation n-type leg Designation p-type leg 

S1 
PbTe<x mol.% PbI2> 
(x = 0.01 – 0.1) [12] 

S2 
Zn3.96+xCd0.04Sb3  

(x = –0.05 – 0.1) [14] 

S3 
PbTe<x % Eu>  
(x = 1 – 3) [13] 

S4 
(Zn1–xCdx)4Sb3  

(x = 0 – 0.015) [15] 

Analysis of resulting data shows that one-segment modules S1-S2 and S1-S4 have 
commensurate efficiencies (η ≈ 7.5 – 7.6%). However, with transition to two segments, the efficiency 
of S1-S2 is η = 14.65 %, whereas the efficiency of module S1-S4 is considerably lower η = 12.25 %. 
Similar results were obtained for modules S3-S2 and S3-S4. With the use of europium-doped PbTe 
(S3) as n-type leg, the efficiency of one-segment modules is reduced (η ≈ 6 %), and that of two-
segment modules remains practically the same as in the case when iodine-doped lead telluride (S1) is 
selected as n-type leg. 
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Table 3 
Characteristics of generator modules of PbTe/Zn4Sb3-based materials  

for the operating temperature range of 323 – 773 K 

Designation of modules 
Optimal parameters of 

leg materials 
(segments) 

lleg 
(lsegm), 

mm 
Р, W I, A U, V η, % 

 n-type leg x = 0.02 5.6 One-
segment 
(S1-S2)  p-type leg x = 0.062 5.6 

11 3.35 3.28 7.6 

cold x = 0.01 3.2 n-type 
leg hot x = 0.064 2.4 

cold x = –0.048 2.4 

Two-
segment 
(S1-S2) p-type 

leg hot x = 0.09 3.2 

25.8 7.62 3.39 14.65 

n-type leg 5.6 FGM 
module  
(S1-S2) p-type leg 

Fig 3 а 
5.6 

23.5 7.34 3.2 15.52 

n-type leg x = 0.019 5.6 One-
segment 
(S1-S4) p-type leg x = 0.004 5.6 

10.5
9 

3.12
5 

3.39 7.47 

cold х = 0.01 3.3 n-type 
leg hot x = 0.059 2.3 

cold х = 0.0045 2.3 

Two-
segment 
(S1-S4) p-type 

leg hot х = 0.0075 3.3 

19.2
6 

5.47 3.52 12.25 

n-type leg 5.6 FGM 
module 
(S1-S4) p-type leg 

Fig 3 b 
5.6 

18.5 5.6 3.31 14.04 

n-type leg x = 1.65 5.6 One-
segment 
(S3-S2) p-type leg x = –0.048 5.6 

5.43 1.64 3.32 6.2 

cold x = 1.1 2.3 n-type 
leg hot x = 2.8 3.3 

cold x = –0.03 3.3 

Two-
segment 
(S3-S2) p-type 

leg hot x = 0.03 2.3 

17.0
4 

5.49 3.1 14.5 

n-type leg 5.6 FGM 
module  
(S3-S2) p-type leg 

Fig. 3 c 
5.6 

19 6.13 3.1 15.49 

n-type leg х = 1.73 5.6 One-
segment 
(S3-S4) p-type leg х = 0.0063 5.6 

5.47 1.72 3.18 6.01 

cold х = 1.2 2 n-type 
leg hot х = 2.43 3.6 

cold х = 0.006 3.6 

Two-
segment  
(S3-S4) p-type 

leg hot х = 0.0129 2 

14.3 4.5 3.17 12.67 

n-type leg 5.6 FGM 
module 
(S3-S4) p-type leg 

Fig. 3 d 
5.6 

15 4.84 3.1 13.88 



L.M. Vikhor, V.Ya. Mykhailovsky, V.R. Bilinsky-Slotylo 
Segmented and multi-stage structures based on PbTe/Zn4Sb3 for thermoelectric generator modules 

 Journal of Thermoelectricity №2, 2013 ISSN 1607-8829 78

Hence, in the selection of n-leg material, preference should be given to iodine-doped PbTe (S1), 
and p-leg material – Zn3.96+xCd0.04Sb3 (S2). Using materials with a certain impurity concentration 
distribution along the height of legs (Fig. 3), one can obtain modules characterized by higher 
efficiency values than their two-segment analogs (Table 3). 
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Fig. 3. Distribution of impurity content (composition) in FGM legs  
for generator modules: a) S1-S2; b) S1-S4;  

c) S3-S2; d) S3-S4. 

Comparison of investigated segmented structures based on PbTe/Zn4Sb3 to modules based on  
n- and p-PbTe [16] shows that their efficiencies are commensurate, and the main advantage of  
β-Zn4Sb3 is its considerably lower cost and superior mechanical properties.  

Multi-stage generator modules of PbTe/Zn4Sb3-based materials 
The choice of leg materials for each module stage was done using optimal control theory 

methods [11], so that the cold and hot stages be characterized by maximum efficiency in the 
temperature range of 323 – 523 K and 523 – 773 K, respectively. The input data for optimization were 
experimentally measured temperature dependences of thermoelectric parameters (α, σ and κ) of 
iodine-doped n-PbTe [12] and p-Zn3.96+xCd0.04Sb3 [14] materials with different doping degrees 
(Fig. 1 а, 2 а), which showed the best results for the segmented modules. Optimal materials for two-
stage module legs are listed in Table 4. 
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Using the optimal materials for n- and p-type legs, calculations of two-stage module structures were 
made (Table 5) with a series connection of the cold and hot stages, as well as thermal and electric matching 
of stages. The heat-absorbing and heat-releasing surfaces of modules are identical and make 40 × 40 mm2. 

Table 4 
Optimal materials for a two-stage module 

Designation of stages and legs  Leg material 
Optimal 

concentration 

n-type PbTe+x mol.% PbI2 х = 0.01 
cold 

p-type Zn3.96+xCd0.04Sb3 х = –0.048 

n-type PbTe+x mol.% PbI2 х = 0.059 
hot 

p-type Zn3.96+xCd0.04Sb3 х = 0.09 

From the data listed in Table 5 it is seen that with the increase in the dimensions of two-stage 
module thermoelements, a better efficiency is achieved with a considerably lower electric power 
(module № 1). To create a two-stage module with a maximum power for given operating temperature 
level, preference should be given to structure of module № 3. In so doing, the amount of 
thermoelectric material necessary for creation of a module is 1.5 times smaller compared to module 
№ 2 and a factor of 3.6 smaller compared to module № 1. 

Table 5 
Calculated parameters of two-stage generator modules  

of PbTe/Zn4Sb3-based materials at Тh = 773 K, Тc = 323 K 

Parameter value 
№  Parameter 

Module 
№1 

Module  
№2 

Module  
№3 

1. 
Cross-sectional area of the cold  

and hot stage legs, mm2 4 × 4 1.8 × 4.3 1.5 × 1.5 

2. Cold stage leg height, mm 5.1 2.9 1.8 

3. Hot stage leg height, mm 5.8 3.2 2 

4. 
Number of leg couples of the cold  

and hot stages 
32 48 160 

5. Electric power, P, W 7.62 9.78 14.79 

6. Voltage U, V 2.75 4.1 6.7 

7. Current I, A 2.77 2.38 2.2 

8. Efficiency η, % 13.18 13.07 12.91 

9. Amount of thermoelectric material, cm3 5.58 2.27 1.52 

Dependences of efficiency and electric power of two-stage modules on the hot side temperature 
are given in Fig. 4. 
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Fig. 4. Dependences of efficiency (а) and electric power (b) of two-stage modules  
based on PbTe/Zn4Sb3 on the hot side temperature at Тс = 323 K. 

As is evident from Fig. 4, in the range of hot side temperatures 673 – 773 K dependences of 
efficiency on the hot side temperature for modules № 1 – 3 are similar, the efficiency is increased 
from ~ 11 to ~ 13 %, the electric power of module № 3 is much higher as compared to the other two 
structures (by a factor of ~ 2 ). 

Conclusions 
Using optimal control theory methods, design of segmented and multi-stage modules of 

PbTe/Zn4Sb3 –based materials is performed. Optimal concentrations of doping impurities for leg 
materials and optimal geometric parameters of legs whereby maximum efficiency of thermoelectric 
generator modules is achieved in the temperature range of 323 – 773 К are determined.  

It is shown that the efficiency of one-segment modules of PbTe/Zn4Sb3 materials is η ≈ 6 – 7.5 %, 
two-segment – η ≈ 12.5 – 14.5 %, FGM modules – η ≈ 14 – 15.5 %, and multi-stage structures – 
η ≈ 13 %. Under defined geometric parameters of multi-stage modules the optimal interstage 
temperature is within 495 – 525 K. 

Thermoelectric structures based on n-PbTe/p-Zn4Sb3 and n-PbTe/p-PbTe are characterized by 
identical efficiency. However, as compared to p-PbTe, p-Zn4Sb3 has essentially lower cost and better 
mechanical properties, which on the whole offers it the advantage in the choice of a medium-
temperature thermoelectric material for generator modules. 
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SOME PECULIARITIES OF USING MEDICAL HEAT METERS  
IN THE INVESTIGATION  

OF LOCAL HUMAN HEAT RELEASE 

This paper presents the results of computer simulation and experimental research on the effect of 
thermal insulation and spatial orientation of thermoelectric heat meter on its readings in the 
investigation of local human heat release. It has been proved experimentally that the presence of 
thermal insulation on thermoelectric heat meter does not always cause a decrease in its readings. In 
some cases it leads to their increase, since thermal insulation serves as a peculiar heat exchanger. 
Key words: computer simulation, thermoelectric heat meter, medical thermal insulation, local 
human heat release. 

Introduction 
General characterization of the problem. Semiconductor thermoelectric heat meters are known 

to show good promise for the investigation of local human heat release [1-13]. They combine 
miniature size, fast response and parameter stability in a wide range of operating temperatures and are 
consistent with state-of-the art recording equipment [14, 15]. The use of such heat meters yields high 
locality and accuracy of heat measurements. This, in turn, affords an opportunity to obtain information 
on the characteristics of objects under study and analyze them in detail with the purpose of early 
detection of inflammatory processes in human body. However, the impact of different factors on the 
readings of thermoelectric heat meters remains an important issue. 

Analysis of the literature. Effect produced by such heat meters on the object under investigation 
was studied analytically in [2], and for the case of living objects by means of computer simulation in 
[16, 17]. It was established that the influence of thermoelectric heat meter on measurement of human 
heat release can be minimized on condition of equality of heat exchange coefficients α1, α2 and 
radiation coefficients ε1, ε2 of heat meter and human skin surface, respectively. Also by means of 
computer simulation in [18] the effect of thermal insulation on thermoelectric heat meter readings was 
studied under real-service conditions. Besides, of paramount importance in the investigation of human 
heat release is heat meter spatial orientation, the method of its attachment to the surface of area under 
study and heat meter thermal insulation thickness increase that can affect considerably the 
thermoelectric heat meter readings. 

Therefore, the purpose of this work is creation of improved computer model to determine the 
effect of thermal insulation and spatial orientation of thermoelectric heat meter on its readings, as well 
as experimental proof of the results obtained in the investigation of local human heat release. 
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Computer simulation results 
To determine the effect of thermal insulation on thermoelectric heat meter readings, the model of 

biological tissue elaborated in [18] having on its surface thermoelectric heat meter with medical thermal 
insulation has been improved. Physical model improvement consists in approximating the shape and 
arrangement of medical thermal insulation to the real situation (Fig. 1). To construct an improved three-
dimensional computer model, Comsol Multiphysics software package was employed [19], allowing 
simulation of thermophysical processes in human body biological tissue with account of blood circulation 
and metabolism. Calculation of temperature and heat flux density distributions in the biological tissue, 
thermoelectric heat meter and thermal insulation was done by finite element method (Fig. 2). 

Computer simulation was used to obtain the distribution of temperature and heat flux density 
lines in the biological tissue of human body and thermoelectric heat meter (Fig. 3 – 5), as well as to 
construct isothermal surfaces in the biological tissue (Fig. 6) with regard to boundary effects in a 
three-dimensional computer model. 

To determine temperature difference between thermoelectric heat meter surfaces, averaging of 
the resulting temperature distributions on the upper and lower heat meter surfaces was performed, 
since such distributions are nonuniform. 
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Fig. 1. Improved model of biological tissue having  
on its top thermoelectric heat meter with medical 

thermal insulation. 
Fig. 2. Finite element method network. 

  

Fig. 3. Temperature distribution in biological  
tissue having on its top thermoelectric heat meter  

with medical thermal insulation. 

Fig. 4. Temperature distribution in the cut  
of biological tissue having on its top thermoelectric 

heat meter with medical thermal insulation. 
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Fig. 5. Distribution of heat flux density lines  

in biological tissue having on its top  
thermoelectric heat meter with thermal insulation. 

Fig. 6. Isothermal surfaces in biological tissue  
having on its top thermoelectric heat meter  

with medical thermal insulation. 

Computer simulation was used to determine the effect of thermal insulation on thermoelectric 
heat meter readings under real-service conditions. Dependence of temperature difference on 
thermoelectric heat meter on the thickness of heat meter thermal insulation (the number of external 
bandage layers Nextern) was determined with different thickness of thermal insulation between the 
biological tissue and heat meter (the number of internal bandage layers Nintern) (Fig. 7). 

 
Fig. 7. Dependences of temperature difference on thermoelectric heat meter on the thickness  

of heat meter thermal insulation (the number of external bandage layers Nextern)  
with different thickness of thermal insulation between the biological tissue  

and heat meter (the number of internal bandage layers Nintern). 
1 – Nintern = 0; 2 – Nintern = 1; 3 – Nintern = 2; 4 – Nintern = 3; 5 – Nintern = 4; 6 – Nintern = 5. 

From Fig. 7 it is seen that increase in the thickness of thermal insulation between the biological 
tissue and thermoelectric heat meter definitely leads to a reduction of temperature difference between 
heat meter surfaces. However, increased thickness of heat meter external insulation does not always 
decrease its readings, and in some cases leads to their increase, since thermal insulation serves as a 
peculiar heat exchanger. This, in turn, must be taken into account when measuring local human heat 
release by creating identical conditions of repeated measurements. 
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Experimental studies of the effect of thermal insulation  
on thermoelectric heat meter readings 

To determine the effect of thermal insulation on thermoelectric heat meter readings, a series of 
experimental measurements of local human heat fluxes was performed with different number of 
external Nextern and internal Nintern bandage layers. Measurement was performed on the area of human 
left hand at body temperature Тbody = 36.6 °С and ambient temperature Тroom = 20 °С with a horizontal 
arrangement of heat meter on the surface of area under study (Fig. 8). 

 
Fig. 8. Dependences of thermoelectric heat meter readings on thermal insulation thickness 

 (the number of external Nextern and internal Nintern bandage layers) with a horizontal heat meter  
arrangement (φ = 0°) on the surface of human body area under investigation: 

Nextern – the number of bandage layers on thermoelectric heat meter, 
 Nintern – the number of bandage layers between the skin and heat meter surface. 

1 – Nintern = 0; 2 – Nintern = 1; 3 – Nintern = 2; 4 – Nintern = 3; 5 – Nintern = 4; 6 – Nintern = 5. 

Thus, it has been established that the presence of thermal insulation on the biological tissue and 
thermoelectric heat meter does affect heat meter readings. From Fig. 8 it is seen that a small number of 
external layers of medical thermal insulation (Nextern = 1 ÷ 4) leads to increase in thermoelectric heat 
meter readings by 15 %, and further increase in thermal insulation (the number of external and internal 
bandage layers) reduces its readings by 40 % as compared to the case when thermal insulation is absent. 
Thus, the obtained results of experimental research confirm the assumption that thermal medical 
insulation serves as a peculiar heat exchanger and in some cases leads to increase in heat meter readings. 

Table 1 
Dependence of thermoelectric heat meter readings on the type  

of thermal insulation 

№ Measurement conditions E, mV 

1. Nintern = 0, Nextern = 0 75 
2. Ordinary jacket 65 
3. Knitted jacket 39 
4. Continental quilt 25 
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Also investigated was the influence of thermal insulation type on thermoelectric heat meter 
readings, that is, the cases of heat meter surface without thermal insulation, with clothing or 
continental quilt (Table 1). The measured data are represented in Fig. 9. 

 
Fig. 9. Dependence of thermoelectric heat meter readings on the type of thermal insulation  

with investigation of local human heat release: 1 – no thermal insulation on heat meter surface, 
 2 – ordinary jacket, 3 – knitted jacket, 4 – continental quilt. 

From Fig. 9 it is seen that the presence of thermal insulation on the surface of thermoelectric 
heat meter has a great impact on its readings which can decrease several times as compared to the case 
when thermal insulation is absent. This fact must be taken into account by creating identical conditions 
when measuring local heat fluxes of human body. 

Dependence of thermoelectric heat meter readings on its spatial orientation 
To determine the effect of spatial orientation of thermoelectric heat meter on its readings, a 

series of experimental measurements of heat fluxes from the respective area of human left hand was 
performed (Тbody = 36.7 °С, Тroom = 20 °С). The measured data are represented in Table 2 and Fig. 10, 
respectively, where φ is inclination angle of the hand with thermoelectric heat meter. 

From Fig. 10 it is seen that with increasing the inclination angle of the left hand with а 
thermoelectric heat meter, its readings are reduced by 12 % with the number of bandage layers 
Nextern = Nintern = 1 and accordingly by 46 % with further increase in the number of bandage layers 
Nextern = Nintern = 5. 

Table 2 
Dependence of thermoelectric heat meter readings  

on its spatial orientation 

φ, ° 
Nintern = 1 
Nextern = 1 

Nintern = 2 
Nextern = 2 

Nintern = 3 
Nextern = 3 

Nintern = 4 
Nextern = 4 

Nintern = 5 
Nextern = 5 

0 79 71 64 57 48 

45 74 66 58 52 46 

90 70 61 54 49 45 
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Fig. 10. Dependences of thermoelectric heat meter readings on its spatial orientation on the surface  
of human body area under investigation: Nextern – the number of bandage layers on thermoelectric heat meter, 

Nintern – the number of bandage layers between the skin and heat meter surface. 
1 – Nintern = 1; 2 – Nintern = 2; 3 – Nintern = 3; 4 – Nintern = 4; 5 – Nintern = 5. 

Thus, peculiarities of using medical heat meters in the investigation of local human heat release 
have been established. It has been found that spatial orientation of thermoelectric heat meter has a 
great impact on its readings which can vary up to 15 % depending on the thickness of medical thermal 
insulation on the heat meter surface. 

Conclusions 
1. Computer simulation results have been proved experimentally. It has been established that the 

presence of medical thermal insulation on thermoelectric heat meter does not always decrease its 
readings. In some cases it leads to their increase, since thermal insulation serves as a peculiar heat 
exchanger. However, further increase in the thickness of medical thermal insulation definitely 
leads to a decrease in heat meter readings about to 40 % as compared to the case when thermal 
insulation is absent. 

2. It has been established that depending on spatial orientation of thermoelectric heat meter on human 
body area under investigation, heat meter readings can vary up to 15 %. This fact must be taken 
into account by creating identical conditions when measuring local human heat release. 
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SOLAR POND WITH THERMOELECTRIC  
ENERGY CONVERTER 

Analysis has been performed of solar energy recovery scheme based on a solar (saline) pond with 
thermoelectric converter. The feasibility of creating a thermoelectric generator with a solar pond as the 
energy source (STEG) with acceptable technical and economic features has been demonstrated. 
Key words: solar energy, solar pond, thermoelectric generator. 

Introduction 
A solar pond is a water reservoir 2 to 3 m deep, filled with a salt solution. Owing to the fact that 

solubility of salts in water is increased with a rise in temperature, situations are possible when solution 
stratification takes place, i.e. in the bottom layer the concentration (and density) of solution is 
increased, and in the surface layer it is decreased. In so doing, three distinct zones appear in the water 
reservoir, namely an upper convective zone 0.1...0.3 m thick, consisting of fresh water, a gradient 
layer where salt concentration increases with increasing the depth, and a bottom convective zone with 
maximum concentration of salts (Fig. 1). 

  
Fig. 1. Solar pond scheme [1]. 1 – fresh water; 2 – insulating layer  

with downward increasing brine salinity; 3 – hot brine layer. 

Due to suppression of natural convection, the gradient layer possesses high thermal resistance 
(approximately three orders of magnitude higher than that of fresh water in vivo). As a result, the 
bottom layer is thermally insulated from the surface and capable of accumulating the energy of solar 
radiation. The temperature in the bottom layer can reach more than 100 °С. Thus, a solar pond is a 
concentrator and accumulator of solar energy at the same time. By estimates [2], a solar pond 
increases the density of solar radiation exergy many hundred thousand times, making this technology 
promising for creation of solar energy recovery systems.  

At the present time, a number of power projects based on solar ponds with steam-vapour 
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generators have been implemented [3]. In [4, 5], technical and economic analysis of such plants was 
performed which confirmed the advisability of using such systems. The specific power of such plants is 
of the order of 20 W/m2 of water reservoir surface, which is 5...7 times higher compared to the existing 
hydroelectric power stations. In due time, research on the extent of possible use of Siwash salt bay was 
performed, by the results of which the energy potential of this bay was estimated as 10 GW of peak 
electric power. The scheme under consideration also fits well in the concept of integrated utilization of 
deep sea water [6] – the presence in the scheme of a low-temperature sink of thermal energy is capable 
of increasing considerably the efficiency of solar energy conversion system in general. 

Alongside with known solutions, the use of thermoelectric generators in such systems can 
expand the area of application of such energy sources. This paper analyzes technical and economic 
features of solar energy conversion system of the type “solar pond-thermoelectric generator”. 

Scheme of a TEG with a solar pond as the energy source (STEG) 
Let us consider the features of a thermoelectric generator utilizing a solar pond as a source of 

thermal energy, and sea water as a sink. Thermal energy accumulated in the bottom layer of the pond 
is removed by heat carrier pumped through the collector placed on the bottom. Heat carrier is 
circulated through STEG heat exchanger. The generator is cooled by water coming to process scheme 
of a centre for using deep sea water [6].  

To analyze the scheme, we employ a method for calculation of TEG stated in [7] and the 
features of solar ponds [4, 5].  

Initial data for the analysis: 
– net power of STEG No = 100 kW; 
– hot water temperature thot = 80 °С; 
– cold water temperature tcold = 8 °С; 
– solar pond efficiency η = 30 %; 
– intergral flux of solar radiation Ео = 2000 kWh/m2 per year; 
– thermoelectric module figure of merit z = 0.003; 
– thermoelement height h = 0.5 mm; 
– module size 40 × 40 mm; 
– cost of one module – 3 $; 
– specific cost of heat exchanger – 250 $/m2; 
– specific cost of solar pond – 30 $/m2 [5]; 
– cost of grid tie inverter – 150 $/kW; 
As was shown in [7], the features of such system for ocean thermal energy converter (OTEG) 

are essentially dependent on the hydraulic resistance of thermoelectric generator heat exchangers. In 
the case under consideration, due to a higher TEG efficiency, this dependence is not decisive. The 
estimate of TEG cost for the system at hand is given in Figs. 2 and 3. 

The most capital-intensive part of STEG is a source of heat comprising a solar pond and a 
collector. To assure round-the-clock operation of STEG, the pond must possess the necessary heat 
capacity. Under the above conditions, the necessary solar pond area is 300...350 m2/kW. Accordingly, 
the specific cost of heat source is 10...12 thousand $/kW, and the specific cost of the whole device is 
of the order of 13 thousand $/kW (without including the land area necessary for creation of a pond). 
Therefore, a 100 kW STEG will require a solar pond of the area about 3.5 hectares; the cost of such 
device will be approximately 1.3 mln $. 
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Fig. 2. Specific cost of TEG versus heat  
carrier flow rate. 

Fig. 3. Specific cost of STEG components versus the 
hydraulic resistance of heat exchangers. 

1 – TEG cost, 2 – Solar pond cost, 3 – STEG cost. 

The above data allow for using STEG in a base-load mode, i.e. at constant round-the-clock load. 
With full loading of STEG, electric energy generation will be about 900 thousand kW⋅h/year, which 
for standard depreciation periods of 20 years yields the electric energy cost of the order of 
0.07 $/kW⋅h. With regard to maintenance costs, tax deduction and operating organization profit, this 
figure can increase maximum to 0.1 $/kW⋅h. Experience of using such systems suggests that with 
operation in a peak mode converter power can be increased by a factor of 3...5 with solar pond 
dimensions unchanged. Using STEG in a peak mode with the load coefficient of 50...70 %, the 
necesasry pond area (and capital expenditures) are reduced several times, and, accordingly, the cost of 
electric energy can be reduced to the level of 0.03...0.06 $/kW⋅h. For comparison, it should be noted 
that current feed-in tariff for systems of photoelectric solar energy conversion in the power range 
under consideration is 0.3...0.6 $/kW⋅h [8]. That is, the existing tariffs exceed by a factor of 5...10 the 
values obtained for STEG, proving high competitive ability of the scheme analyzed.  

Conclusions 
Analysis of thermoelectric system of solar energy conversion has shown the feasibility of 

creating STEG in the power range of 100 kW with technical and economic features acceptable for a 
wide commercial application. 
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MODERNIZED DEVICE FOR HUMAN  
HEAT FLUX MEASUREMENT 

This paper presents the results of development of a modernized device intended for simultaneous 
measurement of heat flux density and temperature of human body surface by contact method. A special 
computer program "Termomonitor" is created for processing electronic recorder data, their storage and 
reproduction in a specified form on a personal computer which allows monitoring of temperature and 
thermal human state in real time. Device structural features, technical characteristics, flowchart and 
functional capabilities are shown. 
Key words: heat flux, thermoelectric sensor, electronic recorder. 

Introduction 
General characterization of the problem. It is known that investigation of human heat release is 

enourmously important, since this information can bear evidence of exacerbation and rehabilitation 
processes alike. Therefore, development of highly sensitive heat flux thermoelectric sensors and 
electronic recorders of signals from these sensors is a relevant problem. 

Analysis of the literature. A factor of importance in the investigation of human heat fluxes using 
such sensors is the accuracy and speed of recording signals from thermoelectric sensors. Previous 
developments of signal recorders [1-6] are characterized by a relatively high measurement error, large 
dimensions and a low speed and have no power supplies of their own. Later design efforts along this 
line resulted in creation of modern electronic recorders with processing information from 
thermoelectric sensors [7, 8] that have internal memory for storing the measured results and self-
contained power supplies. However, the trouble with these devices is the impossibility of connecting 
several thermoelectric sensors at a time and the absence of simultaneous visulalization of 
measurements on a personal computer in real time.  

Therefore, the purpose of this work is to develop a modernized medical device that allows real-
time monitoring of temperature and thermal human state. Such information is important for the 
diagnostics of health condition. 

Device design and technical characteristics 
A modernized device for human heat flux measurement has been developed at the Institute of 

Thermoelectricity NAS and MES of Ukraine (Fig. 1). 
The device is composed of electronic recorder (Fig. 1) and thermoelectric sensors (Fig. 2). The device 

includes special thermoelectric sensors [9, 10] which can register heat release due to evaporation from 
human skin surface. For this purpose, the sensors are made with air gaps between thermoelement rows, for 
the evaporation to take place from the sensor surface and to record in this way the real values of heat fluxes. 
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Fig. 1. Modernized device for human heat flux measurement: 1 − electronic recorder,  

2 − thermoelectric sensor of heat flux and temperature. 

 
Fig. 2. Thermoelectric sensors of heat flux and temperature: 1 – thermopile  
for heat flux density measurement, 2 – sensor for temperature measurement. 

Mounted on the device upper wall are two connectors for thermoelectric sensors of heat flux 
and temperature. The right side wall has a connector for microSD memory card and a miniUSB-
connector for information exchange with a personal computer. The miniUSB-connector is also used 
for power supply to device battery. 

Mounted on the case front wall is a liquid-crystal momochrome display with a resolution of 
96 × 48 pixels. One pixel of display screen is matched by 10 mV of thermoelectric sensor 
electromotive force. The display shows plotted values of the heat flux of respective human body area 
in millivolts (mV) and temperature values in centigrade (°С). Thus, previous measurement data can be 
analyzed directly from the plots shown on the display. The presence of two thermoelectric sensors 
allows comparing the results of measuring the sick and healthy areas of human body surface. 

Besides, the device front wall has 6 buttons for control over the device work − "LEFT", 
"RIGHT", "UP", "DOWN", "ОK", "MENU". The “MENU” options have the following purpose:  
– "START RECORDING" / "STOP RECORDING" – the device starts recording measured results 

into a new file, stops the respective record and saves information into memory card; 
– "MODE SELECTION" – calls the submenu for selection of one of 9 information display modes 

in the form of real-time plots; 
– "RECORDING PERIOD" – intended for selection of periodic intervals for recording measured 

1 

2

2 

2 

1 
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results into memory card file and displaying them on the device; 
– "TIME/DATA" – transition to time and date adjustment mode; 
– "BATTERY" – shows voltage on device supply battery; 
– "HELP" – shows information on the device. 

Device flowchart (Fig. 3) consists of the following functional assemblies: thermoelectric sensor 
with a built-in temperature sensor, analog-to-digital converter (ADC) for conversion of analog sensor 
signals to digital ones, multiplexor for commutation of ADC digital signals and their turn-by-turn 
transmission to microcontroller which is used for processing digital signals, their saving into memory 
card, graphical visualization of information on a display and personal computer. 

 
Fig. 3. Flowchart of a modernized device for human heat flux measurement: 

TES – thermoelectric sensor, TS – temperature sensor. 

The main functional assembly of electronic signal recorder is a microcontroller operating at a 
frerquency up to 20 МHz which asures high processing rate of signals from thermoelectric heat flux 
sensor. Personal computer is used to program the microcontroller which, in turn, controls the work of 
other functional assemblies of the device. 

The device has a power supply of its own to provide the opportunity of its use in a self-contained 
mode together with a patient. This, in turn, allows expanding the device functional capabilities. Device 
power supply is from lithium-ion battrery of capacity 1200 mA/h, assuring 48 hours of uninterrupted 
device work. 

Technical characteristics of device for measurement of human heat fluxes are given in Table 1. 
Table 1 

Technical characteristics of device for measuring human heat fluxes 

№ Technical characteristics of device Parameter values 

1. Operating temperature range of thermoelectric sensor (0 ÷ 50.15) °C 
2. Time of measuring heat flux value (100 ÷ 300) s 
3. Mesaurement time range for storing on memory card 1 ÷ 3600 s 
4. Number of measurement channels (thermoelectric sensors) 2 
5. Temperature measurement accuracy ± 0.1 °C 
6. Device supply voltage  3.6 V 
7. Device power consumption ~ 100 mW 
8. Dimensions of heat flux thermoelectric sensors (0.02 × 0.015 × 0.0025) m
9. Electronic recorder dimensions  (0.09 × 0.055 × 0.025) m 

10. Weight of heat flux thermoelectric sensor 0.01 kg 
11. Device weight 0.12 kg 
12. Time of uninterrupted device work 48 hours 
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Description of device computer program 
Device computer program (Fig. 4 а, b) is written in Delphi programming language. The 

program allows exchanging data with the electronic recorder through USB-interface. Data exchange 
takes place according to HID-protocol (Human Interface Device), enabling device connection to 
personal computer without the neeed for installing additional drivers. 

 
а) 

 
b) 

Fig. 4. Interface of "TermoMonitor" computer program for processing electronic recorder data,  
their storing and reproduction in specified form on personal computer: 
а) a change in heat flux of 2 thermoelectric sensors is represented; 

b) a change in heat flux and temperature of the 1st thermoelectric sensor is represented. 

Selecting the mark “DATA UPDATE” in computer program runs a cycle which sends requests 
for data transfer from the electronic recorder. In response to these requests, the recorder sends data 
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package on temperature and heat flux of thermoelectric sensors with a prescribed time interval. The 
obtained data package is processed, following which the information is displayed on a personal 
computer in the form of tables and plots. 

On pressing the button "SAVE", all data from the table are converted into "row" values 
(ordinary text), divided by dot and comma and written into a file with "csv" extension which can be 
opened using any program for work with electronic tables (Microsoft Excel, etc). On opening the file 
with such program, the "csv"-format is decoded into a data package with a floating point, which 
enables information dosplay in the form of a table and the respective plots on a personal computer. 

Conclusions 
1. A modernized device is developed that allows simultaneous measurement of temperature and heat 

fluxes with recording information on their values in real time for 48 hours. The device has a capability 
of connecting several thermoelectric sensors at a time and provides visualization of sensor signals both 
on a display and on a personal computer in the form of time-dependent plots. Information transfer to a 
personal computer for its further processing according to prescribed algorithm is foreseen. 

2. Special "TermoMonitor" computer program is developed for processing data from electronic recorder of 
thermoelectric sensor signals, their storage and reproduction in a prescribed form on a personal computer. 

3. The device performs monitoring of temperature and thermal human state, which allows early 
revealing the inflammatory processes of human organism, various diseases and express-diagnostics 
during mass health examination. 
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INTERNATIONAL THERMOELECTRIC ACADEMY 

DMYTRO MYKHAILOVYCH FREIK 

(DEDICATED TO 70-th BIRTHDAY) 

On April 5, 2013 Dmytro Mykhailovych Freik – Honoured Worker of 
Science and Technology of Ukraine, academician of the International 

Thermoelectric Academy, academician of the Higher School Academy of Sciences of Ukraine, DSc in 
Chemistry, professor, Director of Physics and Chemical Institute of V.Stefanyk National University, Head 
of Department of Physics and Chemistry of Solid State, celebrated his 70-th jubilee. 

Dmytrro Mykhailovych Freik was born on April 5, 1943 in the village of Kinashiv, Halyts 
district, Ivano-Frankivsk region. In 1964 he graduated from Physics and Mathematics Faculty of  
Ivano-Frankivsk State Pedagogical Institute, and later – the post-graduate course at I. Franko Lviv State 
University. In 1968 he maintained his PhD thesis, and in 1984 – doctoral thesis. Since 1968 he has 
worked at V.Stefanyk Precarpathian University, rising through the ranks from assistant to professor. 

Dmytro Mykhailovych Freik is a scientist of world reputation who has founded a new research 
area – the physics and chemistry of materials science of nanostructures, thin films and crystals of 
AIIBVI, AIVBVI compounds and solid solutions on their basis, promising for active elements of opto- and 
microelectronics, infra-red engineering and thermoelectricity. For the first time the integrated crystal-
chemical and thermodynamic approaches were used to specify the mechanisms of defect subsystem 
creation which determine optimal values of their thermoelectric characteristics. 

D.M. Freik is an experienced pedagogue, organizer and leader. He is the founder of scientific and 
pedagogical school of semiconductor materials science in the Precarpathian University and the region as a 
whole. Under the guidance of prestigious scientist, the scientific workers community successfully 
functions, high-skilled brainpower for the purposes of science and industry is trained. Under the 
supervision of professor Freik, 52 PhD and 3 doctoral theses have been maintained. He is the co-author of 
over 800 monographs, scientific papers, certificates of authorship for inventions and patents of Ukraine. 

D.M. Freik is the founder and editor-in-chief of All-Ukrainian journal “Physics and Chemistry 
of Solid State”, a member of editorial boards of several scholarly journals and specialized councils for 
the defense of theses, full member of many scientific societies and organizations. 

For achievements in scientific, pedagogical and social activity D.M. Freik was awarded with the 
Third Class Order of Merit (2009), many other distinctions – “For Scientific Achievements”,  
“For Contribution to Science” (2008), diploma “Outstanding Scientist of the Year” (2011). The scientist 
has won international acclaim: he was awarded with medal of RAS “Academician Nikolai Semenovich 
Kurnakov” (1978), the International G.Soros grant (1995), recognized as an Outstanding Scientist of the 
ХХ century (1999, England), Leader of New Epoch (2000, USA) and “Man of the Year 2001” (USA); 
he was elected full member of New-York Academy of Sciences, academician of the International 
Thermoelectric Academy, academician of Higher School Academy of Sciences of Ukraine. 

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of 
Thermoelectricity” Publishers cordially greet the esteemed Dmytro Mykhailovych Freik on his glorious 
70-th jubilee, wishing him sound health, happiness and new scientific achievements. 
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STATE OF THE ART AND PROSPECTS  
OF THERMOELECTRICITY ON ORGANIC MATERIALS 

The aim of the paper is to analyze the expected thermoelectric opportunities of organic materials, 
including some highly conducting quasi-one-dimensional crystals. It is shown that interest of 
investigators in these materials has been growing recently. Quasi-one-dimensional organic 
crystals have high prospects for thermoelectric applications. These materials combine the 
properties of multi-component systems with more diverse internal interactions and of quasi-one-
dimensional quantum wires with increased density of electronic states. It is shown that the values 
of the thermoelectric figure of merit ZT ~ 1.3 – 1.6 at room temperature are expected in really 
existing organic crystals of tetrathiotetracene-iodide, TTT2I3, if the crystal parameters are 
approaching the optimal ones. 
Key words: thermoelectricity, tetrathiotetracene-iodide, polarizability. 

Introduction 
It is known that conducting organic materials usually have much lower thermal conductivity 

than the inorganic materials. Moreover, the organic materials can be fabricated by simpler chemical 
methods, and it is expected that such materials will be less expensive in comparison with the inorganic 
ones. Exactly these properties attracted attention to such materials for the use in thermoelectric (TE) 
applications long time ago [1, 2]. In spite of relatively high value of the thermoelectric figure of merit 
ZT = 0.15 at room temperature observed in polycopper phthalocyanine [2] as early as 1980, the 
thermoelectric properties of organic materials are still weakly investigated. This situation has the only 
explanation that thermoelectricians are still weakly interested in organic materials, and organic 
chemists are also weakly interested in thermoelectric materials. Moreover, in order to seek good 
organic thermoelectrics, it is necessary to organize multidisciplinary consortiums of physicists, 
organic chemists and engineers in the field of thermoelectricity. … 

The aim of this paper is to present briefly the state-of-the-art of investigations in the area of new 
organic thermoelectric materials and to describe the nearest expected results for really existing quasi-
one-dimensional organic crystals of tetrathiotetracene-iodide, TTT2I3. 

Quasi-one-dimensional organic crystals of TTT2I3 
The structure of quasi-one-dimensional organic crystals of tetrathiotetracene-iodide, TTT2I3, has 

been briefly described in [34]. These needle-like crystals are formed of segregate chains or stacks of 
planar molecules of tetrathiotetracene TTT, and iodine ions. The chemical compound TTT2I3 is of mixed-
valence: two molecules of TTT give one electron to the iodine chain which is formed from 3I − ions. The 
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conductivity of iodine chains is negligibly small, so that only TTT chains are electrically conductive and 
holes serve as carriers. The electrical conductivity σ along TTT chains at room temperature varies 
between 103 and 104 Ω–1cm–1 for crystals grown by gas phase method [35], and between 800 and 
1800 Ω–1cm–1 for crystals grown from solution [36]. Thus, the conductivity is very sensitive to crystal 
impurity and perfection which depends on growth method. In the direction perpendicular to chains σ is 
by three orders of magnitude smaller than in the longitudinal direction and is neglected. … 

 
Fig. 1. Dependences of electron thermal conductivity κe on n. 

 

 0Rσ = , 1 0/S R eTR= , ( ) ( )12 2
2 1 0/e e T R R R

−
κ = − , (1) 

Thermoelectric properties 
Expressions (2) – (3) have been calculated in order to determine the thermoelectric properties of 

quasi-one-dimensional organic crystals of TTT2I3 with different degrees of purity….  

Conclusions 
The state-of-the-art of research on new organic materials for thermoelectric applications is 

analyzed. It is shown that the interest of investigators in these materials has been growing in recent 
years. The highest value of ZT ~ 0.38 at room temperature has been measured in doped acetylene, with 
the only problem that this material is not stable. Accurate control of the oxidation level in poly  
(3, 4-ethylenedioxythiophene) (PEDOT) gave the power factor 324 μW⋅m–1K–2 and in combination 
with its low intrinsic thermal conductivity (κ = 0.37 W⋅m–1K–1) yielded ZT = 0.25 at room temperature, 
and this material is air-stable…. 
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