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L.I. Anatychuk, P.V. Gorsky,  V.P. Mikhalchenko 

Institute of Thermoelectricity of the NAS and MES Ukraine, 1, Nauky Str.,  
Chernivtsi, 58029, Ukraine 

IMPACT OF SIZE EFFECTS ON THE PROPERTIES  
OF THERMOELECTRIC MATERIALS 

Size effects capable of influencing the properties of thermoelectric materials are divided into 
classical and quantum ones. The former take place when the size of material particle at least along 
one of coordinate axes is comparable to mean free path of charge or phonon carriers. The latter 
occur when this size is comparable to the de Broglie wavelength of electrons (holes). This paper 
deals exclusively with classical size effects. Here, the shape-forming structural elements in the form 
of small spherical particles and in the form of semi-spheres contacting in a round area (spot) of a 
radius which is small against the radius of semi-spheres have been analyzed. The impact of size 
effects on the electric conductivity of material is considered in the approximation of constant (with 
respect to energy) mean free path of electrons (holes), since exactly this approximation is valid for 
Bi2Te3 with charge carrier scattering on the deformation potential of acoustic phonons in the 
relevant for thermoelectricity temperature region. The impact of size effects on the lattice thermal 
conductivity of material is considered in two approximations, namely that of constant mean free 
path of phonons and the mean free path depending on frequency due to N- and U-processes of 
phonon collisions which are relevant in the temperature range of 300 K and higher and are capable 
of modifying scattering on the boundaries. From the results of approximation it follows that in the 
approximation of constant mean free paths of electrons and phonons there is no gain in the 
thermoelectric figure of merit when passing from single-crystal to nanostructured, extruded or 
powder-based SPS-material. However, with regard to frequency dependence of the mean free path 
of phonons it turns out that in passing from single-crystal to powder-based material, the 
thermoelectric figure of merit can increase approximately twice with an oriented arrangement of 
cleavage planes of shape-forming elements or approximately by 20 % with a random arrangement 
of these planes. In so doing, the sizes of spherical particles of nanostructured material or 
nanocontacts between micro semi-spheres should lie within 10 to 40 nm. 
Key words: nanostructured material, thermoelectric figure of merit, phonons, electrons, scattering, 
relaxation time, normal processes, Umklapp processes, Rayleigh distribution. 

Introduction 
Bismuth telluride Bi2Te3 is thermoelectric material most commonly used for the manufacture of 

working elements of various thermoelectric instruments and devices, in particular, generators and coolers 
[1, 2]. Its specific feature is a pronounced electric conductivity and thermal conductivity anisotropy. This 
crystal possesses R3m group symmetry and a layered structure. Its thermal conductivity and electric 
conductivity tensors have two independent components each.  In particular, in the absence of a magnetic 
field, electric conductivity tensor has component σ11 in layers plane and component σ33 in a 
perpendicular direction, with σ11 > σ33. The same inequality is valid for thermal conductivity 
components: χ11 > χ33. Therefore, thermoelectric modules of a single crystal are made so that 
temperature gradient and electric current are parallel to cleavage planes, owing to which the 
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dimensionless thermoelectric figure of merit ZT at 300 K reaches 1. This direction of temperature 
gradient and electric current can be also retained when passing from single-crystal to powder-based 
materials prepared by hot pressing, extrusion or spark plasma sintering methods, if cleavage planes of 
powder particles are parallel to each other. However, it is much more common when cleavage planes of 
individual particles that coincide with planes of crystal layers are randomly oriented (nonparallel).  

As a result, the figure of merit of material in conformity with the Odelevsky formula with regard 
to the ratios between components of thermal and electric conductivity tensors should have reduced by a 
factor of about from 2 to 3 , i.e. by 30 to 40 %, however, in practice such a reduction is not observed. 
On the other hand, there are many theoretical works, for instance [3-5], where it is shown that transition 
from single-crystal material to bulk nanostructured material should increase the dimensionless 
thermoelectric figure of merit. As the mechanisms for such increase, on the one hand, phonon scattering 
on the boundaries of nanoparticles [3], leading to lattice thermal conductivity reduction is considered, on 
the other hand – quantum tunneling of charge carriers through vacuum or dielectric gaps between 
particles, leading to increase in electric conductivity and thermoEMF, hence, in power factor [4, 5]. In 
these papers it is shown that the best values of dimensionless thermoelectric figure of merit of bulk 
nanostructured material based on bismuth telluride should have achieved 3.5 ÷ 3.6, but in practice no 
such increase takes place. The discrepancy between theory and experiment is generally related to 
stronger reduction of electric conductivity when passing from single-crystal material to bulk 
nanostructured material than it is predicted by theory. This factor forces the experimenters to employ 
combined materials based on powders, consisting of a nanocomponent with particle size 5 ÷ 20 nm, and 
a microcomponent with particle size 40 ÷ 70µm [6]. Such materials possess power factor typical of 
single-crystal material, but their thermal conductivity is reduced due to additional phonon scattering on 
the boundaries of nanoparticles. Relative mass fractions of nano- and microcomponents in powder are 
selected so as to assure maximum value of thermoelectric figure of merit. 

Among the weak points of [3-5] and some other theoretical papers covering this problem, is a 
modeling character of tunneling effects calculations caused by the absence of valid knowledge on the 
shape and height of potential barriers between nanoparticles, as well as ignoring the frequency 
dependence of phonon relaxation time when considering their scattering on nanoparticle boundaries.  

With regard to the foregoing, the purpose of this paper is to consider the mechanism of 
thermoelectric figure of merit variation when passing from single-crystal to bulk nanostructured 
material due to charge carrier and phonon scattering on the boundaries of spherical nanoparticles in 
the approximation of relaxation time for electrons and phonons. 

Thermoelectric figure of merit calculation in the approximation of constant electron  
and phonon mean free paths  

Consider the problem of thermoelectric figure of merit calculation in the approximation of 
constant electron and phonon mean free paths. It can be shown that in the framework of this 
approximation thermoEMF is not changed, as long as both thermal diffusion flux and electric current are 
proportional to relaxation time. Therefore, a change in thermoelectric figure of merit in this case is 
completely determined by a change in electric conductivity to thermal conductivity ratio. If electron and 
phonon mean free paths are le and lph, respectively, then the ratio of figure of merit Zn of the bulk 
nanostructured material consisting of identical nanoparticles of radius r to figure of merit Zm of single- 
crystal material in conformity with the rule of summation of the inverse mean free paths will make [7-9]: 
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Double integrals over dimensionless variables z and y in this formula appear due to averaging of 
expressions for thermal conductivity and electric conductivity over the mean free paths inside the sphere. 

Consideration of frequency dependence of phonon relaxation time 
We now consider the problem of calculation of thermoelectric figure of merit with regard to 

frequency dependence of relaxation time of mutually scattered phonons.  For this purpose, we first write 
a general expression for lattice thermal conductivity component parallel to layers (cleavage planes), 
taking into account that in the temperature region relevant for thermoelectric applications it is determined 
by Umklapp processes, as well as by normal processes, capable of modifying scattering on sample 
boundaries by virtue of scattering probabilities redistribution according to frequencies [10, 11]. This 
expression is of the form: 
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In this formula, index || refers to lattice thermal conductivity in the direction parallel to layers 
(cleavage planes), ρ is crystal density, ν is sound velocity in it, γ is the Gruneisen parameter, TD is the 
Debye temperature, θ = T / TD, Ql||(x) and Qt||(x) are frequency polynomials determined by the 
mechanisms of scattering the longitudinal and transverse phonons, respectively, and having in this 
case the form: 

 ( ) 4
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With regard to thermal conductivity dependence on material density, we note that formula (2) in 
this respect is precise for a simple cubic lattice with one atom in a unit cell. The real Bi2Te3 lattice is 
not of that kind, but we have to replace it by such, provided the real material density is maintained. 
Coefficient μ was approximately calculated for a simple cubic lattice by Leibfried and Shleman [10], 
but, according to experimental data given in [10], even for materials with such lattice it is not 
universal. Therefore, we will derive coefficient μ|| from the real value of the respective component of 
Bi2Te3 thermal conductivity tensor [1], assuming that the latter coincides with the theoretical value (2) 
with regard to (3) and (4). At χl|| = 1.45 W/m·K, ρ = 7859 kg/m3, γ = 1.5, v|| = 2952 m/s, TD = 155 K 
and T = 300 K we obtain μ|| = 0.022. 

The ratio of nanoparticle thermal conductivity to single crystal thermal conductivity in this case is: 
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In formula (5) ( )54 6 2
|| .B DL v k T∗ = ρ γ  
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In this case, the ratio of the figure of merit of bulk nanostructured material to that of single-
crystal material will be: 
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In the case of micro semi-spheres contacting in a round area (spot) of radius r, formulae (5) and 
(6) take on the form [12]: 
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Dependence of the ratio of thermoelectric figure of merit of bulk nanostructured material to that of 
single-crystal material based on Bi2Te3 (ZT)nano/(ZT)mono on the radius of nanoparticles is shown in Fig 1. 

 

Fig. 1. Dependences of the ratio of thermoelectric figure of merit of bulk nanostructured material to that  
of single-crystal material (ZT)nano/(ZT)mono on nanoparticle radius: 1) – with regard to frequency dependence  
of phonon relaxation time; 2) – in the approximation of constant mean free paths of electrons and phonons. 

In the calculations, based on the reference data [1] it was assumed that lph = 4.16 nm, 
le = 38.6 nm at a temperature of 300 K. In connection with Fig.1, a question may arise as to the 
validity of transferring the properties of an individual nanoparticle to the properties of material as a 
whole. Therefore, we note that if pores in material structure are vacuum and separated from each 
other, and no tunneling of charge carriers takes place, then material porosity, both in the framework of 
percolation theory, and within the approach set forth, for instance, in [5], enters into the expressions 
for thermal conductivity and electric conductivity through the same multiplier, hence, it does not 
produce a direct effect on the thermoelectric figure of merit. Thus, abstracting from the size 
distribution of nanoparticles, the thermoelectric figure of merit of material as a whole is 
unambiguously determined through the kinetic coefficients of an individual particle. 
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From Fig. 1 it is evident that with regard to frequency dependence of phonon relaxation time the 
thermoelectric figure of merit of bulk nanostructured material in the range of nanoparticle radii 
35 ÷ 40 nm achieves a maximum which exceeds the thermoelectric figure of merit of single-crystal 
material by a factor of 2.14. However, such maximum is possible only with parallel cleavage planes of 
individual nanoparticles. With randomly oriented cleavage planes, the thermoelectric figure of merit of 
Bi2Te3 based bulk nanostructured material will be a factor of 3  lower, i.e. it will remain at a level of 
about 23 % higher than the thermoelectric figure of merit of single-crystal material. Even with 
nanoparticle radius of the order of 5nm with correction for random orientation of cleavage planes, the 
thermoelectric figure of merit of bulk nanostructured material should remain at a level of at least 97 % 
of the thermoelectric figure of merit of a single crystal. These results are in qualitative, as well as 
quantitative agreement with the results of experimental works [13, 14], but contradict to the results of 
paper [6] according to which the thermoelectric figure of merit of Bi2Te3 based bulk nanostructured 
material of nanoparticles with the radius 5 ÷ 20 nm at 300 K is as low as 82 % of the thermoelectric 
figure of merit of a single crystal. Thus, when passing from single-crystal material to bulk 
nanostructured material, power factor is scarcely ever retained, which permits calling in question the 
presence of energy filtration of current carriers that should have resulted in thermoEMF increase. Even 
if such filtration occurs, then, apparently, it does not always contribute to power factor retention, since 
electric conductivity reduction is not compensated by increase in squared thermoEMF. However, in the 
approximation of constant mean free paths of electrons and phonons the thermoelectric figure of merit 
values of the bulk nanostructured materials exceeding unity are mainly attributable to tunneling effects. 

The results for a circular contact are identical, but slightly different in the numerical values.  
Consider now the impact on these results of temperature and size distribution of the bulk 

nanostructured material particles. The impact of temperature on the scattering of electrons and 
phonons on the boundaries will be taken into account through temperature dependences of parameters 
L* and le according to formulae [1, 10]: 

 ( )54 6 2
|| ,B DL v k T∗ = ρ γ θ  (9) 

 ( ) 300300 .e el l
T

=  (10) 

According to the definition, adjustable parameter μ|| does not depend on temperature, since on 
evidence derived from [1] the Leibfried-Shleman evaluation formula reflects correctly the temperature 
dependence of Bi2Te3 lattice conductivity in the range from nitrogen to room temperatures and higher. 
The size distribution of particles will be taken into account based on the Rayleigh distribution for 
which the dependence of probability density w(r) on particle radius r is given by: 

 ( )
2

2 2
0 0

exp .r rw r
r r

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (11) 

In this case the generally effective material parameters σef and χlef are determined by two 
methods. The first method lies in solving phenomenological equations for the distributions of 
temperature and electric potential in an individual particle based on simulation of its geometry.  The 
second method lies in using the Odelevsky relations with averaging the equations for σef and χlef over 
the volumetric share of “phases”, i.e. in this case, particles of various sizes [5]. However, our analysis 
shows that the latter case of determination of the effective electric conductivity and thermal 
conductivity of material with a high degree of precision is equivalent to their simple averaging over 
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the volumetric share of particles of various sizes. There is no need in conversion of thermoEMF value, 
since in the approximation of constant (with respect to energy) mean free path of charge carriers it 
does not depend on the boundary scattering. Based on this, we have determined the temperature 
dependence of optimal most probable radius Ropt of powder nanoparticle in the temperature range of 
75 to 600 K and the temperature dependence of maximum thermoelectric figure of merit at these 
temperatures. The most probable nanoparticle radius was taken to be optimal when the ratio of 
thermoelectric figure of merit of bulk nanostructured material to that of single-crystal material at each 
investigated temperature reaches its maximum. The corresponding dependences are depicted in Fig. 2. 

  
a) b) 

Fig. 2. Temperature dependences in the range of 75 to 600 K: а) – optimal most probable nanoparticle 
radius; b) – the ratio of thermoelectric figure of merit of bulk nanostructured material to that of single- 

crystal material. 

From Fig. 2 it is seen that with temperature increase from 75 to 600 K, the optimal most 
probable nanoparticle radius decreases from 0.17 µm to 0.01 µm, and the ratio of thermoelectric figure 
of merit of bulk nanostructured material to that of single-crystal material (on condition of optimality of 
the most probable nanoparticle radius) increases from 1.19 to 1.63. 

Conclusions and recommendations 
1. In the approximation of constant mean free paths of charge carriers and phonons the thermoelectric 

figure of merit of bulk nanostructured material based on Bi2Te3, calculated with regard to classical 
size effects does not exceed the thermoelectric figure of merit of single-crystal material. 

2. With regard to frequency dependence of the relaxation time of mutually scattered phonons it turns out 
that in the range of nanoparticle radii 40 ÷ 500 nm the thermoelectric figure of merit of bulk 
nanostructured material based on Bi2Te3 can exceed by a factor of 1.5 ÷ 2.1 the thermoelectric figure 
of merit of single-crystal material.  It is true, if cleavage planes of individual crystallites are oriented 
parallel to temperature gradient and electric current directions. However, if cleavage planes are 
randomly oriented, the thermoelectric figure of merit of such nanostructured material will remain on 
the level of 0.88 ÷ 1.23 of that of single-crystal material. 

3. The lower values of thermoelectric figure of merit of bulk nanostructured materials are attributable 
to a drop in power factor due to thermoEMF reduction in these materials with respect to single- 
crystal material. 
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ANISOTROPY OF THERMOELECTRIC 
PROPERTIES OF MULTI-VALLEY 

SEMICONDUCTORS OF CUBIC SYMMETRY UNDER  
THE INFLUENCE OF EXTERNAL DIRECTIONAL EFFECTS 

Analysis of electronic processes developed in multi-valley semiconductors of cubic symmetry 
under the influence of uniaxial elastic strain and magnetic (nonquantizing) field of arbitrary 
intensity has been performed. The relationships between thermoEMF anisotropy Δα = α|| – α⊥ and 
the anisotropy parameters of electron-phonon drag thermoEMF M = α||

ph/α⊥
ph and mobility 

anisotropy K = μ⊥/μ|| in a single isoenergetic ellipsoid, as well as changes in resistivity Δρ in a 
field of directional pressure or in an external magnetic field have been investigated. 
Key words: multi-valley semiconductors, kinetic phenomena, scattering anisotropy, electric and 
magnetic fields, directional elastic strain. 

Introduction 
The use of thermoelectricity and increase of its role in metrology and power engineering is 

related to creation of thermoelectric materials with maximum values of thermoelectric figure of merit 
ZT. In particular, semiconductors used as thermocouple legs with thermoelectric figure of merit ZT ≥ 1 
have been already synthesized [1, 2]. Certain advances have been made in the theory of thermoelectric 
effects, though for the anisotropic semiconductors of noncubic symmetry it is not sufficiently 
developed. The boundary values of thermoelectric figure of merit for such semiconductors have not 
been found yet, the influence of structural features on their thermoelectric properties has not been 
determined. 

The electrophysical properties of semiconductors are largely dependent not only on microlevel 
anisotropy (anisotropy of dispersion law and mechanisms of carrier scattering on phonons and 
impurity centres, phonon-phonon scattering, etc), but also on macrolevel anisotropy, that is, on the 
natural (or induced, for instance, by means of directional elastic strain) anisotropy of the entire crystal. 

Prior to the development of anisotropic scattering theory there had been no substantiated and 
consecutive analysis of the results of microlevel anisotropy transformation into macrolevel under the 
influence of external effects on the crystal.  

The purpose of this paper is to perform a consecutive analysis of the influence of both internal 
characteristics (structural and anisotropic features) of crystals, and the external effects on their 
thermoelectric and thermomagnetic properties. Attention is focused on the mechanisms of formation 
and methods of revealing the macroscopic anisotropy of thermoelectric properties of multi-valley 
semiconductors of cubic symmetry under the influence of external directional effects. 

 
P.I. Baranskii G.P. Haidar
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Thermoelectric effects in semiconductors 
In semiconductors with the anisotropic energy spectrum of carriers the kinetic coefficients in the 

general case are of tensor nature. In particular, the Seebeck coefficient α in the anisotropic 
semiconductor is a second-rank tensor ( α̂ ). Unlike the tensors σ̂ , ρ̂  and χ̂ , the thermoEMF tensor is 

nonsymmetrical. Let us consider in more detail the properties and features of tensor α̂  in 
semiconductors and the physical factors that determine it. 

The tensor nature of α̂  is first of all responsible for thermoEMF anisotropy. The primary reason 
for all peculiarities of thermoelectric effects, including origination of thermoEMF anisotropy, is, no 
doubt, the kind of dependence of carrier energy E  on quasi-pulse p , that is the form of dispersion 

law ( )pE . The influence of dependence ( )pE  on the properties of tensor α̂  is defined by 
superposition of the internal and external (with regard to semiconductor) conditions which, in fact, 
assure transformation or joint exhibition of micro- and macrolevel anisotropies. Analyzing these 
factors, one can conclude that in each specific case the thermoEMF anisotropy arises only when a 
number of conditions are fulfilled. 

1. Suppose that we have a single-valley semiconductor, and carriers of one sort take place in 
charge transport. Charge carrier scattering will be assumed to be nearly isotropic. The expression for 
the Seebeck coefficient in this case is of the form [2]: 

 
( )
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where ( )τ E  is relaxation time, 0 / k Tξ  is a reduced chemical potential. From (1) it follows that in the 

case when, for instance, the degree of nonparabolicity of quasi-pulse dependence of energy at least for 
two different directions is different (hence, the energy dependence of components of velocity υ of 
charge carriers has a different form for these directions), the thermoEMF anisotropy can arise. 

2. Let there be two sorts of carriers in a semiconductor and at least one of which (for instance, 
electrons) is characterized by the anisotropic effective mass. It can be shown [3] that under this 
condition the thermoEMF anisotropy is created 

 ||
||

||

,
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Δα = α −α =
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 (2) 

where αp and αn are the Seebeck coefficients of holes and electrons, respectively, σ|| and σ⊥ are 
components of the electric conductivity tensor of electrons, σ is the electric conductivity of holes. 

3. Suppose that the energy spectrum of one sort of carriers in a single-valley semiconductor is 
anisotropic, and 

 ( )
22 2
31 2

1 3

.
2 2

pp pp
m m
+

= +E  (3) 

Here, m1 and m3 are the transverse and longitudinal effective masses of carriers in constant-energy 
ellipsoid, respectively; р1 and р2 (р1 = р2) are the components of the pulses in ellipsoid transverse 
section, and p3 – in longitudinal section. Assuming that m3 > m1, the constant-energy surface in this 
case will have the form of an elongated ellipsoid of revolution. The effective mass anisotropy causes 
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in the general case the anisotropy of scattering [4], and the symmetry of differential mobility tensor 
corresponds to the symmetry of energy minimum. Let in the presence of one or several scattering 
mechanisms the dependence ( )ˆ xμ  (of relaxation time tensor) on the reduced energy of charge carriers 

x = E/kT be written as 

 
( ) ( ) ( )
( ) ( ) ( )|| || ||

,
q

q

x T x f x

x T x f x

−
⊥ ⊥ ⊥

−

⎫μ = μ ⎪
⎬

μ = μ ⎪⎭
 (4) 

 (where f⊥(x) and f||(x) are certain functions of x, effective masses and other semiconductor 
parameters). Then for the nondegenerate semiconductor 

 

( ) ( )
( )

( ) ( )
( )

||
||

||

,

x x
x

x x

x

⊥
⊥

⊥

⎫α μ
α = ⎪

μ ⎪
⎬

α μ ⎪α = ⎪μ ⎭

 (5) 

where angular brackets in (5) denote the generally accepted averaging over energy, and 

 ( ) 0kx
e k T

− ξ
α =

E  (6) 

has the meaning of the Seebeck coefficient of a group of electrons with the energy E. 

Note that with the power energy dependence ( )ˆ xμ  and f⊥ = f|| = 1 the thermoEMF anisotropy 

disappears. For a more complicated than that expressed by formula (3) energy spectrum of charge 
carriers (for instance, the Kane one) the symmetry of tensor α̂  is reduced. 

4. Suppose that the conditions of the previous item are fulfilled, but crystal temperature is 
considerably lower than the Debye temperature. In this case (in the presence of temperature gradient 
∇Т) of considerable importance will be the effect of charge carrier drag by the long-wave phonons. 
From the kinetic theory it follows that under these conditions even in the case of power dependence of 
μ̂  on х, components of the tensor of electron-phonon drag thermoEMF are not identical and are 
described by the expressions [5] 
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As long as with the drag of electrons by long-wave phonons the anisotropy parameter of the 
drag thermoEMF is M = α||

ph(x)/α⊥
ph(x) ∼ m3/m1 (m3/m1 is the ratio of the effective masses of charge 

carriers along the principal axes of isoenergetic ellipsoid), its numerical value can become 
considerable (for instance, in n-Ge М = 9.7). 

5. Let us consider a multi-valley semiconductor with S valleys in the Brillouin zone, in each of 
which the law of dispersion is defined by expression (3). In this case the energy minima in crystal of 
cubic symmetry will be located on triad or tetrad axes, all the valleys under given conditions being 
energetically equivalent. Adding currents in each valley that are described by the generalized electric 
conductivity law 
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 ( ) ( )ˆˆ ,k kj T
e
∇ξ⎛ ⎞= σ + α ∇⎜ ⎟

⎝ ⎠
 (9) 

where ( )ˆ kσ  and ( )ˆ kα  are the tensors of the electric conductivity and thermoEMF in k-th valley, 
respectively, and ξ is electrochemical potential, it is easy to verify that due to cubic symmetry all 
kinetic tensors degenerate into scalars. So, not only thermoEMF, but even electric conductivity in a 
cubic semiconductor is isotropic. 

The situation will be quite different if in the case of a cubic multi-valley semiconductor we 
remove, for instance, via uniaxial elastic strain the degeneration of isoenergetic ellipsoids in energy. 
Assuming that the only result of the influence of uniaxial elastic strain will be redistribution of 
electrons among the valleys, the nonequivalence of the latter can be conveniently characterized by the 
relative number of electrons nk = Nk/N in k-th valley of a strained semiconductor, where Nk is the 
absolute number of electrons in k-th valley of a strained semiconductor, and N = SN0 is the total 
number of electrons in S valleys (N0 is the number of electrons in one valley of an unstrained crystal). 
As a result of adding currents in the valleys, the tensors 
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characterizing an uniaxially strained crystal, do not generate into scalars, but become proportional 
either to tensor 
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 (tensor Ĉ  is the phonon part of tensor b̂ ), or to tensor Ĉ  and tensor 
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 (tensor Ĉ  is the electron part of tensor b̂ ). 

Tensor ( )ˆ kQ  in (11) and (12) is of geometric origin, since its components are assigned by the 
equality 

 ( ) ( ) ( )
3 3 ,k k k

i j i jQ g g=  (13) 

where ( )
3
k

ig  is an element of transition matrix from a coordinate system related to the principal axes of 

k-th mass ellipsoid to a design coordinate system. As long as in a strained system σ̂  (or ρ̂ ) and b̂  are 
tensors, the Seebeck coefficient should also exhibit tensor properties, namely: 

 ˆˆ ˆ .bα= −ρ  (14) 

Let us dwell in more detail on the analysis of thermoEMF anisotropy in uniaxially strained 
germanium and silicon of n-type. We will arrange strain axis in (1 1 0) plane, and its orientation will 
be assigned by angle γ which can be conveniently counted off (in the same plane (1 1 0) from direction 
[00 1 ] toward the strain. 

In the temperature range where electron-phonon drag is negligible, it gives rise to electron 
thermoEMF anisotropy that essentially depends on mechanical strain Х and strain angle γ. Fig. 1 (n-Ge) 
and Fig. 2 (n-Si) show the dependences of electron (diffusion) thermoEMF anisotropy on strain angle. 
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Fig. 1. Dependences of the difference in diagonal components of tensor α̂  on strain angle in n-Ge  

(α11 – α22 = f12 and α11 – α33 = f13) at Т = 300 K. f13, Х (GPa): 1 – 2; 3 – 0.7; 4 – 1.2.  
f12, Х (GPa): 2 – 1.2; 5 – 0.7. 

 

 
Fig. 2. Angular dependences of the difference in diagonal components α11 – α22 = f12 and α11 – α33 = f13  

of tensor ( )ˆ Хα  in n-Si at Т = 300 K. f12, Х (GPa): 1 – 2; 2 – 0.7. f13, Х (GPa): 3 – 0.7. 

The electron thermoEMF anisotropy in n-Ge reaches its maximum under crystals strain along 
the volumetric diagonal <111>, and in n-Si – under strain along cube edge <100> due to intermediate 
values of Х. It can be shown that for the above orientations of strain axis in n-Ge 
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and in n-Si 
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where n1 is a relative number of electrons in a valley located along strain axis, n2 – in each of the 
valleys located at an angle to strain axis, K = μ⊥/μ|| is mobility anisotropy parameter. 

Formulae (15) and (16) show that а) electronic thermoEMF anisotropy in uniaxially strained 
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multi-valley semiconductors (the microlevel electronic thermoEMF anisotropy) is exceptionally due to 
mobility anisotropy on a microlevel (that is, in isoenergetic ellipsoid taken individually); b) the 
thermoEMF anisotropy Δαe value vanishes in n-Ge and in n-Si both in the absence of strain (n1 = n2), and 
in the presence of heavy strain providing full migration of electrons into one ellipsoid (n1 = 0 or n2 = 0). 

Maximum value of drag thermoEMF anisotropy is observed under strain of n-Ge along <111> 
and n-Si along <001> (as in the case of electronic component), and change in Δαph under strain is 
basically different from the similar dependences for Δαe which immediately follows from comparison 
of formulae (15) and (16) to relations (17) and (18) (where Δαph is the phonon component of 
thermoEMF in unstrained crystal). 

For n-Ge 
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1 2 1 .
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For n-Si 
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The reason for drag thermoEMF anisotropy in this case (see (17) and (18)) is not only drag 
thermoEMF in each of the valleys, but also strain-caused nonequivalence of the latter. 

The specific feature of the anisotropy of the phonon part of thermoEMF Δαph is that unlike Δαe, 
with increase in crystal mechanical compression strain Х, it continues to increase and with rather high 
values of Х reaches the saturation, whereas Δαe(X), on passing the maximum, with further increase in 
Х tends to zero. 

Under conditions whereby its contribution to thermoEMF anisotropy of a semiconductor with a 
damaged cubic symmetry (due to uniaxial elastic strain) is made by the nonequivalence of valleys 
(where the energy spectrum is anisotropic even in the absence of strain), the same nonequivalence of 
valleys leads to the anisotropy of ρ̂ , and the relation between tensors ˆ phα  and ρ̂ , according to reliable 
calculations, can be given as 

 0
0

ˆ2 1 1 3ˆˆ .
1 2 1 2

ph ph K M K M KI
K K M K K M

⎡ ⎤− + − ρ
α = α +⎢ ⎥− + − + ρ⎣ ⎦

 (19) 

From this formula follows a linear dependence of the nondiagonal components of tensors α̂  and ρ̂ , 

and at sufficiently high Х (Х ≥ 0.6 GPa) the electronic part of nondiagonal components vanishes. 
Hence, relation (19) allows experimental determination of parameter М. 

Formula (19) yields two nontrivial and practically useful results. First, it implies that relative 
changes in Δαph/Δα0

ph and Δρ/Δρ0 induced by uniaxial elastic strain are interrelated by boundary 
simple relation 

 
0 0

1 3 ,
1 2

ph

ph

M K
K K M

Δα − Δρ
= ⋅ ⋅

α − + ρ
 (20) 

which makes it possible to measure the value of M (with known K) according to measured values Δαph/Δα0
ph 

and Δρ/Δρ0. Second, formula (19) assures (with known K and М) producing the drag thermoEMF 
anisotropy Δαph/Δα0

ph according to the values of resistivity anisotropy Δρ/Δρ0 for the same crystal. 
Note that Δαph and Δρ in (20) correspond to the difference in diagonal components, since during 
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the experimental investigations of tensors ( )ˆ ;ph Xα γ  and ( )ˆ ;Xρ γ  one usually restricts oneself to the 

most characteristic orientations of strain axis that assure at high Х a realization of single- or double-
valley model. In n-Ge such orientations are matched by γ = δ (single-valley model) and γ = 90° (two-
valley model), and in n-Si – γ = 0 and γ = 90°, respectively. In so doing, δ is the angle that determines 

a direction of strain axis along the volumetric diagonal of the cube, when tg 2.δ =  At γ < δ the angle 

δ is between the directions 001⎡ ⎤⎣ ⎦  and 1 11 .⎡ ⎤⎣ ⎦  

Fig. 3 shows angular dependences of the components of tensor α̂  calculated and experimentally 
measured for n-Ge crystals at Х = 1 GPa and Т = 85 K, and Fig. 4 shows the angular dependence of the 
drag piezothermoEMF α11 = f (γ), found for n-Si crystals at Х = 0.8 GPa and Т = 85 K. The results 
presented in these figures testify to a good agreement between theory and experiment. Emphasis 
should be placed on the value of thermoEMF and its anisotropy in strained silicon that increases the 
respective values for other materials by two-three orders. 

 
Fig. 3. Angular dependences of the components of tensor α̂  in plane (11  0) for n-Ge with ne = 1.6⋅1013 cm-3 

at Х = 1 GPa and Т = 85 K. 1 – α11, 2 – α21, 3 – α22, 4 – α33.  
 are for experimental data, the solid and dashed lines – for calculated data. 

 
Fig. 4. Angular dependences of the drag piezothermoEMF α11 = f(γ) measured on strained  

(at Х = 0.8 GPa – dependence 1) and unstrained (Х = 0 – dependence 2) n-Si crystals  
with ne = 6.55 ⋅ 1014 cm-3 at Т = 85 K. ,  – experimental results. 

Using of microlevel anisotropic characteristics of multi-valley semiconductors for describing the 
macrolevel anisotropy of decisive importance are not only detail studies on the mechanisms of 
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origination of thermoEMF anisotropy within the microtheory, but also revealing the properties of 
transformation and total manifestation of anisotropies appeared on different levels, depending on crystal 
symmetry and its change due to the influence of external effects that have the assigned axial orientation 
(Х, Н, etc.). 

Fig. 5 presents the results of measuring 0/ph ph
i kα α  and 0/i kρ ρ  versus Х that fully confirm 

formula (19). 

 
Fig. 5. Dependences of ρ11/ρ0 (dependence 1 – 6) and α11/α0 (dependence 1′ – 6′) at Т = 85 K on the value  

of X // J , ∇Т // [001] for n-Si crystals with different concentration of electrons ne, cm-3:  
1 – 1.9⋅1013, 2 – 1.29⋅1014, 3 – 6.55⋅1014, 4 – 2⋅1015, 5 – 6.21⋅1015, 6 – 2.6⋅1016. 

Thermomagnetic effects in semiconductors 
Let us consider the thermoelectric properties of multi-valley semiconductors that are in a magnetic 

field. First of all we will study the symmetry properties of thermomagnetic sensor ( )ˆ Hα  in one valley. 

In semiconductors with a standard с-band (one valley, isotropic effective mass) components of the 

thermoelectric tensor in magnetic field ( )ˆ Hα  are interrelated by symmetry relations 

 ( ) ( ) ,i iH Hκ κα = α −  (21) 

established by Onsager. We will show that due to the anisotropy of the energy spectrum of carriers the 

relation (21) in the presence of H  is not fulfilled. This gives rise to two points that are of basic 
importance, namely on the form of commutation relations that would replace (21), as well as on 
possible creation of conditions that assure realization of these relations. For further consideration it is 

convenient to present tensor ( )ˆ Hα  as a sum of paired ( )( )ˆ H+α  and unpaired ( )( )ˆ H−α  in 

magnetic field parts and to dwell on each of them separately. 
Let us introduce a variable 

 ( ) ( ) ( ) ( ) ( )ˆ ˆˆ ˆ ˆH b H H H b HΔ = ρ −ρ − −  (22)  

or 

 ( ) ( ) ( ) ,i k i k k iH H HΔ = α −α −  (23) 

that will be called the measure of commutation effect. 
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It turns out that 

 ( ) ( ) ( )3 3
ˆ ˆ ˆˆ ˆ ,kH I I F H

e
+

+Δ = −H H  (24) 

where 

 ,i k i kh h=H  
ˆ

,Hh
H

=  ( )3 3 3
ˆ ,i k i kI = δ δ   

and function ( )F H+  depends on scattering mechanisms. In the case of power dependence ( )μ̂ E  the 

function ( ) 1~ KF H
K+

− . For the unpaired in H  part of tensor ( )ˆ HΔ  the following relation will be 

valid 

 ( ) ( ) ( ) ( ) ( ) ( )3 3
ˆˆ ˆ ˆˆ ˆ ˆe e ,k kH I h h I F H f H

e e
−

−
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where 

2
1 2 3 2 3

2
1 3 1 2 3

0

0
0 0 0

i k

h h h h h

h h h h hγ = − − ; ê  is anti-symmetric Levi-Chivita pseudotensor of rank 

three; γ̂  is a matrix transposed to γ̂ ; ( )F H−  and ( )f H  are known functions (combinations of 

average products) [6]. 

Assuming that ( )μ̂ E  has the form of (4) (that is, scattering is anisotropic), then ( ) 0f H ≠ , 

and it means that even the value of diagonal components of the tensor ( )ˆ Hα  depends on the sign 

(i.e., direction) of a magnetic field, and it is caused by anisotropic scattering. 

In the case when ( )μ̂ E  is described by power dependence, the function ( ) 0f H = , and for the 

electron part of ( )ˆ Hα  the following relations are valid: 

 
( ) ( )
( ) ( )

31 13

32 23

,
H K H

H K H

⎫α − = α ⎪
⎬

α − = α ⎪⎭
 (26) 

and the other components meet the symmetry relation (21). 
In the region of electron-phonon drag the proportionality factor in commutation relations of the 

type (26) is equal to / jK K , where 
( )

( )
||

j

j jK
⊥

α
=
α

 is the anisotropy parameter of the drag thermoEMF 

caused by the drag of electrons by polarization phonons j. 
The above peculiarities of tensor α̂  in one valley, no doubt, should be also exhibited in the case 

of a multi-valley semiconductor located in a magnetic field, the more so in the presence of uniaxial 
elastic strain. Moreover, in a semiconductor with several valleys the multi-valley effects should be 
exhibited as well (in addition to the above peculiarities). 

Let us consider those of them which vividly illustrate the role of micro- and macrolevel 
anisotropy (mobility and drag thermoEMF) under the influence of macroscopic external effects from 
magnetic fields and uniaxial elastic deformation. Typical in this respect are unpaired thermomagnetic 
effects in strained semiconductors of cubic symmetry in a weak magnetic field. 
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Let us consider as an example the strained n-Ge and n-Si. For a linear dependence ( )ˆ H−α  it 

can be written 

 ( ) ˆˆ ,H N H−α = −  (27) 

where N̂  is a generalized Nernst-Ettingshausen tensor (nonsymmetrical pseudotensor of rank three). 

Let us separate from tensor N̂  the anti-symmetrical and symmetrical parts, that is, present the tensor 
in the form 

 ˆ ˆˆ ˆ .N e Q S= +  (28) 

Then, with regard to (27) and (28), the Nernst-Ettingshausen field 

 -
ˆ ˆ, .N EE Q H T S H T⎡ ⎤= ∇ − ∇⎣ ⎦  (29) 

The presence of other summand in expression (29) means that the field -N EE  is not 

perpendicular to vectors H  and T∇ . A deviation of field -N EE  from the perpendicular in the plane 

that passes through H  and T∇ , occurs in the case when tensor Q̂  is nonsymmetrical. Indeed, 

separating from Q̂  the antisymmetrical part and comparing to its dual vector Q  for which the relation 

1
2

a
i i k l k lQ e Q=  is valid, expression (29) can be written as 

 -
ˆ ˆ, .s

N EE Q H T Q H T S H T⎡ ⎤⎡ ⎤ ⎡ ⎤= ∇ + ∇ − ∇⎣ ⎦⎣ ⎦ ⎣ ⎦   

It turns out that in elastically strained n-Ge and n-Si both vector Q  and tensor Ŝ  are different 

from zero, the tensor Ŝ  describing the so-called commutation effect for the nondiagonal components 
of the tensor of thermoEMF which is reflected in the fact that under conditions when a magnetic field 
is not directed along the principal ellipsoid axis and does not lie in the plane which is perpendicular to 

it, ( ) ( )i k k iH Hα ≠ α − . If we introduce the measure of commutation effect 

 ( ) ( ) ( ) ,i k i k k iH H H− − −Δ = α −α −   

then 

 ( ) ˆˆ 2 .H S H−Δ =   

Dissimilarity from zero of vector Q  is a direct consequence of the multi-valley character of 

semiconductor ( ~iQ Φ ), since for 0Q ≠  it is necessary that the Brillouin zone be characterized at 
least by three groups of nonequivalent valleys. 

A basically different situation will be created when in quadratic with respect to components of 
vector H  approximation the strain nonequivalence of valleys will be imposed by the nonequivalence 
due to distinctions in the orientation of vector H  with respect to the principal axes of mass ellipsoids 
(orientation nonequivalence). Under these conditions, one can introduce the tensor 

 ( )

1

ˆˆ ,
s

k
k

k
U n Q

=

=∑   

which is the analog of tensor Ĉ , and the value 
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 ( ) ˆˆSp k
k kn n a= H   

can be referred to as parameter of nonequivalence of k-th valley (in low-intensity magnetic fields). 
From the designation of tensor Û  it follows that it does not degenerate into a scalar even in the 
absence of strain. It means that in quadratic with respect to Hi approximation the thermomagnetic 
effect (even in unstrained multi-valley semiconductors) should exhibit tensor properties. Exactly this 
accounts for the origination of paired Nernst-Ettingshausen effect and paired thermomagnetic analog 
of the Grabner effect, anticipated and experimentally measured in [7, 8]. 

However, under conditions in hand (i.e. at Х = 0) the relation ( ) ( )i k k iH Hα = α −  is still met. 

And it is violated at Х ≠ 0 (i.e. in the presence of strain). Here it should be noted that even in the 

absence of strain (i.e. at Х = 0), if in the expansion in iH  of tensor ( )ˆ Hα  we consider higher than 

quadratic terms, then the nonequivalence of valleys in a magnetic field ( 0H ≠ ) leads to origination of 
new effects, such as unpaired thermomagnetic analog of the Grabner effect, commutation effect, etc. 

In a classically strong magnetic field a parameter of the nonequivalence of the valleys 

 
( ) ( ) ˆˆ1 1

k
k k

nn
K S p a

=
+ − H

  

more drastically depends on the anisotropic characteristics of a semiconductor on the microlevel, so 
the thermomagnetic effects on the macrolevel in this case are characterized by the most pronounced 
anisotropy. Moreover, planar thermomagnetic effects arise in a classically strong magnetic field [9]. 

It should be noted that the nonequivalence of valleys caused by strain introduces even 
qualitative changes into the field dependence of thermomagnetic coefficients. For this same reason the 
thermomagnetic analog of the Grabner effect or the longitudinal Nernst-Ettingshausen effect under 
strong uniaxial elastic strain in a classically strong magnetic field essentially depends on the value of 
anisotropy parameter of the drag thermoEMF М (the electronic part of these effects is equal to zero). 
Moreover, the efficiency of electron drag by polarization phonons j depends differently on the value of 
mechanical strain Х for phonons of different polarizations, which, if necessary, can be rather reliably 
substantiated. 

The anisotropic thermoelectric effects (for instance, thermoEMF anisotropy in a multi-valley 
semiconductor of cubic symmetry under uniaxial elastic strain) are due to the deformation 
nonequivalence of valleys. In a classically strong magnetic field due to "magnetic" (or orientation) 
nonequivalence, there arises a longitudinal Nernst-Ettingshausen effect in a longitudinal magnetic 
field. Both in the former and the latter cases the same reasons bring about a change in resistivity. 

Research on thermoEMF in semiconductors (as in metals) is inseparably related to the use of 
temperature gradient. As long as it is impossible to grow ideally homogeneous crystals (without any 
inhomogeneities in the volumetric distribution of doping and residual impurities and free from 
inhomogeneous distribution of internal mechanical strains), the question now arises as to whether it is 
possible to use a relation of thermoEMF tensor α̂  (or drag thermoEMF anisotropy Δα) to a change in 
some less sensitive to the presence of parameter impurity inhomogeneities for a more detailed study of 
α̂  (or Δα) according to a change in selected parameter . 

As is shown by theory [2], for the case of strain nonequivalence of valleys in a multi-valley 
semiconductor (of n-Si or n-Ge type) caused by directional pressure, as well as for the case of 
"magnetic" (or orientation) nonequivalence of valleys (due to the use of an external magnetic field), 
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between the relative changes in electron-phonon drag thermoEMF (Δαph/α0
ph) and resistivity ((Δρ/ρ0) 

there is a linear relationship: 

 
0 0

1 3 ,
1 2

ph

ph

M K
K K M

Δα − Δρ
= ⋅ ⋅

α − + ρ
  

where 

 
|| 0

3 1 ,
2 2

K ⊥ ∞μ ρ
= = −
μ ρ

  

 
( ) ( )

||

0 0 (6)

(2)

2 2 ,
2 1 1 2 1 1

ph

ph eph

ph e

K KM
K K⊥

∞ ∞

α
= = =

α α −αα
+ − + −

α α −α

  

and the differences 0 (6) 0
e phα −α = α  and (2)

e ph
∞ ∞α −α = α  are used to mean the phonon components of 

the electron-phonon drag thermoEMF in an unstrained and in a heavily strained n-Si crystal, 
respectively. 

For a practical use of thermoelectric characteristics of material one should not only know some 
of thermoEMF components, but have at one’s disposal information on the thermoEMF anisotropy Δα, 
typical of this material (if it is thermoelectrically anisotropic) or induced due to unidirectional elastic 
deformation or classically strong magnetic field. 

In the case of multi-valley semiconductors (of the type n-Ge or n-Si), having the values of 
phonon components of thermoEMF for the unstrained ( 0

phα ) and heavily strained crystal ( ph
∞α ), as 

well as the values of the anisotropy parameters K and М, one can also calculate the thermoEMF 
anisotropy using the relation 

 11 ,ph

M∞
⎛ ⎞Δα = α −⎜ ⎟
⎝ ⎠

  

or ( )0
11 .

2
ph ph

K∞

⎛ ⎞
Δα = α −α +⎜ ⎟

⎝ ⎠
  

Conclusions 
1. A universal relationship between the relative changes in electron-phonon drag thermoEMF 

Δαph/α0
ph and resistivity Δρ/ρ0 in a field of directional pressure or in a classically strong magnetic 

field has been established. 
2. The results obtained are valid not only for conditions of carrier scattering on crystal lattice 

vibrations, but in the case of mixed scattering (on crystal lattice vibrations and on doping impurities). 
They also can experience only some quantitative modification, rather than qualitative changes. 

3. The calculations cover the cases when under the influence of external effects only inter-minima 
migration of electrons takes place, but all of them remain in conduction band, i.e. neither strain nor 
magnetic carrier ”freeze-out” of conduction band is present. 

4. Under conditions when a magnetic field H  is directed at an angle to revolution axis of mass 
ellipsoid and does not lie in the plane normal to it, the symmetry relations for the nondiagonal 

components of tensor ( )ˆ Hα  even in the case of one valley are not fulfilled and, as a result, a 

commutation effect ( ) ( )i k k iH Hα ≠ α −  becomes apparent.  
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5. Significant role of scattering anisotropy in a one-valley semiconductor causes a dependence of the 

value of diagonal components of the tensor ( )ˆ Hα  on magnetic field direction, and in the 

presence of several valleys the multi-valley effects also make their contribution to the considered 
effect for the diagonal components. 
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THERMOELECTRIC VAPOUR-PHASE CONDENSATE  
OF P-TYPE TIN TELLURIDE 

Structural and thermoelectric properties of р-SnTe thin films of different thickness d = (40 – 800) nm, 
prepared by vapour condensation in open vacuum on fresh cleavages (0001) of muscovite mica have 
been investigated. Based on the statistical analysis of the experimental results, increase in conductivity 
σ, carrier mobility µ and some reduction of the Seebeck coefficient S and the hole concentration р with 
growing condensate thickness d has been established. It has been shown that maximum specific 
thermoelectric power S2σ is ~ 18 μW/K, which is important for creation of р-legs of thermoelectric 
micromodules. The stable р-type conductivity has been attributed to tin vacancies in the cation 
sublattice of SnTe crystal structure. 
Key words: thin films, tin telluride, structure, thermoelectric properties, defects. 

Introduction 
Tin telluride SnTe is a narrow-gap (Еg300K ≈ 0.2 eV) semiconductor whose homogeneity region 

is fully displaced towards chalcogen, which is responsible for high carrier concentration (~ 1020 сm–3) 
and stable р-type conductivity (Fig. 1 а) [1-2]. SnTe is crystallized in NaCl structure whose lattice 
parameter within the homogeneity region (50.1 – 50.9) at.% Те is reduced (Fig. 1 b) [2-4]. It is 
established that the predominant defects in SnTe crystals are tin vacancies VSn of different ionization 
degrees (VSn

2-, VSn
4-). Recalculation of current carrier concentration р into atomic fraction of 

superstoichiometric tellurium can be done according to relationship [1]: 

 24( 0.5 / 4 ) 7.9325 10 ,ТеХ nM Z N р−− = ρ ≈ ⋅  (1) 

where М is the molar mass of SnTe, Z is ionization degree of point defects, ρ is SnTe density 
(ρ = (6.445 ± 0.01) g/cm3 at 298 K), N is the Avogadro number. 

From the results of calculations [5-6], when a metal is removed from the cation nodes of crystal 
lattice SnTe, it loses four electrons, and the valence band – only one level, thus leaving two vacant 
states, resulting in the appearance of two holes in the valence band, so tin vacancy VSn is an effective 
acceptor. 

With this in mind, both pure SnTe [7] and doped with different impurities [8], as well as solid 
solutions based on tin telluride [3-9, 10] are promising materials for р-legs of thermoelements in the 
medium temperature range (500 – 750) K. As regards thin-film SnTe structures, they greatly expand 
the possibilities of practical application [11-13]. This paper presents the results of research on the 
structure and thermoelectric properties of tin telluride thin films prepared by vapour-phase deposition 
in vacuum on mica single crystal substrates. 
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а) b) 

Fig. 1. Homogeneity region boundaries (а): (1 – liquidus, 2 – solidus) and (b): dependences of lattice 
parameter on tellurium content at Т, K: 1 – 673; 2 – 973 in tin telluride (b) [1]. 

1. Experimental procedure 
To obtain a condensate of different thickness d at the assigned deposition temperature Тп, use 

was made of a vacuum sectional heater with five micro heaters made of vacuum copper rods of size 
40 × 20 × 8 mm3 with openings provided for ceramic tubes with heating elements (Fig. 2). From the 
bottom of the case there is a platform with supports for the substrate. To reduce thermal losses from 
the surfaces of substrates and to shape the condensate, tantalum screens 0.3 mm thick were installed. 
All micro heaters were calibrated for equal temperature by selecting the resistance of nichrome wire of 
diameter 0.3 mm. Heater temperatures are measured by “chromel-copel” thermocouples placed in their 
cases close to substrates. A system of micro heaters is diagonally fixed to swinging arm, and heating 
elements are connected in parallel (Fig. 2). 

а) b) 

Fig. 2. Structural scheme (а) and picture (b) of sectional heater for preparation of vapour-phase films and 
nanostructures: 1 – micro heater system, 2 – heaters, 3 – radial arms, 4 – supports for vapour deposition,  
5 – gate, 6 – asymmetrically arranged opening, 7 – evaporator, 8 – mechanical microheater pivot system. 

Vapour-phase condensates are prepared in the following way (Fig. 2): evaporator 7 is loaded 
with a weight of substance under study (powder of synthesized tin telluride compound); prepared 
substrates 4 (fresh mica cleavages) are placed into heaters 1; with closed gate 5 micro heaters 1 with 
substrates 4 and evaporator with weight 7 are heated to assigned temperature; one of the heaters is 
brought under opening 6 in the gate above evaporator 7 and vapour is deposited on the substrate for a 
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certain fixed period; then vapour flow from the evaporator is closed with the gate, the next of sectional 
micro heaters with a substrate is pivoted, the gate is opened and deposition of a different duration is 
performed. The above process is repeated five times for each micro heater with substrates. 

In our case, SnTe vapour was deposited on fresh cleavages (0001) of muscovite mica at weight 
evaporation temperature Тe = 870 K, the temperature of substrates (deposition) Тs = 470 K and different 
deposition periods τ = 5 – 360 s, which assured condensate thicknesses within d = 40 – 800 nm. 

The obtained nanostructures were studied by atomic force microscopy (AFM) methods 
Nanoscope 3a Dimension 3000 (Digital Instruments USA) in periodic contact mode. Measurements 
were performed in the central part of the samples using serial silicone probes NSG-11 with a nominal 
edge bending radius to 10 nm (NT0MDT, Russia). According to the results of AFM studies of vapour-
phase condensates, the surface morphology and its profilographs were determined.  

The electric parameters of films were measured in the air at room temperatures in constant 
magnetic fields on the elaborated automated installation that provides for measurement of electric 
parameters, as well recording and primary data processing, with the possibility of constructing the 
plots of temporal and temperature dependences. The sample under measurement had four Hall and two 
current contacts. As the ohmic contacts, silver films were used. Current through the samples was 
≈ 1 mA. The magnetic field was directed normal to the surface of films at induction 1.5 T. 

The results of AFM studies and the thickness dependences of electric conductivity σ, the 
Seebeck coefficient S and thermoelectric power S2σ, as well as the Hall coefficient RH, hole 
concentration р and their mobility μ for р-SnTe films are depicted in Fig. 3 – 4. 

2. Experimental results and their analysis 
2.1. Condensate structure 

Analysis of AFM-studies (Fig. 3) indicates that deposition temperature Тs and deposition time τ 
are important technological factors that determine the mechanisms of SnTe nanocrystals growth on 
cleavages (0001) of muscovite mica with vapour deposition in open vacuum, their topology and 
dimensions. The general symptom, under conditions of optimal evaporation temperatures Тe = 870 K 
and deposition temperature Тs = 470 K, is the fact that with increasing the deposition time τ (thickness 
d), the shape and dimensions of individual nanoformations are changed (Fig. 3). Thus, in particular, 
individual nanoformations are formed with a tendency to cubic forms with lateral dimensions growing 
with increase in deposition time from ∼ 250 nm (τ = 5 s) to ∼ 400 nm at τ = 10 s and ∼ 700 nm at 
τ = 210 s, respectively (Fig. 3). In so doing, the height of nanostructures is reduced from ∼ 25 nm to 18 
and 9 nm, respectively for τ = 5, 10 and 210 s (Fig. 3-ІІ). The most pronounced cubic form of 
nanostructures takes place at deposition time τ = 10 s (Fig. 3-І, b). In so doing, during the late growth 
stages there is a predominant orientation of nanocrystals with cube edges {100} parallel to substrate 
surface and their considerable disorientation (Fig. 3-І). However, during the initial growth stages there 
is orientation effect of substrate which causes formation of pyramidal structures with typical 
orientation (111) of SnTe/(0001) mica (Fig. 3-1, а). 

Note that with the heteroepitaxial growth there are three different  nucleation mechanisms [14]: 
the Frank-van der Merve mechanism, when layer-by-layer (two-dimensional) material growth of 
condensate B takes place on substrate A; the Volmer-Weber mechanism, when island-type (three-
dimensional) growth of В takes place on the open surface of substrate А; the Stransky-Krastanow 
mechanism, when, at first, layer-by-layer growth of B on A is realized with subsequent formation of 
three-dimensional islands B on the substrate already coated with condensate.  
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I II 

  
а) a) 

 
 

b) b) 

  

c) c) 
Fig. 3. 2D and 3D AFM images (І) and profilographs (ІІ) of vapour-phase condensates SnTe/(0001)  

muscovite mica with different vapour deposition times τ,s: а – 5; b – 10; c – 210. 

Realization of the former two mechanisms is determined by the energy ratio of the two surfaces 
(ЕВ, ЕА) and the interface energy ЕВА. If the sum of surface energy of epitaxial layer ЕВ and interface 
energy ЕВА is smaller than the surface energy of substrate ЕВ + ЕВА < ЕА, that is, when substrate is 
wetted by condensate, then the Frank-van der Merve mechanism is realized. A change in ЕВ + ЕВА 
value can result in transition from the Frank-van der Merve mode to the Volmer-Weber mode. With 
certain mismatch in lattice constant between condensate and substrate, there occurs formation of 
isolated islands through relaxation of elastic stresses which is typical of the Stransky-Krastanow mode. 
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In our case, the heteroepitaxial growth of SnTe/(0001) muscovite mica nanostructures is realized by 
the Volmer-Weber mechanism according to which individual nanocrystals with certain topological 
architecture are formed (Fig. 3). 

2.2. Thermoelectric properties 

It has been established that all SnTe films, irrespective of their preparation conditions, are 
characterized by р-type conductivity. In so doing, as is evident from Fig. 4 а, with increase in 
condensate thickness (d), conductivity (σ) increases with attainment of saturation and already at 
d ≈ 600 nm reaches considerable values σ = (5 – 8)⋅103 Ω–1сm–1

  The Seebeck coefficient also 
increases to the value of S = 70 – 75 µV/K, but with reduction in condensate thickness d < 100 nm 
(Fig. 4, b). Such values cannot be reached for the bulk samples [1]. For thick films it does not depend 
on thickness and is S ≈ 40 µV/K. Based on the obtained values of σ(d) and S(d) (Fig. 4, а, b), a 
dependence of power factor Р = S2σ on SnTe thickness in condensate p-SnTe/(0001) mica was 
determined (Fig. 4, c). Here also one can see growth of thermoelectric power factor with a decrease in 
thickness which is Р ≈ 18 µW/K2cm at d < 100 nm (Fig. 4, c). 

  
а) b) 

  
c) d) 

  
e) f) 

Fig. 4. Dependence of thermoelectric parameters (а – electric conductivity σ, b – the Seebeck coefficient S,  
c – thermoelectric power S2σ, d – the Hall coefficient RH, e – carrier concentration р, f – mobility μ on the 

thickness of vapour-phase condensates SnTe/(0001) muscovite mica. 
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As regards other kinetic coefficients (the Hall concentration р and carrier mobility µ), their thickness 
dependences have the opposite character of changes: with increase in condensate thickness hole 
concentration decreases (Fig. 4, c), and mobility increases (Fig. 4, f). Note that the dominant role in the 
thickness dependence σ(d) of condensates is played in our case by mobility (σ = qpµ, where q is an 
elementary charge) (Fig. 4, а, f), rather than by carrier concentration р (Fig. 4, а, e). 

3. Crystal chemistry of defective systems 
The experimentally observed stable р-type conductivity and high intrinsic concentration of 

charge carriers in vapour-phase nonstoichiometric р-SnTe condensate in terms of crystal-chemical 
approach is related to completion of anion sublattice and formation of tin vacancies SnV  of crystal 

structure [15]. Thus, in the case of existence of only two-charge tin vacancies 2  SnV −  crystal-chemical 

cluster will be presented as 

 '' •• 0 '' •• ,Sn e e Sn TeV T T V T↔+  (2) 

and in the presence of two- 2
SnV −  and four-charge 4

SnV − vacancies 

 ( )•• •• •'' '' ''''
1 2  ,Sn Te x x TeSn

V V V V V xh−= +   

 ( ) ( )'' '''' 0•• '' ''''
1

• ••
1

•2 2 ,x x Te e x x TeSn Sn
V V V xh T V V V xh− − +↔+  (3) 

respectively. 
Here, “   ′′ ”, “ •• ”, “0” are positive, negative and neutral charges, •h  – hole, x – fraction of 4 .SnV −  

The superposition of the resulting clusters with crystal-chemical formula Sn TeSn T× ×  yields crystal-

quasi-chemical formula of nonstoichiometric tin telluride: 

 ( ) ( ) ( )•' '
1

•' '1 Sn Te Sn Te a Sna Sn
a Sn T a V T Sn V x× × ×

−− + ⇔   

 ( ) ( )• •'
1 1

• ' 2a a a a TeTe Sn
x Te T Sn V Te ah× × ×

− −⇔ +  (4) 

in the first case (2) and 

 ( ) ( )'' ''''
1

•1 2Sn Te x x TeSn
a Sn T a V V Te xh× × ×

−− + + ⇔   

 ( ) ( )'' '''' •
1 1 2 1a xa Tex a Sn

Sn V V Te a x h× ×
− −

⎡ ⎤⇔ + +⎣ ⎦  (5) 

in the second case (3), respectively. 
Full electroneutrality equations for crystals with the available charged point defects for (4) and 

(5) will be as follows: 

 22 2 ,aSnV ap−⎡ ⎤ =⎣ ⎦  (6) 

and 

 ( ) ( )2 4
12 4 2 1 ,xaSnx aSnV V a x p− −
−

⎡ ⎤ ⎡ ⎤+ = +⎣ ⎦⎣ ⎦  (7) 

respectively. 
Here a is a deviation from stoichiometry that corresponds to superstoichiometric tellurium in 

compound; p is hole concentration, [ ] are concentrations of respective charged defects. 
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Calculations performed on the basis of relations (4), (7) indicate that increase in the content of 
superstoichiometric tellurium in homogeneity region of SnTe compound causes increase in the 
concentrations of two-charge [ 2

SnV − ] (Fig. 5, а – curve 1) and four-charge [ 4
SnV − ] (Fig. 5, а – curve 2) tin 

vacancies, as well as in hole concentration (Fig. 5, b – curve 1). In so doing, for the values of (50 – 50.4) 
at.% Те the prevalent mechanism is formation of four-charge vacancies [ 2

SnV − ] (Fig. 5, b – curve 2), 

which is also indicated by drastic increase in the number of carriers which falls on one tin vacancy 
(Z = p/[VSn] (Fig. 5, b – curve 2). In the concentration range (50.4 – 50.9) at.% Те the dominant process 
is formation of two-charge tin vacancies [ 2

SnV − ] (Fig. 5, а – curve 1), and the value Z varies only slightly 

(Fig. 5, b – curve 2). 

  
а) b) 

Fig. 5. Dependences а): of two-charge 1 – [ 2
SnV − ], four-charge 2 – [ 4

SnV − ] tin vacancies and b): 1 – hole 

concentration р and carrier number per one tin vacancy Z on tellurium content for SnTe crystals. 

With regard to the foregoing, it can be unambiguously asserted that the intrinsic hole 
concentration in vapour-phase condensates p-SnTe is due to a defective subsystem of crystalline 
structure, namely cation vacancies VSn. The experimentally observed reduction of carrier concentration 
with thickness increase (Fig. 4, e) can be also due to a change in the value of superstoichiometric 
tellurium, namely its reduction during evaporation of weight in the evaporator. The latter leads to 
prevalence of two-charge tin vacancies 2

SnV −  over tetravalent 4
SnV −  (Fig. 5, а), which is the reason for 

the Hall concentration decrease. 

Conclusions 
1. Results of research on the structure and thermoelectric properties of р-SnTe thin films of different 

thickness (40 – 800) nm deposited in open vacuum on fresh cleavages (0001) of muscovite mica are 
presented. 

2. It is shown that vapour-phase condensate is formed by the Volmer-Weber mechanism with 
formation of individual clusters with (100) and (111) orientations of SnTe/(0001) muscovite mica. 

3. The thickness dependences of thermoelectric parameters of condensates have been determined. 
High values of the Seebeck coefficient (S ≈ 70) µV/K and thermoelectric power S2σ ≈ 18 µW/K2cm 
have been revealed that are much in excess of similar parameters for the bulk crystals. 
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4. The stable p-type conductivity and high hole concentration (1020 – 1021) cm–3 has been explained by 
formation of two-charge and four-charge cation vacancies ( 2

SnV − , 4
SnV − ) caused by deviation from 

stoichiometry towards  tellurium. 

The work has been performed in the framework of research projects of the NAS Ukraine 
(registration number 0113U000185), State Foundation for the Basic Research of the Ministry of 
Education and Science of Ukraine (registration number 0113U003689, and NATO’s Public 
Diplomacy division according to “Science for Peace” program (NUKR, SEPP 984536). 
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NANOSTRUCTURED BISMUTH AND ANTIMONY TELLURIDES  
FOR THERMOELECTRIC HEAT PUMP 

The microstructure of p- and n-type bismuth and antimony telluride solid solutions prepared by hot 
extrusion was investigated. It was shown that the ingots of extruded thermoelectric materials 
consisted of nanocrystals as big as 8 to 30 nm. The thermoelectric parameters of extruded 
nanomaterials were measured and microstructure effect on their value was considered. These 
nanomaterials were used to produce p- and n-type legs to manufacture thermoelectric modules. The 
efficiency of thermoelectric modules operating as thermoelectric heat pumps in the temperature 
range of +10 to +45 °C was investigated. Two methods were developed for the measurement of 
conversion factor of thermoelectric modules. Maximum value of conversion factor reached 6.8 to 8.2 
for heat transfer by thermoelectric module at electric power consumption 0.75 W. Electric power 
increase to 40 W contributed to reduction of conversion factor of thermoelectric modules to 1.8. 
Key words: thermoelectricity; bismuth and antimony tellurides; nanocrystals; heat pump; 
conversion factor; heat transfer. 

Introduction 
Heat pumps are known to be more efficient than electric heating elements for heating in the 

temperature range of +10 °C to +40 °С [1]. For space heating at these temperatures heat pumps should 
possess high efficiency. Typical air heat pumps have conversion factor 3 – 4 when used for space heating 
in mild climate. However, with ambient temperature reduction to –18 °С the efficiency of heat pump is 
reduced to 1.0. Evaporative compression refrigeration devices can be used for heat pumps of geothermal 
systems. Such heat pumps have moving parts, limited service life and create noises. Moreover, for their 
operation environmentally hazardous coolants are employed. 

Thermoelectric heat pumps also can have high conversion factor under special conditions, but 
without the above drawbacks [2-5]. For commercial use as a heater, conversion factor of 
thermoelectric heat pump should be more than 5 in the range of room temperatures. Energy conversion 
efficiency depends on the value of thermoelectric figure of merit ZT = S2σT/k, where Z is figure of 
merit, S is thermoEMF, σ is electric conductivity, Т is absolute temperature and k is thermal 
conductivity. According to recent results of research [6, 7, 8] on the nanostructured crystalline ingots 
of p-type BixSb2–xTe3, owing to thermal conductivity reduction the value of ZT has increased from 1.0 
to 1.2 at room temperature. On the other hand, ZT for n-type Bi2Te3–xSex has a low value about 0.85, 
which reduces the device efficiency. The results of this research showed a promising way for 
increasing the figure of merit ZT of thermoelectric materials and the efficiency of thermoelectric 
devices. It should be noted that incomplete information in the scientific literature on thermoelectric 
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heat pumps does not determine clearly enough the prospects of their use for heating systems. 
The purpose of this work is to study structural perfection of extruded samples of solid solutions 

of bismuth and antimony chalcogenides, the effect of structure on the thermoelectric properties and 
conversion factor in the region of room temperatures. In this paper we present new results of research 
on the microstructure, thermoelectric properties and conversion factor of thermoelectric modules 
based on nanostructured p- and n-type legs that can be employed as heaters in the temperature range of 
+17 to +45 °C. 

1. Experimental procedure 
Thermoelement legs were manufactured by extrusion method. Bismuth, antimony, tellurium and 

selenium of 99.99 % purity were melted and crystallized prior to extrusion in the form of p-type 
(Bi2Te3)x-(Sb2Te3)1–x (x ≈ 0.26 mol.%) and n-type (Bi2Se3)x-(Bi2Te3)1–x (x ≈ 0.06 mol.%) ingots. Hot 
extrusion method was used to produce ingots of these solid solutions of diameter 30 mm according to 
the technology of SKTB “Nord”. Samples in the form of discs 2 mm thick were cut from the ingots 
perpendicular to ingot axis direction to study their microstructure. The surfaces of discs were ground 
and polished with abrasive Al2O3 having grain size from 200 µm to 40 µm, respectively. After washing 
in distilled water the samples were etched in 50 % HNO3 at a temperature about 50 °С for 
10 to 15 minutes.  

Microcrystals typical of polycrystals were not discovered under optical microscope on the 
prepared surface of samples of p- and n-type extruded thermoelectric materials. Therefore, the 
morphology of samples microstructure was studied under scanning electronic microscope (SEM 
“Quanta-600 H”). Samples for the measurement of thermoEMF, electric resistivity, thermal 
conductivity and carrier concentration were cut from ingots shaped as parallelepipeds of size 
3 × 4 × 23 mm3 with their larger face oriented parallel and perpendicular to ingot axis. On their larger 
lateral face in depressions of diameter 0.3 mm and depth 0.4 mm iron-constantan thermocouples were 
secured whose wire diameter was about 100 µm. 

The extruded p- and n-type ingots of diameter 30 mm were cut into thermoelement legs of size 
1.6 × 1.6 × 1.6 mm3 of which thermoelectric modules of series TM-127-1.4-6.0 with the overall 
dimensions 40 × 40 × 3.8 mm3 were manufactured in SKTB “Nord”.  

The efficiency of heat transfer by these thermoelectric modules was studied. Conversion factor was 
measured by two methods under near-adiabatic conditions. Schematic of measurement by the first method 
using two copper plates is presented in Fig. 1. Heat input and transfer took place through the cold and hot 
heat spreaders of size 40 × 40 × 0.7 mm3 that are contact surfaces of thermoelectric modules. Heat flux 
passing through the module was measured through use of two copper plates of size 40 × 40 × 10 mm3. 

The two surfaces of each copper plate were pre-polished with abrasive Al2O3 of size 40 µm. 
BeO paste was deposited to assure a reliable thermal contact between ceramic heat spreaders of 
thermoelectric modules and the surfaces of copper plates. The temperature of copper plates was 
measured by chromel-alumel thermocouples with the wire diameter 0.5 mm that were secured in the 
openings of diameter 1.0 mm and depth 1.5 mm on their lateral surfaces. A copper heat sink with 
running cold water was secured under the lower surface of cooled copper plate. The temperature of the 
hot upper copper plate was held constant during the experiment due to cooled copper heat sink. The 
thermoelectric modules and copper plates were thermally insulated with mineral wool. Such device 
design provided measurement of maximum temperature difference on thermoelectric modules with 
electric power requirement up to 45 W. 
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Fig. 1. Schematic of a device for conversion factor measurement by the method using two copper plates. 

The second method of conversion factor measurement determined transfer of thermoelectric 
module heat from the electric heater to the copper plate. A device presented in Fig. 2 was developed 
for the second method. A thermoelectric module was secured on the electric heater of area 
40 × 40 mm2 and 2 mm thick. The lower surface of the electric heater rested on a base made of 
material with low thermal conductivity. One copper plate of size 40 × 40 × 10 mm3 and mass 174 g 
was used for heat flux measurement. This copper plate was secured on the upper heat spreader of 
thermoelectric module as an absorber of heat transferred to this module. A reliable thermal contact 
between the upper heat spreader of thermoelectric module and the copper plate was realized by means 
of BeO paste. The copper plate temperature was measured by copper-constantan thermocouple with 
the wire diameter 0.1 mm placed into opening of diameter 0.3 mm and depth 1 mm on the lateral 
surface of this plate. The air space between the copper plate, thermoelectric module, electric heater 
and metal case was filled with mineral wool for thermal insulation. Thermal flows from the five 
surfaces of the copper plate and thermoelectric module were compensated by two external heaters 
(lateral and upper). Temperature equality between the copper plate surfaces and the metal case walls 
was controlled by copper-constantan differential thermocouples. The conversion factor was measured 
15 to 20 s after the thermoelectric module was switched on. 

 
Fig. 2. Schematic of a device for conversion factor measurement by the method using  

a copper plate and a heater. 
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2. Structure of materials and their thermoelectric properties 
Fig. 3 shows the pictures of structure morphology of p-type samples obtained by means of 

scanning electron microscope. 
In p-type samples with a small magnification 40000× there were uniformly distributed 

crystallites and pores of size 20 to 260 nm and 60 to 260 nm, respectively (Fig. 3, а). The average size 
of crystallites was 150 nm, of pores – 130 nm. The shape of crystallites and pores was near-spherical. 
With a larger magnification 100000× and 200000× the structure morphology had a similar appearance 
(Fig. 3, b, c). However, there were finer nanocrystals of size about 10 nm. Fine nanocrystals were 
grouped into coarser ones of size 50 to 80 nm, 100 to 130 nm and 300 nm. The largest pores had the 
size about 1 µm (Fig. 3, d). 

 
Fig. 3. The pictures of microstructure morphology of p-type thermoelectric material  

(Bi2Te3)x-(Sb2Te3)1–x (x ≈ 0.26 mol.%) obtained by scanning electron microscope. 

The situation was different in n-type samples (Fig. 4). The microstructure was made as fiber 
bundles oriented relative each other at different angles (Fig. 4, a). The fiber bundles were rolled at the 
angles of 120° – 180°, and at their bend points there were voids from 1 to 5 µm. The transverse size of 
the fibers was close to 40 µm (Fig. 4, b). Thin fibers were combined into larger fibers several µm thick 
and several tens of µm long. At larger magnification it is seen that the fibers consist of fine 
nanocrystals of size 8 to 30 nm (Fig. 4, c, d). Apart from the fibers, nanocrystals formed coarser 
crystals of average size 60 nm, 120 nm and 300 nm. However, pores in n-type samples were of larger 
size than in p-type samples. 
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Fig. 4. Pictures of microstructure morphology of n-type thermoelectric material  
(Bi2Se3)x-(Bi2Te3)1-x (x ≈ 0.06 mol.%) obtained by scanning electron microscope. 

The thermoelectric figure of merit of nanostructured thermoelectric materials was determined 
by the method of separate measurement of thermoEMF, electric resistivity and thermal conductivity. 
The electric resistivity was measured under isothermal conditions, and thermoEMF – at temperature 
gradient along the sample about 1 K/cm. The thermal conductivity was measured under transverse 
adiabatic conditions with temperature gradient along the sample 0.5 K/cm, and carrier concentration – 
by means of the Hall effect in a magnetic field with the induction of 0.24 T. The measured results are 
given in Table 1. 

Table 1 
Thermoelectric properties of extruded materials 

Parameters 
(Bi2Te3)x-(Sb2Te3)1–x 

p-type 
(Bi2Se3)x-(Bi2Te3)1–x 

n-type 

ThermoEMF, α, µV/K 224 225 
Electric resistivity, σ × 10–5, Ω·m 0.95 1.06 
Thermal conductivity k, W/(m·K) 1.6 1.7 

Thermoelectric figure of merit Z × 10–3, K–1 3.3 2.8 

Charge carrier mobility, 
μn × 104, cm2/V·s 

2.7 1.5 

Charge carrier concentration n × 1018, cm–3 2.2 4.0 
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These research results have shown that samples orientation relative to ingot axis produced no 
effect on the measured parameter values, unlike the results of [9]. This can be due to the difference in 
material production technologies and their structure. It is noteworthy that thermoelectric figure of merit 
of n-type nanostructured material is lower than that of p-type material. Moreover, lower carrier mobility 
and large concentration contribute to electric resistivity and thermal conductivity increase, though slight, 
but reducing the thermoelectric figure of merit of this solid solution by 15 %. Comparing the 
microstructure patterns of investigated materials, it can be noted that the reduction of thermoelectric 
figure of merit and carrier mobility in n-type nanostructured material is probably affected by the fibrous 
structure randomly oriented in space and the presence of large pores of size up to 5 µm. 

3. Conversion factor measurement 
3.1. Method with two copper plates 

Conversion factor of thermoelectric module was calculated using the method with two copper 
plates with regard to experimental data as follows. For this purpose, the equations describing 
thermoelectric processes in thermoelectric modules were employed. Under thermal equilibrium the 
heat of the Peltier effect and half the Joule heat of thermoelectric module are equal to heat flow from 
the hot to cold side of the device [10]. This thermal equilibrium corresponds to constant heat flow at 
maximum temperature difference (Th – Tc) and can be described as 

 20.5 ( ) 0,m h m m h cT I R I k T Tα ⋅ ⋅ + ⋅ ⋅ − ⋅ − =  (1) 

where αm is thermoEMF of thermoelectric module; Th is hot side temperature of thermoelectric 
module; Тс is cold side temperature of thermoelectric module; I is electric current flowing through 
thermoelectric module; Rm is electric resistance of thermoelectric module; km is thermal conductivity 
of thermoelectric module. 

Voltage U on thermoelectric module can be calculated from the equality [9] 

 ( ) ,m h c mU T T I R= α ⋅ − + ⋅  (2) 

where αm, km, Rm depend on temperatures Th and Tc. These dependences can be described by equations 

 2
1 2 3m T Tα = α + α ⋅ + α ⋅  0;h cT T− =  (3) 

 ( ( ) ( )) / ( )m m h m c h cT T T Tα = α −α −  0;h cT T− ≠  (4) 

 2
1 2 3mR R R T R T= + ⋅ + ⋅  0;h cT T− =  (5) 

 ( ( ) ( )) / ( )m m h m c h cR R T R T T T= − −  0;h cT T− ≠  (6) 

 2
1 2 3mk k k T k T= + ⋅ + ⋅  0;h cT T− =  (7) 

 ( ( ) ( )) / ( )m m h m c h ck k T k T T T= − −  0.h cT T− ≠  (8) 

Solution of Eq. (1) and (2), together with Eq.(3 – 8) allows determination of αm, Rm, and km from 
the series of experiments performed. During each experiment, ΔТmax was measured at constant Th and a 
variation of voltage and current. The resulting values made it possible to determine αm, Rm, and km 
with an error less than 3 %. 

Heat Nh, transferred by thermoelectric module was calculated according to equation (1) under 
equilibrium conditions. Conversion factor of thermoelectric module η was determined as [2, 11] 

 .hN
U I

η =
⋅

 (9) 
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The values of conversion factor at cold surface temperatures Tc = 273 K and Tc = 323 K in the 
first experiment are represented in Figs. 5 and 6. 

 
Fig. 5. Conversion factor η versus electric power Ne at temperature Tc = 273 K. 

 
Fig. 6. Conversion factor η versus electric power Ne at temperature Tc = 323K. 

There was conversion factor reduction with increase in power and temperature difference for 
given values of Tc. For Tc = 323 K conversion factor increased with temperature difference up to 10 K. 
Maximum value of conversion factor η = 9.3 was at consumed electric power Ne = 2 W and ΔT = 0. 
Minimum value of conversion factor was 1.8 at Ne = 40 W and ΔT = 30°. 

3.2. Method with one copper plate and a heater 

In this method, heat transferred by thermoelectric module to copper plate was determined at its 
temperature rise within 10 s. This time period of temperature variation was much in excess of the time 
of heat propagation in copper plate (t << 1 s). The quantity of heat transferred to copper plate Nh was 
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calculated by relationship [12]: 

 2 1( ) ,h
cm T TN

t
−

=  (10) 

where с is copper heat capacity; m is copper plate mass; T1 and T2 are copper plate temperatures 
during the first and tenth seconds of measurement. Conversion factor in the second method was 
calculated according to Eq. (9). 

During the second experiment, conversion factor was measured for three electric power values 
of thermoelectric module. The energy transferred to copper plate was measured and calculated 
according to Eq. (10) and used for the calculation of conversion factor according to Eq. (9). The 
measured results for temperature range of +17 °С to +45 °С are represented in Fig. 7. The minimum 
and maximum thermal power was reduced from 5 W to 4.8 W and from 21.6 W to 14.1 W at 
consumed electric power from Ne = 0.75 W to Ne = 7.6 W, respectively. Temperature difference ΔT 
between the hot and cold surfaces of thermoelectric module varied from 4 to 18 degrees. Conversion 
factor of this thermomodule reached 8. One should note sufficiently good agreement between the 
results of measurement of thermomodule conversion factor by both methods. 

However, thermoelectric materials used for the manufacture of thermoelectric modules, had 
thermoelectric figure of merit ZT ≈ 1 at room temperature. During these experiments we employed 
thermoelectric nanomaterials with nanocrystallite size 8 to 30 nm. Nanostructured solid solutions 
(Bi2Te3)x-(Sb2Te3)1–x of p-type possess higher thermoelectric figure of merit as compared to n-type 
material. Therefore, one of the ways for increasing the operating efficiency of thermoelectric modules 
is to improve the thermoelectric figure of merit of n-type (Bi2Se3)x-(Bi2Te3)1–x solid solutions. The 
results of research point to the following possibilities for improving the efficiency of nanostructured 
thermoelectric modules. 

 
Fig. 7. Conversion factor versus temperature Th for three values of electric power Ne. 

First, apart from the known method of thermal conductivity reduction due to size reduction of 
nanocrystallites to nanometer units [7, 13, 14], good promise is shown by the development of extrusion 
method process conditions with a view to improve structural perfection of materials. In our opinion, size 
reduction of pores and orientation of fibers in n-type nanomaterial, structured in a particular direction, 
can assure figure of merit increase. Second, doping of solid solutions with a view to improve the 
thermoelectric properties and the effect of nanostructured materials on structural perfection. 
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Conclusions 
The microstructure morphology of extruded ingots of p- and n-type thermoelectric materials 

based on solid solutions of bismuth and antimony chalcogenides was studied. The extruded 
thermoelectric materials had nanocrystalline structure. Nanocrystals in p-type samples were of 
spherical shape of size 8 to 30 nm combined into clusters of size 60 to 300 nm. Between crystallites 
there were pores as big as 1 µm. Nanocrystals in n-type samples were of similar spherical shape and 
dimensions, but formed fibers 30 to 60 nm thick. The fibers were combined into bundles of length up 
to several tens of µm with different orientation and bend by 120 to 180° where the pores of size 
1 to 5 µm were observed. Apart from the fibers, nanocrystals formed coarser crystallites of the average 
size 60 nm, 120 nm and 300 nm. 

Using the method of separate measurement of thermoEMF, electric resistivity and thermal 
conductivity it was established that  the thermoelectric figure of merit of extruded nanocrystalline p-type 
materials is  Z = 3.3 × 10–3 K–1, and of  n-type – Z = 2.8 × 10–3 K–1. 

The lower figure of merit of n-type material can be due to lower mobility and high carrier 
concentration than in p-type material.  

The conversion factor of thermoelectric modules made of extruded telluride solid solutions was 
measured. For this purpose, two measurement methods were developed. In the first method, equations 
describing thermoelectric processes in thermomodules were used for the calculation of thermoelectric 
and electric parameters, namely thermoEMF, thermal conductivity, as well as electric current, electric 
resistance and voltage on thermoelectric modules. In the second method, conversion factor was 
measured under thermoelectric modules operation as heat pumps. These methods showed high 
efficiency of thermoelectric modules for heat transfer in the temperature range of +17 to +45 °C. 
Maximum conversion factor reached 6.8 to  8.2 for heat transfer at electric power 0.75 to 2 W and 
temperature difference 4 – 5 degrees. However, increase in electric power to 40 W and temperature 
difference to 30° reduced conversion factor to 1.8. 

These results demonstrated the possibility of using thermoelectric modules for heating, as well as 
the necessity of increasing the efficiency of thermoelectric materials. The thermoelectric efficiency of 
thermoelectric materials can be increased considerably due to size reduction of nanocrystals to 
nanometer units, improvement of structure perfection and doping of extruded nanothermoelectric 
materials. Compactness, noiselessness and high efficiency with account of using new nanotechnologies 
will contribute to a wider application of thermoelectric power converters in new heating systems. 
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OPTIMIZATION OF PARAMETERS OF THE NEW  
THERMOELECTRIC MATERIAL HfNiSn1-xSbx 

The crystalline and electronic structures, temperature and concentration dependences of 
resistivity and the Seebeck coefficient of n-HfNiSn intermetallic semiconductor doped with Sb were 
investigated in the temperature range 40080 ÷=T  K. The main mechanisms of conduction were 
established and they are in agreement with the results of theoretical studies of electronic structure 
of HfNiSn1-xSbx. It was predicted and shown that the obtained thermometric material HfNiSn1-xSbx 
has high efficiency of thermal into electrical energy conversion. 
Key words: electronic structure, Fermi level, resistivity, Seebeck coefficient. 

Introduction 
Intermetallic semiconductor n-HfNiSn is known to possess high efficiency of thermal into 

electric energy conversion, though insufficient for industrial application [1]. At the same time, 
optimization of parameters of thermoelectric materials to obtain maximum values of thermoelectric 
figure of merit depends on a number of factors, in particular, current carrier concentration, scattering 
mechanisms, thermal conductivity, the choice of crystallographic orientation, etc. One of the methods 
for improving the thermoelectric figure of merit of semiconductor materials is their doping [1, 2]. 

In [3] it was shown that in the intermetallic semiconductors of MgAgAs structural type (half-
Heusler alloys) a pre-requisite for achieving maximum efficiency of thermal into electric energy 
conversion is semiconductor doping with such type of impurities that would coincide with the type of 
major carriers of base semiconductor matrix.  

On the other hand, investigations [4] showed that crystalline structure of HfNiSn compound is 
disordered, namely position of Hf (5d26s2) atoms up to ~ 1 % is occupied with Ni (3d84s2) atoms, 
which generates donor defects in crystal structure. Exactly this structural feature of HfNiSn accounts 
for the mechanism of “a priori doping” the semiconductor with a donor impurity.  

Thus, in conformity with conclusions of [3], to improve the efficiency of thermal into electric 
energy conversion, the semiconductor n-HfNiSn must be doped with such type of impurity which 
would generate donor-nature defects in the crystal. One of the variants of such doping is introduction 
into HfNiSn compound of Sb (4d105s25p3) atoms through substitution of Sn (4d105s25p2) atoms. As long 
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as Sb atom has one 5р-electron more than Sn atom, such substitution should have generated donor-
nature structural defects in the crystal. In this case, on should expect increase in the efficiency of 
thermal into electric energy conversion in HfNiSn1–xSbx when the Fermi level approaches the level of 
semiconductor conduction band.  

The purpose of this paper is to study the prospects of using the new thermoelectric material 
HfNiSn1–xSbx for thermal into electric energy conversion. The proposed complex work studies the 
mechanism and conditions for entry of Sb atoms into the structure of HfNiSn compound with 
employment of experimental analysis methods, as well as calculations of its electronic structure. In 
particular, the dynamics of change in crystalline structure of HfNiSn1-xSbx will be investigated, the 
region of solid solution existence will be established, as well as simulation of electronic structure and 
thermodynamic calculations will be performed. Besides, the electrokinetic and energy characteristics 
of HfNiSn1–xSbx will be analyzed, as well as the experimental and calculated results will be compared, 
wherefrom will follow the degree of adequacy of the proposed models of crystalline and electronic 
structures of semiconductor. 

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

electrokinetic and energy characteristics of HfNiSn1–xSbx. The samples were synthesized in the 
laboratory of Institute for Physical Chemistry, Vienna University. The X-ray structural analysis [5] 
with employment of Fullprof program [6] was used to obtain the values of HfNiSn1–xSbx crystal lattice 
periods. The data arrays obtained by powder method were used (diffractometer Guinier-Huber image 
plate system, CuKa1-radiationе; 8° ≤ 2θ ≤ 100°). The chemical and phase compositions of samples 
were controlled by scanning electron microscope (SEM, Zeiss Supra 55VP) and microprobe analyzer 
(EPMA, energy-dispersive X-ray analyzer). The electronic structure calculations were performed by 
the Korringa-Kohn-Rostoker (KKR) methods in coherent potential approximation (CPA), local 
density approximation (LDA) and plane wave approximation (FP-LAPW) in the framework of density 
functional theory (DFT) [7]. The temperature and concentration dependences of the electrical 
resistivity ρ and the Seebeck coefficient α of HfNiSn1–xSbx were measured in the ranges: 
Т = 80 ÷ 400 K, ND

Sb ≈ 9.5⋅1019 cm–3 (x = 0.005) ÷ 1.9⋅1021 cm–3 (х = 0.10). 

Research on structural features of HfNiSn1–xSbx 
To verify the above stated assumption as to the method of doping n-HfNiSn for obtaining the 

new thermoelectric material with high thermoelectric power values, samples were synthesized where 
Sn atoms were substituted by Sb atoms. The microprobe analysis of the concentration of atoms on the 
surface and cleavages of HfNiSn1–xSbx samples has showed their conformity to the initial charge 
compositions, which is one of the experimental proofs of predicted substitution of Sn atoms by Sb 
atoms. In their turn, the X-ray phase and structural analyses have shown that all the investigated 
samples of HfNiSn1–xSbx have no traces of other phases, except for the basic one, up to the composition 
х = 0.1 inclusive (structural type MgAgAs, cubic syngony, space group 43F m ). According to X-ray 
phase analysis, the synthesized samples of solid solution HfNiSn1–xSbx are single-phase up to х = 0.1 
inclusive. Research on the structure of HfNiSn1–xSbx detected the substitution of Sn atoms by Sb atoms, 
leading to a regular growth of unit cell period а(х) (Fig. 1 а). These results agree with the difference in 
atomic radii of Sn (rSn = 0.158 nm) and Sb (rSn = 0.160 nm). 
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a) b) 

Fig. 1. а) Change in а(х) period values: 1 – experimental value;  
2 – calculated values; b) free energy F(x) of HfNiSn1-xSbx. 

The refinement of crystalline structure by powder method has shown that the degree of 
occupancy of atomic position Sn(Sb) is 100 %, and the structure of HfNiSn1–xSbx is ordered, which 
creates prerequisites for obtaining semiconductor material with unambiguous characteristics that do 
not change during many cycles of samples heating and cooling. Note that the ordering of HfNiSn1–xSbx 
structure means that with the lowest concentrations of Sb atoms which occupy the position of Sn 
atoms, there is a parallel process of return of 1 % of Ni atoms that occupied the crystallographic 
position of Hf to their own crystallographic position [4].  

Optimization of the values of unit cell period a(x) of HfNiSn1–xSbx for the concentrations 
х(Sb) = 0, 0.25 and 0.5 yielded its concentration dependence (Fig. 1 а). Calculations confirmed growth 
of unit cell parameter, but with a positive deviation from linearity. As long as the use of local density 
approximation leads to underestimation of the values of energy and unit cell periods, the resulting 
calculated values of unit cell period a(x) (Fig. 1 а) are systematically underrated with respect to 
experimental values, but the tendency remains practically the same. 

In their turn, thermodynamic calculations with the use of DFT in the approximation of harmonic 
fluctuations of atoms have shown that dependence of free energy (Helmholtz potential) at a 
temperature of 350 K passes through the minimum (Fig. 1 b) at concentration x(Sb) ≈ 0.1, thus 
indicating the restricted solubility of Sb atoms in crystalline structure of HfNiSn, which is 
experimentally confirmed, but differs essentially from the solubility of rare-earth metal atoms in 
HfNiSn which makes ~ 0.3 [1]. Moreover, from Fig. 1 b it follows that with a rise in temperature the 
solubility of Sb atoms in HfNiSn structure is increased. 

On the other hand, calculations of the distribution of electron localization function (ELF) in the 
initial HfNiSn and doped HfNiSn1–xSbx compounds point to additional electron density localization 
between Ni and Sb atoms (Fig. 2), which is indicative of electron density growth in crystal due to 
donor impurity nature. Based on this result it can be concluded that the substitution of p-element in 
crystal structure of HfNiSn produces a much larger effect on its stability than the substitution of Hf or 
Ni atoms. This is because a system of tetrahedral ion-covalent bonds is formed due to tetrahedral 
hybridization of Sn atomic orbitals, and any essential changes in the number of valence electrons on  
p-orbitals will result in formation of more energetically beneficial chemical bonds and, as a 
consequence, in the destruction of MgAgAs type structure [4, 8]. 
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Fig. 2. Projection of electron localization function (ELF) on the plane [101]  

for the initial compound HfNiSn and for compound HfNiSn0.75Sb0.25. 

Therefore, structural investigations of n-HfNiSn doped with Sb atoms have demonstrated that Sb 
atoms occupy exceptionally crystallographic position of Sn atoms, generating donor-nature structural 
defects in the crystal, and the solubility area of Sb atoms in HfNiSn1–xSbx matrix is х ≤ 0.10. 

Research on the electron structure of HfNiSn1–xSbx 

To predict the behaviour of the Fermi level εF, the energy gap εg and the electrokinetic 
characteristics of n-HfNiSn doped with Sb atoms, the electron density distribution (DOS) of HfNiSn1–xSbx 
was calculated. In view of the fact that introduction into HfNiSn compound of impurity Sb atoms puts in 
order its crystalline structure, calculations of DOS were performed for the case of ordered crystalline 
structure. 

As indicated above, introduction of Sb atoms into crystalline structure of HfNiSn compound is 
accompanied by generation of donor-nature structural defects. In this case, doping with donor 
impurities the intermetallic semiconductor n-HfNiSn the structure of which already has donor defects 
will reduce the compensation degree, and the Fermi level will drift in the direction of conduction band 
that will be crossed at certain concentrations of Sb impurity atoms. Fig. 3 а shows the results of 
calculation of electron density distribution, variation in energy gap and the Fermi level position for the 
ordered variant of HfNiSn1–xSbx crystalline structure. It is obvious that on introducing into n-HfNiSn 
the least attainable in the experiment concentrations of Sb donor impurity, the Fermi level εF moves 
from the energy gap where in n-HfNiSn it was located near the bottom of conduction band at the 
distance of ~ 81.3 meV [9] to conduction band, i.e. dielectric-metal transition is realized, which is 
Anderson transition [10]. With increase in donor impurity concentration, the Fermi level drifts in the 
band of continuous energies. Apart from the drift caused by a reduction in semiconductor 
compensation degree, there is also a reduction in the values of semiconductor effective energy gap εg 
from εg (x = 0) = 287.7 meV to εg (x = 0.01) = 181.7 meV due to increase of band “tails” changing the 
profile of continuous energy bands (Fig. 3 а). 

Such Fermi level behaviour caused by ordering semiconductor crystalline structure allows 
predicting the conductivity mechanisms and electrokinetic characteristics of semiconductor solid 
solution HfNiSn1–xSbx. Having calculated the electron structure of HfNiSn1–xSbx, one can predict the 
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behaviour of its electrokinetic characteristics, and Fig. 3 b, as a reference, shows a change in the 
Seebeck coefficient values of HfNiSn1–xSbx at different temperatures. 

 
а) 

 
b) 

Fig. 3. Electron density distribution DOS (a) and calculations of variation in the values of the Seebeck 
coefficient α(х) at different temperatures (b) of HfNiSn1-xSbx. 

A low concentration of impurities whereby there is dielectric-metal transition allows purposeful 
getting in HfNiSn1–xSbx high values of the Seebeck coefficient α and electric conductivity σ, which will 
assure high values of thermoelectric power factor Z* = α2/σ. Moreover, high values of the Seebeck 
coefficient α of HfNiSn1–xSbx in a wide temperature range make this solid solution also a promising 
thermometric material for the manufacture of sensitive elements of thermoelectric thermometers. 

Thus, the results of calculations of electron density distribution of HfNiSn1–xSbx based on the 
results of structural investigations point to the donor nature of generated structural defects, and the 
experimental investigations will test the adequacy of calculated results, hence of selected model of 
semiconductor structure. 

Research on the electrokinetic and energy characteristics of HfNiSn1–xSbx 

Fig. 4 presents the temperature dependences of electric resistivity ρ and the Seebeck coefficient 
α(1/Т) for samples of HfNiSn1–xSbx, 0 ≤ х ≤ 0.10 which vary in full conformity with the results of 
calculations of electron density distribution. 
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a) 

 
b) 

Fig. 4. Temperature dependences of electric resistivity ρ (а) and the Seebeck coefficient α (b)  
of HfNiSn1-xSbx: 1 – х = 0.005; 2 – х = 0.01; 3 – х = 0.03; 4 – х = 0.07; 5 – х = 0.10. 

Adding the lowest concentration of Sb atoms leads to increase in the values of electric resistivity 
(ρ) with a rise in temperature and the absence of activation areas on its temperature dependences. Such 
behaviour of ρ(T) is typical of metallic conductivity type, which is possible when the Fermi level εF 
approaches the edge of conductivity band by the value close to kBТ, or in the case of entry into the 
zone of continuous energies. 

Moreover, the electric resistivity values drastically decrease (Fig. 5 а) with increase in the 
concentration of Sb impurity atoms in the structure of HfNiSn compound, which is possible only with 
generation in crystal of donor-nature defects and increase in the concentration of free electrons. Thus, 
for instance, at Т = 80 K the value of ρ(х) drastically decreases from ρх = 0 = 1071.1 µΩ·m to the value 
of ρх = 0.005 = 7.14 µΩ·m. Such behaviour of ρ(х) is caused by increase in the values of density of states 
on the Fermi level with a decrease in semiconductor compensation degree, which was anticipated by 
the calculations of its electronic structure. The fact that the Fermi level is displaced exactly in the 
direction of conduction band on doping n-HfNiSn with Sb donor impurity is shown by the 
dependences of variation in the Seebeck coefficient values over the entire temperature and 
concentration ranges (Fig. 5 b). Thus, the value of the Seebeck coefficient, for instance, at 80 K, varies 
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from αх = 0 = –178.1 µVK–1 to the value of αх = 0.005 = –41.5 µVK–1, which points to approaching by the 
Fermi level the edge of semiconductor conduction band. 

 

a) 

 
b) 

Fig. 5. Change in the values of electric resistivity  ρ(х) (а) and the Seebeck coefficient α(х) (b)  
of HfNiSn1–xSbx at different temperatures: 1 – Т = 80 K; 2 – Т = 380 K. 

One of the arguments that Sb impurity atoms generate donor defects in the structure of HfNiSn 
compound is the character of variation in the amplitude of large-scale fluctuation of continuous-
energy bands (ε1

α) and the averaged amplitude of potential well of small-scale fluctuation (ε3
α) 

(Fig. 6 а) of HfNiSn1–xSbx, calculated by the high- and low-temperature areas of α(1/Т) dependences, 
respectively [1]. 

Introduction into n-HfNiSn of Sb donor impurity is accompanied by a reduction in 
semiconductor compensation degree [10], which will cause a reduction in the values of fluctuation 
amplitude (a reduction in the values of ε1

α). Moreover, there is also a correlation between the 
amplitude values of large-scale fluctuation ε1

α and the potential well depth of small-scale fluctuation 
ε3

α, namely the lower the fluctuation amplitude, the smaller the potential well of small-scale 
fluctuation [10]. 
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a) b) 

Fig. 6. Change in the values of activation energies ε1
α (1) and ε3

α (2) (а) and thermoelectric power factor Z (b) 
of HfNiSn1–xSbx at different temperatures: 1 – Т = 380 K; 2 – Т = 250 K; 3 – Т = 80 K. 

Thus, doping of intermetallic semiconductor n-HfNiSn with Sb donor impurity is characterized 
by increase in electric conductivity values with relatively high values of thermopower factor. This is a 
guarantee of obtaining high values of thermoelectric power factor in a semiconductor solid solution 
HfNiSn1–xSbx. 

Research on thermoelectric power factor of HfNiSn1–xSbx 
Fig. 6 b represents the concentration dependences of change in thermoelectric power factor Z* 

of HfNiSn1–xSbx. We can see that exactly at the lowest concentration of donor impurity, x = 0.005, the 
values of thermoelectric power factor are maximum. Such a behaviour of Z*(x) of HfNiSn1–xSbx is 
understandable and was expected on the basis of calculations of semiconductor electron density 
distribution. 

Conclusions 
Thus, based on the foregoing results we can assert that the obtained solid solution HfNiSn1–xSbx 

is a new promising thermoelectric material, and in its characteristics, in particular, the values of 
thermoelectric power factor, it outperforms considerably n-HfNiSn. Moreover, the values of 
thermoelectric power factor increase with a rise in temperature, which expands the range of their 
possible application. 

The work was performed in the framework of grant of the National Academy of Sciences,  
№ 106U000594. 
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PERFORMANCE ANALYSIS OF HEAT-EXCHANGE  
TYPE THERMOELECTRIC GENERATOR 

 

Performance analysis of a thermoelectric generator integrated into a compact plate heat exchanger is 
considered. The dependences of the generator technical and economic characteristics on the regime 
and geometrical parameters are determined. Design recommendations for such devices are given. 
Key words: thermoelectric generator, low-grade heat source. 

Introduction 
One of the promising applications of thermoelectric generators (TEG) is their use for low-grade 

thermal into electric energy conversion. In the majority of cases heat transfer from low-grade sources 
takes place by means of liquid heat carriers, which predetermines possible TEG design. The most 
common for such TEG is a scheme where thermopiles are equipped with heat exchangers with direct 
current or counter current flow of heat carriers realizing supply and removal of heat. The main 
requirement to TEG of this type is to provide minimum mass-dimensional characteristics of a device with 
maximum possible efficiency. A scheme of TEG where thermopiles are integrated into a compact plate 
heat exchanger [1] seems to be rather promising for solving these problems. In this design the function of 
heat exchanger plates is performed by thermopiles with heat carrier flow channels arranged between them 
by means of gaskets. Due to high intensity of heat exchange in the slot channels between the thermopiles 
and doing away with the bulky and metal-consuming heat exchangers, such a design allows reducing the 
mass and dimensions of TEG practically by an order as compared to conventional devices. 

In this work, the specific features of the design under study are analyzed and possible technical 
and economic characteristics of such thermoelectric generators are estimated. 

Problem formulation 
The problem consists in creation of a mathematical model describing correctly the relation between 

the regime and geometrical parameters of TEG, and in using it for performance analysis of system under 
consideration. A design scheme of the problem is represented in Fig. 1. 

 
Fig. 1. Design scheme of TEG. 
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Heating and cooling heat carriers passing through the slot channels between thermopiles flow 
around the surface of the latter, keeping temperature difference ΔT on the thermoelements. It is 
obvious that due to irreversible heat exchange losses, as well as due to change in heat carrier 
temperature along the thermopile, the operating temperature difference on thermoelements will be 
always less than the available difference: 

 ;o ho coT dt t tΔ < = −  (1) 

here th and tc are the initial temperatures of heat carriers; indices h и c refer to heating and cooling heat 
carriers, respectively. 

Moreover, part of the energy generated by TEG is spent on circulating pump drive for pumping 
of heat carriers. It is necessary to minimize these losses and determine the conditions whereby the net 
power of TEG reaches maximum values under the existing restrictions. 

As is known from heat exchange theory, with a counter current flow of heat carriers with the 
same mass specific heat, the difference in temperature between heat carriers is kept constant along the 
heat exchange surface 

 h cdt t t const= − =  (2) 

As long as for TEG mode the influence of the Peltier heat on temperature distribution in heat 
carriers can be ignored, in the first approximation the temperature difference between heat carriers can 
be also considered to be constant and determined as [2]: 

 
1

odtdt KF
W

=
+

 (3) 

where W = Gcp is specific heat of heat carrier mass flow rate (water equivalent), W/K; F is heat 
exchange surface area, cm2; 

1
1 1

c h

K h=
+ +

α α λ

 is heat transfer coefficient, W/cm2K; αc and αh are the effective coefficients of heat 

transfer from the cold and hot sides taking into account the packing density of thermoelements in the 
module and the presence of ceramic heat spreaders: 

 1 1; ;1 1
m m

c h
t t

co k ho k

S S
S S

α = α =
δ δ

+ +
α λ α λ

  

αc and αh are the heat exchange coefficients on the cold and hot thermopile surface; Sm is the module 
area; St is the cross-sectional area of thermoelements in the module; h is the height of thermoelements, 
cm; λ is the thermal conductivity of thermoelectric material, W/cmK; δ is the thickness of ceramic 
heat spreader, cm; λk is the thermal conductivity of ceramics, W/cmK. 

Expression (3) can be used to determine the temperature conditions for the assignment of the 
boundary conditions in the calculation of TEG. The dependence of temperature difference dt on heat 
carrier flow rate (W) and heat exchange conditions (KF) is illustrated in Fig. 2. As it follows from the 
figure, the temperature difference tends to its limiting value dt → dtо with increase in heat carrier flow 
rate; it is due to a decrease in heat carrier temperature change along the channel. Heat exchange 
intensification (KF growth), on the one hand, leads to a reduction in temperature difference losses at 
heat exchange, and on the other hand – to an increase in heat flows and, respectively, to a change in 
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heat carrier temperatures along the thermopile. The latter factor has a great impact on the reduction of 
temperature difference. 

    

Fig. 2. Effect of heat transfer conditions on the 
temperature difference dt. 

Fig. 3. Dependence of TEG net power on heat 
carrier flow rate (G) and thermopile area (n). 

At the same time, as heat carrier flow rate increases, the hydraulic losses in channels increase, 
as a result of which the generator net power is reduced. That is, it can be supposed that there are 
optimal ratios of regime (heat carrier flow rate, TEG load conditions) and geometrical parameters 
(channel dimensions, the number and dimensions of modules in thermopiles) that assure the best 
technical and economical figures of TEG. This assumption is well illustrated in Fig. 3 which 
represents the dependence of net power of TEG thermopile as a function of heat carrier flow rate and 
thermopile area (the thermopile area is expressed through the number of modules n arranged along the 
heat carrier flow). 

Mathematical model of TEG 
The calculation data were obtained with the use of a mathematical model of TEG including: 

– solving the equation of heat and electricity transfer in thermoelements with the boundary 
conditions of III kind in the form [3-5]: 

 
2

2
1 2( , ) ,

2 o

JJ Y C C Y Y
I

Θ = + −  (4) 

where  2 1
1

2

( )) ;
( ( ))

c c
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θ −
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− + +
  

 2 1 2

( ) ;
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h

J Bi BiC С
J J Bi
+ − θ

=
−

  

 
2

1 2 ;o h h
o

Jb I Bi
I

= − + θ   

 2 1;hb J Bi= − −   

Here Θ = T/to is the dimensionless temperature of thermoelement; θс,h = t/to is the dimensionless 
temperature of heat carrier; Y = y/h is the dimensionless coordinate; J = jeh/λ is the dimensionless 
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current density; Bi = αh/λ is the Biot criterion; Io = zto is the Ioffe criterion; z = (e2⋅σ)/λ is the 
thermoelectric figure of merit of material; h is the thermoelement height; to = 300 K is the governing 
temperature. 

Criterion equations for the determination of heat transfer coefficients [2] 

 0.8 0.43  0.022Nu Re Pr=  (5) 

and coefficients of friction with liquid flow in a plane channel: 
for a laminar flow (Re < 2300) 

 96 ;
Re

ξ =   (6) 

for a turbulent flow (Re > 2300) 

 
0.333

;
1.82log( 1.64)

f

w

Pr
Pr

Re

⎛ ⎞
⎜ ⎟
⎝ ⎠ξ =

−
 (7) 

Here Nu = αd/λ is the Nusselt criterion; Re = Vd/ν is the Reynolds criterion; Pr is the Prandtl 
criterion; d is the equivalent diameter of the channel. 

As long as the properties of heat carriers are essentially dependent on temperature, the 
calculation of transfer coefficients was done with the interpolation of tabulated data through use of 
cubic splines.  

The system of equations (2 – 7) allows us to calculate temperature distributions in 
thermoelements and heat carriers and, accordingly, to determine the characteristics of TEG as a 
function of the basic regime and geometrical parameters with the assigned properties of thermoelectric 
material and heat carriers. In the general form the TEG power is: 

 
2

2 ;
( 1)

E mN
R m

=
+

 (8) 

Here E = neΔT is the TEG EMF; n is the number of couples connected in series; R is the TEG 
internal resistance; m is the load factor. 

The TEG net power is: 

    ,out pumpN N N= −  (9) 

where
0.9 0.9
с с h h

pump
с h

G dP G dPN = +
ρ ρ

 is energy consumption for pumping; 
2

2
L VdP
d
ρ

= ξ  is pressure loss in 

channels; L is channel length; ρc, h is heat carrier density; V = G/f is heat carrier velocity; f is cross-
sectional area of channels. 

The conversion efficiency of TEG and the total generator efficiency are, respectively 

 N
Q

η =   (10) 

 out
out

N
Q

η =  (11) 

where Q = KSdt is heat flow through generator thermopiles; S is the effective area of TEG 
thermopiles. 
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Analysis results 
The basic problem parameters affecting the characteristics of TEG are the dimensions and 

number of thermoelectric modules, their properties, the flow rate and temperatures of heat carriers, the 
size of channels between thermopiles. The possibilities of variation of the majority of these parameters 
are limited. To the independent variables of the problem in hand that permit variation over sufficiently 
wide range one can refer heat carrier flow rate G, channel size hk and, to a lesser extent,  
thermoelement height h.  

From the standpoint of TEG efficiency of primary interest is the effect of these variables on 
temperature distribution in the system. It is obvious that the purpose of optimization of TEG 
parameters in the first approximation is to assure maximum possible operating temperature range on 
thermoelements. Maximum change of temperatures in the system is restricted by the available 
difference dtо = th – tc. Therefore, for generality of the results, we estimate the changes in governing 
temperatures with respect to maximum possible temperature difference dtо. The effect of regime 
parameters on the temperature mode of TEG is illustrated in Fig. 4. The ranges of change in regime 
parameters correspond to the domain of definition of the problem under consideration. In this 
particular case we considered a TEG comprising thermopiles of size 150 × 800 mm. The thermopiles 
consist of three longitudinal rows 16 modules each, altogether 48 standard modules of size 
40 × 40 mm. 

For given temperature range of heat carriers (water) which is tc = 5 °С; th = 95 °С, the 
permissible flow rate range is G = 0…1 kg/s. The channel height varies within hk = 1...20 mm. Under 
given conditions the relative temperature difference between heat carriers varies within 

 ( )0.22 ... 0.97 ;odt dt=   

the losses in temperature difference along the channel are 

 ( )0.03 ... 0.78 ;in out ot t dt− =   

the temperature difference on thermoelements varies within 

 ( )0.002 ... 0.79 .oT dtΔ =   

 
 

a) b) c) 

Fig. 4. Effect of regime parameters on the temperature mode of TEG.  
a) –temperature difference between heat carriers; b) – temperature difference along the channel;  

c) – temperature difference on thermoelements. 
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The net temperature difference ΔT monotonously increases with increase in consumption G and 
reduction of channel height hk, since in this case the flow rate is increased and temperature difference 
along the channel is reduced; at the same time, heat exchange is intensified and the losses of 
temperature difference between heat carriers and thermoelement junctions are reduced. However, with 
increase in flow rate, the energy consumption on heat carrier pumping increase as well, which 
predetermines the presence of optimal values of parameters G and hk, assuring the achievement of 
maximum TEG power and efficiency. The effect of regime parameters on the TEG power and 
efficiency is illustrated in Figs. 5 and 6. 

 
a) b) c) 

Fig. 5. Effect of regime parameters on the TEG power; a) – effect of heat exchange losses  
on the junctions; b) – effect of temperature difference along the channel;  

c) – effect of electricity consumption on heat carrier pumping. 

Power losses due to irreversibility of heat exchange between the heat carrier and thermoelement 
junctions are of the order of 7 %; the losses from the reduction of temperature difference along the 
channel can reach 30 %; the losses for heat carrier pumping make 15 %...20 % from maximum 
possible generator power. As a result, maximum net power of TEG is of the order of 40 % of the 
theoretically possible. 

a) b) c) 

Fig. 6. Effect of regime parameters on the TEG efficiency; a) – effect of heat exchange losses  
on the junctions; b) – effect of temperature difference along the channel;  

c) – effect of electricity consumption on heat carrier pumping. 
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Efficiency reduction due to the losses in question amounts to nearly 60 % as compared to 
theoretical efficiency for the available temperature difference. The optimal channel height for given 
conditions is hk ≈ 5 mm, the optimal heat carrier flow rate is G = 0.9 kg/s. The dependences of the 
TEG power and efficiency on the height of thermoelements at the optimal G and hk are given in Fig. 7. 

 
a) b) 

Fig. 7. Effect of thermoelement height on the TEG characteristics.  
a) – dimensionless power of TEG; b) – relative efficiency of TEG. 

As is evident from the above data, there is an optimal value of h assuring maximum TEG power 
(in the case under study hopt ≈ 0.3 mm). However, the generator efficiency with increase in h grows 
monotonously. Hence it follows that the value of h optimal in terms of maximum economic efficiency of 
device should be selected with regard to cost characteristics of both generator and heat energy source.  

Conclusions 
A mathematical model of heat-exchange type thermoelectric generator is represented, assuring 

the possibility of calculation and optimization of such device parameters. 
Performance analysis of a TEG integrated into a plate heat exchanger is made, the domain of 

problem definition is specified and the estimates of optimal TEG parameters are obtained. 
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DYNAMICS OF TRANSIENT PROCESSES IN MULTI-STAGE 
THERMOELECTRIC MODULES 

The dynamics of reaching the operating mode by thermoelectric cooler (TEC) is an important 
characteristic for any device where it is employed, and the methods for computational and 
experimental determination of its parameters are rather relevant. In paper [1], the expressions for 
time relaxation of a unit leg and a single-stage TEC were derived and generalized for the case of a 
two-stage TEC under different thermal load and operating conditions. These results were 
experimentally verified in [2]. The purpose of this paper is to get a method for estimating the 
relaxation time of transient processes in TEC with any number of stages, to study theoretically and 
experimentally the dynamic curves of reaching the steady-state mode by TEC and to compare the 
measured and calculated results. 
Key words: multi-stage thermoelectric module, time constant, relaxation time. 

Introduction 
The time necessary to reach the operating mode (relaxation time) of a multi-stage thermoelectric 

module is of significant applied relevance. We understand the module relaxation time as a time during 
which the temperature deviation from the equilibrium value of the module is reduced by the factor e. 

Numerous attempts have been made to estimate the relaxation time of multi-stage modules 
[1, 2, 3], however, they are rather a matter of judgment, disregarding important design details of 
module. In paper [4] the method of calculation of non-stationary mode for multistage thermoelectric 
modules is offered. In this paper we also solve the one-dimensional time-dependent heat conduction 
equation for a multi-stage TEC as accurately as possible, give the method of calculation of a 
multistage module relaxation time and compare the results with experimental data. 

Problem solution method 
Let us consider a multi-stage module (Fig. 1). 

 
Fig. 1. Schematic of a multi-stage module. 
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In the figure, module stages are numbered, starting from the “hottest” stage. Stage numbers are 
indicated in circles. The hot side temperature of i-th stage will be denoted as Ti, the cold side 
temperature – T0i. The first stage is connected to heat sink that has the temperature Ta. Heat spreader 
numbers start from 0 and are given at the top of the figure. The thickness of i-th heat spreader is Ci, the 
length of leg of i-th stage is Li. 

Let temperature distribution along the module be described by function T(t, x), where t is time,  
x is coordinate. If (·) x is in the region of heat spreader, then T(t, x) meets the equation 

 
( ) ( )2

, ,2
2

, ,
,i c i c

c

T t x T t x
a

t x
∂ ∂

=
∂ ∂

 (1) 

where symbol i indicates ceramics number, and ac – heat spreader thermal diffusivity: 

 ,c
c

c c

a
c d
κ

=  (2) 

where κc is thermal conductivity of heat spreader material, cc is its heat capacity, and dc is density. 

If (·) x is in the region of legs, then 
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= +
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where i is stage number, symbol ty is used to designate the type of leg conductivity ty = n, p, 

respectively, ,
,

, ,

i ty
i ty

i ty i ty

a
c d
κ

=  is temperature conductivity of the leg of ty type, and κi,ty, ci,ty, di,ty is 

thermal conductivity, heat capacity and density of the leg of ty type in i-th stage. For simplicity, all the 
legs will be assumed to be connected in series, so current density J depends neither on conductivity 
type ty, nor on stage number, σi,ty is electric conductivity of the leg of i-th stage and ty type. 

From the condition of continuity of temperatures it follows that at the boundary of ceramics and 
legs the following relations are fulfilled 
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We will assume heat flow through the legs of thermoelectric module to be uniformly distributed 
along the heat spreader section. In this case the one-dimensional approximation remains valid. For the 
zero heat spreader or for the cold ends of legs of any one of stages such assumption seems quite 
natural, since the legs are distributed along the ceramic surface uniformly enough. As regards the hot 
ends of legs for stages starting from the second one, the legs there are distributed along the area which 
is appreciably smaller than the total area of the heat spreader and such an assumption for them looks 
somewhat non-natural. Condition for continuity of heat flows will yield on the heat spreader-leg 
contact with regard to (5), (6) 
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where Si–1 is the area of i-1-th heat spreader, Ni is the number of thermoelement pairs, s is cross-
section of thermoelement legs (equal for both conductivity types). Introducing a designation for filling 
factor of k-th ceramics of i-th stage 

 ,
2 ,i i

i k
k

N sK
S

=  , 1,k i i= −  (8) 

we can write (7) in the form 
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where ( ) / 2.i in ipα = α + α  

Similarly, on the leg-heat spreader contact with regard to (4) we have 
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The boundary conditions on the cold heat spreader of module: 
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where q0 is  the density of heat flow to the cold heat spreader of module. 
The initial conditions: 

 ( )0, .c aT x T=  (12) 

We will sought for the solution of (1) in the form 

 ( ) ( ) ( ) ( ), ,stT t x t x x= τ ϕ + ϕ  (13) 

where ϕst(x) is a solution of the steady-state thermal conductivity equation with the same conditions 
(4) – (10) as for the non-steady solution of thermal conductivity. By virtue of definition (13), function 
ϕ(х) satisfies Eq.(1) and Eq. (3), where the last term is equal to 0. Functions ϕ(х) on the heat spreader 
and legs are sewn by means of Eqs. (4) to (10). On the cold heat spreader for the last stage ϕ(х) 
satisfies Eq.(11) where q0 = 0. The initial conditions for function ϕ(х): 

 ( ) ( )0 .a stx T xϕ = −ϕ  (14) 

Characteristic numbers λ are found by the method of dividing variables from equation 
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 (15) 

The solution of Eq.(15) in the region of i-th heat spreader is of the form: 
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where Ai,c and Bi,c are integration constants. 
In the region of thermoelectric material 
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where Ai,ty, Bi,ty are integration constants. 
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If the solution in the region of heat spreader is known, the solution in the region of legs can be 
found from (4) – (10) by solving a simple linear system of equations 
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Here, the following designations are introduced: 
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If the solution in the region of legs is known, in the region of heat spreader the solution will be 
found from expressions (4) – (10): 
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where the following designations are used: 
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The solution for the 0 ceramics is given by: 
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where coefficient А0,с =1, which does not restrict the generality of solution, since the equation for 
finding λj includes the ratio of coefficients. 

Solving consecutively the equations (18) and (20) for all the stages, we can obtain the equation 
for finding characteristic numbers 
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Relaxation times are related to characteristic numbers in conformity with (15): 
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The resulting relaxation time of module is selected as the largest of the set of times (24). 
In the above equations the temperature dependences of thermoelectric parameters are 

disregarded. To take into account the temperature dependences, an approximate compromise decision 
was taken. The values of thermoelectric parameters for each stage were assumed to be constant, but 
their values were taken for i-th stage at the temperature of legs on the “hot” heat spreader Ti. 

Experimental results 
The calculated relaxation time was compared to the experimentally obtained data, as well as to the 

data of previous works. In Table 1 are listed the values obtained for two-stage modules 2MC06-023-12 
and 2МС06-043-05. Here I is measuring current, τ is the value of relaxation time calculated by the 
foregoing method, τexp is the measured relaxation time, τappr is the approximate value of relaxation time 
calculated as the sum of maximum stage-by-stage times at zero current [1, 2]. All the values were 
obtained in vacuum at the temperature of the hot heat spreader 50 °С. 

Table 1 
Experimental and calculated values of relaxation times 

TE module I, mA τexp, s τ, s τappr, s 

2MC06-023-12 300 9.94 9.50 12.7 

2МС06-043-05 700 3.19 3.68 3.22 

The following parameters were used in the calculations: for thermoelectric material the heat 
capacity was 0.13 J/g, the density – 7.5 g/cm3, for ceramics – 0.8 J/g and 3.5 g/cm3, for solder – 
0.17 J/g and 9.3 g/cm3, respectively, ceramics thickness was 0.5 mm. 

The measurements were performed as follows. At given current, the temperature on 
thermoelectric module was measured as a function of time and maximum temperature difference ΔTmax 

was found. After that we constructed the dependence 
max

ln 1 ,T
T

⎛ ⎞Δ
−⎜ ⎟Δ⎝ ⎠

 and τexp was determined by the 

inverse value of linear approximation slope ratio. 
Figs. 2 and 3 explain experimental determination of the relaxation time. 

  

Fig. 2. Finding the relaxation time τexp of TE module 2MC06-023-12. 
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Fig. 3. Finding the relaxation time τexp of TE module 2МС06-043-05. 

It is important to note the specificity of measuring the relaxation time of multi-stage modules. 
For this purpose the method of measurement on setting the steady-state voltage [2] is, generally 
speaking, not legitimate, though for a single-stage module where thermoEMF voltage is proportional 
to temperature difference, it certainly works. On setting the steady-state voltage value, the multi-
directional variation of leg temperatures still takes place for some time, so the relaxation time 
measured by the thermoEMF voltage proves to be underrated.  

Conclusion 
The elaborated technique is a general method for calculation of the relaxation time of thermo-

electric module with any number of stages for arbitrary current.  
The calculated results were compared to the relaxation time values measured for two-stage 

modules. The calculated values are in satisfactory agreement with theoretical ones. Note, however, 
that it is necessary to supplement the experimental data for modules with more than two stages and 
perform further comparative analysis.  

An important point is that we succeeded in showing that the approximate value of relaxation 
time calculated as the sum of maximum stage-by-stage times at zero current [1, 2] is rather good 
approximation. This approximate method can be easily used for solving urgent practical problems of 
estimating the dynamics of transient processes in thermoelectric modules. 
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OPTIMIZATION OF THERMAL SCHEMES  
OF THERMOELECTRIC GENERATOR  

WITH CONSTANT-POWER HEAT SOURCE 

A scheme of thermoelectric generator (TEG) with constant-power heat source (radiating surface 
with fixed temperature) is considered. With specific reference, the peculiarities of scheme presented 
here caused by strict restrictions on device thermal conditions are analyzed. A solution is proposed 
assuring the possibility of drastic improvement of techno-economic and mass-dimensional 
characteristics of TEG due to transformation of heat fluxes at heat supply and removal. 
Key words: thermoelectric generator, heat scheme of TEG, TEG efficiency.  

Introduction 
The specific features of heat source employed have a considerable impact on the performance of 

thermoelectric generators (TEG) and largely determine the choice of device thermal scheme and its 
techno-economic figures. In the classification of TEG by the heat source type, a method of heat supply 
to thermopiles, namely due to convection, radiation or thermal conductivity, is commonly used as a 
governing criterion [1, 2]. One of particular cases of this problem is the use of heat sources with given 
power of heat release, such as radioisotope sources of thermal energy [3] or radiation sources [4]. In 
some cases the problem is complicated by introducing additional restrictions, such as restrictions on 
the temperature of radiating surface [5], narrowing problem definition domain. This creates additional 
rigid relations in the heat source-TEG-heat sink system determining the peculiarities of solving the 
optimization problems of TEG parameters. The purpose of this paper is to analyze the characteristics 
of TEG with constant-power heat source under additional restrictions on the temperature conditions. 

Problem formulation 
Let us consider the problem of calculation and optimization of TEG with constant-power heat 

source under given restrictions on the temperature of radiating surface and the temperature of heat-
absorbing junctions. Conditions for the uniqueness of the problem: To = const is radiator temperature; 
q = const is heat flux on heat absorber surface; Th = const is heat absorber temperature; tx = const is 
heat sink temperature. 

Such problem formulation severely restricts heat transfer conditions in the heat source-TEG-
heat sink system. In [5], a problem in similar formulation is considered in detail and the conditions of 
equilibrium in the heat source (cement kiln surface) – heat absorber system are determined. As the 
initial data, we will use the values and results given in this paper: 
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The specific feature of scheme under consideration is that to maintain given boundary 
conditions it is also necessary to assure strictly defined value of thermal resistance on the heat 
absorbing surface-heat sink area, otherwise it would be impossible to fulfill the condition of constant 
radiator temperature (To = const) and heat flux  

 ( ) –    const,h xq K T t= =  (2) 

where 1
1 2

x

K h
k

=
δ

+ +
α λ λ

 is heat transfer coefficient; αx is coefficient of heat exchange at heat 

removal; h is thermoelement height; λ is thermal conductivity coefficient of thermoelectric material;  
δ is heat spreader thickness; λk is heat spreader thermal conductivity. 

The values of heat transfer coefficient K satisfying conditions (1, 2) are shown in Fig. 1. 
As is seen from (2), the ratio between the net temperature difference on thermoelements, 

ΔT = (Th – Tx), and the available difference (Tо – tx) is proportional to the ratio between thermal 
resistance of thermoelement legs (h/λ) and thermal resistances. 

The thermoelement height satisfying conditions (2) is: 

   / [( – ) – 1 / –  2 / ]opt h x xh q T t k=λ α δ λ  (3) 

That is, under known cooling conditions (αx) there is always only one value of thermoelement 
height satisfying the conditions of the problem. The permissible values of hopt versus αx for the initial 
data (1) are illustrated in Fig. 2. 

  
Fig. 1. Dependence of heat transfer coefficient K  

on temperature Th. 
Fig. 2. Dependence of permissible thermoelement 

height hopt, mm, on heat exchange intensity αx, W/m2K 
for Th = 80...170 °С. 

As it follows from the data given in the figure, the problem definition domain lies in the zone of 
unacceptably high values of hopt. Whereas the use of thermoelements of standard height will reduce 
considerably the net temperature difference and TEG power, respectively. For instance, for 
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thermoelements 1.5 mm high (typical height for standard thermoelectric modules) the established 
restrictions are matched by heat exchange coefficient αx = 35 W/m2K. In so doing, the net temperature 
difference will make of the order of 3.5 K, and the specific power of TEG will not exceed N = 3 W/m2. 
In the limiting case, at h → 0, the equilibrium in the system is assured at αx min = q/(Th – tx); ΔT = 0, 
N = 0. The dependences of TEG specific power on heat exchange intensity and the temperature of heat 
absorbing surface Th at the optimal height of thermoelements is illustrated in Fig. 3. 

 
Fig. 3. Dependence of TEG specific power N, W/m2, on the temperature  

of heat-absorbing layer Th and heat exchange coefficient αx, W/m2K. 

An important feature which largely determines the cost of TEG is specific consumption of 
thermoelectric material per unit power g, kg/W. 

In the first approximation, this parameter can be found from the known relations 

 
2 2( ) ,

4 4
E e TN
R h

Δ
= =

ρ
  

In the limiting case 

 ( ) ,h x
qhТ T tΔ → − →
λ

  

whence we get 

 2

4 g
zq
λν

=  (4) 

where λ, ν and z is thermal conductivity, density and figure of merit of thermoelectric material, 
respectively. 

That is, in the problem formulation under study the specific consumption of thermoelectric 
material g depends only on heat flux q. For the initial data assumed this parameter calculated by (4) is 
equal to 1.2 kg/W. In fact, Eq.(4) yields maximum possible value of g, since it does not take into 
account the irreversible losses at heat removal. Actually, this value for given conditions (1) over a 
wide range of αx variation is of the order of 4.7 kg/W. It is clear that despite possible achievement of 
the acceptable values of specific power and efficiency, such a TEG cannot find practical application 
because of too large consumption of thermoelectric material.  
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To reduce material consumption of TEG, measures must be taken to increase the density of heat 
fluxes at heat supply to thermoelements. For this purpose, intermediate coolant circuit can be used, 
which, on the one hand, will allow heat removal from the source under given restrictions, and, on the 
other hand, intensification of heat supply to TEG. For instance, for a design described in [5] it is 
reasonable to use a water jacket, namely vapour generator, the assigned temperature of which is easily 
stabilized by maintaining the necessary pressure of saturated vapours in the loop. The resultant vapour 
is directed to heat exchanger-thermoelectric generator [6]. This helps to release rigid relationship 
between the characteristics of heat source, TEG and heat sink. Due to high intensity of heat exchange 
at vapour condensation, the density of heat flows at heat supply to TEG  increases by several orders, 
which allows a drastic reduction of mass-dimensional and cost characteristics of TEG. Preliminary 
evaluation of such device characteristics under the above formulated restrictions shows that at 
Th = 170 °С the specific power of TEG will make of the order of 12 kW/m2, and material consumption 
– not more than 0.33 g/W. The generating part proper of such 200 kW TEG will represent a compact 
device of dimensions 500 × 1000 × 500 mm, which is quite acceptable for the application discussed. 

Conclusions 
A scheme of thermoelectric generator with a constant-power heat source and restrictions on the 

temperature conditions is considered. Analysis of the scheme is made and it is shown that a decisive 
influence on techno-economic characteristics of similar TEG is produced by heat flux density restrictions. 
A decision is proposed assuring the possibility of drastic improvement of techno-economic and mass-
dimensional characteristics of TEG due to transformation of heat fluxes at heat supply and removal. 
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MATHEMATICAL MODEL OF A THERMOELECTRIC SYSTEM  
FOR LOCAL THERMAL EFFECT ON HUMAN HAND 

The paper is concerned with a mathematical model of a thermoelectric system for thermal effect 
on human hand. The model is based on the numerical solution of a system of differential thermal 
conductivity equations for irregular-shaped bodies. Two-dimensional and one-dimensional plots 
of temperature variation in different zones of affected object are presented. 
Key words: human hand, physiotherapy, thermal effect, temperature field, thermal model, 
mathematical model. 

Introduction 
Methods of local thermal effect are widely used in medical practice in the therapy and 

prophylaxis for stimulation of physiological processes. Thermal effect exerts significant influence on 
the energy balance of human organism. The reaction of vessels to thermal procedure propagates over 
the entire body surface, but it is most extensively expressed at a point of immediate application of 
heat. Under a local temperature effect, skin whose receptors sense pain (mechanical, thermal), 
temperature (cold, heat) and tactile stimulation is in the intimate contact with the temperature irritant. 
In so doing, blood flow in skin vessels varies by a factor of 100 to 180, and heat transfer regulation 
takes place mostly due to a change in blood flow, especially in the tissues of hands and feet [1]. 

This serves the basis for a number of methods employed in physiotherapeutic practice to which 
we can refer baths with gradually increased temperature (the Hauffe baths), contrast baths, partial 
(hand) baths, etc., as well as using various media, such as paraffin, ozokerite and others [2]. 

Partial or local baths include hydropathic procedures affecting certain part of the body. Wide 
application is enjoyed by hand baths with corresponding vessels made of galvanized iron [3]. In the 
process, a forearm, one or both hands, as well as the entire arm are immersed in water. The administered 
baths are of different temperature and duration, namely warm baths at water temperature 37 – 38° C of 
duration up to 20 – 30 minutes, hot baths at water temperature 40 – 44° C of duration from 10 to 20 
minutes and cold baths at water temperature 8 – 14° C of duration from 5 to 12 minutes. 

To intensify the irritant action, baths of contrast temperatures can be administered [4]. In so 
doing, two baths are used, one of which is filled with hot (40 – 45° C), and the other – with cold water 
(8 – 10° C). A patient alternatively immerses his hand first into hot water for 1 – 2 minutes, and then 
to cold water for 10 – 15 seconds, repeating this procedure several times. Cold hand baths are 
generally recommended at acute inflammatory processes on the hand, contrast baths – at 
hyperhidrosis, acrocyanosis, etc., hot baths – for infiltrate resolution, etc. 

The disadvantages of the above methods of physiotherapeutic procedures include their low 
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efficiency and discomfort, complexity and inconvenience of realization, insufficient accuracy of 
thermal effect dosing. 

The method of thermal effect discussed above can be realized through use of thermoelectric 
power converters [5]. In this case the above disadvantages are largely eliminated. 

The purpose of this study is mathematical simulation, as well as theoretical studies of a 
thermoelectric system (TES) for thermal effect on human hand with a view to perform efficient 
physiotherapeutic and rehabilitation procedures. 

Zone model 
The object of study is a device in the form of a construction comprising a flexible elastic base with 

embedded thermoelectric modules that have flexible metal heat leveling plates on their junctions (Fig. 1). 
The device is brought into intimate thermal contact with the affected object (human hand zone). 

 
Fig. 1. The appearance of TES for a local thermal effect on human hand. 

A thermal model of TES realizing physiotherapeutic procedures on the middle third of the arm 
is given in Fig. 2. In conformity with the specific operation of TES realizing thermal effect so that 
thermal flux from the device is directed normal to the surface of hand, the thermal model of affected 
zone on which basis the system is calculated, has the appearance shown in Fig. 2. Here, the following 
parts should be pointed out: 1 – skin cover, 2 – muscular tissue and 3 – bone tissue, distinguished by 
thermophysical parameters and the level of internal heat release. 

 
Fig. 2. Thermal model of TES realizing physiotherapeutic procedures on the middle third of the arm. 
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Let the area restricted by skin cover be denoted as D1, by muscular tissue – as D2, by bone tissue – 
as D3, the surface of skin cover contacting to TES – as S1–1, to muscular tissue – as S1–2, the surface of 
muscular tissue contacting to bone tissue – as S2–3, S′2–3. Then a description of thermophysical processes 
occurring in human arm thermally affected by TES in the generalized mathematical form can be 
represented as follows: 

– with effect on the middle third of the arm 

 
2 2
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where T1, T2, T3, T′3 are the temperatures of skin cover, muscular and bone tissue; а1, а2, а3 are thermal 
diffusivity coefficients of skin cover, muscular and bone tissue; λ1, λ2, λ3 are thermal conductivity 
coefficients of skin cover, muscular and bone tissue; c1, с2, с3 is specific heat of skin cover, muscular 
and bone tissue; ρ1, ρ2, ρ3 is the density of skin cover, muscular and bone tissue; Qvn1, Qvn2, Qvn3 is the 
specific amount of heat released in skin cover, muscular and bone tissue; α is coefficient of heat 
exchange between skin cover and the operating surface of TES; Тthermopile is the temperature of the 
operating surface of thermopile; qthermopile is the density of heat flux on the operating surface of 
thermopile; n1, n2, n3 are normals to surfaces S1–1, S1–2, S2–3, respectively; ni = (xhi + yzi); h, z are unit 
vectors; i = 1…3. 

The system of equations (1) was solved by finite-element numerical method in conformity with 
procedure set forth in [6] and implemented in the Elcut applied software package. The results obtained 
make it possible to determine temperature variation at different points of the biological object, namely 
human arm, as well as to follow up its variation versus the value of heat flux from TES (cooling 
capacity and heating capacity of thermopiles) and the ambient conditions. 
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Simulation results 
The numerical experiment was performed in conformity with the required conditions of 

physiotherapeutic procedures, namely the range of temperatures achieved by the biological object 
from 277 to 317 K, the duration of effect – from 10 to 30 minutes, possible alternation of cooling and 
heating the respective zone of a biological object. 

The initial data was assumed as follows: λ1 = 0.407 W/(m⋅K), λ2 = 0.439 W/(m⋅K),  
λ3 = 0.34 W/(m⋅K); ρ1 = 1036 kg/m3, ρ2 = 1050 kg/m3, ρ3 = 1036 kg/m3; с1 = 3458 J/(kg⋅K), 
с2 = 4020 J/(kg⋅K), с3 = 3127 J/(kg⋅K); Qvn1 = 0, Qvn2 = 30 J/(kg⋅s), Qvn3 = 0. The basic geometric 
dimensions of affected zones are shown in Fig. 3. The data is given in mm. 

The calculated results are represented in Figs. 4 – 13. 
Fig. 4 shows a two-dimensional temperature field of the middle third of the arm section exposed 

to cooling by TES under study with the value of thermal flux on the lateral surface of the biological 
object equal to 2500 W/m2. 

  
Fig. 3. A model of section of the middle third  
of the arm assumed in the calculation with  

the finite-element network and the basic dimensions. 

Fig. 4. Two-dimensional temperature section field  
of the middle third of the arm in steady-state mode 

under cooling effect for qthermopile = 2500 W/m2. 

Figs. 5 and 6 show the respective one-dimensional plots of temperature distribution along the 
lateral axis on the section of the middle third of the arm, as well as along the lateral axis passing 
through the bone axis, in the steady-state mode. In so doing, for the case corresponding to Fig. 5 the 
values are considered for different heat flux values on the lateral surface of affected object equal to 
qthermopile = 2500 W/m2, qthermopile = 2250 W/m2, qthermopile = 2000 W/m2. According to the data obtained, the 
temperature of the biological object is reduced with increase in qthermopile. In this case maximum temperature 
reduction is approximately the same and is observed on skin cover layer at qthermopile = 2500 W/m2, making 
280 K. Accordingly, the temperature in the centre of the biological object varies only slightly by about 
0.5 K which is due to the presence of internal heat release in thermally affected object, as well as due to its 
low thermal conductivity and relatively high heat capacity. 

According to the above plots, the temperature distribution in the affected object depends in a certain 
way on the presence of bone tissue in its bulk. Under the assumed conditions that determine the absence of 
internal heat release in the bone tissue, such temperature variation is about 1 – 2 K with respect to the case 
when this object is absent in the bulk of the tissue. 
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Fig. 5. Temperature distributions along the lateral 
axis of the middle third of the arm under cooling 

effect for different values of qthermopile  
1 – qtherrmopile = 2500 W/m2, 2 – qthermopile = 2250 W/m2, 

3 – qthermopile = 2000 W/m2. 

Fig. 6. Temperature distribution along the lateral 
axis of the bone tissue of the middle third of the arm 

under cooling effect for qthermopile = 2500 W/m2. 

Fig. 7 depicts a two-dimensional temperature field on the section of the middle third of the arm 
thermally affected by TES under study with the heat flux value on the lateral surface of the biological 
object equal to 700 W/m2. The respective one-dimensional plots are given in Fig. 8. These dependences 
are mainly similar to those given for the case 
of TES operation in cooling mode. The 
difference lies in temperature rise of the 
affected object with increase in qthermopile 

value, as well as in the lower values of 
thermopile power requirement for keeping 
temperature mode of the biological object 
corresponding to performance of physio-
therapeutic procedures. Under the conditions 
discussed above the maximum temperature rise 
on skin cover of the middle third of the arm 
was obtained at qthermopile = 700 W/m2, making 
315 K. For the case of TES operation in 
heating mode the availability of bone tissue in 
the bulk of the biological object also introduces 
relevant changes into the structure of its 
temperature field. The above influence is 
identical to the case of TES operation in 
cooling mode and amounts to 1 – 2 K. 

 
Fig. 7. Two-dimensional temperature field on the section 
 of the middle third of the arm in steady-state mode under 

heating effect for qthermopile = 700 W/m2. 
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Fig. 8. Temperature distribution along the lateral axis of the middle third of the arm under heating effect  

for different qthermopile values 1 – qthermopile = 700 W/m2, 2 – qthermopile = 650 W/m2, qthermopile = 600 W/m2. 

Fig. 9 depicts a two-dimensional steady-state temperature field on the section of the middle third of 
the arm for the case corresponding to contrast thermal effect, when heat flux qthermopile.c = –3500 W/m2 is 
directed to the right surface of the biological object, 
and qthermopile.h = 1000 W/m2 – to the left surface. 
The respective one-dimensional plots showing 
temperature distribution on the above hand zone 
along the lateral axis for different values of 
qthermopile.c. and qthermopile.h, are represented in Fig. 10. 
In conformity with these dependences, the presence 
on the opposite lateral surfaces of unlike heat fluxes 
changes considerably the thermal field of the object 
with respect to the case when heat flux of the same 
sign is distributed along the lateral surface. The 
temperature value decreases from the lateral surface 
corresponding to heat flux qthermopile h to the surface 
affected by heat flux qthermopile.c. In so doing, a 
change in qthermopile.c from the value of 3500 W/m2 
to 2500 W/m2

 at a constant value of 
qthermopile.h = 1000 W/m2 increases the temperature 
along the lateral axis by about 4 K. Thus, when 
performing contrast thermal procedures, under 
conditions corresponding to these dependences, to 
achieve the required temperature of skin surface which is a direct object of physiotherapeutic effect, one 
should take into account the mutual influence of qthermopile.h and qthermopile.c values. Selection of qthermopile.h 

 

Fig. 9. Two-dimensional temperature field on the 
section of the middle third of the arm in the steady-

state mode under contrast thermal effect for 
qthermopile.c = 3000 W/m2, qthermopile.h = 1000 W/m2. 
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and qthermopile.c values with the respective analysis of the temperature field of the object according to the 
model proposed will make it possible to optimize the energy characteristics of TES under study. 

 

Fig. 10. Temperature distributions along the lateral axis of the middle third  
of the arm under contrast thermal effect for different values of qthermopile. 1 – qthermopile.c = 3500 W/m2, 

qthermopile.h = 1000 W/m2; 2 – qthermopile.c = 3000 W/m2, qthermopile.h = 1000 W/m2;  
3 – qthermopile.c = 2500 W/m2, qthermopile.h = 1000 W/m2. 

For the analysis of the dynamic characteristics of TES a change in temperature at different 
points of a biological object under cooling and heating effect of TES was investigated. Fig. 11 
represents temperature variation in time at different points of the middle third of the arm on cooling, 
and Fig. 12 – on heating for qthermopile.c = –2500 W/m2 and qthermopile.h = 800 W/m2, respectively. A 
variation in time of skin cover, muscular and bone tissue of biological object has been studied. 
According to calculated results, the time required to bring TES to the steady-state operating mode lies 
within relatively narrow limits. For the case corresponding to Figs. 11 – 12, the time required for 
stabilization of biological object temperature is about 1200 s (20 min.). The above factor should be 
taken into account when performing physiotherapeutic procedures. It is worthwhile to switch the 
device on prior to thermal exposure with a view to bring it to operating mode. 

It is interesting to study the operation of TES in the mode of contrast thermal effect related to 
alternative cooling and heating of a biological object. Fig. 13 shows temperature variation on the skin cover 
of the middle third of the arm in time for such procedure mode. One cycle of contrast effect has been 
considered, namely object temperature reduction and then its rise and vice versa. Depending on the method 
of performing physiotherapeutic procedures, the cycle can be repeated several times. In conformity with the 
data obtained, through use of TES the treatment procedure of contrast thermal effect can be implemented to 
the full extent. The duration of change from one mode of exposure to another is relatively short. On the 
dependences shown in Fig. 13 it is of the order of 8 to 9 minutes. It should be noted that to accelerate a 
change in the modes of exposure, one can use short-time forced operation mode of TES, i.e. increase in 
thermopile supply current and, accordingly, the value of qthermopile in transient operating mode of device. 
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Fig. 11. Temperature variation at different points on the section of the middle third of the arm  
in time on cooling for qthermopile.c = 2500W/m2. 1 – skin cover, 2 – bone tissue, 3 – muscular tissue. 

Based on the analysis of the obtained values of heat flux on the lateral surface of biological 
object, equivalent to cooling power and calorific power of thermopile, the latter is subject to 
calculation. The sought-for values in this case are the geometrical dimensions of thermoelements (TE) 
forming part of thermopile, the value of supply electrical current, electrical energy consumption. In the 
majority of cases, ass a thermopile in thermoelectric system (TES) one can use thermoelectric modules 
(TEM) of standard type that can be selected with the use of special applied software packages. 

 
Fig. 12. Temperature variation at different points on the section of the middle third of the arm on heating  

for qthermopile.h = 800 W/m2. 1 – skin cover, 2 – bone tissue, 3 – muscular tissue. 
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Fig. 13. Time variation of biological object under contrast procedures for qthermopile.c = 4000 W/m2, 
qthermopile. h = 1200 W/m2. 1 – cooling-heating, 2 – heating-cooling. 

For TES variant under study one can use four standard TEMs of the type ТВ-127-1.0-1.5 produced 
by Engineering and Production Firm Kryotherm (Saint-Petersburg), realizing in full measure the required 
conditions of therapeutic procedures. For their selection a package of software programs “Thermoelectric 
system calculation” was used [7]. The specifications of this type of TEM are given ibidem. 

Conclusions 
1. Local thermal effect is widely used in medical practice in the therapy and prophylaxis of various 

diseases. 
2. The above treatment method can be realized through use of TES distinguished by environmental safety, 

high reliability, efficiency and small overall dimensions.  
3. The thermoelectric device studied in the paper is designed as a construction comprising a flexible 

elastic base with embedded thermoelectric modules that have flexible metal heat leveling plates on 
their junctions. 

4. A thermal model of TES for performing thermal physiotherapeutical procedures on the middle 
third of the arm is a three-layered structure (skin cover, muscular and bone tissue) of complicated 
configuration. A thermal flux from thermopiles forming part of the system is directed to the 
external surface of the skin cover. 

5. A mathematical model of TES is system of differential equations in partial derivatives with the 
boundary conditions of the second, third and fourth kind that has been solved with the aid of a 
numerical finite-element method.  

6. In the numerical experiment, two-dimensional and one-dimensional plots of temperature variation at 
different points of device-object system have been obtained with different thermopile powers, as well as 
device operation conditions. 

7. It has been established that with increase in thermopile power when operated in cooling mode, the 
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temperature of a biological object is reduced, and in heating mode – increased. In so doing, in the 
investigated range of thermopile powers the temperature of skin cover varies most strongly, whereas the 
temperature of muscular tissue in the centre of a biological object varies only slightly. 

8. According to the plots, the temperature distribution in the target object is in a certain manner affected by 
the presence of bone tissue in its volume. Under the accepted conditions, such temperature variation is 
about 1 to 2 K as compared to the case when given object is absent throughout the tissue.  

9. The presence on different areas of the lateral surface of unlike thermal fluxes changes considerably the 
thermal field of the object as compared to the case when a thermal flux of the same sign is distributed 
along the lateral surface. In so doing, there is practically monotonous temperature increase from cooling 
to heating zone.  

10. The plots of temperature variation of different points of human hand with time have been obtained with 
a local thermal effect through use of TES. In accordance with the data obtained, the time necessary for 
temperature stabilization on cooling and heating of a biological object is about 20 minutes, and the 
duration of transient mode with contrast procedures is 8 to 9 minutes. 

11. To realize the required conditions of performing thermal procedures, it is sufficient to use standard 
TEM commercially produced by manufacturing companies. 
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INTERNATIONAL THERMOELECTRIC ACADEMY 

Oleksandr Petrovych Huk 

(DEDICATED TO 60th BIRTHDAY) 

March 3 this year is the 60-th birthday of Oleksandr Petrovych Huk, PhD 
in Engineering, corresponding member of the International Thermoelectric 
Academy, a well-known specialist in the area of basic research on electric 
temperature measurement, Director General of Closed Joint-Stock Company 

“V. Lakh Scientific-Production Association “Thermoprylad”” (Lviv, Ukraine). 
O.P. Huk’s scientific research activity is inseparably related to his successful production 

activities. He is at the head of “Closed Joint-Stock Company “V. Lakh Scientific-Production 
Association “Thermoprylad” which is a leading organization in the field of electric temperature 
measurement. Instruments created at the Scientific-Production Association “Thermoprylad” assure 
temperature control for complex technological processes in various fields of industry and scientific 
research. These are atomic and thermal power plants, metallurgical and cement works, chemical and 
food industry objects, spacecrafts, surface ships and submarines, crystal growing plants, etc. 
According to different estimates, temperature measurements make nearly 30 % of all the 
measurements in modern industry and science. 

At the Scientific-Production Association “Thermoprylad” more than 1000 types of temperature 
control instruments have been developed and commercialized practically for all areas of national 
economy and scientific research in the temperature range of –270 °С to +4000 °С. Specialists of the 
Association have received more than 500 inventor’s cerificates. 

O.P. Huk is the author of over 60 published works, in particular, the books “Scientific-
Production Association “Thermoprylad”: History, Activity, Staff” (2006) and “Temperature 
Measurement: Theory and Practice” (2006). 

O.P. Huk’s personal contribution has been honoured with numerous commendations from the 
Ministry of Industrial Policy of Ukraine, Certificates of Merit from Lviv Regional State 
Administration and Diplomas of the International Thermoelectric Academy (2000, 2004). 

International Thermoelectric Academy, Institute of Thermoelectricity of the NAS and MES  
of Ukraine, “Journal of Thermoelectricity” Publishers sincerely congratulate the esteemed Oleksandr 
Petrovych Huk on his 60-th jubilee, wishing him sound health, inexhaustible energy, happiness and 
success in his multifarious activities. 
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RICHMANN’S AND LOMONOSOV’S 
RESEARCH IN THE FIELD  

OF THERMOELECTRICITY (1745 – 1753) 

The works of G.-W. Richmann and M.V. Lomonosov, academicians of Saint-Petersburg Academy of 
Sciences (1745 – 1753) on studying “heat ↔ electricity” cross effects in the gaseous, liquid and 
solid dielectrics are considered. These effects are compared to thermoelectric (TE) effects observed 
in other thermoelectrically-active media. It is shown that TE effects in dielectrics feature large 
operating voltages (U up to 103 – 105 V or more) and small discharge currents (I ~ 1 – 10 μA) due to 
high intrinsic resistivity ρ of the samples. The paper is dedicated to the thousandth anniversary of 
cultural interaction between Russia and Germany commemorated in 2012. 
Key words: thermoelectrets, atmospheric electricity, thermoelectricity. 

Introduction 
The sequence of discovery of the basic TE effects in various thermoelectrically-active media 

has been studied previously [1-3]. According to [3], the first TE effects were found in dielectrics 
where they are of the highest value (the measured voltage U is up to 102 – 103 V or more).1 It was not 
until later, with increasing instrument sensitivity, that TE effects were also found in metals (1821) 
where their value is essentially limited by the strong Fermi degeneration of samples (U ~ 10–3 V) 
(T.I. Seebeck (1770 – 1831)). The present paper contributes to further research [3]. The paper 
discusses the experiments of academicians G.-W. Richmann (1711 – 1753) (Fig. 1)2 and M.V. Lomo-
nosov (1711 – 1765) (Fig. 2) in thermoelectricity carried out in St. Petersburg Academy of Sciences in 
1745 – 1753 [4-5]. The Academy (founded in 1724) was specialized in natural science research, both 
academicians working at the junction of the theories of electricity and heat. As a result, Richmann was 
the first to discover and study a series of TE effects in dielectrics (charge transfer by flame, TE effects 
in sulfur and resins, etc.) [4]. Together with Lomonosov he was the first to discover and study 
complex atmospheric TE effects responsible for the electrization of clouds [4, 5]. It is shown that one 
of these atmospheric TE effects could have caused the tragic death of Richmann (1753). 

                                                 
1 Some of these effects have been known since ancient times [3]. 
2 Richmann and Seebeck were born in the Russian Empire, in the families of Baltic Germans - Lutherans. Both 
were at various times trained in the former Swedish Gustav II Adolf's grammar school in Reval (now Tallinn, 
Estonia) of what the local regional specialists E. Velmre and E. Keerov have kindly informed us. 
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а) b) c) 

Fig. 1. A monument to Richmann in his homeland in Pärnu (Estonia) (sculptor E. Kuulbush, 2011) (a),  
the Kunstkamera Museum in SPb, (engraving 1730 – 1740) (b), and the priority paper on the thermoelectrets 

discovered by Richmann ("Comments of the Petersburg Academy of Sciences", V. 4, 1751) (с) [4]. 
 

  
а) b) 

Fig. 2. Complex atmospheric TE effect explaining electrization of clouds by friction of the ascending  
and descending air flows (1753) (a) [5]. A bust of M.V. Lomonosov (Sculptor F.I. Shubin, 1792).  

Lomonosov Museum, the Kunstkamera Museum, SPb (b). 

1. Richmann’s works on thermoelectricity 
Academician Richmann went down in the history of physics as the inventor of the “electric 

pointer” (electrometer), the first device suitable for quantitative measurements of electric voltage U 
(Fig. 3 a) [6]. The operation of Richmann’s “pointer” is based on the laws of electrostatics. When 
connected to a source of electricity by wire (a), the movable thread (e) and the stationary lineal (c) 
obtained electric charges of the same sign. As a result, the thread deviated from the lineal by the 
corner α which determines the measure of the electrical force (U ~ α, for small angles α) (Fig. 3 a). 

In 1745, Richmann was appointed head of the Physical Cabinet of St. Petersburg Academy of 
Sciences located in the Kunstkamera Museum up to the 1747 fire (Fig. 1 b). It was there that 
Richmann began the first studies of “heat-electricity” cross effects in various thermoelectrically-active 
media [3, 4]. At an early stage of his research, Richmann “... carrying out his own and repeating 
somebody else’s experiments on electricity ... came across many new phenomena that he had not 
found in the works of his predecessors” ([4], p. 207). 



M.A. Korzhuev, V.V. Temyakov 
Richmann’s and Lomonosov’s research in the field of thermoelectricity (1745 – 1753) 

 Journal of Thermoelectricity №1, 2014 ISSN 1607-8829 84

 
а) b) 

Fig. 3. Richmann’s “Electric pointer” (1745) (c – “lineal” (Fe), a – lead wire (Fe), e – linen thread  
(weight – ½ apothecary grain (0.312 g), length – 1 ½ London ft (0.4572 m), b – wooden quadrant  

with a scale [4] (a) and the Cavallo electrometer (1799) with a protective case (b) [6]. 

The first success in Richmann’s investigation of TE effects was achieved when studying the 
effect of electric charge transfer by flame. This effect had been described by Gilbert as applied to the 
case of charge transfer from dielectric to dielectric [7]. Richmann managed by the same method to 
transfer electrical charge from dielectrics (in his terminology – “electricitas originaria” – “primary 
electrical bodies” (“PEB”) to metals (“electricitas derivative” – “secondary electrical bodies” (“SEB”) 
(conductors)) [4]. Richmann wrote: “June 30th (1746). Using a lit candle, I rejected electricity ... 
<from the electrophoresis> to the table, from the table to the chandelier, from the chandelier to the 
flame, from the flame to iron plate ... ” [4]. Richmann then investigated the effect using his “pointer”: 
“... I brought wax candle flame to the CB iron wire (connected to the source of the charge) ... and the 
pointer began to show a smaller degree α” (Fig. 4 a) ([4], p. 268). Comparing the effect of the 
extinguished and burning candle on the pointer readings, Richmann found that it was not the candle 
itself that rejected electricity, but its flame ([4], p. 212). In this case, the transfer of electricity was also 
observed when a burning candle was sufficiently removed from the wire. Richmann found that the 
products of candle combustion also transferred the electrical charge: “... an electrified body ... 
attracted some of the smoke from the extinguished candle, and the other part of smoke ascended as 
usual” ([4], p. 222). 3 

At the same time, a blast of water steam produced by the aeolipile (steam turbine) invented by 
Heron of Alexandria and directed at “electric pointer” practically did not change its readings 
(Fig. 4 b). Hence Richmann concluded that “... for the rejection of electricity one needs a solid PEB. 
But water vapors are corpuscles separated by certain gaps and unable of forming a solid PEB and 
they can neither take nor reject any appreciable amount of electricity. ”([4], p. 312). 

 
а) b) c) 

Fig. 4. Schematics of Richmann’s experiments (original figures) with candle flame (a), electric indicator (b)  
and the aeolipile (steam turbine) of Heron of Alexandria (c) [4]. 

                                                 
3 The conductive properties of flame and the charge of smoke particles are determined by ions and radicals 
formed in combustion process and forming a conductive halo around the flame [8]. 
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Richmann also made a number of important discoveries in triboelectricity. As is known, charge 
transfer at mutual friction of different materials promotes local temperature increase in the microregions 
of frictional contact (ΔTlocal to 103 K or more) [8]. Richmann found that the initial temperature T0 of the 
samples also affects the processes of electrization by friction. He showed that dielectrics having a lower 
triboelectricity compared to amber (agate, jasper, porphyrites, granite, marble, etc.) can also be 
successfully electrified by friction. For this purpose, they “... should be hot and rubbed for long time.” 4 
Richmann also recommended heating “... to the point of ignition” the relevant counter-bodies (bristle, 
leather, parchment, paper, silk, linen, etc.). Finally, for the first time Richmann managed electrifying 
metal by friction using intermediary material. He inserted iron bars into thin glass jars and “... excited 
electricity by gently stroking, whereby these rods emitted a spark when touching them” ([4], p. 285). 5  

However, the most important result in thermoelectricity was obtained by Richmann studying 
thermoelectret effect in sulfur and resins (1746) [2]. 6 Richmann wrote: “June 25, 1746. I melted the 
bodies which, when cooled and solidified, being protected from air moisture have long lasting (for 
instance, for a year) electricity (common sulfur, wax, resin or rosin) ...” ([4], p. 244). With his 
“pointer” Richmann found that sulfur and resins can be electrified both by friction and by “melting-
solidification” [4]. Richmann published the results of his experiments in the priority article: “Recent 
experiments with electricity generated in the bodies” (“Comments of the Petersburg Academy of 
Sciences”, v. 4, 1751) (Fig. 1 c) [4]. 7 Table 1 shows the main types of electrets currently known and the 
thermoelectrets discovered by Richmann [9]. From Table 1 it is clear that Richmann is the pioneer of the 
monopoly (plus sign) thermoelectretic effect observed in a number of dielectrics at “melting-
solidification” phase transition (Table 1).8 Charging samples with “electricity”, Richmann then 
investigated the possibilities of maintaining the resulting electrical charges under various conditions. He 
studied in detail the acceleration of charge leakage processes from the sharp parts of samples, wetted by 
water and depending on room humidity ([4], p. 645 and 237). According to Richmann (1748), “... in a 
wooden house electricity often persisted for 50 minutes before disappearing, whereas in stone <rooms> 
... it could not persist for more than 10 minutes. Possibly, moisture contained in a stone house rejects 
electricity” ([4]). 

According to modern concepts, the process of relaxation of the electric potential of charged 
bodies depending on the time t follows an exponential law 

 ( ) 0exp( / ),U t U t= − τ  (1) 

where U0 is the initial value of the potential, τ = min(τM, τM
0), τM, τM

0 = εr⋅ε0 ρ is `Maxwell relaxation 
time for the test material and the environment, ε0 = 8.85⋅10–12 F/m and εr are the dielectric constant and 
the relative dielectric constant (static), ρ is the resistivity of the material or medium [8, 12]. Table 2 
shows a comparison of the values τM and τM

0, calculated for different materials and media according to 
present data [12] and according to Richmann’s data (marked with *)) [4].  

                                                 
4 The effects are related to decreasing the output energy of electrons from materials with a rise in temperature [8]. 
5 Since the time of Gilbert, the majority of physicists had shared the opinion that metals cannot be electrified by 
friction [7]. The Richmann’s effect is obviously related to glass electrification with subsequent charge transfer to 
metal. 
6 Currently one refers to electrets the dielectrics with resistivity ρ > 1012 – 1017 Ω⋅m, which are able of accumu-
lating and storing the nonequilibrium electric charges for 1 to 10 years or more [9].  
7 Sometimes the discovery of thermoelectrets is attributed to Epinus or Wilke (1765) [10] who found different 
signs of the charges received by the sulfur (-) and the casting mold (+) which in due time had been overlooked 
by Richmann [11].  
8 The effect is associated with the formation in sulfur band gap (Eg = 2.6 eV) of the deep donor levels [9]. 
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From Table 2 it is clear that Richmann correctly identified the characteristic times of the charge 
leakage from the samples at varying humidity in the room. In particular, from Table 2 it follows that the 
charge on thermoelectrets (sulfur, wax, etc.) in a dry place really could persist for up to a year or more [4]. 

Table 1 
The main types of electrets depending on the production method* 

№ Name Method of 
charging  

Сharge Examples Discoverers 

1 Triboelectrets Friction on 
counterbody 

Monopole Amber-/yarn+ 

 

Glass+/silk- 
Resin-/wool+ 

Sulfur-/cloth+ 

Thales of Miletus 
(625 –545 B.C.) 

Dufay (1733) 
-«- 

Aepinus, 1765 
2 Thermoelectrets Melting-

solidification 
Monopole Sulfur+/cup- Richmann, 1746 

 Aepinus, Wilke, 
1765 

3 Electro-thermo-
electrets 

Similarly, but in 
electric fields 

Dipole Wax Eguchi, 1919 

4 Ferro-electrets Cooling below 
Tc (Curie 

temperature), 
electric field 

Dipole Segnett’s salt, KDP 
(kaliumdihydro-
genphosphate), 

TGS  
(triglycinesulphate) 

P. and J. Curie,1880, 
F. Pockels, 1894 

* There are also corona-, photo-, radio-, chemo-, mechano-, bio-and other electrets whose electrization is not 
connected directly to the thermal effects on the samples [9]. 

From Table 2 it also follows that candle flame reduces air resistivity ρ by 3 – 4 orders, although the 
value of ρ in the flame zone still retains a significant amount corresponding to “bad” dielectrics (wood). 
From Table 1 it is also evident that the triboelectric effect in metals under normal conditions is not 
observed because of the small τM. However, this does not preclude impact electrization of metals [8] 9. 

Table 2 
Maxwell relaxation times τM of charges for different materials and media [4, 12] 

Media εr ρ, Ω⋅m τM
0, с Material εr ρ, Ω⋅m τM, с 

Dry air 1 > 1015 >104 
~ 3.103 *) 

Sulfur 3.7 1017 ~ 106 

~ 108*) 

Sealing 
wax 

~3 1016 105 Natural ionization 
air**  

1 1014 103 

~ 6.102 *) 

Oils  1011 – 1014 1 – 103 

Humid air (100%) 1 < 1013 < 102 Paraffin 2.2 1014 – 1016 103 – 105 
Candle flame  ~ 1 ~ 1011 ~ 1 Amber 2.9 1018 107 

Rain water 31 104 10–6 Paper 2-4 1015 ~ 104 

Sea water 31 0.3 ~ 10–11 Iron ~ 1*** 10–7 ~ 10–18 

Wet soil ~ 10 102 ~ 10–8 Wood 3.5 – 5 109 – 1013 10–2 – 102 

*) – Richmann’s data ** – at the Earth’s surface; *** – the contribution of the crystal lattice. 

                                                 
9The method was proposed by Lomonosov (1753) ([5], p. 278), and then successfully implemented for metals by 
acad. V.V. Petrov (1761 – 1834) in his work “The new electrical experiments” (1804) [5, 6, 8]. 
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2. Atmospheric thermoelectric effects 
In 1752, the “St. Petersburg News” published the first message on the B. Franklin’s experiments 

proving the electrical nature of lightning [13]. Richmann immediately embarked on a study of 
atmospheric electricity, having adapted for measurement his “electrical pointer” (Fig. 3 a). A little bit 
later academicians M.V. Lomonosov (theoretical issues) and K.G. Kratzenstein (1723 – 1795) 
(creation of lightning arresters) also joined in the research on atmospheric electricity [4, 14] 10. By that 
time Lomonosov had already considerable scientific developments on the matter under investigation 
[5, 15, 16]. In 1744 – 1748 he held systematic observations of thunderstorms at his home in St. 
Petersburg and established their TE nature (Fig. 2 a) [5, 16]. Lomonosov found that “... the storm 
clouds mostly in the afternoon occur ... when the actions of the sun to heat the air all the more 
sensitive” ([5], p. 236). p. 226).11 The mechanism of cloud electrization was attributed by Lomonosov 
to mutual friction of ascending and descending air flows at convection resulting from the non-uniform 
heating of the Earth's surface by solar rays (Fig. 2 a). The widely known characteristic of atmospheric 
electricity by Lomonosov is “... Electric force produced by natural heat ...” ([5], p. 226). As the other 
thermal sources of atmospheric electrization, Lomonosov also considered the Earth's interior heat, 
fires and even smoking [5]. Richmann and Lomonosov started their experimental study of atmospheric 
electricity with construction of “thunder machines” – installations for the production of electricity 
from storm clouds by Franklin’s method (Figs. 5 and 6) [13]. Since the late 1752 Richmann had in his 
town house (Fig. 5 a) two “thunder machines” with “sharp” and “blunt” rod ends (Fig. 5 b) which 
were used for comparative measurements ([4], p. 653). In 1753 Lomonosov placed one of the 
installations in his town mansion (Fig. 6 and 6 b), the other – in “the village” (Estate Ust-Ruditsa) 
(Fig. 6 c), where he built his factory of art mosaics ([5], p. 260). 

 
а) b) 

Fig. 5. Richmann’s mansion with a one-story brick house “on the basement” on the corner of Great Prospects 
and Line 5 in SPb (right side) (a) [18] and his “thunder machine” (end of 1752) (b) ([4], p. 653) [28]. 

All installations were similar and consisted of isolated vertical or inclined iron rods placed on the roofs 
of the houses (Fig. 5 b and 6 b) or on the trees (Fig. 6 c). The rods acted as aerials that were connected 
with iron wires (or chains with Richmann) to “electrical pointers” (Fig. 3 a). Electrical wire insulation 
was carried out with a silk cloth. Richmann placed his pointers inside the house (Fig. 5), Lomonosov 

                                                 
10 Acad. K.G. Kratzenstein (1723 – 1795), physician, physicist and engineer. After Richmann’s death (1753) he was 
dismissed from the Academy at the end of the contract period (1748 – 1753). He went to Copenhagen to study the theory of 
gases and the application of electricity in medicine [4, 6]. 
11 According to present data, the electrical activity of the Earth's atmosphere is also significantly affected by cosmic rays  
[12, 17]. 
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conducted observations outdoors (points c, Fig. 6 b and 6 c) (Fig. 1).12 To improve inleak of charges 
from the atmosphere, Lomonosov’s installations had “many metal needles” at the ends of the rods 
(Fig. 6 b and 6 c)[5], p. 265. 

 

Fig. 6. “Bonn house” mansion in the second line of Vasilevsky Island in SPb where Lomonosov resided  
(1741 – 1757) (third building on the left in the background is Lomonosov’s chemical laboratory), (a) [15]  

and his "thunder machines" (May 1753) (b), and (June 1753) (c) (a – aerial; b – lead wire,  
c – the place of observation) [5, 16]. 

The experimental works of Richmann and Lomonosov with the “thunder machines” proved to be 
extremely fruitful. Richmann identified the range of variation of pointer readings α and found that in 
the area of St. Petersburg “the highest degree α to which the thread is raised by the action of natural 
electricity was the 30th” ([4], p. 358). He found that for the clouds offset from the observer by the 
distance of L > 3 km, the value of α (that is the normal component of electric field E) at observation 
point decreases with increasing time interval between lightning and thunder L ~ Δt ([4], p. 358) (curve 
1, Fig. 7). 13 In turn, Lomonosov found that the primary cause of atmospheric electricity are not 
thunder and lightning proper, but the electrical charges of the clouds [4] (p. 269). He also found small 
deviations in α readings of “electric pointer” and for a cloudless sky. 14 On this occasion Richmann 
wrote: “The renowned man Lomonosov observed that even in the absence of thunder and lightning, 
significant electricity is transferred to iron properly insulated. As for me, I observed that electricity 
after lightning and thunder was immediately reduced ”([4], p. 358).15 

Using as a prototype the earlier work of I.G. Winkler (1746), Richmann concluded that the 
physical mechanism of cloud electrization consists in the friction of PEB (solid particles16 or water 
vapors) with SEB (water droplets) ([4], p. 640). Lomonosov did not find in the air any sufficient 
number of solid particles, and as a PEB he considered hypothetical ether oils evaporated by animals 
and plants. Then, making sure there are none, as a possible mechanism of cloud electrization 
Lomonosov proposed “fight (impact) of electric vapors and their friction at counter motion in the 
atmosphere” [5]. The latter mechanism with variations has been used to this date to account for cloud 
electrization [17]. 

                                                 
12 The two houses of Lomonosov were wooden and had increased fire hazard ([5], p. 260). 
13 Recalculation of Δt ↔ L and α↔ E was made by us for relationships – α ~ E 0.5 and α = 300 ~ /E/ = 25 kV/m. 
14 According to our estimates (Fig. 7), the sensitivity of Lomonosov’s installation was sufficient (Δα ~ 0.50) to 
observe Earth's natural field E0 ~ 0.14 kV / m (↓)) in good weather [12].  
15 The effect is due to the annihilation of positive and negative charges in the cloud discharges [17]. 
16 As it was established later, Richmann’s mechanism explains electrization of atmosphere in the zone of 
industrial emissions containing solid particles [17]. 
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Fig. 7. The α readings of Richmann’s “pointer” and the corresponding changes  
in the electric field E (↓ or ↑) versus  the delay of “lightning-thunder” signals Δt  

and the distance L to the storm front (recalculation is ours). 2 – αmax ([4], p. 358),  
3 – Е⊥0 ~ 0.14 kV/m (↓) is Earth's natural field in the cloudless sky. 

On July 26, 1753, Lomonosov and Richmann for the last time attended together the meeting of 
Saint-Petersburg Academy addressing an issue of their reports on atmospheric electricity that were 
appointed on September 5, 1753. About 12:00 p.m. noon, when a big storm cloud appeared over 
Petersburg, they left the meeting and both went to their homes for making observations. Richmann took 
with him the academic engraver I.A. Sokolov to create drawings for “Petersburg News” newspaper. On 
entering the house and getting closer to his installation at a distance of about a foot (about 30 cm), while 
the sky was still cloudless, Richmann was struck by a discharge of atmospheric electricity (Fig. 8 b). A 
white and blue ball the size of a fist that separated from the electrometer lineal touched the scientist’s 
head and then exploded. Sokolov, who was standing a little aside, got a few sparks from the falling wire, 
flung out of the room and called the fire brigade. Richmann's wife, Anna Elizabeth Hinze, tried to give 
her husband mouth to mouth. Reanimation attempts were continued by Kratzenstein who urgently came 
to the place of accident, but he failed to reanimate the academician. Lomonosov who also arrived at 
Richmann’s house, wrote to Count Shuvalov, favorite of Empress Elizabeth: “... the thunder killed 
Professor Richmann in exactly the same circumstances I was at that time ....”. 

 
а) b) c) 

Fig. 8. Different types of electrical discharges: a – an individual spark observed by Lomonosov [5],  
b, c – positive plasma streamers (glowing ball discharges). b – Richmann’s death as described by Sokolov [4], 

c – Plante experience with liquid electrolyte (1883) [8]. 



M.A. Korzhuev, V.V. Temyakov 
Richmann’s and Lomonosov’s research in the field of thermoelectricity (1745 – 1753) 

 Journal of Thermoelectricity №1, 2014 ISSN 1607-8829 90

Richmann’s unusual death caused a wide resonance in Russia and abroad. The incident was 
investigated by the academic committee (Ch.G. Kratzenstein, M. Schreiber, M. Kleinfeld) [4], 17 
Lomonosov pursued his own independent inquiry [4, 5]. Kratzenstein reported (Fig. 9) that a loop of 
electric shock ran from the left side of Richmann’s forehead to his left heel (with separate outputs for 
left chest and under the ribs), which, according to contemporary statistics, is typical of head 
electrocutions [20]. Kratzenstein also established places of electrical breakdowns in the house 
(Fig. 9 b) and stated the main reason for the accident, namely the violation of safety rules (the 
installation was not grounded) (Fig. 5).18 According to Kratzenstein, lightning did not spread from the 
roof of the building, but “... a ray of lightning “entered” the door, which was carried by a gust of wind 
into the house, and then along the wire to Richmann, passing by Sokolov”. 19 Lomonosov did not 
support Kratzenstein’s conclusions and wrote that “many a man said to have seen the lightning flash 
outside” ([5], p. 547). 

 
а) b) 

Fig. 9. Academician Ch.G. Kratzenstein (1723 – 1795) [14] (a) and places of electrical breakdown in the hall 
of Richmann’s house (b) [4], p.653]. g, h – the breakdown of Richmann’ s body, m – Sokolov burns with sparks 

from the fallen wire, c – breakdown in the kitchen door jamb (d – bounced piece of wood),  
a, b – breakdown and falling of entrance door ([5], p.653). 

Foreign scholars of the day came out with their own versions of the incident. Thus, I. Winkler 
(1753), W. Watson (1754) and I.-F. Hartman (1764) showed that Richman was killed not by lightning, 
but by electricity induced in the aerial by clouds. I.K. Wilke (1759) supposed that Richmann came up 
to the lineal at a dangerous distance, since he did not know that some clouds may induce positive 
electricity in the aerial, the others – negative, and sometimes it changes instantly ([4], p. 700). But all 
the details of the incident remain unclear up to now [4]. 

In this paper, we have undertaken further investigation of the incident using current data on the 
affecting factors of atmospheric electricity [12, 17]. Comparing the data by Kratzenstein [4], 
Lomonosov and Sokolov [5], we have determined the position of a storm front at the time of the 
incident (Fig. 10), assessed the readings of Lomonosov’s and Richmann’s electrometers, as well as 
restored the sequence of the observed electrical discharges and their nature (Fig. 11). According to 
Fig. 10, at the time of the incident the storm front was far from Richmann’s house at a distance of 1 
km. Therefore, we also believed that the scientist was struck not by a direct stroke of lightning into the 

                                                 
17 Special dossier «About the death of Prof. Richmann» № 433 ([4], p. 695) has remained. 
18 Richman did not ground the lineal intentionally, as in that case the installation was transform into an arrester 
and its sensitivity would become equal to zero [4]. 
19 Kratzenstein’s report gave rise to known hypothesis of Richmann’s injury by a fireball that flew into the open 
door of the house. 
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“thunder machine”, but by the discharge of electricity induced in the aerial by the charged cloud [4]. 
Based on the time coincidence of discharges (2 and 3, Fig. 11) [4, 5], we believed that the peripheral 
lightning near Lomonosov’s house (3, Fig. 10) became a “trigger mechanism” for the discharge in 
Richmann’s house (Fig. 8 c). 

 
Fig. 10. Position of storm front (2) and direction  

of its motion at the discharge of periphery lightning 
(4) in the experiments of 26 July 1753.  

1 – Lomonosov’s house, 3 – Richmann’s house. 

Fig. 11. The α readings of Lomonosov’s (7) [5]  
and Richmann’s (6) electrometers (our estimate) 

depending on time t in the experiments of July 26, 1753. 
Discharges: 1 – lineal-Lomonosov’s hand,  

2 – peripheral lightning, 3 – lineal-Richmann’s forehead, 
4 – wire-Sokolov. Type of discharge:  

1, 4 – plural spark (brush-type), 2 – lightning,  
3 – positive streamer. 

In turn, the discharge was caused by the scientist’s careless approach to the “pointer”. 
According to Sokolov, Richmann approached the “pointer” because he wanted to clarify its 
contradictory reading, namely the cloud was near (Fig. 10), but low α showed that “thunder is still a 
long way” (see Fig. 7).20 Our estimates of Richmann’s electrometer readings (curve 6, Fig. 11) confirm 
this version of Sokolov.21 The supposed electrical circuit of Richmann’s injury is shown in Fig. 12. 
The estimates of the circuit parameters (Fig. 12) prior to and at the moment of air breakdown of 
“lineal – Richmann’s forehead” gap (R2) are shown in Table 3. From the characteristic shape of the 
discharge (the ball) and the direction of its motion from the “lineal” to Richmann’s forehead, we 
supposed that at the breakdown of R2 there was positive plasma streamer formation (Fig. 8 b and 8 c) 
[8]. This assumption is confirmed by the discharge duration (several seconds) and characteristic 
“collapse” and explosion of the ball [4, 5]. Hence it follows that at the discharge the lower edge of the 
cloud closest to Richmann’s house was charged positively (+) (Fig. 13). Moreover, the concentration 
of positive ions in the electrode gap R2 exceeded the critical value Ncrit

+ ~ 1012 cm–3 necessary for self-
discharge of this type, and the energy of the breakdown was sufficiently large [8, p. 238]. We 
determined the magnitude of the voltage U2 ~ 25 kV in the discharge gap R2 (Fig. 12) from the 
tabulated data for the air breakdown of the “point-plane type” (edge of the lineal (+)-Richmann’s 
forehead (–)) for the length of L = 1 foot (about 30 cm) (Table 3) [12]. Hence, when aerial height 
h = 4 m and cloud height H ~ 1 km we have Е⊥ ~ 25 kV/m (↓) (Fig. 13), which yields U1 ~ 25 MV at 

                                                 
20 The majority of academicians of SPb AS suffered from short-sightedness, as they worked much by candlelight 
[4, 5]. 
21 Richmann ([4], p. 212) and Lomonosov [5] often used the “over head” discharge for research and medical 
purposes. Richmann suffering “strongest toothache” ([4], p.  92) could treat it by “electricity”. However, this 
cause of the incident seems to us less likely. 
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the moment of discharge (Table 3) [12]. According to Sokolov, “... the thunder was still not very close 
but in the hall there was already smoke, at the same moment lightning flashed, the door to the kitchen 
was opened, and Professor fell down on the chest” (Fig. 4 b). From this we concluded that, even 
before the main electrical discharge, lethal for Richmann, there was a leakage of current from a supply 
wire to the ground22. The leakage took place through the damp wooden parts of the doors leading to 
the kitchen and to the street (c and ab, Fig. 9). The values of resistances Ri = ρl/s (i = 1, 2…6) 
(Table 3) (here ρ is ambient resistivity, l and s are characteristic lengths and the effective sections of 
conducting channels) were estimated by us according to Table 2, for damp wood and brick we 
assumed ρ ~ 104 Ω⋅m [12]. In the calculations we used the values l (m) = 103; 0.3; 1; 2; 1 and s 
(m2) = 105; 0.01; 10; 10–2; 10 for i = 1, 2, 4, 5, 6 (Table 3), resistance R3 = 104 Ω was taken from [20]. 

  
Fig. 12. Schematic of Richmann’s injury  

with a discharge of atmospheric electricity  
(The notation – see Table 1). 

Fig. 13. Schematic of storm cloud and the mechanism 
of increasing the electric field E at the Earth surface 

(point D) with a peripheral electric discharge AE. 
Cloud areas: 1, 2 – “positive”, 3 – “negative”. E:  

1 – after discharge, 2 – prior to discharge [17]. 

Under normal conditions, the indoor air comprises N = 103 cm–3 ions of opposite sign, the 
outdoor air before the storm – N = 105 cm–3, and electricity leak into the ground through the damp 
walls could have increased the concentration of ions in the air up to N ≤ 106 cm–3. This is in 
conformity with plural spark (“brush-type”) injury of Sokolov [4], however it is obviously not enough 
to form a positive plasma streamer in the R2 space (Fig. 11). According to [3], formation of plasma 
streamer in the R2 gap (Fig. 8 b) could have been caused by the scientist’s breath due to the effect of 
interfacial charge separation during evaporation of water H2O (L)  K⋅H2O–1 (L) + H2O (G) + K⋅р+. 
The effect is accompanied by formation of a small amount of free protons р+ (here K ~ 10–6 is the 
coefficient of the distribution).23 Under normal conditions, the pressure of saturated water vapor 
amounts to р = 2.3⋅103 Pa, the concentration of water molecules in the air is N(H2O) ~ 6⋅1017 cm–3. As 
a result, even with a single exhalation of the scientist the concentration of free protons in R2 gap could 
have reached р+ ~ 1012 cm–3, which is sufficient for the development of a positive streamer (Fig. 8 b) 
[8, 19]. In this case, the “trigger mechanism” for R2 breakdown (Fig. 12) was a sharp increase in the 
voltage U2 caused by peripheral lightning discharge (4, Fig. 10). Such abrupt changes of Е ~ U3 ~ α 
are common with the segmented clouds close to the observer [17]. The abrupt changes of α were 

                                                 
22 It was lunch time, meal was being cooked in the kitchen, oven was burnt and water vapors were deposited on 
the doors. Subsequently exactly these door areas were destroyed at the main breakdown. 
23 The effect was discovered by Volta (1770), it accounts for the negative charge of the Earth surface [17]. 
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repeatedly observed by Richmann and Lomonosov for clouds of L < 3 km (Fig. 7), but the authors 
failed to find due explanation of this effect [4, 5].24 

Table 3 
Parameters of schematic of Richmann’s injury by a discharge  

of atmospheric electricity (Fig. 12) 

Parameter Prior to discharge  At the moment  
of discharge 

Cloud-to-ground voltage, U1, MV ~ 6 25  
Cloud-to-aerial voltage, U2, MV ~ 6 ~ 25 

Aerial -to-ground voltage, U3, kV 25 100 
Electric field at the surface of the Earth, E⊥, kV/m ~ 6 ↓ 25 ↓ 

Atmosphere-land current , I1, A ~ 0.025  ~ 2.6 
Aerial-to-ground current, I2, A ~ 0 2.5 

Leakage current (house walls), I3, A ~ 0.025 ~ 0.1 
Atmospheric resistance, R1, kΩ ~ 108 (1011*) ~ 107 (107**) 

Breakdown resistance, R2, Ω 1017 ~ 0 
Body resistance, R3, Ω 104 104 

Leakage resistance (raw wood), R5, Ω 106 106 
Ground resistance, R4 ~ R6, Ω ~ 103 ~103 

Released, WR5, W 625 103 
Released power, WR2, W 0 2.5⋅105 

* – estimate for non-ionized air. ** – estimate with regard to thunderstorm air ions (N ~ 105 cm–3). 

To explain the growth of Е⊥ at the peripheral discharge (4, Fig. 10), we used a model of a 
partitioned cloud (Fig. 13). According to Fig. 13, a discharge between points A and E causes 
annihilation of positive and negative charges in one of the cloud segments. As a result, the electric 
field Е⊥ at point of observation D increases in δЕ⊥ = Е⊥'/Е⊥ ~ cos2β/(cos2β – cos2(β+δ)) by the time 
t ~ 5 – 10τ and more (here τ ~ 1 – 5 s is the characteristic relaxation time of a cloud) [17]. The 
estimates were made in the approximation of point charges at the cloud height of 1 km. The angles 
δ ~ 60, β ~ 500 (Fig. 13) were determined from Fig.10. We obtained δЕ⊥ ~ 4 whence under condition  of 
α ~ 300 ~ E⊥ ~ 25 kV/m at the moment of discharge we calculated circuit parameters (Fig. 12), as well 
the readings of Richmann’s electrometer prior to discharge (Table 3 and Fig. 11). Then using the 
equations for a plane capacitor and coaxial line, respectively, we assessed the electric capacity of the 
cloud C1 = ε0εS/H ~ 10–8 F (here ε ~ 1 is for air, S ~ 106 m2 is the effective area of the cloud) and 
"thunder machine" C2 = 4πε0εl/ln (r1/r2) ~ 2⋅10–10 F (here l ~ 10 m, r1 ~ 0.5 cm and r2 ~ 100 cm is 
conducting wire length, its radius and average distance between the wire and house walls). Then we 
calculated the maximum charges of the cloud and “thunder machine” – Q1 = C1U1 ~ 0.25 C and 
Q2 = C2U2 ~ 2⋅10–5 C, and time constants of the “thunder machine” charging at the moment of 
breakdown τ1 = R1C2 ~ 10–3 s and τ1' = R1C2 ~ 20 s for the nonionized atmosphere, respectively. From 
the relation τ1 << τ1' it follows that the atmosphere over Richmann’s house at the moment of 
breakdown was strongly ionized. In so doing, all the discharges in the house (Fig. 9 b) were 
                                                 
24 Richmann and Lomonosov did not know that positive and negative charges can form simultaneously and then 
annihilate ([5], p. 523). The abrupt changes in α were attributed by Lomonosov to a transition of “electrical 
force” between clods during discharges. 
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determined by the energy C2 of charged installation that was constantly “powered” by the energy of 
charged cloud C1, which accounted for their total large value. 25 As a result, at the breakdown of the 
electrode gap (R2 0), Richmann could pass through himself the shock current I up to ~ 2.5 A, 
exceeding considerably the lethal value (I0 = 0.1 A) (Table 3) [20]. The scientist’s pale body and 
numerous burns ([4], p. 545) confirm this assumption.26  

Thus, the cause of Richmann’s death was an extremely rare combination of various unfavorable 
factors. 27 The key factors included the positive charge of the cloud over the house, a dangerous 
configuration of the discharge gap of the "point-plane” type reducing the discharge voltage by a factor 
of 3, damp room and clothing, as well as two TE effects that increased the affecting factors of 
atmospheric charges. This is increased air conductivity close to the aerial due to the burning oven in 
the house and high concentration of protons р+ ~ 1012 cm–3 in the gap R2 caused by the scientist’s 
breath. 28 It should be noted that the majority of these effects were known to Richmann, or he even 
was their discoverer [4]. In particular, Richmann had earlier investigated the effect of air breakdown at 
reduction of a discharge gap ([4], p. 233), studied “dripping of charges from the tip” and “conducting 
properties of flame and smoke”, described the effect of “wet” room, etc.) [4]. Richmann also tried to 
measure the conductivity of water vapor (the experiment with the aeolipile) (Fig. 4 c), but did not 
estimate its value due to the low sensitivity of his “pointer”. However, as shown above, it is exactly 
low proton conductivity of water vapors exhaled by the scientist that could be the main reason for his 
death. Accordingly, the easiest way to prevent the tragedy for Richmann would be to use an 
electrometer with a protective housing (Fig. 3 b) [20].29 At the same time, the relative safety of 
Lomonosov and Sokolov under similar conditions has been associated primarily with lower ionization 
of air around them. As a result, electrical discharges also experienced by them during the storm of July 
26, 1753, were of relatively safe spark (brush) type [8]. 

Conclusions 
We have examined the works of Richmann and Lomonosov (1745 – 1753) related to the 

origin of national thermoelectricity (TE). It is shown that the authors were the first to discover or study 
in detail TE effects (thermoelectretic, atmospheric and so on) in various thermoelectrically-active 
media belonging to the class of dielectrics (sulfur, resins, air, water, etc.). All TE effects studied by 
them were of similar physical nature and associated with spatial separation and/or transport of non-
equilibrium electric charges in samples with a change in temperature. In some cases the TE effects 
were further enhanced by the phase transitions and chemical reactions (“melt-crystallization”, 
“evaporation-condensation”, combustion, etc.) also related to a change in temperature. The distinctive 
feature of TE effects was their discreteness manifested in the processes of “charging” and 

                                                 
25 Considerable decrease of R1 could have been also caused by oven burning in the house (Fig. 5 b). 
26 At primary respiratory arrest the affected bodies are blue, at primary cardiac arrest – red, white color indicates 
a simultaneous cessation of breathing and circulation ([20], p. 236). 
27 By our estimation, the probability of a casual combination of affecting factors in the incident with Richmann 
was exclusively small (Р < 10-7 per single experiment). It is proved by the absence of new similar incidents with 
researchers for the recent 260 years. 
28 Richmann who was constantly talking to Sokolov, did not take off the robe and wet shoes, he took off only a 
wig, and as a result he was at the installation even with a wet head [4]. 
29 In this paper, we do not consider the case of simultaneous connection of two Richmann’s “thunder machines”. 
Their series (U3' ~ 2U3), or parallel (C2" ~ 2 C2) connection increase essentially the likelihood of the scientist’s 
injury by current (Fig. 5 b). 
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“discharging” of samples. Thus, even for high U, the TE effects remained virtually harmless for the 
researchers, except for the cases of electrical breakdown of dielectrics (the incident with Richmann).  
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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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