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The study of thermoelectric properties of crystalline semiconductors with structural defects is of practi-

cal interest in the development of radiation-resistant Peltier elements. In this case, the spectrum of energy 
levels of hydrogen-like impurities and intrinsic point defects in the band gap (energy gap) of crystal plays  
an important role. 

The purpose of this work is to analyze the features of the single-electron band model of semiconductors 
with hopping electron migration both via atoms of hydrogen-like impurities and via their own point triple-
charged intrinsic defects in the c- and v-bands, as well as to search for the possibility of their use in the Pelti-
er element in the temperature range, when the transitions of electrons and holes from impurity atoms and/or 
intrinsic defects to the c- and v-bands can be neglected. 

For Peltier elements with electron hopping migration we propose: (i) an h-diode containing |d1)- and 
|d2)-regions with hydrogen-like donors of two types in the charge states (0) and (+1) and compensating them 
hydrogen-like acceptors in the charge state (−1); (ii) a homogeneous semiconductor containing intrinsic  
t-defects in the charge states (−1, 0, +1), as well as ions of donors and acceptors to control the distribution  
of t-defects over the charge states. The band diagrams of the proposed Peltier elements in equilibrium and 
upon excitation of a stationary hopping electric current are analyzed.  

A model of the h-diode containing hydrogen-like donors of two types |d1) and |d2) with hopping migra-
tion of electrons between them for 50 % compensation by acceptors is considered. It is shown that in the case  
of the reverse (forward) electrical bias of the diode, the cooling (heating) of the region of the electric double 
layer between |d1)- and |d2)-regions is possible. 

A Peltier element based on a semiconductor with point t-defects is considered. It is assumed that  
the temperature and the concentration of ions of hydrogen-like acceptors and donors are to assure all 
t-defects to be in the charge state (0). It is shown that in such an element it is possible to cool down  
the metal�semiconductor contact under a negative electric potential and to heat up the opposite contact under 
a positive potential. 
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Исследование термоэлектрических свойств кристаллических полупроводников с дефектами 

структуры представляет практический интерес при создании радиационно-стойких элементов Пель-
тье. При этом важную роль играет спектр уровней энергии водородоподобных примесей и собствен-
ных точечных дефектов в энергетической щели (запрещённой зоне) кристалла.  

Цель работы � анализ особенностей одноэлектронной зонной модели полупроводников с прыж-
ковой миграцией электронов как по атомам водородоподобных примесей, так и по собственным то-
чечным трёхзарядным дефектам, а также поиск возможности их использования в элементе Пельтье  
в области температур, когда переходами электронов и дырок с атомов примесей и/или собственных 
дефектов в c- и v-зоны можно пренебречь. 

В качестве элементов Пельтье с прыжковой миграцией электронов предложены: 1) h-диод, со-
держащий |d1)- и |d2)-области с водородоподобными донорами двух сортов в зарядовых состояниях 
(0) и (+1) и компенсирующие их водородоподобные акцепторы в зарядовом состоянии (−1); 2) одно-
родный полупроводник, содержащий собственные t-дефекты в зарядовых состояниях (−1, 0, +1), 
а также ионы доноров и акцепторов для управления распределением t-дефектов по зарядовых состоя-
ниям. Проанализированы зонные диаграммы предлагаемых элементов Пельтье в равновесии и 
при возбуждении стационарного прыжкового электрического тока. 

Рассмотрена модель h-диода, содержащего водородоподобные доноры двух сортов |d1) и |d2)  
с прыжковой миграцией между ними электронов при компенсации их на 50 % акцепторами. Показа-
но, что при обратном (прямом) электрическом смещении диода возможно охлаждение (нагревание) 
области двойного электрического слоя между |d1)- и |d2)-областями.  

Рассмотрен элемент Пельтье на основе полупроводника с точечными t-дефектами. Принималось, 
что температура, а также концентрации ионов водородоподобных акцепторов и доноров таковы,  
что практически все t-дефекты находятся в зарядовом состоянии (0). Показано, что в таком элементе 
возможно охлаждение контакта металл�полупроводник, находящегося под отрицательным электри-
ческим потенциалом, и нагревание противоположного контакта, под положительным потенциалом. 
 
Ключевые слова: легированный полупроводник, диод с водородоподобными донорами двух сортов, 
трёхзарядные собственные точечные дефекты, прыжковая миграция электронов, элемент Пельтье. 
 
DOI: 10.21122/2220-9506-2021-12-1-13-22 
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Introduction 
 
Thermoelectric phenomena in semiconductor 

systems caused by the migration of electrons in the 
c-band and holes in the v-band are intensively stud-
ied (see, e. g., [1�7]). The thermopower was meas-
ured for hopping migration of holes via hydrogen-
like acceptors of the same type in homogeneous 
germanium crystals at liquid helium temperatures 
and below [8, 9]; see also [10]. 

The efficiency of semiconductor materials used 
in thermoelectric converters is determined by the 
dimensionless thermoelectric figure of merit ZT and 
by the Peltier coefficient Π (see, e. g., [11�13]): 

2S TZT σ
=

κ
;    Π = ST,  (1) 

where Z is the figure of merit [K−1], T = (T1 + T2)/2 
is the operating temperature [K], T1 and T2 are the 
absolute temperatures of hot and cold electrodes to 
the material, σ is the direct current specific electri-
cal conductivity [Ohm−1·m−1], S is the Seebeck coef-
ficient (or thermopower) [V/K], κ is the thermal 
conductivity [W·m−1·K−1], Π is the Peltier coeffi-
cient [V].   

Note that the Peltier coefficient Π, as a rule, is 
not measured directly, but is calculated from Eq. (1) 
by the value of the Seebeck coefficient S, which is 
easier to measure. 

There are various ways to increase the thermoe-
lectric figure of merit (see, e. g., [12�14], as well as 
the reviews on this topic [15�19]): selection of the 
optimal concentration of mobile charge carriers 
(electrons, holes or ions) in homogeneous materials; 
selection of the optimal band gap (energy gap); 
changing the chemical composition of materials 
(e. g., by chemical doping or neutron transmutation 
doping) or modifying their structure by introducing, 
for example, radiation defects. The possibilities of 
increasing of the thermoelectric figure of merit of 
nanostructured materials consisting of low-
dimensional systems are also considered [1]. Realis-
tic estimates of the limiting values of figure of merit 
of thermoelectric composites are given in [3]. 

Investigation of the optimal band gap Eg of a 
semiconductor showed that the condition Eg >> kBT 
should be fulfilled [4]. This is easily explained by 
the fact that for the Fermi level lying near the bot-
tom of the c-band, the concentration of minority 
carriers (holes in the v-band), and as a consequence, 
their contribution to the thermopower can be ne-
glected. However, this method makes it possible to 
increase the ZT value insignificantly. The modifica-

tion of the chemical composition and disordering of 
the structure consists in the preparation of solid so-
lutions or the growth of disordered alloys based on 
them; in the selection of the optimal concentra- 
tions of these compounds; combining them. Some 
samples obtained by such methods demonstrated 
thermoelectric figure of merit up to ZT = 2.2 at 
room temperature (see, e. g., [14]). 

The existence of an optimal doping level is due 
to the fact that an increase in the concentration of 
mobile charge carriers (electrons and/or holes) usu-
ally increases the electrical conductivity σ, but de-
creases the Seebeck coefficient S (see Eq. (1)). Due 
to an increase in the concentration of charge carri-
ers, they become degenerate and the Fermi level 
goes into the c-band (or in the v-band). In this case, 
the energy and velocities of electrons (or holes) will 
be determined by the Fermi level (Fermi energy) 
and will practically not depend on temperature.  
As a consequence, the charge fluxes from the hot 
and from the cold electrodes to the sample will 
hardly differ. 

A Peltier element is a thermoelectric two-
terminal device. When a stationary electric current 
is excited in it, it cools down at one contact (elec-
trode) of the element and heats up at the other elec-
trode. The Peltier element is still attractive for ap-
plications as a silent and environmentally friendly 
device. It can be used as a thermoelectric generator 
operating by utilizing heat losses in other devices 
and working substances. 

Typically, Peltier elements consist of n- and p-
type semiconductors connected in series with metal 
bridges. The contacts, which are cooled when pass-
ing an electric current, are placed on one surface of 
the Peltier element, and the contacts, which are 
heated, on the opposite surface. In the p- and n-
branches of the electrical circuit of the Peltier ele-
ment, holes and electrons move from the cooled 
surface to the heated one [20, 21]. 

Heat release power (energy released per unit 
time at the contact of a unit area) of the Peltier ele-
ment [W·m−2]: 

 

J
At
It

At
QW )()( 2121 Π−Π=Π−Π== ,  (2) 

 

where Q is the heat released at the contact [J], A is 
the cross-section area of the contact [m2], t is the 
time [s], Π1 and Π2 are the Peltier coefficients of 
materials 1 and 2 brought into electric and thermal 
contact [V], I is the electric current [A], J is the 
electric current density [A/m2]; It is the charge 
passing through the electrical contact of two  
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different conductors [C]. The value W > 0 if heat  
is released, and W < 0 if heat is absorbed. 

In the work [22] the p�n junction is considered 
as a potential thermoelectric device. Note that for 
the effective functioning of the p�n diode as a Pelti-
er element, the width of the electric double layer in 
the p�n diode must be comparable or less than the 
diffusion length of electrons in the c-band and the 
diffusion length of holes in the v-band. Electrons 
and holes formed in the electric double layer due to 
the absorption of heat in it go into electrical ohmic 
contacts (of n+- and p+-type) to the n- and p-type 
regions under the action of both the internal poten-
tial difference and the external electrical bias. In 
this case, the time of the drift "flight" of electrons 
and holes through the double layer should be less 
than their recombination lifetime [23]. 

Most works on thermoelectricity proceed from 
the band theory of crystalline solids and consider 
the migration of electrons delocalized in the c-band 
and v-band holes. 

Within the framework of the band theory of 
crystalline solids, first proposed by Wilson (see es-
say [24]) on the basis of quantum mechanics,  
materials were distinguished by their electrical 
properties into insulators, semiconductors, and met-
als according to their single-electron energy spec-
trum. Subsequently, this led to the creation of the 
first bipolar transistors (see, e. g., [25, 26]) on ger-
manium crystals, as well as integrated circuits on 
silicon [27]. Charge coupled devices (based on the 
metal�insulator�semiconductor structure) were  
invented [28, 29], which made it possible to record 
optical images in digital form. Finally, the features 
of the electron energy spectrum of layered semi-
conductor structures, called semiconductor hetero-
structures, consisting of semiconductor materials 
with different band gap, were used to create semi-
conductor lasers [30, 31] that operate at room tem-
perature and above. Nevertheless, the potential of 
defects in the crystal structure of semiconductors 
for creating devices based on them is far from being 
realized within the limits of the possible. 

It is known that the properties of semiconduc-
tors containing crystal structure defects substantial-
ly depend on the type of defects, their concentra-
tion, and spatial distribution (see, e. g., [32, 33]).  
In this regard, it is of practical interest to study the 
thermoelectric properties of semiconductor materi-
als with hopping electron migration via impurity 
atoms and/or intrinsic point defects of the crystal 
matrix. 

Let us briefly consider the possible arrange-
ments of the energy levels of impurity atoms (hy-

drogen-like donors of two types) or intrinsic point 
triple-charged defects of the crystal structure in the 
band gap of semiconductors, suitable for the deve-
lopment of Peltier elements on their basis. 

In crystalline semiconductors doped with hy-
drogen-like impurities at low temperatures, c-band 
electrons are "frozen out" on donors (v-band holes � 
on acceptors). In this case, electrical conduction is 
carried out through the hopping migration of elec-
trons (or holes) via impurity atoms. For example, it 
was shown in [34] that the hopping migration of 
holes via boron atoms (as acceptors) and electrons 
via phosphorus atoms (as donors) in diamond oc-
curs even at room temperature (see also [35]). 
However, impurity atoms with an increase in their 
concentration in the crystal matrix form clusters 
(associates) [36]. In general, hopping electrical con-
duction in crystals at room temperature can be real-
ized via t-defects � radiation point defects of one 
type in three charge states (−1, 0, +1). Such radia-
tion defects make it possible to significantly modify 
the electrical properties of semiconductors without 
changing their chemical composition [37�39]. 

The purpose of the work is to analyze the mani-
festation of the arrangement of the energy levels  
of atoms of hydrogen-like impurities or intrinsic 
point defects in the band model of crystalline semi-
conductors with hopping electron migration for  
the design of the Peltier element. 

In this paper, two possible schemes for the im-
plementation of Peltier elements based on two sem-
iconductor systems with hopping electron migration 
between ohmic contacts (electrodes) to these sys-
tems are considered. 

The first system is a flat crystalline semicon-
ductor sample, on the one side doped with hydro-
gen-like donors with thermal ionization energy Ed1 , 
and on the other side � with hydrogen-like donors 
with ionization energy Ed2 < Ed1. Donors of two 
types can be in charge states (0) and (+1). Each do-
nor introduces one energy level into the band gap. 
The degree of compensation by hydrogen-like ac-
ceptors is approximately 50 %. The hopping trans-
fer of electrons via donors is �refracted� at the re-
gion of the electric double layer between the |d1)- 
and |d2)-regions of the system, which form the h-
diode. Thus, the h-diode contains a |d1)�|d2) junc-
tion and ohmic contacts to |d1)- and |d2)-regions. 
(The properties of ohmic contacts to such semicon-
ductors are presented in reviews [40, 41].) 

The second system is a partially disordered 
semiconductor containing radiation t-defects in the 
dominating concentration, each of which can be in 
one of three charge states (−1, 0, +1). Each t-defect 
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introduces two energy levels into the band gap. Hy-
drogen-like donors and acceptors are ionized and 
control the number of t-defect charge states that  
are realized at a given temperature. 

 
Design 1 � hopping electron migration via 
donors of two types 

 
In contrast to works [8�10], let us consider an 

n-type crystalline semiconductor doped with hydro-
gen-like donors of two types (|d1) and |d2)) with 
different thermal ionization energies (Ed1 > Ed2); see 
Figure 1a. The charge states (0) and (+1) of |d1) 
donors  in the region x < xj = 0 and |d2) donors in 
the region x > xj  provide the possibility of hopping 
electrical conduction. Compensating acceptors of 
one type |a), uniformly distributed along the x axis, 
are in the charge state (−1). Fluctuations in the en-
ergy levels of impurities are not shown. Short lines 
within the band gap indicate the mean values of the 
donor ionization energy. 

We assume that all hydrogen-like donors |d1) 
and |d2) with concentrations Nd1(x) and Nd2(x) are 
immobile and are in charge states (0) and (+1), and 
their distribution along the x coordinate (along the 
diode) is determined as follows [42]: 

 

d1
d1( )

1 exp( )
NN x

x l
=

+ /
,  d2

d2 ( )
1 exp( )

NN x
x l

=
+ − /

, (3) 

 

where Nd1 and Nd1 are the maximum concentrations 
of |d1) and |d2) donors [m−3]; l is the doping profile 
parameter [m]; x = xj = 0 in Figure 1 corresponds to 
Nd1(xj) = Nd1 and Nd2(xj) = Nd2. The concentration of 
hydrogen-like acceptors Na does not depend on the x 
coordinate; all acceptors are in the charge state (−1). 

To implement h-diode with the Peltier effect on 
n-type silicon crystal, in the capacity of |d1) donors 
we can take arsenic atoms (As) with thermal ioniza-
tion energy Id1 = 53.8 meV and in the capacity of 
|d2) donors � antimony atoms (Sb) with thermal 
ionization energy Id2 = 42.7 meV [43]. Boron (B) or 
aluminium (Al) atoms can be taken as compensat-
ing acceptors. 

The critical donor concentration Nd = NM, cor-
responding to the low-temperature transition of a 
semiconductor crystal from the insulator state to the 
metallic one (the Mott transition), is given by the 
relation [44]: 

1 3
M H 1 3

r

0.542
[(1 )( 2)]

N a
K

=
− ε +

/
/

, (4) 

 

where aH = e2/8πεrε0Id is the Bohr radius [m] for  
a single donor with the ionization energy Id [J];  
e is the elementary charge [C]; εr is the relative 
permittivity; ε0 is the electric constant [F/m];  
K = Na/Nd is the compensation ratio. 

Figure 1 shows the case of hopping electrical 
conduction via donors of two types with equal do-
nor concentrations Nd1 = Nd2 ≈ 0.1NM and the ratio 
of their compensation by acceptors K = Na/Nd1 = 
= Na/Nd2 = 0.5. In this case, the effective concen-
tration of electrons hopping via both |d1) donors 
and |d2) donors is maximum [45]. 

When a reverse bias is applied (Figure 1b; 
Ur < 0), in the region where the type of doping do-
nors changes, due to electron hopping the heat  
Qab ≈ Ed1 − Ed2 will be absorbed, which is necessary 
to overcome the difference in the ionization energy 
of |d1) and |d2) donors. The junction region will 
cool down in this case. And vice versa, when a for-
ward bias is applied (Figure 1c; Uf > 0), in the re-
gion where the type of doping donors changes,  
due to electron transitions to deeper donors an excess 
of electron energy will be released in the form of heat 
Qem ≈ Ed1 − Ed2, and the junction region will heat up. 

The typical temperature Th , at which the electri-
cal conduction of a semiconductor is determined 
only by the hopping migration of electrons via hy-
drogen-like donors, is Th = Tj  /2, where Tj is the 
temperature at which the c-band and hopping  
electrical conductivities are equal. The temperature 
Tj is given by the expression [46]: 

 

2
1 3

j d
B r 0

0.728 ( )
4

eT KN
k

=
πε ε

/ , (5) 

 

where kB is the Boltzmann constant [J/K]; e is the 
elementary charge [C]; εrε0 is the dielectric constant 
of the crystal matrix [F/m]; Nd = Nd1 = Nd2 is the 
concentration of the doping impurity (|d1) and |d2) 
donors) [m�3]. [Electrical neutrality condition: the 
concentration of donors in the charge state (+1) is 
equal to the concentration of the negatively charged 
(−1) compensating impurity (acceptors) KNd .] 

In a doped semiconductor with compensation 
ratio K ≈ 0.5, the ionization energy of hydrogen-like 
donors decreases with their concentration [47]: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

res

H
dd 1

R
aIE ,  (6) 

 

where Rres = (2πNd)−1/3 is the radius of the sphere-
cal region of the crystal matrix per impurity atom 
(both donor and acceptor) at K = 0.5. 
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Note that to implement the device structure (h-
diode) with the Peltier effect on a p-type silicon 
crystal, in the capacity of |a1) and |a2) acceptors, 
we can take boron atoms (B) with the thermal  

ionization energy Ia1 = 44.4 meV and aluminium 
atoms (Al) with the ionization energy Ia2 = 69 meV, 
respectively [43]. Antimony (Sb) or arsenic (As)  
atoms can be taken as compensating donors. 

 
 

 
 

 

Figure 1 � Band diagrams (dependences of the single-electron energy E on the coordinate x) at low temperatures for a 
Peltier element based on the h-diode, which is an n-type semiconductor doped with hydrogen-like donors of two types 
|d1) and |d2) with different thermal ionization energies (Ed1 > Ed2) and compensated by acceptors |a): in the equilibri-
um (a; U = 0), under the reverse bias (b; Ur < 0) and under the forward bias (c; Uf > 0). The potential barrier height: 
eφb (a), eφb − eUr (b), eφb − eUf (c); the electrical double layer width is (x+ − x−). In the case of the reverse bias (b; 
Ur < 0), heat Qab is absorbed in the junction region and the structure cools down. Under the forward bias (с; Uf > 0), 
heat Qem is released in the junction region and the structure heats up. The Peltier element operates in the vicinity of the 
temperature of realization of the hopping conductance Th = Tj/2, where Tj is given by Eq (5) 
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A thermal cooler of this type can be used as a 
"cold finger" for bolometers [48] and infrared de-
tectors [49] operating at cryogenic temperatures. 

 
Design 2 � hopping electron transfer  
in a partially disordered semiconductor 

 
A number of works (see, e. g., [50, 51] and ref-

erences therein) describe the mechanisms of Fermi 
level "pinning" by point structure defects both at the 
metal�semiconductor interface and inside the semi-
conductor. 

Let us consider the processes of transfer of 
electrons and energy in a "metal�partially disor-
dered semiconductor�metal" device structure upon 
excitation of a stationary electric current in it.  

The proposed scheme of a Peltier element 
based on a semiconductor with two energy levels 
(Et1 and Et2) of point triple-charged t-defects [52, 
53] is shown in Figure 2. We consider the case of 
hopping migration (drift and diffusion) of electrons 
via the upper level Et2 only. 

Note that triple-charged point defects can be in-
troduced into a semiconductor by polyenergetic ion 
implantation (ion kinetic energy > 1 MeV/nucleon) 
through contacts (electrodes) or by irradiation with 
fast reactor neutrons [38, 39]. 

Let us consider a one-dimensional model of the 
proposed device structure (Peltier element). A flat 
semiconductor sample is located between two metal 
electrodes (contacts); see Figure 2a. Two-level t-
defects are created in the sample, each of which can 
be in one of three charge states (−1, 0, +1). 

Let t-defects be immobile and uniformly dis-
tributed over the volume of the semiconductor: 

 

Nt(x) = Nt = const,  (7) 
 

where Nt(x) = Nt,−1(x) + Nt,0(x) + Nt,+1(x) is the total 
concentration of t-defects in all three charge states. 

As can be seen from Figure 2a, t-defects con-
tained in a semiconductor effectively reduce its 
band gap to a value of ∆t < Eg . The width of the en-
ergy gap between the average values of the energy 
levels of t-defects is Δt = Eg − (Et1 + Et2) > 3kBT. 
(Note that in a narrow-gap crystalline semiconduc-
tor, the band gap Eg is less than the electron affinity 
energy EA = Evac − Ec , where Evac is the vacuum 
level, Ec is the bottom of the c-band). 

The average value of the lower energy level Et1 
corresponds to the energy required for the transition 
of an electron from the v-band to the t-defect in the 
charge state (+1). The average value of the upper 
energy level Et2 corresponds to the energy required 

for the transition of an electron from the t-defect  
in the charge state (−1) to the bottom of the c-band. 
In a partially disordered semiconductors with a high 
concentration of defects, the energy positions of the 
edges of the allowed energy bands (the bottom  
of the c-band and the top of the v-band) fluctuate 
along the coordinate (have random deviations from 
the average value at different points of the crystal). 
When describing the electrical properties of such 
disordered semiconductors, the concept of the mo-
bility edge (percolation threshold) for electrons  

 
 

 

Figure 2 � Band diagrams E(x) of the Peltier element in 
the thermodynamic equilibrium (a; U = 0) and under the 
electrical bias (b; U ≠ 0). A semiconductor (working sub-
stance) contains ions of donor |d) and acceptors |a) along 
with triple-charged t-defects. When a stationary hopping 
current is excited (for U ≠ 0), the heat Qab is absorbed in 
the region of the contact under a negative potential and 
the contact cools down, and in the region of the contact 
under a positive potential, the heat Qem is released and 
the contact heats up 
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in the c-band Eμ(c) and holes in the v-band Eμ(v)  
is introduced [54]. 

When an electrical bias is applied (Figure 2b; 
U ≠ 0), in the region of contact under a negative 
potential a thermally stimulated transition of elec-
tron from a metal to a semiconductor occurs and the 
heat Qab ≈ Δt is absorbed, which is necessary to 
overcome the energy difference between the upper 
level of t-defect Et2 and the Fermi level EF2 in metal. 
The contact region will cool down in this case. And 
vice versa, in the region of the opposite contact un-
der a positive potential due to transitions of elec-
trons from the t-defect upper level to the Fermi lev-
el EF1 in metal, the excess of the electron energy is 
released in the form of the heat Qem ≈ Δt , and the 
contact region will heat up. 

In combination with radioisotope heater, the 
proposed Peltier element (Figure 2) becomes a gen-
erator of electrical energy. It is less susceptible to 
radiation degradation than an element based on 
conventional moderately doped semiconductor crys-
tals, since it contains triple charged t-defects in a 
sufficiently high concentration, which were previ-
ously introduced into the crystal matrix. 

A decrease in the thermal conductivity of a Pel-
tier element occurs due to the creation in a semi-
conductor material (working substance) of a suffi-
ciently large (for realization of electron hopping) 
number of point defects of structure, which effec-
tively scatter phonons (both optical and acoustic) of 
all wavelengths [55]. For example, at cryogenic 
temperatures, the thermal conductivity of amor-
phous SiO2 is much lower than the thermal conduc-
tivity of crystalline SiO2 [56]. 

 
Conclusion 

 
As Peltier elements with the electron hopping 

migration between electrical contacts to the semi-
conductor we proposed: (i) an h-diode containing 
inhomogeneously distributed along the semicon-
ductor hydrogen-like donors of two types |d1) and 
|d2) in the charge states (0) and (+1), as well as 
uniformly distributed compensating ions of hydro-
gen-like acceptors; (ii) a semiconductor with uni-
formly distributed point t-defects in the charge 
states (−1, 0, +1) and ions of hydrogen-like donors 
and acceptors. 

It is shown that in the h-diode under the reverse 
bias (Ur < 0) for a cryogenic temperature, the region 
of the electric double layer between |d1)- and |d2)-
regions cools down, and under the forward bias 
(Uf > 0) it heats up. 

It is shown that in a Peltier element based on a 
semiconductor with triple-charged t-defects, upon 
current excitation, it is possible to cool down a met-
al�semiconductor contact under a negative electric 
potential and to heat up an opposite contact with a 
positive potential. 
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