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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 /-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 /#-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 7-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.

Keywords: doped semiconductor, diode with hydrogen-like donors of two types, triple-charged intrinsic
point defects, electron hopping migration, Peltier element.
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Cxema 3j1emenTa [leabThe HA MOJIYNIPOBOTHUKAX
C NPBI)KKOBBIM MEPEHOCOM 3JIEKTPOHOB IO JedeKTam

H.A. Ilokaonckuii, C.A. Boipko, A.U. Koanes, U.U. Anukees, H.U. I'opbauyk

Benopycckuii cocyoapcmeennutii yHueepcumen,
np-m Hezasucumocmu, 4, 2. Munck 220030, berapyco

Ilocmynuna 28.01.2021
Ipunsama k neuamu 09.03.2021

HccnenoBannue TEPMOIJIEKTPUYCCKAX CBOHCTB KPUCTAJUIMYECKUX TOJYTNPOBOJHUKOB € JaeeKTaMu
CTPYKTYPBI MPEACTABIISCT MPAKTUICCKUNA UHTEPEC MPH CO3JIaHHH PaTHallMOHHO-CTOMKHIX 37eMeHTOB [lernb-
The. [Ipu 3TOM Ba)kHYIO POJIb UTPACT CIIEKTP YPOBHEH 3HEPTUU BOAOPOIONOM00HBIX MPUMECEH U COOCTBEH-
HBIX TOYCUHBIX Je(PEKTOB B SHEPTETHUCSCKOM MU (3anmpeIiéHHON 30He) KPUCTaIIa.

Lens paboThl — aHATN3 0COOCHHOCTEH OJHOAICKTPOHHOW 30HHON MOJICIH IOIYTPOBOIHUKOB C TIPHIXK-
KOBO# MHUIpaIlueil 3JIeKTPOHOB KaK MO0 aTOMaM BOJIOPOIOTOA00HBIX MPUMECeH, TaK U M0 COOCTBEHHBIM TO-
YEUHBIM TPEX3apSAAHBIM Je(eKTaM, a TaKkKe MOMCK BO3MOXHOCTH MX HCHOJIb30BaHHS B 3ieMeHTe [lenbThe
B O0JIACTH TEMIIEpaTyp, KOTJa Mepexo/laMH DIIEKTPOHOB M JBIPOK C aTOMOB NMPUMECEH W/ COOCTBEHHBIX
ne(heKTOB B c- U U-30HBI MOXKHO TIPEHEOPEYD.

B kauectBe amemenToB [lenpThe ¢ MPBEDKKOBOM MUTpandeld 3JIEKTPOHOB IPEIJIOKEHB: 1) A-muon, co-
nepxaiuii |d1)- u |d2)-o6macTu ¢ BOZOPOAONONOOHBIMU JTOHOPAMH ABYX COPTOB B 3apSIOBBIX COCTOSHUSIX
(0) u (+1) 1 KOMIEHCHPYIOIIUE UX BOIOPOAONOOOHBIE aKIIETITOPHI B 3apsAnoBoM coctosiHuH (—1); 2) ogHO-
POMHBIN TTOIYTIPOBOIHUK, COIEPKAIIUNA COOCTBEHHBIC f-AC(hEKTHl B 3apsmoBBIX cocTosHusAX (—1, 0, +1),
a TaKKe MOHBI JJOHOPOB U aKICITOPOB JJIsl YIIPABJICHUS paclpeieicHueM {-1e(PEeKTOB M0 3apsIOBBIX COCTOS-
HUsM. [IpoaHaNM3MpOBaHbl 30HHBIC JHArPaMMbI TPEUIaracMbIX dJIeMeHTOB IlenbThe B paBHOBECHHM W
pH BO30YKACHUH CTAIIMOHAPHOTO MPHDKKOBOTO 3JEKTPHUYECKOTO TOKA.

Paccmotpena mojnens /-muona, coiepikaiiero BOIOPOAONOJA00HBIE JOHOPH! ABYX coptoB |[d1) u |d2)
C MPBIKKOBOW MHTpanuedl MexX Iy HUMU 3JICKTPOHOB NMpHU KomreHcanuu ux Ha 50 % aknenrtopamu. [lokasa-
HO, 4TO MpH OOPATHOM (TIPSIMOM) BIIEKTPUYESCKOM CMEIEHHU JHOJA BO3MOXKHO OXJaxJaecHHe (HarpeBaHue)
00JIaCTH ABOHHOTO 3JIEKTPHUYECKOTO ciost Mexay |d1)- u |d2)-o6nacTsamu.

Paccmotpen anement [lenbThe HA OCHOBE MOYIPOBOHUKA C TOUCYHBIMHU f-Nieektamu. [IpuHumanocs,
YTO TEMIIEPATypa, & TaKXKe KOHIICHTPAIMM HOHOB BOJOPOMOMOMOOHBIX aKIICITOPOB U JOHOPOB TAKOBHI,
YTO MPAKTHYECKH BCE f-eeKThl HaxosTcs B 3apspoBoM coctossHuU (0). TTokazaHo, 4TO B TAKOM DIIEMEHTE
BO3MOYKHO OXJIQXKJICHHE KOHTAKTa METAJIJI—IONYIPOBOIHUK, HAXOASAIICTOCS MO OTPHULATEIIBHBIM 3JICKTPH-
YECKHUM TOTCHIIUATIOM, M HArpeBaHHE MPOTHBOMOJIOKHOTO KOHTAKTA, TIO MOJOKHUTEILHBIM MTOTCHITUATIOM.

KuroueBsble cj10Ba: JETUPOBAHHBIN MOIYIIPOBOIHUK, U0 C BOJAOPOIOTIOOOHEIMU JOHOPAMH JABYX COPTOB,
Tpéx3apsiHbIe COOCTBEHHBIC TOYCUHBIC AS(PEKTHI, MPBIKKOBAS MUTPAIUs JICKTPOHOB, AJIeMEHT [lenbThe.
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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 Z7" and
by the Peltier coefficient I1 (see, €. g., [11-13]):

B oS°T
K

where Z is the figure of merit [K™'], 7= (T} + T»)/2
is the operating temperature [K], 7; and 7, are the
absolute temperatures of hot and cold electrodes to
the material, ¢ is the direct current specific electri-
cal conductivity [Ohm ''m '], S is the Seebeck coef-
ficient (or thermopower) [V/K], k is the thermal
conductivity [W-m "“K™'], II is the Peltier coeffi-
cient [V].

Note that the Peltier coefficient I1, 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 E, of a
semiconductor showed that the condition E, > kgT
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 Z7 value insignificantly. The modifica-

ZT

;o II=S8T, (1)

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 Z7T=2.2 at
room temperature (see, €. 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 o, 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 ]:

w2 _

2
yy @

It
(Hl _Hz)Z:(Hl _Hz)J:

where Q is the heat released at the contact [J], 4 is
the cross-section area of the contact [m?], ¢ is the
time [s], I1; and II, 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/m’]; 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, €. 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 Eq,
and on the other side — with hydrogen-like donors
with ionization energy Eg < Eq4;. 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 A-
diode. Thus, the A-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 ¢-defects in the
dominating concentration, each of which can be in
one of three charge states (—1, 0, +1). Each #-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 #-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 (Jd1) and |d2)) with
different thermal ionization energies (Eq; > Eg); see
Figure la. The charge states (0) and (+1) of |dl)
donors in the region x < x; = 0 and |d2) donors in
the region x > x; 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 Ny;(x) and Ng(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]:

Ndl
1+exp(x/l)’

Nd2

1+exp(—x/)’ ©)

Ny (x) = Ny (x)=

where Ny; and Ny, are the maximum concentrations
of |d1) and |d2) donors [m™]; [ is the doping profile
parameter [m]; x = x; = 0 in Figure 1 corresponds to
Nai(x)) = Nai and Ng(xj) = Ngo. The concentration of
hydrogen-like acceptors N, does not depend on the x
coordinate; all acceptors are in the charge state (—1).

To implement 4-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 /g =53.8 meV and in the capacity of
|d2) donors — antimony atoms (Sb) with thermal
ionization energy /g, = 42.7 meV [43]. Boron (B) or
aluminium (Al) atoms can be taken as compensat-
ing acceptors.

The critical donor concentration Ngq= Ny, 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]:

0.542
[(1-K)e, +2)]7

1/3
M

“)

H:

where ay = ¢?/8megol, is the Bohr radius [m] for
a single donor with the ionization energy Iy [J];
e is the elementary charge [C]; & is the relative
permittivity; & is the electric constant [F/m];
K = N,/Ny is the compensation ratio.

Figure 1 shows the case of hopping electrical
conduction via donors of two types with equal do-
nor concentrations Ng; = Ny = 0.1Ny and the ratio
of their compensation by acceptors K =N,/Nq =
= N,/Ngp =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 15;
U; <0), in the region where the type of doping do-
nors changes, due to electron hopping the heat
O = Eq— Eg, 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; Ur>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
Oem = Eq1 — Eg, and the junction region will heat up.

The typical temperature 73, at which the electri-
cal conduction of a semiconductor is determined
only by the hopping migration of electrons via hy-
drogen-like donors, is Ty =T7;/2, where T; is the
temperature at which the c-band and hopping
electrical conductivities are equal. The temperature
T; is given by the expression [46]:

2
- 0.728 e
kB

(KN)'3, (5)

4ne.g,

where kg is the Boltzmann constant [J/K]; e is the
elementary charge [C]; €& is the dielectric constant
of the crystal matrix [F/m]; Ny= Ny = Ny, is the
concentration of the doping impurity (|d1) and |d2)
donors) [m™]. [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) KNy.]

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

Ed :Id( _I(:_HJ,
res

where Ry = (271',Nd)_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.

Q)
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a A

c-band

Electron energy E

Electron energy E

c-band

Electron energy E

Us>0
b
) +1 Tt
1 0 Ep»
|[d2)-type

Coordinate x

Figure 1 — Band diagrams (dependences of the single-electron energy £ on the coordinate x) at low temperatures for a
Peltier element based on the /-diode, which is an n-type semiconductor doped with hydrogen-like donors of two types
|d1) and |d2) with different thermal ionization energies (E4; > Eg,) and compensated by acceptors |a): in the equilibri-
um (a; U= 0), under the reverse bias (b; U, <0) and under the forward bias (c; Uy > 0). The potential barrier height:
eqy (a), ey, — eU; (b), eqp, — eUs (c); the electrical double layer width is (x. —x_). In the case of the reverse bias (b;
U, <0), heat Q,, is absorbed in the junction region and the structure cools down. Under the forward bias (¢; Ug> 0),
heat Q. 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 T;, = 7;/2, where T is given by Eq (5)

Note that to implement the device structure (4-
diode) with the Peltier effect on a p-type silicon
crystal, in the capacity of |al) and |a2) acceptors,
we can take boron atoms (B) with the thermal

ionization energy I, =44.4meV and aluminium
atoms (Al) with the ionization energy /,, = 69 meV,
respectively [43]. Antimony (Sb) or arsenic (As)
atoms can be taken as compensating donors.
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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
(Ey and Ey) of point triple-charged ¢-defects [52,
53] is shown in Figure 2. We consider the case of
hopping migration (drift and diffusion) of electrons
via the upper level Ey; 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 -
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:

Ni(x) = N, = const, (7

where Ny(x) = N;-1(x) + Ny o(x) + Ny +1(x) is the total
concentration of #-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 A, < E,. The width of the en-
ergy gap between the average values of the energy
levels of t-defects is A =FE,—(Ey+Eyp)>3ksT.
(Note that in a narrow-gap crystalline semiconduc-
tor, the band gap E, is less than the electron affinity
energy EA=FE,,.—E., where E,,. is the vacuum
level, E. is the bottom of the c-band).

The average value of the lower energy level £},
corresponds to the energy required for the transition
of an electron from the v-band to the #-defect in the
charge state (+1). The average value of the upper
energy level E, corresponds to the energy required
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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 f-defects. When a stationary hopping
current is excited (for U # 0), the heat Q,, 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 Q. is released and
the contact heats up

for the transition of an electron from the #-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
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in the c-band E° and holes in the v-band E”
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 Q. = A; is absorbed, which is necessary to
overcome the energy difference between the upper
level of t-defect E}, and the Fermi level Ey, 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 #-defect upper level to the Fermi lev-
el Er; in metal, the excess of the electron energy is
released in the form of the heat Q., = A, 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 #-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 SiO; is much lower than the thermal conduc-
tivity of crystalline SiO, [56].

Conclusion

As Peltier elements with the electron hopping
migration between electrical contacts to the semi-
conductor we proposed: (i) an A-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 7-defects in the charge
states (—1, 0, +1) and ions of hydrogen-like donors
and acceptors.

It is shown that in the 4-diode under the reverse
bias (U; < 0) for a cryogenic temperature, the region
of the electric double layer between |d1)- and |d2)-
regions cools down, and under the forward bias
(Us> 0) it heats up.

It is shown that in a Peltier element based on a
semiconductor with triple-charged ¢-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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