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Abstract

Photo thermoelectric generators (PTEGs) are solid state heat engines that
generate electricity from concentrated sunlight. In this paper, we developed a
novel detailed balance model for PTEGs and applied this model to both
state-of-the-art and idealized materials. This model uses thermoelectric com-
patibility theory to provide analytic solutions to device efficiency in idealized
materials with temperature-dependent properties. The method for the theo-
retical calculation of the mechanism of absorption and refraction of light
radiation of a selected wavelength in the volume of a photoelectric converter
and the design of an effective photo thermal converter with a fixed slit are
presented in the article. Direct- and non-direct-electron transitions from the
valence band to the conduction band are analyzed. The possibility of optimal
distribution of the light spectrum on the frontal surfaces of the solar cell and
thermoelectric converter is shown. According to the results of experimental
studies, a conclusion was made that the efficiency of a photo converter in-
creases by a factor of three as compared with analogues, but operating with-
out a thermal converter.

Keywords

Photo Converter, Thermoelectric Converter, Selective Radiation, Solid State
Heat En-Gines

1. Introduction

A solid-state device known as thermoelectric power, based on Seebeck effect,
provides direct energy conversion from thermal energy into electrical energy due

to temperature gradient. The thermoelectric power cycle, with charge carriers
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resembles the power cycle of a conventional heat engine. Thermoelectric power
generators offer several distinct advantages over other technologies [1] [2] [3]
[4]. Systems based on it have been developed and studied for many years. When
a temperature difference is established between the hot and cold junctions of two
dissimilar materials (metals or semiconductors), a voltage is generated, ie., See-
beck voltage. In fact, this phenomenon is applied to thermocouples that are ex-
tensively used for temperature measurements. A thermoelectric device creates
voltage when there is a different temperature on each side. Conversely, when a
voltage is applied to it, it creates a temperature difference [5].

The idea of creating and primarily studying a highly efficient photo thermo
generators (FTG) of a selective radiation was justified [6] as the main essence of
the invention was to simplify the transformation of energy, product construction
and to eliminate the additional costs. However, there are still a number of prob-
lems associated with the location, as well as a clear orientation of the individual
converters along the optical axis of light, the likelihood of increased radiation
losses when it is separated by spectral composition and blocking of the converter
design due to the need to add optical devices. In this regard, the results of the
development and initial studies of the electrophysical and energetic characteris-
tics of the convertor with a selected gap are presented in this article.

This is due to the fact that all these studies are accompanied by the complica-
tion of the technology of manufacturing solar cells, the need for expensive
equipment such as vacuum systems, electron microscopes and annealing fur-
naces, etc. In addition, all recommended technologies require consumption of
various types of energy resources that include both the electrical and fuel. Pho-
tovoltaics require solar cells (SE) that do not require unnecessary costs, bulky
equipment and are energy-efficient. However, despite the efficiency given off by
the combination of photovoltaics and thermoelectric converters (TEC) by con-
verting solar energy into electric energy, there were two inevitable problems.
First is that there is a strong dependence on the temperature of the output useful
power of a solar cell that’s at the spectral composition of the incident radiation
and second is the negative dependence of the same power on the temperature of
the element. Further research led to the creation of a selective radiation pho-
to-thermal generator, which provided for the illumination of the surface of a so-
lar cell with only photoactive radiation. However, the thermoelectric compatibil-
ity theory has not been widely researched to provide analytic solutions of device
efficiency in idealized materials with temperature-dependent properties.

The technical solution required solving several problems related to the loca-
tion as well as the precise orientation of the converters on the optical axis of
light, the likelihood of increasing radiation losses due to the division of the spec-
tral composition, and problems related to the cluttering design of the transduc-
ers. Optical devices were added to cater to the problems.

Therefore, we developed an optimal design of a highly efficient photother-

mogenerator (FTG) of selective radiation and studied the physics of absorption
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and refraction of light in the photovoltaic part of it. In this connection, in the
present work, the results of theoretical researches, (theoretical studies) of devel-
opment and initial tests of electrophysical and energetic characteristics of FTG
with the chosen slit are presented. This work is essentially a continuation of work
[2]. Therefore, this article gives the method for the theoretical calculation of the
mechanism of absorption and refraction of light radiation of a selected wave-
length a photoelectric converter and the design of an effective photo thermal
converter with a fixed slit, also direct-and non-direct-electron transitions from

the valence band to the conduction band were analyzed to minimize the loses.

2. Calculation and Study of the Distribution of
Electromagnetic Radiation

Comparison and analysis of the electrical properties of semiconductors and
metals show their proximity. However, with dielectrics they are very different
and therefore, the spreading of a light beam radiation in a semiconducting sub-
stance, at the absence of external fields, can be described by solving the Maxwell
equation [7]

dH

t(E)=- _—, divE=0
rot(E)=—uou " iv

(1
rot(H):goglcij—lf+0'E, divH =0
where £ and H is the intensity of electric and magnetic fields, respectively, & is
the dielectric penetration co-efficient of a semiconductor and  is its magnetic
penetration coefficient in vacuum.

In formula (1), it can be noted that in the second equation of the system the
conduction current density j=ocE . was taken into account. Since it is written
in the international system of units (SU), the parameters are taken with the fol-
lowing values: o, = (47t><9><109 )_1 f/m; p, =4nx10"gn/m. The dielectric
and magnetic penetration coefficients of a semiconductor are functions of the
frequency w (&(w) and i(w)). They are anisotropic and are represented by
second-rank tensors. To study optical phenomena in semiconductor crystals, we
assume that the external field is absent and the influence of the electromagnetic
wave field is very weak. In this case, o; & and u become scalar values. Based on
the fact that

dH d
rot— =—rotH 2)
dt  dt
and, after some mathematical operations, we can have an equation in the form
dE 2E
2
V°E=AE = /WOO'E+/151/“050 o (3)

In formula (3) it is assumed rotrotE = graddivE —V’E, and graddivE =0.
Thus, we can have several solutions for (3). The most acceptable and appropriate
solution of (3) is to obtain an equation for the intensity of the electric field in the

form
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E=E, expiw(t—ij. 4)
v

and this expression is a wave spreading in the z direction with the velocity vand
angular frequency w. [8]. The same can be obtained for the magnetic field
strength. In order to obtain (4) as the final equation it is necessary to fulfill the
conditions of (3) corresponding to the integrated complex index of refraction

V7 = g o, — Tkt

©)

In general, to satisfy Equation (4), it is better to take into account that firstly,
. . . . 2 -1

the square of the propagation speed of light in a vacuum with ¢ = ( ,uogo)
and secondly, in the optical range of most semiconductors, in particular silicon,
the magnetic properties are weak. It can be taken as u ~1. Also, taking into ac-
count the rate between the refractive index and the absorption index and the di-

electric constant, the specific electrical conductivity can be written as

2 .o .
=g —-1—=¢ —lg, (6)
Eo@

e=(n-ik)

-1
In (6) the speed of light spreading is taken ¢° = ( ,uogo) . The expression for
complex refraction, after separation of the real and imaginary parts, can be writ-
ten in the following form of the system of equations

n? —k? =& (o),
o (7)

2nk =—=¢, (o).
£,

Here g w) is the complex dielectric constant, &(w) is the real part, and &(w) is
the coefficient of the imaginary part.

On the one hand, the rate between the complex refractive index and (6), as
well as the dielectric permittivity on the other hand allows us to conclude that
the optical constants of the substance are equivalent in their generality. This
covers the macroscopic parameters characterizing the interaction of the elec-

tromagnetic wave and the absorbing medium.

n.=n-ik (8)

It was shown that, based on the causality condition, one can write formulas

connecting n and & with each other [9]

n=1+2[ % 4o ©)
170 @ -y

2wy = N

k= do. (10)

T 0 @~}

The Equation (9) in our case is basic and important, because according to this
expression 1 can be calculated at any frequency « in the interval from zero to in-
finity, and therefore, based on the selected selective absorption spectrum, the spec-
trum of the refractive index can be calculated and vice versa. So, the above method

allows us to write relationships that connect N> —k* =&, (@) and 2nk =g, (@) :
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2 0
nl(coo):(mz_kz)wO :1+;j0 %(zz)dw, (11)
0

_ﬂj‘w A

2

do, (12)
0 0 —af

& ()= (an)w0 =
Thus, to the wave Equation (4) substituting (5) and (8) it turns out

E=E, exp(—w—kzjexpia)(tz} (13)
c c

This shows that the main absorption coefficient & characterizes the attenua-
tion of an electromagnetic wave in a semiconductor.

As for the semiconductor band structure, for a start, we can consider the sim-
plest band structure. It is a spherical non-degenerate and energetic surface for
electrons and holes with a quadratic dispersion law. Analytically such an energy

structure can be expressed by the equation

21,2 21,2
E—hk E+Eg+hk =0. (14)
2m, 2m,

where 7 is Planck’s constant divided by 2. The value of % =1.05x10"% J-sec.
The roots of Equation (14) are

21,2 21,2
:hk'E:—E _hk;
2mp

E (15)

C 2m ! Vv g

n

However, the silicon diagram of the conduction band differs from the simplest
band structure [10] [11]. The difference in band structures exists even with ger-
manium. In silicon, the absolute minimum is located at a different brillouin zone
in accordance with a different number of ellipsoids (valleys) in the zone. In ad-
dition, the quantitative rates between the energies at some points are signifi-
cantly different.

The dependences of the energy on the wave number near the absolute mini-
mum for the case when the coordinate axes coincide with the direction of the main
axes of the mass ellipsoids for multi-valley semiconductors can be represented as

2( k2 k24k?
E(k):%(k—x+¥} (16)
m, m,

where 1, and m, are the longitudinal and transverse components of the mass el-

lipsoid.

3. The Design of a Selective Photo Thermo Generator with a
Fixed Slit Trench

Selective photo thermo generator given in [1] energy performance exceeds FTG
with equal numbers of cascades [12]. However, when using them as power
plants of even low power, there are some problems associated with cluttering up
their overall structure. Because the presence of lenses, other optical glasses and

their attachment mechanisms, to some extent obscures the front surface of con-
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verters. In addition, the choice of photoactive radiation from the total illumina-
tion does not guarantee a clear distribution of light exactly into two parts, which
without difficulty will be possible to direct to the surface of the photoconverter
and the thermal converter.

For a positive solution to this problem, design of a photo thermo generator
with a fixed gap was designed by us (Figure 1).

Optical Diagram of the Position Selective Photoconverter

This design provides for the arrangement of silicon photoelectric and thermoe-
lectric converters based on semiconductor materials from the ternary com-
pounds BiTeSe (n-type) and BiTeSb (p-type) so that, depending on the pho-
to-activity of the FEP on a certain radiation spectrum, after the dispersion of the
light beam into the optical an axis is placed on a photoconverter, then a TEP is
mounted around the FEP. This method of installation and connection is almost
always necessary. This is explained by the following. First, the light passing through
the optical system distributes the color sequence based on the electrical and opt-
ical properties of the material of the optical glass, and secondly, there are still no
specific research results recommending highly efficient separation of light into

two parts; Often the required spectrum may be in the middle of divided colors

7B

FB

Viev A-A. [-Option Viev A-A. 1I-Option Viev A-A. 111-Option
b) ) d)

Figure 1. Design of a photo thermo generator with a fixed gap. a) 1-prism, 2-photoelectrical
converter (PhC), 2-p- and n-branches of thermo converter (ThC), 3-hot switching plates (TEP),
4-cold switching plates of (TEP), b, ¢, d: Accordingly, three variants of arrangement of (FB) and
(TB) on section A-a: I, II, III-Variant.
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Thirdly, a solar cell made of the same semiconductor material with different
technologies has a spectral sensitivity in different color areas [13]. Fourth, the
solar cell is not always made of silicon. It can be made of other semiconductor
materials both by homo and heterostructure. It can be seen from the figure that
the previously measured and determined photoactive radiation through a special
slit of increasing light loss, the slit through which the selected radiation passes,
must be strictly in terms of the geometric dimensions of the FEP surface. A
thermoelectric converter is placed around the photoelectric converter, depend-
ing on the location of other radiations [14]. In general, it is possible to assemble
both converters on the same plane. At the same time, according to the results of
theoretical studies, the coefficient of absorption and refraction will obey the
well-known laws of physics.

The front surfaces of the converter can be assembled with different configura-
tions (see Figure 1, I, II, IIT options). It depends on the geometric shape of the
photoelectric converter and the size of the area of the divided light spot [15].
Attaching the switching plates of the hot junctions of the thermocouple into one
single ring-shaped or right-angled common surface (for example, from the be-
ryllium oxide material BeO, since the temperature coefficients of expansion of
BeO and the hot switching plates of TE are close).

4. Experimental Study

Testing the practicality of using a selective photo thermo generator of light radi-
ation showed that the introduction of this design will lead to simplification of
assembly and assembly work in the construction of power plants. The loss of
light energy due to the space between the converters is about 3% (for the case of
covering the surface of a thermal converter of a continuous heat-receiving BeO).
The efficiency of a thermoelectric converter is almost equal to the values given in
domestic and foreign literature [16], that is, when the temperature of the cold
junction is equal to the ambient temperature 7, = 20°C and hot junction 7, =
1200C 7 = 6.0%. The temperature of the photoconverter is practically unchanged
[17]. When using twenty-fold solar radiation, it rose only 1.10C. This can ap-
parently be explained by the error and measurement of the light intensity during

photometry and the lack of a clear boundary between the spectral wavelengths.

5. Conclusion

Based on the scientific and theoretical design decisions, it can be concluded that
the photo thermoelectric converter of light energy into electrical energy with a
fixed slit trench is one of the original technical solutions in the use of alternative
sources of electrical energy. It allows to use photo converter and thermo conver-
ter from a semiconductor of any structure with least radiation losses and pre-
vention of blockage makes it an efficient energy source. It also would lead to
simplification of assembly and its work in the construction of power plants. Of

course, the use of relatively efficient converters leads to the most tangible results.
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