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Abstract: The effect of neutron irradiation of Si-Ge/Si film structures obtained by gas-phase epitaxy 
on the processes of charge carrier generation and the magnitude of the dark short-circuit current 
and open-circuit voltage caused by it is studied, it is shown that their magnitude practically does 
not change with time. The results obtained indicate that all types of structural defects, both 
associated with dopant impurities and radiation exposure, contribute to the generation of charge 
carriers in heated silicon structures with the participation of deep energy levels, which indicates the 
applicability of neutron processing of silicon materials to create thermal energy converters, 
operating at high temperatures. 

Keywords: thermal energy converter; thermovoltaic effect; radiation; p-n film structures; silicon-
germanium; neutron irradiation; structural defects 

 

Introduction 

The vast majority of microelectronic devices and photoelectric converters are made on the basis 
of mono or polycrystalline silicon ingots with a grain size of >300 microns, the production of which 
at the final stages involves cutting the ingots into wafers, grinding and polishing the wafers and 
creating p-n junctions on their surface using diffusion and ion implantation methods and epitaxy. 
This is inevitably accompanied by the appearance of waste in the form of scrub and sludge from 
operations of cutting plates and chemical-mechanical processing of their surface, as well as waste in 
the form of scrap, both semi-finished and finished products. The volume of this waste is quite large 
and, for example, only the return to the production of solar cells (SCs) of silicon extracted from scrub 
and sludge, even with existing modern, not perfect schemes for their chemical and metallurgical 
processing, would increase production output by ~25%, and when developing special new 
technologies—by 38% [1]. 

The return of silicon to the production of solar cells within the framework of existing 
technologies involves the purification and remelting of waste with the production of mono- or 
polycrystalline silicon ingots with electrophysical characteristics acceptable for the creation of the 
basic field of solar cells. This naturally limits the range of waste processed for this purpose. 
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There is another way that makes it possible to usefully utilize a wider range of waste, including 
those heavily alloyed with small impurities such as P, B, Sb, by remelting followed by casting into 
molds, into the so-called secondary cast polycrystalline silicon (SCPS) [2], n+ or p+ plates from which 
it is advisable to use exclusively as a substrate material for deposition from the gas phase of the film 
base region of a solar cell of n- or p-type conductivity, respectively, with a resistivity of ~1 Ohm*cm 
[3]. 

Such solar cells are characterized by high radiation resistance and are economically competitive, 
since the gas-phase deposition of the film, which is subsequently used as the basic area of solar cells, 
is carried out using circulating technologies that are well mastered in the production of raw Si and 
have made it possible to sharply reduce the cost of solar cells [4]. 

However, there are a number of silicon wastes that are difficult or not at all suitable for return 
for economic reasons, which include scrub, sludge and broken wafers, as well as defective products 
containing impurities that give deep energy levels in silicon such as Ta, Mo, Zr, W, V, Ti, as well as 
Cr Fe, Co Mn, the presence of microquantities of which, for example, ~ 1013 cm-3 from the first group 
and ~ 5 * 1015 cm-3 from the second, reduces the efficiency of solar cells by ~ 40% [5,6]. 

We propose to use this kind of waste as a raw material for the production of silicon materials 
used for the manufacture of thermal energy converters (TEC) of natural or man-made origin, 
including concentrated solar radiation (CSR), in which, under heating conditions, the so-called 
thermal voltaic effect (TVE) is manifested—the generation process when heating EMF and charge 
carriers, and this, as will be shown below, is precisely facilitated by the presence of impurities in the 
used silicon raw materials that give deep energy levels. 

Rationale and Methodology of Experiments 

TCE was theoretically predicted in [7] and experimentally discovered on heated p-n structures 
fabricated by various methods, including structures based on SCPS [8], then on samples produced 
by zone melting in a solar furnace of technical silicon [9], and then even on single-crystalline 
structures, but subjected to ion implantation of alkali metals or irradiation with fast electrons with E 
= 1 MeV [10], without subsequent annealing of radiation-induced defects. Studies have shown that 
the value of TCE depends on the concentration of defects in the material, which was explained in 
accordance with [5] by the generation of charge carriers due to the absorption of subband photons 
with the participation of deep energy levels caused by structural defects, as well as the presence in it 
of deep impurities such as Fe, Cu, Mn, Mg, Ti, etc. According to [5], a necessary condition for the 
manifestation of TCE is the presence of a critical concentration of deep levels exceeding ~ 4*1018 cm-3. 
Subsequently, when irradiating p-n-film structures Si/Si [11] and Si-Ge: Ti/Si [12] with 60Co γ-rays 
with a dose of 109 rad, as well as when treating their surfaces with beams of He+ ions with an energy 
of 4 keV up to doses of 1016 -1017 cm-2 [13], it was shown that the defects that cause the appearance or 
increase in the concentration of the mentioned deep levels are responsible for the generation of charge 
carriers [14,15]. 

However, despite the study of defects in silicon and on its surface [16], it remains unclear which 
levels of them may be responsible for the occurrence of TVE. From a fundamental point of view, the 
question of the possible spatial localization of these defects remains open. From a practical point of 
view, it is very important to assess the possibilities of instrumental influence on the conditions and 
degree of manifestation of TVE, both for creating relatively inexpensive TEC based on various waste 
semiconductor materials, and for realizing the possibility of increasing the efficiency of such TEC, the 
limiting value of which, according to [5], is ~70%. 

In this regard, we, as another method of influencing TVE, studied the influence of neutron 
treatment on the generation processes of charge carriers in Si-Ge/Si film p-n structures obtained by 
gas-phase epitaxy, the films in which, like all germanium-silicon alloys, themselves, are considered a 
promising material for the manufacture of thermoelectric converters [17]. 

Experimental studies of the effect of neutron irradiation on TVE were carried out both on silicon-
germanium films doped during the growth process with an isovalent Ti impurity to a concentration 
of ~1020 cm-3, and on samples without doping. Si-Ge/Si structures were obtained by gas-phase epitaxy 
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under conditions similar to [18,19], in the SiCl4-GeCl4-H2 and SiCl4-GeCl4-TiCl4-H2 systems on KDB-
10 Si substrates with (111) orientation. The conditions for growing Si-Ge layers excluded the ingress 
of uncontrolled impurities into them, especially those that could, like specially introduced titanium, 
give deep energy levels [20,21]. 

Microscopic studies using standard techniques of deposited silicon-germanium films show that 
they are homogeneous and have thicknesses ranging from 8 to 10 microns. Next, we measured the 
dark currents and voltages generated when these structures were heated in the temperature range of 
300–900 K. The measurements were carried out using a method similar to [22], when placing 
macroscopic titanium clamping contacts on the free surface of the Si-Ge:Ti film and on the back side 
Si substrate, from which the heat was supplied. Then these structures were irradiated with thermal 
neutrons for 600 s until the dose reached 4*1016 cm-2. After irradiation, the parameters of these films 
were measured in the specified temperature range after 38 days. 

Results and Discussion 

The studies performed show that neutron irradiation significantly affects the magnitude of the 
dark short circuit current and voltage that occurs during heating, as well as the resistance of 
structures. As a typical example, Figure 1 shows graphs of the temperature change in open-circuit 
voltage (Uoc) and dark short-circuit current (Isc), which arise when heating, respectively, unirradiated 
and irradiated samples of Si-Ge:Ti / Si film structures, that is, with films alloyed with titanium. 

Analyzing the results obtained and comparing them, including with data from previously 
conducted studies, we note the following: 

1) Neutron irradiation, like irradiation with 60Co γ-quanta [11,12] and ion surface treatment [13], 
leads to increased generation of currents during heating (Figure 1a). As in previous cases, this effect 
for neutron exposure is more pronounced in silicon-germanium films doped with titanium, i.e. those 
initially containing a greater number of defects in their own structure. This is manifested, in 
particular, in a clear, from 40% to 2 times, excess of the values of (Uoc) and (Isc) measured on these 
heated structures, compared with those observed on similarly heated structures, the films of which 
are not doped with titanium impurities. This conclusion correlates with previously identified 
patterns of TVE manifestation. Thus, the effect begins to manifest itself upon the transition from film 
epitaxial to defective epitaxial, but still single-crystalline p-n structures, clearly intensifies upon 
transition to film polycrystalline structures, then intensifies when used as substrates for growing 
wafer structures made from SCPS ingots, characterized by a specific structural defects and (or) 
containing deep impurities, which can transfer into the growing film due to diffusion and self-doping 
and are further enhanced by the induction of various radiation defects into them. The effect, as 
mentioned above, can also manifest itself on single-crystal structures if the latter are subjected to 
electron irradiation or alkali metal ions are introduced into them by ion implantation, but the defects 
are not annealed. 
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Figure 1. Temperature dependences of short-circuit current (a) and open-circuit voltage (b) taken on 
Si-Ge: Ti/Si structures before (1) and after (2) neutron irradiation for 600 s up to a dose of 4*1016. 

2) Neutron irradiation leads to a double change in the open-circuit voltage (Uoc) (Figure 1b) for 
heated structures, in contrast to the results obtained on similar structures, but subjected to γ-
irradiation [11,12] or ion treatment [13], indicating a very minor effect of heating. Thus, in the heating 
temperature range up to ~ 500 K, a decrease in (Uoc) is observed, followed by its increase with 
increasing temperature up to a ~3-fold increase in this parameter for neutron-irradiated structures (2) 
compared to non-irradiated ones (1) at temperatures above 750 K. 

3) Repeated measurements carried out on the same samples 30 days after the first ones showed 
that the value of the generated current and the resulting emf practically did not change, while for 
samples subjected to γ-irradiation and ion treatment, after heating in the above temperature range, 
the values current decreased and actually returned to the original ones, i.e. to those observed before 
irradiation. In fact, thermal annealing of radiation-induced defects took place. 

Conclusions 

The results obtained indicate that all types of defects, both structural and associated with doping 
impurities, as well as with the methods of their introduction into the semiconductor, accompanied 
by disruption of the crystal structure, contribute to the manifestation of the thermal-voltaic effect, 
that is, they are responsible for the generation of charge carriers in heated semiconductors with the 
participation of deep energy levels, the appearance of which in the band gap is precisely due to these 
defects. In this case, a more significant role in a polycrystalline material is played not by its own 
structural defects, but by external radiation exposure, which, as a rule, leads to an intensification of 
the effect, that is, to a significant increase in voltages and dark currents that arise during heating. 

From a practical point of view, the results obtained indicate the need for further research on the 
use of radiation technologies in a much wider range of radiation doses to create effective TECs based 
on silicon materials that convert the infrared component of solar radiation and thermal energy of 
natural or man-made origin into electricity. 
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