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This article presents the results of studies of the conductivity mechanism in pSi-nSii-sSns (0 < § < 0.04) structures based on the
Si1-5Sns solid solution with base n-layer thicknesses W = 20-30 pm. The studied samples were obtained in a single technological
cycle using liquid-phase epitaxy on single-crystal p-Si substrates with the (111) orientation. Experimental and computational studies
showed that the Poole-Frenkel effect is observed in pSi-nSii-sSns (0 < 8 < 0.04) structures at room temperature. This circumstance
allows the use of high voltage effects on the parameters of various devices based on the solid solution Sii-sSns. Thus, there is interest
in using this effect to convert thermal energy into electrical energy via the thermovoltaic effect. Also, results show the potential of
using solid solutions Sii-5Sns (0 < 3 < 0.04), grown on silicon substrates, as an active material in thermal energy converters.
Keywords: Liquid-phase epitaxy, Current-voltage characteristic; Field mechanism; Frenkel coefficient; Activation of charge
carriers; Concentration of ionized traps, Thermovoltaic effect
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INTRODUCTION

Recently, the study of electrophysical processes in semiconductor solid solutions of the AVB'Y type has become
increasingly relevant [1]. Analysis of the results of the studies showed that such solid solutions are promising for the
creation of lasers, light modulators, photoconverters, and other functional devices [2].

It is known that by changing the zone structure parameters of solid solutions, it is possible to create new, more
effective materials for various technological fields with the required combinations of physical characteristics [3-5].

One way to change the band structure of semiconductors is to apply a high voltage to the sample (the Poole-Frenkel
effect). The effect is that when sufficiently large electric fields are applied to the semiconductor sample, the activation
energy for electrons from the electron energy levels decreases due to the additional energy imparted by the field.

The semiconductor compound Si;«Sny, belonging to the above-mentioned type AVB'Y, has a number of distinctive
properties that allow them to be used in the manufacture of various semiconductor devices [6-8], while the temperature
range of their operation depends on the activation energy of charge carriers [9-10]. Thus, it is of interest to study the
possibility of changing the activation energy of electrons by the action of electric fields, i.e. the presence of the Poole-
Frenkel effect [11-12] and its parameters of solid solutions Si;.sSns [13-14]. Based on this, this work is devoted to
studying the influence of the base region thickness on the electrical conductivity and on the shape of the potential well-
formed near the impurity centers in pSi-nSi;.sSns structures.

MATERIALS AND METHODS
Formation of solid solutions of Sii-sSns. The possibility of forming solid substitution solutions of ANVB!Y
molecules is determined by their charge states and geometric dimensions, as well as the type of crystal lattices of the
components of solid solutions. Academician M.S. Saidov proposed the conditions for the formation of continuous
substitution solid solutions in the following form [15-16]

Az=22{"—22;’=0, (1)
i=l1 i=l1
Ar=>"r" =D R <01y ", )
i=1 i=1 i=1

where z", z/ —valence, ", " — covalent radius of the atoms of the solvent m and dissolved n chemical element or

elements that form the molecules of the solvent and dissolved compounds, respectively, i=1, 2, 3, 4.
When the dissolving and solute elements or molecules are isovalent with each other, they are electrically neutral
and condition (1) is fulfilled. It is known that the solubility of an atomic or molecular compound of a dissolved

Cite as: Kh.M. Madaminov, A.A. Abdurakhmonov, A.Sh. Ikromov, G.S. Kholyigitova, East Eur. J. Phys. 1, 261 (2026), https://doi.org/10.26565/2312-
4334-2026-1-29
© Kh.M. Madaminov, A.A. Abdurakhmonov, A.Sh. Ikromov, G.S. Kholyigitova, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-1-29
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0117-9316
https://orcid.org/0009-0007-6758-2585
https://orcid.org/0009-0009-3145-1326
https://orcid.org/0009-0003-4232-4046

262
EEJP. 1 (2026) Khurshidjon M. Madaminov, et al.

component of solid solutions depends on its comparative size with the corresponding size of the solvent. The closer the
corresponding sizes of atoms or molecules of the components of solid solutions, the weaker the energy of elastic
deformations of the crystal lattice, and the greater the mutual solubility of the solution-forming components, and
therefore, the greater the crystalline perfection of solid solutions. When the difference in the sum of the covalent radii of
the atoms of the molecules of the solution-forming components is greater than 10%, the formation of solid substitution
solutions of these components is insignificant [16].

The sum of the valences of the atoms of the Si; and SiSn molecules is equal, and the conditions of
electroneutrality (1) are satisfied for them:

Az=(zg+zg)— (25 +25,)=0 3

where zg; and zs, are the valences of silicon and tin atoms, respectively. The sums of the covalent radius of the atoms of
the Si, and Sn molecules have close values, then from condition (2) we can obtain:

0 0
2,34 A-2,51 4 =~ 0,073 (rg; +rg) < 01(rg +rg) (4)

A”:|(”Si +rg)—(rs; +”sn)|:

Where rg; and rs, covalent radius of silicon and tin atoms according to Pauling, respectively [17]. From (4) it is
evident that the difference in the sums of the covalent radii of the atoms of the Si, and SiSn molecules is about 7.3%,
therefore, these components satisfy the condition for the formation of a continuous substitution solid solution presented
in [18].

Substitution of Si> by a SiSn molecule does not strongly deform the crystal lattice, while the energy of elastic
distortions of the crystal lattice will be insignificant and the substitution solid solution in the form of Si;.sSn; is a stable
solid phase. The spatial configuration of two stable tetrahedral bonds of the Si;.sSns solid solution is shown in Fig. 1.
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Figure 1. Hypothetical crystal lattice of the solid solution Sii-sSns Figure 2. Metal cryostat for taking measurements

sample

Sample preparation and research methods. Solid solutions of Si;.3Sns were grown by liquid-phase epitaxy from
a limited volume of tin (Sn) melt solution in a hydrogen atmosphere. Hydrogen was purified by passing through a
palladium tube. The film growth process was carried out by forced cooling of the melt solution. Liquid-phase epitaxy
was carried out on a vertically positioned quartz reactor with horizontally positioned substrates. To obtain a good
interface between the substrate and the epitaxial film, close values of the lattice parameters, thermal expansion
coefficients and crystal structure of the substrate and film materials are required [19]. On the other hand, the substrate
material must be accessible and well studied. It is known that among elementary semiconductors, silicon and tin are
accessible and fairly well studied materials. The linear thermal expansion coefficients of Si and Sn are 4.2:10°% 1/K [20]
and 23.4-10° 1/K [21], respectively. Therefore, Si is a suitable material for obtaining a good quality Si;sSns solid
solution layer.

The elemental chemical compositions of the surface and transverse cleavage of as grown Si;.sSn;s solid solution
epilayers were studied on a JSM 5910LV X-ray electron probe microanalyzer (JEOL, Japan). It was found that both
components are uniformly distributed over the surface, while composition in depth of the film varies within
0<8<0.04, as in [22].

In addition, it is known that the crystallographic plane with the orientation (111) has two broken bonds, and the
plane (100) has one broken bond. Therefore, elementary semiconductors grow well on substrates with the orientation
(111), but it is quite difficult to obtain a high-quality film on substrates with the orientation (100) [23]. Therefore, Si
washers with the crystallographic orientation (111) and a specific resistance of 1 Q-cm were used as substrates. The
thickness of the film layers varied within 10-40 pm, depending on the growth mode and the thickness of the gap
between the substrates. The grown layer thicknesses were determined using a thickness gauge EV-01.
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To conduct the studies, pSi-nSi;.sSns structures were fabricated by growing a solid solution of Si;.sSns with n-type
conductivity and a resistivity of p = 0.8 Q-cm. When measuring the current-voltage characteristics, samples with a
thickness of 10-40 pm of the epitaxial layer of the solid solution were used. Ohmic current-collecting contacts, solid on
the back side and quadrangular with an area of 9 mm? on the side of the epitaxial layer, were created by vacuum
deposition of silver, at a pressure of ~ 1.33-10 Pa. The current-voltage characteristics of the pSi-n Si;.sSns
heterostructures were measured in the dark at different values of the thickness of the Sii.«Sny epitaxial layer in the
forward and reverse directions of the current at bias voltages from -3 to +5 V. For this, the samples were mechanically
tightly fixed to a metal cryostat, which was evacuated to a residual pressure of ~ 0.133 Pa (Fig. 2).

As a voltage source we used the B5-11 power supply. The voltage across the sample was measured with the
VK7-9 volt-ohmmeter, and the current through the semiconductor structure was measured with the combined device
Sh-300. The VK7-9 voltmeter was connected directly to the sample terminal and only in this case we were able to
correctly measure the voltage on the sample, since during the measurement a redistribution of the voltage supplied to
the circuit between the sample and the divider may occur.

RESULTS AND DISCUSSION
Figure 3 shows the current-voltage characteristics of pSi-n Si;.sSns structures with different thicknesses of the
Si-Sns solid solution at room temperature (293 K). From Fig. 3 it is evident that the dependence of the magnitude of
the direct current on the applied voltage, for all values of the Si;.5Sns thickness, is nonlinear. The magnitude of the
current through pSi-nSi;.sSns increases and changes by 1-2 orders of magnitude, i.e. the I-V characteristic has a diode
character. The following 2 sections are revealed on the current-voltage characteristic: 1 - ohmic (/< U)and 2 - the
region of sharp current growth (/ << U™, m>1). It is evident that the transient voltages from the ohmic region to the

sharp current growth decrease as thickness decreases. This proves the presence of the Poole-Frenkel effect in the
studied samples.

According to the Poole-Frenkel theory, which explains the Poole-Frenkel effect, the growth of the field
dependence of conductivity is represented as [12, 24]

o=0,exp(SVE), (5)

here [ - is the Frenkel coefficient and it is determined by the slope of the dependence Ino = f (x/f ).

Fig. 4 shows the calculated dependences of electrical conductivity at room temperature in coordinates
Ino=f (x/E ) for the region of sharp current growth in the I-V characteristics of the pSi-nSi;.sSns structure, with a base
region thickness of d = 20 um. From the graphical data, the values of the Frenkel coefficient were determined, which

amounted to ~8.7-10 2 (cm/V)l/2 .
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Figure 3. Forward currents of dark I-V characteristics Figure 4. Dependence of electrical conductivity on the electric
pSi-nSii1-sSns structures at T=293 K. field, at T=293 K for pSi-nSii-sSns structures

Sample thickness, um: 1 - 20, 2 - 25,3 — 30

It is known that by determining the critical value of the electric field corresponding to the beginning of the
nonlinear dependence of electrical conductivity on the applied voltage, according to the expression [12]

2 3
Ny :[ﬁ\/Ecr] (6)
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It is possible to determine the concentration of defects ( V) responsible for the conductivity of the pSi-n Sii.sSns

structure.

Based on the values of the critical electric field E .., at which Ohm's law is violated, the concentrations of ionized

cr o
centers in the studied structures were determined using formula (6). Based on data from experiments conducted on
different samples (with a thickness of d = 20 + 30 pm), the average trap concentration of ~2,4-10' cm™ was obtained.

CONCLUSIONS
Thus, pSi-nSiisSns (0 < < 0.04) structures with base n-layer thicknesses W = 20-30 um were manufactured in a
single technological cycle by the liquid-phase epitaxy method on single-crystal p-Si substrates with the (111)
orientation. The study of the conductivity mechanism in pSi-nSi;.sSns structures based on the solid solution Si;.5Sns

obtained by liquid-phase epitaxial was carried out. Based on the analysis of the dependence Ino = f (x/E ), the value of

the Frenkel coefficient  was determined and it was established that the nonlinearity of the current-voltage
characteristics of these structures is due to the Poole-Frenkel effect. The concentration of ionized centers (traps), the
values N; of which strongly depend on the field effect, was also estimated.

The experimental and calculated results allow us to conclude that in our experiments at room temperature in
pSi-nSi;.sSns (0 <8 < 0.04) structures, the Poole-Frenkel effect is observed. The presence of this effect in the solid
solution Si;.sSns allows us to apply high-voltage effects to the parameters of various devices based on this
semiconductor [25]. The most realistic application of the Poole-Frenkel effect in converters of thermal energy into
electrical energy together with the thermovoltaic effect seems to be [4, 26-29].
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MOJILOBI BJIACTUBOCTI JIOJJHAX CTPYKTYP HA OCHOBI TBEPJIOT'O PO3UHHY "KPEMHII-OJIOBO"
Xypuuaxon M. Magaminos!, Azizoex A. A6aypaxmonos?, Asasoek I1I. Ixpomos!, I'yaxaer C. Xodiiirirosa®
L Anouscancoxuii Oepacasnuii ynieepcumem, 6yn. Yuieepcumemcoka, 129, Anouscan, Yzbexucman
2Depeancokuil Oepxcasnuil ynisepcumem, eyi. Mypabbitinap, 19, @epzana, Y3bexucman

3 Anouoicancoruii deporcagnuti mexuiunuti incmumym, eyi. bobypuiox, 56, Anouscan, Ysbexucman
VY wiif cTarTi npencTaBlieHo pe3ysabTaTH JOCIIIKeHb MEXaHi3My MPOBiAHOCTI B cTpykTypax pSi-nSiisSns (0 < & < 0,04) Ha ocHOBI
TBEpPAOrO po3uMHy Si1-sSns 3 0a3zoBoo ToBmuHOM n-mapis W = 20-30 mxm. [locmiipkyBaHi 3pa3ku OyidH OTpHMaHi B OZHOMY
TEXHOJIOTIYHOMY LUK METOZOM piakoda3zHoi emiTakcii HA MOHOKPHCTANIYHUX MiAKIAAKax p-Si 3 opienramieto (111). Pesymprat
EKCIIEPUMEHTAIBHAX Ta OOYMCIIIOBAJIBHUX JOCIUKEHb MoKa3and, mo edekr Ilyma-Openkens crocrepiraerbscs B CTPYKTypax
pSi-nSiisSns (0 < § < 0,04) 3a ximMHaTHOI Temmeparypu. Lls oOGcraBuHa 103BOJISIE BUKOPHCTOBYBAaTH BIUIMB BHCOKOI HANpyrd Ha
rapaMeTpH Pi3HUX IPHUCTPOIB Ha OCHOBI TBEPAOro po3uuHy Sii-sSns. TakKUM YHMHOM, iCHYE iHTEpeC 10 BUKOPHUCTAHHS I[OTO e(eKTy B
NIEPETBOPEHHI TEIUIOBOI €Hepril B €JIeKTPUYHY Ha OCHOBI TepMOBOJIbTAai4HOTrO edekTy. TakoX OTpHMaHi pe3yibTaTd IOKa3yloTh
MOTEHIia]l BUKOPUCTaHHA TBepIUX po3umHiB SiisSns (0 < & < 0,04), BUPOIICHMX HAa KPEMHI€BUX MiJKNIAJIKaX, SK aKTHBHOIO
MaTepiay B IEpEeTBOPIOBaYax TEIIOBOI €HEprii.
KurwouoBi cioBa: piokoghazna enimakcisn, 6016m-aMnepHa Xapakmepucmura, HOnboGuil MexaHuizm, Koegiyiecnm @penkens;
akmugayis Hociie 3aps0y, KOHYeHMpayis IOHI308AHUX NACTNOK, MEPMOEIeKMPUIHUL eheKm





