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One of the crucial phenomena is auto-oscillations of current in elementary and binary (A"BY, A"™BV!) semiconductor materials, which
allow the creation of solid-state oscillators with a wide frequency range from 1073 to 10-° Hz. In this paper, we show the results of a
study on the effect of the degree of compensation (K) and the concentration of electroactive impurity selenium atoms on the excitation
conditions and parameters (amplitude, frequency) of the auto-oscillation current associated with temperature and electrical instability
in silicon. In the research, silicon doped with selenium atoms Si<Se> of identical geometrical dimensions has been used. The
compensation degree of the initial boron atoms with impurity selenium atoms in the samples is in the range of K = 2Np/Nse = 0.94-1.1.
It was found that excitation conditions, the amplitude and frequency of auto-oscillation current significantly vary depending on the
degree of compensation of selenium atoms with boron atoms in the initial silicon. Obtained experimental results showed that the auto-
oscillation current in silicon doped with impurity selenium atoms is characterized by ease of control with stable parameters (amplitude
and frequency), which makes it possible based on this unique physical phenomenon to develop and create oscillatory circuits in
information technology.
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INTRODUCTION

The detected auto-oscillations of current in semiconductors, from the scientific and applied point of view, are one
of the most striking and promising physical effects enabling the development of a new scientific direction of
nonequilibrium thermodynamic effects in solids and their application to electronics [1-4].

A literature review has presented that there has not been sufficiently studied research on the physical mechanisms
of current auto-oscillation excitation and the regularities of parameter changes kinetics (such as amplitude and frequency)
and the physics of transients for different types of current auto-oscillations within a same semiconductor material [1-4].
Furthermore, there is a lack of reliable theoretical and experimental data regarding the thermodynamic conditions
necessary for the existence of an auto-oscillating environment that could serve as a source of regular, stable, reproducible
current auto-oscillations with controllable parameters [5-7].

In the applied aspect, the auto-oscillations of current detected in semiconductors have significant potential,
particularly in the development of new functional electronic devices (solid-state generators, memory and storage,
recording and transmission information, optoelectronic receivers, etc.) and the possibility of a fundamentally new
generation of sensors for physical quantities that utilize an amplitude-frequency output [8-10].

The successful resolution of the scientific and practical challenges associated with auto-oscillation processes requires
the implementation of these processes within specially created vibrational media based on semiconductor materials that are
in a highly non-equilibrium thermodynamic state. An auto-oscillating environment is one in which each physical small
element in it should have potential auto-oscillation properties, and these elements are could be connected through transfer
processes, such that the excited oscillation propagates through the volume of the material being investigated [12,13].
Therefore, it requires to investigate the physical properties of the thermodynamic conditions for the existence of auto-
oscillating environments in semiconductors with highly non-equilibrium thermodynamic states, and to determine the
technological feasibility of creating such environments. The analysis of the creation of auto-oscillating environments
highlights the importance of studying auto-oscillation processes from both scientific and applied perspectives.

It was found that the existence of deep energy levels of impurity atoms, which are the main requirement for current
auto-oscillation excitation in semiconductors and semiconductor structures, is necessary for the observation of current
auto-oscillation.

When conducting a literature survey [5-12] on the production of silicon doped with impurity atoms, it was discovered
that there are several experimental data points that do not fit into the framework of the current theory of deep levels. These
anomalies have been identified and include:
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- the presence of sufficiently many energy levels of the same impurities in silicon which cannot be easily explained
by the electronic structure or their position in the crystal lattice.

- an unstable state of deep centers where with time or rising temperature new energy levels with different
characteristics appear.

- energy level bands with different widths detected for many impurity atoms in silicon cannot be explained using
existing theory and no data on energy level distribution inside the bands are available so far.

- for many impurity atoms energy levels with the same values in the band gap of silicon were found.

The above-mentioned data can't be explained by the existing theory of deep-level physics [13,14]. Scientific results
which have been obtained by investigation of auto-oscillations of current in silicon diffusively doped with impurity
selenium atoms give ground for the creation of a new theory of deep levels.

Researches on the impact of the concentration of electroactive transition group atoms in silicon are important for
understanding the nature of deep centers created by these elements in the semiconductor and expanding their use as a new
material for semiconductor electronics [11-19]. This study focuses on the effect of the initial concentration of small boron
impurity atoms on the concentration of electroactive selenium atoms that create deep energy levels in silicon. The results
show that changing the concentration of boron impurity atoms in initial silicon within the range of Ng = 1.4-10'% —
3.1-10'6 cm? increases the concentration of electroactive selenium atoms by two orders. However, the concentration of
electroactive selenium atoms in silicon was still two orders of magnitude lower than the maximum solubility limit [18-21].
The analysis also described that the concentration of electroactive impurity atoms, which create deep energy levels,
depends significantly on the type and concentration of the impurity (boron or phosphorus) in the initial silicon.
Furthermore, it was found that these impurity atoms interact not only with the basic atoms of silicon and atoms of the
initial impurity but also with other uncontrolled impurities and defects in silicon.

METHODS

To develop a reproducible technology for producing compensated silicon doped with selenium atoms, we determined
the temperature regimes for obtaining samples with the same resistivity and type of conductivity at different concentrations
of electroactive impurity atoms based on those described in [22-24]. These results made it possible to clearly define the
technological conditions to produce compensated silicon with the maximum concentration of electroactive impurity atoms
of selenium. The developed reproducible technology for the production of compensated silicon with given electrophysical
parameters allows to control the electrophysical parameters of the material not only by temperature and time of diffusion
annealing but also by the choice of concentration of initial impurity boron atoms in silicon (Table 1).

Table 1. Possibility to control the electrophysical parameters of the material based on the developed technology

No | The elasticity of selenium | Type of conductivity of samples Specific resistance, Carrier concentration, cm™
atom vapor pressure, atm obtained after diffusion Ohm-cm
1 0.1 p 18 1.2-10
2 0.3 p 60 3.5:10™
3 0.5 p 3.1:10? 6.7-1013
4 0.75 p 4.7-10° 4.5-10"2
5 1.0 p 6.8:10* 3.1-10"!
6 1.5 p 1.25-10° 1.7-10"
7 2.0 n 1.1-10° 6.7-101°
8 2.5 n 8.3-10* 8.2:10'°
9 3.0 n 2.6-10% 2.3-10"!
10 4.0 n 5.9-10° 8.8:10"!
11 Initial sample KDB-10 p 10 2-1013

The analysis of obtained sample after diffusion showed that impurity selenium atoms strongly destroy the surface
of silicon, leading to surface erosion and even complete destruction of the crystal. Therefore, when diffusing selenium
atoms into silicon, the main diffusion parameters should be taken into account. One of the main diffusion parameters is
the vapor pressure of the diffusant when diffusion occurs at high temperatures. To overcome these difficulties, the task
was set to accomplish diffusion at different vapor pressures of diffusant selenium from 0.5 atm to 2 atm.

According to the research that was conducted, it was showed that when the selenium vapor pressure is between 0.5 and
1 atmosphere, there is insignificant erosion observed on the surface of silicon. Further entrainment of diffusant vapor pressure
leads to surface erosion and further silicon destruction. Thus, the optimum diffusant vapor pressure for the diffusion of silicon
by impurity selenium atoms was established. It was also found that the surface erosion depends on the quality of initial silicon
surface treatment - with improvement of silicon surface treatment (in this case, the quality of polishing was changed using
White's chemical etchant), the erosion rate was decreased [25]. Thus, it was determined that to reduce surface erosion during
diffusion by selenium, it is necessary to treat the surface carefully and to polish the surface of the initial silicon samples.

EXPERIMENTAL PART
For the investigation, initial monocrystalline silicon of p-type with resistivity values of 1, 2, 10, and 100 Ohm-cm
was used. The initial silicon samples had boron impurity concentrations (Ng) ranging from 1.4-104t0 3.1-10'® cm™. These
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initial silicon materials were obtained using Czochralski's method, and the oxygen concentration in them was practically
the same and in the order of No, = (5-7)-10'7 cm. To conduct the research, 50 samples of the same geometric dimensions
were produced from each of the initial materials. For the study, 50 pieces of samples with the same geometric dimensions
were made from each starting material. Diffusion of selenium was carried out in a "Magnetic" diffusion electric furnace
from the gas phase in the same conditions (temperature, diffusion time, diffusant vapor pressure, and cooling rate) in
evacuated quartz ampoules to P =10 mm Hg. At the same time, two samples from each initial material were placed in
each quartz ampoule to ensure the same doping conditions. The experiment was repeated 5 times. Each time, the initial
samples were annealed under the same conditions without selenium impurities to assess the influence of selenium
impurities in the diffusion process on the electrophysical properties of the initial silicon.

THEORETICAL CALCULATIONS AND RESEARCH RESULTS

Measurements conducted on electrophysical properties of samples derived from KDB silicon after the diffusion of
selenium atoms revealed that the concentration of electroactive selenium atoms varied considerably depending on the
initial boron concentration in silicon, despite the identical doping conditions of temperature, diffusion time, and cooling
rate. Electrophysical parameters of silicon samples after diffusion were measured based on the Hall effect method using
Ecopia HMS-3000 Hall Measurement System. The electroneutrality equation was used to determine the overall
concentration of electroactive selenium atoms in the samples obtained after diffusion. During computations, we
considered sample parameters that accounted for the extent of filling of both energy levels of selenium (E; = Ec-0.24 eV;
E> = Ec-0.5 eV) within the silicon band gap [26,27].

Selenium concentration was theoretically determined by the following formula for compensated samples
p-Si<B,Se>:

Nse=1/2(po-p-N1p), )
For overcompensated n-Si samples <B, Se> was determined:
Nse=(potno+f(E1)-Nse+f(E2)-Nse-Np), )
f(E2)= Nse/2-(1+A-exp (-F-E2)/k-T), 3)
F=k-T In(N¢/n), “)
Nse=1/2-(po-p-N), (%)

where po and p are concentrations of holes before and after diffusion of selenium atoms, respectively. Nrp is concentration
of thermodonors, f(E) and f(E,) are degrees of filling of the 1st and 2nd deep energy levels of selenium, respectively.
no and n and electron concentrations before and after diffusion of selenium atoms accordingly, respectively. The values
po and p were determined from Hall measurements of samples before and after diffusion. Ntp is determined by measuring
carriers’ concentration before and after diffusion in control (undoped) samples, heat-treated under the same diffusion
technological conditions in the temperature range T = 1100-1250°C in time interval t = 5-10 hours. Also, the solubility
values of impurity selenium atoms in silicon at a given diffusion temperature were de-fined.

To determine the value of the ionization energy of impurity selenium atoms in silicon, the infrared (IR) and
temperature quenching (TQ) photoconductivity of silicon samples doped with impurity selenium atoms were selected
with the same resistivity, conductivity type, and geometric dimensions. The concentration of electrically active selenium
atoms in the samples studied differed by about 30 times.
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Figure 1. Spectral dependence of photocurrent in Si<Se> samples
1 — p =8.7-10* Ohm-cm (initial KDB-1); Nsc = 3.1-:10' cm; 2 — p = 8-:10* Ohm-cm (initial KDB-10) Nse = 2-10"%cm3;
3 — p =8-10* Ohm-cm (source KDB-100) Ns = 1.4-10'%cm3 at temperature T = 80K, E = 20 V/cm.
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Figure 1 illustrates the spectral dependence of photoconductivity under the same background photocurrent value
with different concentrations of selenium atoms as electroactive impurities. In Figure 1, the maximum depth of
IR extinction of a photocurrent is observed in the samples where the concentration of electroactive selenium atoms is
Nse = 3.1-10'¢ cm™ and reaches 5 orders of magnitude. It is established that with decreasing concentration of electroactive
impurity atoms, the quenching multiplicity decreases, and the energy of the corresponding quenching maximum shifts to
high values.

It is shown that with increasing concentration of electroactive selenium atoms, the quenching interval decreases, i.c.,
photocurrent decreases more sharply, and the energy interval of incident quanta in which IR quenching of photocurrent
is observed narrows.

An anomalous course is observed in silicon doped with impurity selenium atoms when studying the temperature
dependence of photocurrent. Figure 2 shows the temperature dependence of photoconductivity quenching (TDPQ) in
silicon doped with selenium atoms. As seen from Figure 2, when a temperature rises from T = 80 K to T = 140 K, the
photocurrent does not change essentially. In the temperature range T = 140—180 K, its de-crease is observed, i.e., there is
a temperature quenching of photoconductivity well-known in the literature [28,29].

The results of TDPQ studies in compensated silicon samples doped with selenium atoms (Se) have shown that the
onset and depth of quenching strongly depend on the background illumination intensity, compensation degree, and
concentration of electroactive impurity atoms (Figure 2).
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Figure 2. Temperature quenching of photoconductivity at different background illuminations in Si<Se>
with p = 8:10* Ohm-cm, E =40 V/cm, 1 — 25 lux, 2 - 10 lux, 3 — 5 lux, 4 — 1 lux, 5 — 0.1 lux.

It is feasible to observe TDPQ over a broad temperature range by adjusting the degree of compensation, background
illumination, and photocurrent value in compensated silicon. The obtained data indicate that the depth, rate, and area of both
IR and temperature quenching of photoconductivity in silicon samples containing impurity selenium atoms can be controlled
by adjusting the concentration of these electroactive impurity atoms. From the results of the analysis, it was found that the
energy levels of impurity selenium atoms with the ionization energy Si<Se> — Ec — 0,5 eV, which is associated with the
double positive ionization of selenium atoms, are responsible for the IR and TQ photoconductivity in silicon.

The results showed that regardless of the compensation degree of boron atoms in the initial silicon doped with
impurity selenium atoms, the current auto-oscillation was excited at a certain integral intensity interval (Imin — Imax). With
the growth of compensation degree value (resistivity), at the same value of threshold field strength Ey, at which the auto-
oscillation of current is observed, the Imi, intensity value decreased, and the interval between Imin — Imax widened (Figure 3).
Thus, it was found that conditions of auto-oscillation excitation in silicon samples with different compensation degrees
(resistivity) have an identical character. It was also found that the amplitude and frequency of current auto-oscillation, in
their turn, strongly depend on excitation conditions.

In this work, we focused on determining the parameters of silicon samples doped with impurity selenium atoms with
the most optimal characteristics (forms) of current auto-oscillation. Based on the analysis of the findings, we have
determined that the silicon p-Si<Se> - samples with a resistivity of p = 8-10* Ohm-cm is appropriate for studying cur-
rent auto-oscillations with reproducible and preset parameters from the compensation degree, which was approximately
equal to 0.999. When an electric current intensity of E = 200 V/cm was applied to these samples, the maximum and
minimum values of current auto-oscillation amplitude varied within the range of Ipyin = 10 A to Imax = 2.5-10"! A, while
the frequency was within the interval of f= 10— 10 Hz.

To elucidate the influence of electroactive concentration of impurity selenium atoms on parameters of current auto-
oscillations, we received samples with the same size and degree of compensation K = 0.999. Thus, the concentration of
electroactive selenium atoms was in the interval Ns. = (2-31) -10'> cm™ and with increasing of electroactive selenium atoms
concentration N, value of Ey, and amplitude of auto-oscillations was decreasing and the frequency was increased (Table 2).
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Figure 3. The dependence of changing of threshold field Ewm on integral light intensity for Si<Se> samples with different resistivities
(p). 1 -5.3-10% 2 - 8.7-10% 3 - 3.2:10% 4 — 5.8-10% 5 - 9.1-10% 6 — 2.1-10° Ohm-cm p-type; at T = 80 K, E = 200 V/cm.

Table 2. Effects of electroactive concentrations of impurity selenium atoms in silicon on auto-oscillation current parameters

Paragraph | The concentration of Threshold field Amplitude Frequency f, Hz Note

number electroactive Ewm, V/iecm J, mA
selenium atoms
Nse = 10'5cm™

1 2 250 90 5-102 T=80K,

2 8 276 84 9.4-102 [=2.4-10° W/cm?-s

3 31 315 78 2.5-10" at hv=1.1eV, with K =0.999
DISCUSSION

It has been confirmed that the auto-oscillation of current in silicon samples doped with selenium atoms is observed
when the value of compensation degree (K) is in the interval between 0.94 and 1.1, i.e. in crystals, where the Fermi level
is within the compensation degree range from Ec- 0.45 to Ev + 0.35 eV. It is clear that in this energy interval in the band
gap of silicon, there is only one donor level of double ionized impurity selenium atoms with ionization energy Ec - 0.5 eV
which is connected with the presence of clusters consisting of selenium atoms Ses and Seq [30]. The presence of clusters
of selenium atoms consisting of twice positively ionized atoms leads to the appearance of strongly charged centers which
allows the obtained silicon samples Si<Se> to be regarded as inhomogeneous material. Inhomogeneous material for which
the barrier model of inhomogeneity proposed by authors of books [31,32] is applicable (Figure 3).

According to barrier model, fluctuations of conduction and valence band topography arise in the semiconductor.
The appearance of such inhomogeneities in semiconductors is attributed to the presence of impurity atoms, which can
reach concentrations of N = 10" — 10" cm™ under strong doping conditions. Due to their inhomogeneous distribution,
these impurities cause fluctuations in the conduction and valence bands, resulting in inhomogeneities. In our situation,
the concentration of impurity selenium atoms is two orders of magnitude lower (Ns. = 3.1 - 106 cm™) than under strong
doping conditions. It was shown that this impurity in silicon may be in the binary ionized state and form different
complexes as Ses and Ses molecular compounds with charge always greater than +2 (n — number of selenium atoms in
the cluster). The Dabaev screening radius of such complexes overlaps with each other and results in a fluctuating potential
relief in compensated silicon. To explain the physical mechanism of the low-frequency current auto-oscillations observed
in compensated silicon, a model based on conduction and valence band relief fluctuations is shown in Figure 4. According
to the proposed model, at a constant illumination nonequilibrium electron fill the selenium level, while holes are localized
in the potential wells of the valence band. In this case, the conductivity is determined by the concentration of holes at the
leakage level, the value of which is determined by the value of the drift barrier.

Based on this model, it is possible to imagine that the excitation of current auto-oscillation occurs through the
following mechanism. When Si<Se> samples are illuminated with energy greater than the band gap width of silicon at
relatively low temperatures (T = 80—160 K), non-equilibrium carriers - electrons and holes, which are located on energy
barriers of conduction and valence bands are generated. Electrons are captured by clusters of doubly positively ionized
selenium atoms, while holes are accumulated in energy minima of the valence band. Some of the holes, upon hitting the
leakage level, participate in conduction, leading to an increase in photocurrent. Photocurrents are excited when the
photocurrent due to holes at the valence leakage level is sufficient for Joule heating of the crystal. When a hole is heated,
it acquires sufficient energy to overcome the recombination barrier and recombine with electrons trapped on clusters
consisting of impurity selenium atoms. As a result, the current in the circuit and the temperature of the sample decreases,
thus repeating the process periodically.
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Figure 4. Barrier model of compensated silicon doped with impurity selenium atoms.
o-electrons, e-holes, Eg-silicon band gap width, Ec- conduction band, Ev-valence band, Eer - effective band gap width of
inhomogeneous silicon, E; - is the leakage level for the charge carriers (in this case the hole), Erec - recombination energy.

The excitation conditions and current auto-oscillation parameters change depending on the compensation degree
and can be interpreted based on the change of potential relief amplitude. The strongly compensated samples Si<Se> with
a compensation degree of K = 1 exhibit the highest potential relief values of heterogeneities. Therefore, the most effective
separation of photoexcited charge carriers, electrons in conduction band cavities, and accumulation of holes in energy
minima of the valence band occurs exactly in these crystals. This explains the maximum amplitude and decrease of the
frequency of the current auto-oscillation in Si<Se> samples with resistivity p = 8-10* Ohm-cm. In Si<Se> samples, both
at n— (K>1) and p— (K<1), the amplitude of formed potential relief due to material heterogeneity decreases due to the
charge state decrease of selenium clusters and Debye screening of heterogeneity by uncompensated holes. Thus, the
efficiency of separating carriers decreases, which is accompanied by the decrease of hole concentration participating in
conductivity. In n—Si<Se> samples, the potential field of clusters could be compensated by increasing of field or
illumination intensity, and in p-Si<Se> samples, the barriers are compensated by equilibrium holes.

The observed features of excitation conditions and current auto-oscillation parameters depending on the
concentration of electroactive selenium atoms are related to the concentration of multipolarized clusters of impurity
selenium atoms.

CONCLUSIONS
We conclude that the temperature quenching effect of photoconductivity in silicon diffusively doped with impurity
selenium atoms is responsible for the excitation of low-frequency current oscillations. The technology developed for
producing silicon doped with impurity selenium atoms with reproducible and predetermined electro-physical parameters
enables the creation of sensors for physical quantities such as temperature, illumination, electric and magnetic field, and
pressure with amplitude-frequency output and generators of electromagnetic oscillations based on the obtained
experimental results.
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BIVIMB CTYIEHS KOMIEHCAIII TA KOHITEHTPAIIL JOMIIMKOBUX EJEKTPOAKTUBHUX ATOMIB
CEJIEHY HA TAPAMETPUA ABTOKOJINBAHb CTPYMY B KPEMHI{
Hypyaaa ®@. 3ikpianaes, Kyryn C. Aronos, Man3sypa M. Illoa6aypaxivoa, ®epy3a E. Ypaxosa, Monnomani A. A6xyranies,
Aonymkainon A. Carropos, Jlatodar C. KapieBa
Tawxenmcvruii Oeporcasruti mexuiynuil ynisepcumem, 100095, eyn. Yuieepcumemcoka, 2, Tawikenm, Y3bexucman

OnHuM i3 BUpIIANBHUX SIBUIL € ABTOKOJIMBAHHSA CTPyMy B eneMentapuux i Oimapuux (A"BY, A'BY') nanismposiznukoBux
MaTepianax, sKi JO3BOJSIOTh CTBOPIOBATH TBEPAOTLILHI OCUMIATOPH 3 MIMPOKMM Jiana3oHoM yactoT Big 107 go 10° . V nawmiii
poOOTi HaBeIEHO PE3YNIBTATH TOCTIHKEHHS BIUIUBY cTymneHsa komieHcanii (K) 1 koHmeHTpamnii eneKTpoakTHBHUX JOMIIIKOBUX aTOMiB
CelieHy Ha yMOBH 30Y/KEHHS Ta HapaMeTpd (aMIUIITyXy, 9acTOTy) aBTOKOJNMBAJIBHOTO CTPYMy, ITOB’SI3aHI 3 TEMIIEpaTypolo. i
SJICKTPUYHA HECTAOLIBHICTD Y KpeMHil. Y JOCITIPKeHHSIX BUKOPHCTOBYBABCS KPEMHIH, JISTOBaHUIT aTOMaMH celleHy Si<Se> 0HaKOBHX
TeOMETPUYHUX po3MipiB. CTymiHb KOMIIEHCALIl BUXiJHAX aTOMIB 0OpYy DOMIIIKOBUMH aTOMaMHM CEJICHY B 3pa3KaxX 3HaXOAWUTHCS B
mexxax K =2Np/Nse = 0,94-1,1. BcraHoBieHo, 1m0 yMOBU 30y/DKEHHS, aMIUTTyJa Ta 4acTOTa CTPYMY aBTOKOJIHMBaHb CYTTEBO
3MIHIOIOTBCS 3aJISKHO BiJl CTyNEHs KOMIICHCALlIl aTOMIB celleHy aroMaMu 0opy y BUXiHOMY KpeMHii. OTpuMaHi eKCrepuMeHTalbHi
pe3yJIbTaTH MOKAa3ajid, 10 aBTOKOJIMBAIBHMII CTPYM y KPEMHii, JIErOBAHOMY AOMIIIKOBUMH aTOMaMH CEJICHY, XapaKTePH3yeThCs
MIPOCTOTOO KEPyBaHHS 31 CTaOLIPHUMH MapaMeTpaMu (aMILTITyJa Ta 4acToTa), II0 Aa€ 3MOTY Ha OCHOBI IIbOTO YHIKAJIBHOTO (hi3HIHOTO
SIBUIIA PO3POOJIISITH Ta CTBOPIOBATH KOJIHMBAJIbHI KOHTYPH B iH(pOpMamifHIX TEXHOJOTISX.

KuwouoBi cioBa: cenen; ougysia; Oop; amniimyod; 4acmoma; OCEIMIEHHS, KOHYEHMPAyis, AGMOKOIUSAHHS, KPEMHIll, 30HA
NnpoGiOHOCMI, 8AIeHMHA 30HA





