436

EasTt EUROPEAN JOURNAL OF PHYSICS. 2. 436-440 (2025)
DOI:10.26565/2312-4334-2025-2-54 ISSN 2312-4334

LONG-TERM RELAXATION PROCESSES OF ELECTRICAL CONDUCTIVITY IN
COMPENSATED Si<B,S> AND Si<B,Rh> MONOCRYSTALS

Akramjon Y. Boboev?, ®Khushroy A. Makhmudov®, ®Ziyodjon M. Ibrokhimov?,
Avaz K. Rafikov®, ©Nuritdin Y. Yunusaliyev?®, ©Sarvarbek Kh. Ibrokhimov*
“Andijan State University named after Z.M. Babur, Andijan, Uzbekistan
bKokand university Andijan branch, Andijan, Uzbekistan
“Institute of Nuclear Physics Academy of Sciences of the Republic of Uzbekistan
*Corresponding Author e-mail: aboboevscp@gmail.com
Received March 2, 2025; revised March 29, 2025; accepted May 19, 2025

In this paper, the processes of conductivity relaxation in Si<B,S> and Si<B,Rh> single crystals under different compensation conditions
and concentrations are investigated. It is found that the relaxation process of photoconductivity in compensated Si<B,S> and Si<B,Rh>
single crystals is described by a two-step exponential dependence with characteristic times of fast (11) and slow (t2) relaxation, and
these relaxation processes depend on the type of compensating impurity and its concentration. The relaxation parameters (11, T2) were
determined and it was found that the characteristic relaxation time of the photocurrent in the Si<B,Rh> sample is much shorter
compared to the Si<B,S>sample. With increasing y-irradiation dose, the second characteristic relaxation time (t2) first sharply increases
and then reaches the saturation state at a certain high dose, which is explained by the limited number of deep energy defects formed
under irradiation. The dependence of the relaxation time (12) on the y-radiation fluence increases with decreasing temperature (up to
77 K). The influence of fluctuations in the concentration of charge carriers on the relaxation process is investigated, and it is found that
with a decrease in the resistivity of the starting material, i.e. at higher concentrations, the amplitude of fluctuations increases, which
leads to an increase in the relaxation time.
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INTRODUCTION

Modern electronics and solar energy together with photonics require an increasing demand for high-efficiency
semiconductor materials. Compensated semiconductors represent an effective method for the development of these
materials. The compensation method adds dopants with opposite charges to semiconductors, which allows scientists to
control electrical properties and photoelectric characteristics and conductivity type and carrier concentration. Boron-
doped silicon, which receives compensation through sulfur (S) or rhodium (Rh) atoms, emerges as the most critical
silicon-based compensated material [1,2]. Compensated Si<B,S> and Si<B,Rh> monocrystals demonstrate high
photosensitivity properties that make them suitable for solar energy systems and photodetectors and radiation-resistant
electronic devices [3]. Such materials demonstrate changing electrical conductivities through time due to the occurrence
of relaxation processes. The nature of relaxation processes needs thorough analysis because it enables enhancements in
material properties including photosensitivity and electrical conductivity as well as radiation resistance [4]. The long-
term relaxation behavior of electrical conductivity in Si<B,S> and Si<B,Rh> materials demands scientific investigation
due to its practical value. The current research analyzes the electrical conductivity relaxation characteristics of Si<B,S>
and Si<B,Rh> monocrystals under different compensation conditions and impurity concentration levels.

RESEARCH METHODS

The researchers used boron-doped p-type silicon (Si) monocrystals because they selected them as starting materials.
The starting Si<B,S> samples displayed specific resistivity values between 1 to 10 Q-cm while Si<B,Rh> samples showed
specific resistivity between 7 to 10 Q-cm. The implement of thermodiffusion enabled compound creation through the
specified temperature range from 1250 to 1290°C for a complete duration of 20 hours. The concentration development of
compensating sulfur (S) atoms in Si<B,S> samples reached Ns between (0.2-2)-10'® cm™ and Si<B,Rh> samples
contained thodium (Rh) atoms at Ngy = 5-10'> ¢cm. The specific resistivity rose dramatically through compensation in
both sample types which led to the creation of high-resistivity silicon monocrystals with p = (8-10)-10* Q-cm.

RESULTS AND DISCUSSION
Relaxation Processes of Electrical Conductivity
It is well established that photoconductivity relaxation refers to the decay of photocurrent in semiconductor materials
after the cessation of photoexcitation. This process is a key parameter characterizing the electro-optical properties of the
material. For the Si<B,S> and Si<B,Rh> monocrystals under investigation, this relaxation process can be accurately
described by a two-stage exponential law [5]:
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In this context, I — denotes the time-dependent photocurrent, while A; and A, - represent the initial amplitudes of
the photocurrent components. The parameters, 7, and 7, - are the characteristic time constants of the relaxation
process [6]. According to the authors of [6], these parameters are strongly dependent on the type and concentration of the
compensating impurity. Typically, the condition 4; > A, and 7; < 7, is fulfilled, indicating the presence of two distinct
mechanisms involved in the relaxation process—one fast and one slow. Table 1 presents the characteristic values of the
relaxation parameters determined from experimental investigations conducted on Si<B,S> and Si<B,Rh> monocrystals.
These values reflect the unique properties of the compensated materials. The data in the table provide a basis for evaluating
the photosensitivity and response speed of the materials, and demonstrate the potential of creating highly photosensitive
semiconductors through compensation techniques for practical applications [7].

Table 1. Photoconductivity Relaxation Parameters

Sample type Expression T, T,
Si<B,S> (1) lo = 4- 10725 + 2,5 - 10~2¢51at 9 6184
Si<B,S> (2) lo = 1-10~7 6T + 2 - 10-8eTizT 261 | 4121
Si<B,S> (3) Iy = 1-107%€160 + 5 - 10-5¢ 080 160 | 1060
Si<B,Rh> lo = 2-10-5077 + 45 - 10-8¢53 0.72 | 53

The Si<B,Rh> sample exhibits a considerably reduced relaxation time than the Si<B,S> sample. The different
materials exhibit different potential barrier heights because of this observation. The scientific importance of studying how
external gamma radiation doses affect photoconductivity relaxation processes is widely acknowledged as a fundamental
concept. Semiconductor materials undergo such radiation analysis to evaluate their resistance to radiation according to
research in [8]. This research analyzed the effect of different y-irradiation doses on the photocurrent relaxation behavior
in Si<B,S> and Si<B,Rh> material samples. Figure 1 displays the second characteristic relaxation time (12) variations
with increasing y-irradiation dose according to graphical results.
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Figure 1. Dependence of photoconductivity relaxation kinetics on y-radiation dose
a) Si<B,Rh> sample N, ~2.5 - 101 cm~3; b) Si<B,S> sample 1 - 8.5 - 10*° cm™3,2-~9.1- 10 °cm™3,3 - ~1.1- 108 cm 3

Results analysis demonstrated that the second characteristic relaxation time (12) started with substantial growth until
it stabilized at a saturation point under high dose exposure of y-irradiation. The saturation amount depends on atom type
Rh or S together with atom concentration. The two slow recombination pathways for photo-generated carriers in
compensated Si<B,S> and Si<B,Rh> monocrystals emerge as the result of these experimental findings [9].

The slow decay of photocurrent follows the second characteristic relaxation time (t2) primarily because deep energy
centers exist within the semiconductor. Different types of deep-level energy traps known as defect centers are generated
or their concentration grows within Si<B,S> and Si<B,Rh> materials when the y-irradiation dosage increases [10]. The
charge carriers become trapped by these defects, which decelerates their recombination rate until the relaxation time 12
extends. When the dose of irradiation reaches, its critical level the creation and density of these defects will become
saturated [11]. The total number of deep-level centers reaches its maximum limit at the same time as their carrier capture
capability reaches saturation. After reaching this saturation point the additional dose becomes ineffective since it fails to
modify the relaxation time value of T=—and this stage is referred to as the saturation regime. The evolution of this process
depends on both the type and amount of compensating impurity because each impurity atom affects the silicon crystal
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lattice structure and the carrier recombination patterns differently according to literature [12]. The research findings
establish essential evaluation criteria for assessing radiation resistance in compensated Si<B,S> and Si<B,Rh> samples
making them suitable materials for building radiation-resistant photosensitive semiconductors [13].

Analysis of the Influence of Radiation and Temperature on the Relaxation Process
In order to gain a deeper understanding of the photoconductivity relaxation process in semiconductors, it is essential
to consider the impact of external factors such as radiation fluence and temperature. As y-irradiation dose increases, the
number of defects in the semiconductor also rises, which in turn modifies the recombination processes of charge
carriers [14]. Figure 2 presents the influence of y-radiation doses on the photocurrent relaxation time in the Si<B,Rh>
sample as a function of temperature.
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Figure 2. Dependence of Relaxation Time 12 on y-radiation and temperature in the Si<B,Rh> Sample: 1 - 77 K; 2 -300 K

Results in Figure 2 show that the relaxation time changes at a faster rate when y-radiation increases at 77 K low
temperature conditions. When temperatures decrease the number of thermally activated charge carriers decreases so
recombination happens mostly through deep-level defect centers produced by irradiation [15]. Each defect center plays a
stronger role because of which the relaxation process experiences a more noticeable slowdown.

The number of thermally activated carriers rises at 300 K leading to weakened interactions between charge carriers
and defects that causes the relaxation time to change more slowly [16]. The temperature increase reduces the fluence-
dependence of relaxation times. The necessity of high fluence sensitivity in relaxation time comes forth as fundamental
for creating radiation-tolerant photoelectronics designed to operate at cold temperatures.

Effect of Concentration Fluctuations on the Relaxation Process

During the compensation of semiconductor materials, fluctuations in charge carrier concentration-i.e., variability in
carrier density-can have a significant impact on electrical conductivity and photocurrent relaxation. These fluctuations
lead to local distortions in the energy bands of compensated semiconductors, resulting in the formation of potential
barriers [17]. Consequently, the mobility of charge carriers decreases, and their recombination process slows down, which
leads to an increase in relaxation time.

Table 2 presents the amplitude of charge carrier concentration fluctuations and their relative variation with respect
to the mean value for Si<B,S> materials at a compensation level of K = 1.

Table 2. Dependence of Concentration Fluctuations on Material Type in Si<B,S> Samples with a Compensation Level of K =1

i _ max _ pmin _
# P™Max cm=3 p™in em=3 P,cm™3 % 100% N, cm™3
1 2.1-10 1.9-10' 2-10' 10 2-101
2 2.1-10" 1.9-10"° 2-10%5 10 2-10"

The data shows that higher carrier concentrations lead to larger absolute fluctuations of charge carrier concentrations
that correspond to lower specific resistivity values of initial materials. The process produces enhanced potential barriers,
which grow in both height and quantity. Lower specific resistivity values in the material result in increased recombination
times for charge carriers according to the table data analysis. During the process, time the number of barriers and height,
increase simultaneously. The reduction of specific resistivity extends charge carrier recombination time because
photoconductivity relaxation duration stretches out.

The relaxation time length becomes extended when the initial material has lower specific resistivity levels as this
produces higher charge carrier concentration fluctuations to enhance photosensitivity. This research discovery has
immense potential to improve the creation of photodetectors while creating high-sensitivity sensor devices.
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CONCLUSIONS

Scientific and practical findings from the research evaluation enabled researchers to establish these main
conclusions:

Compensated Si<B,S> and Si<B,Rh> monocrystals exhibit two-stage exponential relaxation which proceeds
through fast (t1) and slow (12) relaxation times during photoconductivity decay. The relaxation processes showed
significant dependence on the type together with the concentration level of the compensating impurity used.

The experimental results revealed that the Si<B,Rh> sample had a substantially reduced characteristic relaxation
time of its photocurrent compared to the Si<B,S> sample.

y-radiation doses lead to an abrupt upswing of the second characteristic relaxation time (t2) before it reaches an
equilibrium state at a particular high dose level. The saturation occurs because radiation exposure creates only a limited
number of deep-level energy defects.

When the y-radiation flux was assessed at 77 K the dependency of relaxation time (12) became more significant.
Low temperatures lead to mostly recombination through defect centers that form due to irradiation. Thus, a decrease in
the specific resistivity of the initial material enhances the concentration fluctuations of charge carriers and creates the
potential to improve the material's photosensitivity through the prolongation of the relaxation time.

This finding is particularly important for the development of photodetectors and highly sensitive sensor devices.
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JOBI'OTPHUBAJII ITPOIECH PEJTAKCAIII EJJEKTPOIPOBITHOCTI B KOMIIEHCOBAHUX MOHOKPHCTAJIAX
Si<B,S> TA Si<B,Rh>
Axpampxon M. Bo6oer?, Xympoii A. MaxmynosP, iliox:xon M. I6poxiMos?, ABa3 K. Pagikost, }0.H. FOunycanies?,
Capsap0ex X. Iopoximos?*
“Anoudicancokuti OepoicasHull yruieepcumem imeri 3.M. Babypa, Anousican, Y30exucman
bKoxanocokuil yHigepcumem, Anoudicancoka inia, Anoudscan, Y3bexucman
Incmumym s0eprnoi @izuxu Axademii nayk Pecnyoniku Y3oexucman

V wmiif cTaTTi JOCTIKYIOThCS TIPOIECH pellaKcalii MpoBifHOCTI B MOHOKpHcTanax Si<B,S> ta Si<B,Rh> 3a pi3Hnx ymMoB koMmeHcaril
Ta KOHIIEHTpalliil. BcTaHOBJIEHO, 1110 Mporiec penakcailii (oTOMpoBiIHOCTI B KOMIICHCOBAHUX MOHOKpHcTanax Si<B,S> ta Si<B,Rh>
OITMCY€ETHCS JBOCTYIICHEBOIO €KCIIOHEHIIABHOIO 3AJISKHICTIO 3 XapaKTePHUMH 4acaMy LIBHAKOI (T1) Ta MOBUIBHOI (T2) penakcarii,
MPUYOMY IIi MPOLIECH pelaKcallii 3ajeKarth BiJf TUITy KOMICHCYIOUOi JOMIIIKH Ta il KOHIeHTpauil. BusHaueHo mapameTpu penakcaril
(T1, T2) Ta BUSBICHO, L0 XapakTepHHU yac penakcauii Gporoctpymy y 3pasky Si<B,Rh> 3HauHO KOpOTIIHMI MOPIBHIHO 3i 3pa3KoM
Si<B,S>. 3i 30UIbIIEHHSM J03H Y-ONPOMIHEHHS APYTHH XapaKTepHHH dac penakcarii (Tz) CIOYaTKy pPi3KO 30UIBIIYETHCS, a MOTIM
JIocsATa€e CTaHy HACHYEHHS TP MEBHIM BHCOKIH /1031, 10 TIOSICHIOETHCS OOMEKEHOIO KUTBKICTIO TTIHOOKHX €HEPTeTHYHUX AE(EKTIB, 110
YTBOPIOIOTBCS MiJI Yac OMPOMIHEHHs. 3aleXKHICTh Yacy penakcamii (T2) Bij (UIIOCHCY y-BHIPOMIHIOBaHHS 3pOCTa€ 31 3HIKEHHSIM
temmeparypu (no 77 K). JlocmimkeHo BIMB (uIyKTyamili KOHIEHTpaIii HOCI{B 3apsay Ha IpoIec pelakcamii Ta BUSBIEHO, IO 3i
3MEHIIICHHSM [TUTOMOTO OMOPY BHXIJHOTO MaTepiaay, TOOTO MPH BUIIKUX KOHIICHTPAIIAX, aMIUTITYAa QIyKTyaIlii 301IbIIyEThCS, 0
MPU3BOIUTH J0 301IBIICHHS Yacy pellaKcartii.

KoarouoBi caoBa: nuiexa;, Si<B,S>; Si<B,Rh>; y-eunpominosanns; ¢omonpogionicms; uac penaxcayii; memnepamypa,
KoHyenmpayis



