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The impact of Coulomb-diffraction interference on the one-proton removal breakup cross-section and the width of the longitudinal
momentum distribution (LMD) has been investigated for the breakup reaction of the 23 Al nucleus with different light to the heavy target
for energy 40-100MeV/nucleon. Sensitivity to the target size and incident energy was analyzed through calculations that incorporate
Coulomb interactions to all orders, including the full multipole expansion and nuclear diftfraction using the eikonal approximation in
the Glouber model. The results indicate that both constructive and destructive interferences significantly impact the observables, with
the effects being more pronounced for medium-mass targets than light or heavy targets.
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1. INTRODUCTION

After the discovery of halo nuclei in 1985 [1,2], extensive experimental and theoretical research has been conducted
to explore their unique nuclear structures and their significant role in nucleosynthesis reactions [3—15]. Advancements
in accelerator facilities have greatly accelerated this field of research, leading to the discovery of numerous exotic nuclei
near the neutron or proton drip lines. Breakup reactions have been one of the most frequently used methods to investigate
these nuclei [16-20]. While the breakup mechanisms of loosely bound neutron-rich nuclei are well understood, those
of loosely bound proton-rich nuclei present a more complex situation. In such cases, both the core of the projectile
and the valence proton experience Coulomb interactions with the target, complicating the analysis, particularly when
studying the Coulomb breakup mechanism exclusively [15, 16,21]. Recent theoretical studies have demonstrated that
this complexity affects observables such as breakup cross sections, the width of longitudinal momentum distributions,
and angular distributions. Additionally, interference between diffraction and Coulomb breakup mechanisms has been
reported to significantly influence these observables, depending on the size of the participating nuclei and the incident
energies [22-27].

The study of single proton breakup from proton-rich nuclei via the Coulomb breakup mechanism is directly linked to
astrophysical proton capture reactions through the detailed balance theorem [28,29]. Precise values of Coulomb breakup
observables are crucial inputs for estimating the reaction rates of proton capture reactions [13, 15,30]. Therefore, it is
essential to gain a deeper understanding of the Coulomb breakup mechanism and its interference with nuclear diffraction
mechanisms to accurately derive astrophysical information.

In this study, we investigate the interference between Coulomb and diffraction mechanisms in the breakup of 23 A/ at
beam energies of 60 and 100 MeV/nucleon for various target cases, extending our previous work [31] to explore the trend of
interference effects across a beam energy range of 40-100 MeV/nucleon. We analyze the impact of interference on single
proton breakup cross-sections and the full width at half maximum (FWHM) of core longitudinal momentum distributions
(LMD) for different targets and examine the sensitivity of these observables to the incident energies. The calculations
account for Coulomb interactions to all orders, including full multipole expansion, and treat nuclear diffraction within the
eikonal approximation [23,27]. The calculations are performed in the absence and presence of each mechanism, allowing
us to clearly identify the role of interference between the breakup mechanisms.

The 2 Al nucleus is chosen for this investigation because it is a proton-rich nucleus located near the proton drip
line, with a very low proton separation energy of S, = 141.11(43) keV [15], and its significant astrophysical implications
as noted in [21,32,33]. In a recent experimental study [15], the measurement of core fragment momentum distribution
and breakup cross-section was used to extract spectroscopic factors and asymptotic normalization coefficients (ANCs)
[32,34-36], which were subsequently employed to determine the stellar reaction rate for the direct radiative proton capture
reaction 2?Mg(p,y)> Al [15].

Given the important role of 2>Al in the >>Mg(p,y)>>Al direct capture reaction, it is intriguing to investigate
the interference between Coulomb and nuclear diffraction breakup mechanisms in the >3Al breakup reaction, as these
interferences may either enhance or suppress the single proton breakup cross-section and the LMD width, as reported
in [26,27]. This study has been conducted in light of previous works [26,27]. The effect of uncertainty in the one-proton
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separation energy (S, = 141.11(43) keV) on breakup observables was found to be less than 5% for both light [37] and
heavy targets.

2. THEORETICAL FORMALISM

We followed the theoretical formalism of ref. [23,27], where the Coulomb potential between projectile and target is
taken as

Ve Vy Vo

VER) = ———+ ——— — =
|IR-pir| [R+pr| R

(D

where V. = Z.Z,2,V, = Z,Z;€%, and Vyy = (Z,+2Z.) Zie%. 1 and B, are the mass ratios of proton and core, respectively,
to that of projectile. Z., Z; and Z, are the core, target and valence proton charges, respectively. Also 7 and R are the
position vectors of core to proton and target to projectile, fig. 1 inref. [26]. So the perturbed Coulomb phase for the whole
projectile (core plus valence proton) is

2 : .
X = (Vee 19 Ky (be ) = VoKo (0R . [v) +V,e P95l (b, /v) @)

where w = (&5 — &¢) /h and & is the valence nucleon binding energy while & s is the final nucleon-core continuum energy.
The Coulomb potential for the entire projectile (Vy) can be expressed as the sum of the core (V. ) and valence proton (V;,)
Coulomb potentials with respect to the target, i.e., Vo = V. +V,,. Consequently, the perturbed Coulomb phase for the entire
projectile can be written as:

X7 = x (BLVe) +x (<B2, V) 3
where
2V, iBrwz/v
X(B1.Ve) = 2 (P Ko wbe fv) = Ko (@R /) )
_ 2V, —iprwz/v
X(=B2 Vo) = 22 (P Ko (wby ) = Ko (@RL/Y) )

corresponds to core- target Coulomb phase and valence proton-target Coulomb phase respectively. As series of work have
stressed the importance of inclusion of Coulomb mechanism to all orders specially in proton halo breakup reactions [22-27].
Therefore, we have also treated the Coulomb interaction to all orders in sudden formalism for both core-target (called recoil
interaction) and valence proton-target (called direct interactions), as discussed in detail in ref. [22-25], and respective
Coulomb phases can be written as

§Cbe) = [ dremFT () (e'g —1-i%e log 7 +iX(ﬁ1,Vc)) ©)
g by = [ d?e-"?ﬂzs,-<7>(e"zhvv”1"g3K — 1 - % log - +iX(—ﬂ2,Vv)) @)
and nuclear diffraction dissociation amplitude is calculated in eikonal approximation as
g1 / dFeR7 gy (7) (M) 1) ®)
So the core fragment momentum distribution can be written as
% = g [ dbelSc b Plgree + g 4 g1 ©)

and breakup cross section may be obtained by integrating the core fragment momentum distribution over the transverse
component of momentum. Here, Sc;(b.) and e’ (>v) represent the core-target and proton-target S matrices, which are
calculated using the pp formalism through the standard MOMDIS code [38]. We employed Hartree-Fock nuclear density
forms [39] for both the core and the targets. The projectile wave function, ¢;(¥), was computed by numerically solving
the Schrodinger equation for the Woods-Saxon nuclear potential with fixed geometry parameters: radius (ro = 1.25 fm),
diffuseness (ag = 0.7 fm) [15], and spin-orbit coupling potential V;; = —20.72 MeV [40], for the [0* ® 1ds,,] bound state
configuration. The depth of the nuclear potentials was adjusted to reproduce the binding energy of the valence proton,
Sp =0.141 MeV.

The sensitivity of the breakup cross-section and longitudinal momentum distribution (LMD) width to the Woods-
Saxon potential parameters (ryp and ag) was also evaluated for the 40 MeV/nucleon case. We found that the cross-section
increased by approximately 20% as ro changed from 1.15 fm to 1.3 fm, while the FWHM of the LMD increased by less
than 2-3%. Similarly, an increase in the cross-section of less than 10% was observed when a(y was varied from 0.6 fm to
0.7 fm, with the LMD width increasing by less than 2-3%. This sensitivity is consistent with the results reported in [41].
Additional theoretical details of the formalism can be found in [22-25].
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3. RESULTS AND DISCUSSION

The single proton breakup cross-section and core fragment momentum distribution were calculated for the 23Al
nucleus with 2C, *8Ni, and 2°8Pb targets, in the beam energy range of 40-100 MeV/nucleon. The >3 Al nucleus is treated
as a two-body system, consisting of a [0" ® 1ds/;] core plus a proton in a bound state configuration, resulting in J” =
5/2*. In this analysis, only the 1ds/, state of the valence proton is considered, as predicted by the shell model and widely
reported in the literature [15].

For the present calculations, we focused on 60 and 100 MeV/nucleon beam energies, as the 40 and 80 MeV/nucleon
data had already been published in our previous work [31], though the table includes all energies from 40-100 MeV/nucleon.
The objective was to examine how the breakup cross-section and FWHM of the parallel momentum distribution change
with different beam energies and targets. The calculations were performed separately for nuclear diffraction breakup and
Coulomb breakup mechanisms, as well as for the combined effect of both mechanisms, to observe the interference effects.

Table 1. Calculated one-proton removal breakup cross-section and FWHM of LMD for '2C target at different incident

beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy(MeV/nucleon) 40 60 80 100

o_p FWHM |o., FWHM |o., FWHM |o_, FWHM

(mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c)
Diff. 10.37 164.24 16.45 178.30 13.65 177.59 9.46 178.50
Coul.(total) 5.27 121.33 4.30 128.76 3.92 135.40 3.50 139.14
Coul+Diff.(simple sum) 15.64 145.64 20.75 163.07 17.57 164.65 1296 164.71
Coul+Diff.(Cal. together) 16.42 144.54 20.01 160.64 16.20 162.20 11.59 161.97
% change +4.99 -0.75 -3.57  -149 -7.80 -1.48 -10.57 -1.66

Table 2. Calculated one-proton removal breakup cross-section and FWHM of LMD for 8 Ni target at different incident
beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy 40 60 80 100
(MeV/nucleon)
o—p FWHM | o, FWHM | o, FWHM | o, FWHM
(mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c)
Diff. 14.96 156.54 20.04 168.59 22.55 167.08 15.77 162.57
Coul.(total) 115.09 114.16 81.25 116.98 66.92 120.44 57.85 123.13
Coul+Diff. 130.05 117.83 103.81 124.20 86.96 127.72 73.62 129.31
(simple sum)
Coul+Diff. 156.90 125.43 127.49 130.24 105.04 132.23 87.82 132.75
(Cal. together)
% change +20.65 +6.44 +22.81 +4.86 +20.79 +3.53 +19.28 +0.79

Calculated one-proton removal breakup cross-section and FWHM widths of the longitudinal momentum distribution
(LMD) are presented in Tables 1-3. These results are shown exclusively for nuclear diffraction (dif f), total Coulomb
(recoil + direct) (Coul), the simple algebraic sum of total Coulomb and diffraction (Coul + di f f (simple sum)), and the
total Coulomb and diffraction mechanisms calculated together (Coul + di f f (calculated together)). The rows correspond
to the '2C, *8Ni, and 28Pb targets for Tables 1, 2, and 3, respectively. The respective LMD results are illustrated in Figures
1-3, where the percentage change is calculated using the formula:

X(Coul+diff) _ (XC()ul + thff)
(XC()ul + Xdlff)

% 100%,

where X represents either the cross-section or the FWHM of the LMD. For simplicity, the spectroscopic factor is taken as
unity throughout the calculations.

Table 1 shows the results for the '2C target at 40, 60, 80, and 100 MeV/nucleon beam energies. At 40 MeV/nucleon,
the Coulomb and diffraction mechanisms (calculated together) result in a cross-section increase of +5% compared to their
simple sum, indicating constructive interference between the Coulomb and diffraction breakup mechanisms. However, at
higher beam energies (60, 80, and 100 MeV/nucleon), destructive interference occurs, reducing the cross-section by -3.5%
to -10.5%, with the magnitude of the reduction increasing as the beam energy increases. The interference effect on the
FWHM of the LMD shows a slight destructive trend for all incident energies, reducing the width by -0.7% to -1.66%, with
this variation mildly depending on the beam energy. In contrast, for the '>C target, except at 40 MeV/nucleon (Fig. 1(a)),
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the black solid curve appears lower than the green dash-dotted curve, indicating destructive interference, which reduces
the cross-section. However, at 40 MeV/nucleon, the interference is constructive.
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Figure 1. (Color online) Longitudinal Momentum Distribution for 2C(>*Al, 22Mg)X at 40-100 MeV/nucleon beam
energies.

Table 3. Calculated one-proton removal breakup cross-section and FWHM of LMD for 2% P target at different incident
beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy 40 60 80 100
(MeV/nucleon)
o-_p FWHM | o_, FWHM | o, FWHM | o_, FWHM
(mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c) | (mb) (MeV/c)
Diff. 21.45 153.73 32.32 166.13 29.26 163.91 21.94 157.98
Coul.(total) 2029.37 146.23 1162.78 134.62 821.72  129.78 638.78 127.64
Coul+Diff. 2050.81 146.34 1195.11 135.44 850.98 130.80 660.72 128.52
(simple sum)
Coul+Diff. 2077.99 152.13 1277.35 142.65 92791 138.19 725.65 135.23
(Cal. together)
% change +1.32 +3.96 +6.88 +5.32 +9.04  +5.65 +9.82  +5.22

For the *®Ni target (Table 2), constructive interference is consistently observed across all incident energies, resulting
in an enhancement of the breakup cross-section by approximately +20%. Additionally, the FWHM of the LMD increases
from +6.4% to +0.79% as the incident energy increases, in comparison to the algebraic sum of the Coulomb and diffraction
components calculated independently.

In the case of the 2%8Pb target, as shown in Table 3, the breakup cross-section exhibits an increase ranging from
+1.3% to +9.8% with increasing incident energy, while the FWHM of the LMD broadens by +3.96% to +5.22%. This
behavior again indicates the presence of constructive interference between the Coulomb and nuclear breakup mechanisms.
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Figure 2. (Color online) Longitudinal Momentum Distribution for **Ni(>*Al, 2?Mg)X at 40-100 MeV/nucleon beam
energies.
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Figure 3. (Color online) Longitudinal Momentum Distribution for 2°®Pb(**Al, 22Mg)X at 40-100 MeV/nucleon beam
energies.
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Figure 4. (Color online) (a) Variation of Percentage change in single proton breakup cross-section due to Coulomb
diffraction interference with incident energy, (b) Variation of Percentage change in FWHM of LMD due to Coulomb
diffraction interference with incident energy, in case of different target.

For enhanced clarity, Figures 1-3 present the LMD results for all target cases, where the diffraction component is
represented by a blue dashed curve, the Coulomb component by a red dotted curve, their simple algebraic sum by a
green dash-dotted curve, and the combined Coulomb and diffraction calculation by a black solid curve. For the *®Ni
and 2%8Pb targets, the black solid curve (representing Coulomb and diffraction calculated together) consistently exceeds
the green dash-dotted curve (representing the algebraic sum), thereby reflecting the constructive interference between the
two breakup mechanisms, which leads to an enhancement in both the breakup cross-section and the LMD width. In
our previous paper [31], we investigated the interference effects between recoil and direct breakup reactions, which were
consistently found to be destructive for all target and beam energies. Therefore, in this paper, we do not provide the LMD
or cross-sections; instead, the Coulomb calculations presented here reflect the result of the interference effect between
recoil and direct breakup.

Figures 4(a) and 4(b) further illustrate the percentage variations in the single-proton breakup cross-section and the
FWHM of the LMD as a function of incident energy for all targets. It is evident from these figures that the trend of
percentage variations differs between targets, exhibiting behavior consistent with the results reported in Ref. [24]. Thus,
we observed that for medium-mass targets such as *3Ni, the magnitude of constructive interference is greater compared
to 12C and 2%8Pb. This can be attributed to the fact that, for smaller targets, the dominant reaction mechanism causing
the breakup is nuclear interaction, with Coulomb interaction being relatively insignificant. In contrast, for heavier targets,
the Coulomb interaction tends to dominate over the nuclear interaction, driving the breakup process. For medium-mass
targets, both Coulomb and nuclear interactions play significant roles during the interaction between the projectile and
target, making the interference between Coulomb and nuclear mechanisms more pronounced and significantly affecting
the breakup observables. This observation suggests that when designing experiments with proton-rich nuclei, it may
be beneficial to choose either light or heavy targets to minimize the impact of interference on the breakup observables.
However, further detailed investigation is needed to fully understand the complex interference mechanisms in breakup
reactions.

4. CONCLUSIONS

The investigation examines the Coulomb-diffraction interference present during the single-proton breakup reaction of
the 22 Al nucleus. The study analyzes the interference effects on the single-proton breakup cross-section and the full-width
at half maximum (FWHM) of the longitudinal momentum distribution (LMD) of core fragments for targets '>C, *®Ni, and
208ph. Sensitivity to target size and incident energy was systematically assessed by performing calculations at commonly
used incident beam energies - 40, 60, 80, and 100 MeV/nucleon for each target.

The results indicate that Coulomb-diffraction interference can be either constructive or destructive, leading to
significant variations in the observable values. The magnitude of these variations is sensitive to both target size and
incident energy, with the effect being most enhancement in breakup cross-section for medium-mass targets compared to
light or heavy targets. This finding highlight the need for careful consideration when dealing with reactions involving
medium-mass targets. For greater clarity, we will further explore our breakup formalism in the upcoming studies by
examining the angular distribution. This study represents a step towards a quantitative understanding of Coulomb-
diffraction interference in 23 Al breakup reactions. It aims to aid in the planning of future breakup experiments, helping to
either minimize or avoid interference effects to obtain clearer and more accurate information.

Data Availability Statement: This manuscript has no associated data or the data will not be deposited.
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JOCJIIZKEHHSI KYJIOHOBCBHKOI AIEPHOI IHTEP®EHIII PEAKIII PO3IIAZTY 2 Al 3 PI3BHUMM
MIHNIEHAMUA
Cypennep, PaBinaep Kymap
4 lenapmamenm mamemamuiu, Bidvst Bxapami Maxagiovsins, Kemn, Ampasami, 444601, Indis

Brumis inTepdepeHuii KynoHiBcbkoi aAudpakiii Ha nonepeyHuil nepepis posnajay BiApPHUBY OIHOIO MPOTOHA Ta LIMPUHY PO3IOALILY
MO3J0BKXHBOTO iMITynbcy (LMD) 6yio mocnimkeHo i peakiii posnangy siapa <> Al 3 pi3HMM CBITJIOM BiJ Bakka MillleHb Ha €HEpriio
40-100 MeB/uyxsoH. Yy T/uBICTh 1O po3Mipy MillleHi Ta eHepril MajiHHs aHaIi3yBalacs 3a JOMOMOTOI0 PO3PaxyHKiB, SIKi BKJIIOYAIOTh
KYJIOHIBCBKi B3a€MOZIi Ul BCiX MOPSIAKIB, BKJIIOYAOUH TOBHE MYJIbTHIIONbHE PO3MIMPEHHS Ta SACPHY AU(PaKIiio 3 BAKOPHCTAHHAM
HaOJIVOkeHHs! efikoHasla B Mozesi [71oyGepa. Pe3ynbTaTi OKa3yloTh, IO K KOHCTPYKTHBHI, TaK 1 JA€CTPYKTHBHI NEPEIIKOAN CYTTEBO
BIUIMBAIOTb HA CIIOCTEPEXKYBaHi, Mpu4oMy eeKTH Oijibli BUpakeHi AJ1s 1ijeil cepeJHboi MacH, Hixk s JIErKux a00 BaXKUX LiJeH.
KumrouoBi cioBa: kyaoniecvka sideprua inmepgbepenyisi; npomonne 2aro; LMD; poznad npomona; nonepeunuii nepepiz eUu0anNeHHs
00H020 NPOMOHA
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The paper provides experimental results of obtaining high-density ZrO2+3%Y203 ceramics, which is promising for use as a matrix for
immobilization of HLW. The effect of sintering temperature in the range of 1100...1650 °C on the microstructure of the sintered tablets
was studied. Phase composition and microstructure of experimental samples were characterized by XRD and SEM. Grain size
distribution analysis was carried out using the "Thixomet" image analyzer. Microhardness was determined using a metallographic
complex LECO (USA), an inverted microscope IM-3MET and a hardness tester UIT HVB-30. It was established that increase in the
sintering temperature leads to a significant increase in the average grain size (from 85 nm to 1000 nm) and increase in the density of
the sintered tablets. Sintering temperature should be at least 1550...1650°C to produce high-dense ceramics (97...98 % of theoretical
value). Obtained ceramics is characterized by high values of microhardness HV > 12 GPa and crack resistance of 5.5...6.3 MPa-m!?2,
Keywords: Zirconium oxide, Sintering; Microstructure; Microhardness; Crack resistance

PACS: 62.25.-g; 81.07.Wx; 81.20.Ev; 61.05.C-; 81.40.Gh

INTRODUCTION

Zirconia-based materials (for example, ZrO,+Y»0s, Zr,Gd,0O7) are widely used as matrices for high-level waste
(HLW) due to their high radiation resistance and ability to bind in the crystal lattice (incorporation) of such elements as
Pu, Am, Np and Ln in spent nuclear fuel (SNF) [1-3].

Recently, there is a considerable interest in obtaining and studying the characteristics of nanostructured ZrO,-based
ceramics with a grain size of less than 100 nm [4-6]. Thus, a number of works revealed that this material with a grain size
of 25 nm and 38 nm has the ability to resist amorphization under Krypton ions irradiation (Kr*, 400 keV) up to a fluence
of 5.36-10'¢ jon/cm? (129 dpa), and also has enhanced radiation resistance [7, 8].

In addition, nanosized zirconia-based powders are used for the manufacturing of oxide dispersion-strengthened
(ODS) materials [9, 10] — a promising class of structural materials for the next-generation nuclear reactors [11]. Exactly,
the presence of such nanooxide precipitates with a uniform distribution into the matrix improves the radiation resistance
of materials, as well as their mechanical and corrosion properties, especially at elevated temperatures.

Another field of ZrO, materials application is the structural and refractory ceramics [12, 13]. Also, ZrO, is widely
used in medicine due to its high biocompatibility [ 14]. In order to achieve the highest operational characteristics, methods
for manufacturing of ZrO, nanopowders, as well as methods of their compaction and sintering to obtain products with a
fine-grained structure, are actively developed [15-17].

The methods aimed on compacting of the raw powders and obtaining oxide ceramics in relation to its usage as both
HLW matrices and structural ceramics are traditionally developed at NSC KIPT [18-20].

The goal of this work is to study the possibility of obtaining experimental samples from nanosized yttria-partially
stabilized zirconia (Y-PSZ) powder by cold-pressing at different modes and subsequent sintering in air into dense ceramics
with a fine-grained structure. Also, research of physical and mechanical characteristics of obtained ceramics is focused too.

MATERIALS AND METHODS

The powder of partially-stabilized zirconia PSZ-5.3YB manufactured by "Stanford Materials Corporation” (USA)
was used as the raw material. According to the manufacturer, the powder was obtained the chemical co-precipitation of
zirconium and yttrium salts solutions, followed by filtration, drying and calcination. PSZ-5.3YB powder is characterized
by the good ability for pressing, as it contains an organic binder based on polyvinyl alcohol, which was introduced into
the material at the stage of spray drying. This powder consists of micro-spherical granules size of 70...100 pm (Figure 1a),
and the size of the particles of which the granules are composed is 30...40 nm (Figure 1b). Chemical composition of
material according to the manufacturer: Zr(Hf)O,-94.5%; Y203 -5.2 = 0.2%wt.

Compacting powders in the form of tablets (@10 mm and height 6-7 mm) was carried out by the method of uniaxial
bilateral cold pressing (CP) in a steel mold at a pressure of 200 MPa. The density of samples after CP was 2.84+0.02 g/cm?
(46 % of theoretical).
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Figure 1. SEM micrographs of the PSZ-5.3YB powder (ZrO2+3mol%Y203)

Tablets were sintered in the temperature range of 1100...1650°C for 3 hours in an air atmosphere. The rate of reaching
the isothermal holding temperature was 5°C/min.

Density and open porosity of sintered ceramics were determined by hydrostatic weighing in distilled water.

XRD measurements were conducted using DRON-4-07 diffractometer in a filtered Cu-Ko radiation
(A =0.154187 nm). Phase composition and lattice parameters were determined by the Rietveld method (MAUD
software). Microstructural characteristics of the samples (size of coherent scattering domains CSD) were estimated by
the Williamson-Hall technique (integral breadth analysis).

Microhardness of the sintered samples was determined using a metallographic complex LECO (USA), an inverted
microscope IM-3MET and a hardness tester UIT HVB-30. Final surface polishing was performed using diamond paste
with a particles size of 1 pm.

Microstructure studies of the samples were carried out using JSM-7001F scanning electron microscope (JEOL,
Japan). The average grain size was determined by the method of random secants; the number of analyzed chords for each
microstructure image was 18 [21]. Calculation of the grains diameter, based on their area, as well as grain size distribution
analysis was carried out using the "Thixomet" image analysis system.

The stress intensity factor K¢ (crack resistance) of ceramics was determined by the indentation method using

Vickers diamond pyramid under the load of 10 kg and holding time of 15 s. Calculation of K;c [MPa-m'?] was carried
out according to the Niihara approach [22, 23]:
Kic = 0.203(c/a)™3/%-H - al/? (1)

where, a — half value of the indentation diagonal, pm; ¢ — crack length, pum; H — microhardness, MPa. For each
sample 7 indentations were made and analyzed.

RESULTS AND DISCUSSION

XRD analysis revealed that the raw powder ZrO,+3mol%Y,0s consists of two zirconia polymorphs. The content of
monoclinic zirconia ZrO,-m is 54.9wt%, and content of tetragonal ZrO,-t - 45.1wt%. Estimated CSD size for the ZrO,-m
and ZrO»-t phases are 36.6 nm and 40.6 nm, respectively.

It was established that increase in the sintering temperature from 1100°C to 1650°C leads to an increase in the density
of the sintered samples. Thus, the density of the samples at T = 1450°C was 5.6...5.7 g/cm?, and the open porosity was
1.0...1.5%. Increasing the sintering temperatures to T = 1550°C and T = 1650°C results in obtaining a denser ceramic
(5.9...6.03 g/cm®) with a linear shrinkage of 14...15%, which is characterized by the absence of open porosity. The
characteristics of the sintered samples are given in Table 1.

Table 1. Characteristics of ZrO2+3mol%Y203 samples

Sample No Sintering gecmperature, D;/lzill?’ Total E))/(:rosﬁy, Open 1(3)/(;r0s1ty,
T-11 1100 3.6 42 40
T-14 1450 5.7 6.6 1.5
T-15 1550 5.9 33 -0
T-16 1650 6 L6

Analysis of the grain size evaluation revealed that with the increase in the sintering temperature significant increase
in the grain size occurs. Average grain size of samples sintered at 1450°C, 1550°C and 1650°C was 309+23 nm,
563+52 nm and 1000+74 nm, respectively.
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It should be noted that after sintering at temperature of 1100°C the material is still nanocrystalline, since the average
grain size is 85+10 nm (Figure 2).

Figure 2. Microstructure of the sample sintered at 1100°C, 3 hours

Ceramics obtained under these conditions is low-density (3.6 g/cm?) and remains two-phase: it still consists of both
monoclinic ZrO,-m and tetragonal ZrO,-t modifications of zirconia, although the content of ZrO»-t phase increases up to
94.2wt%. Lattice parameters of the ZrO,-t modification are: a =0.3607 nm; ¢ = 0.5173 nm and the crystallite size reaches
the value of D = 121.7 nm.

In works [5, 6] comparative studies of sintered nanoceramics from partially stabilized zirconia with a similar
composition of brands TZ3Y-SE, TZ-3YB (Tosoh, Japan) and Z3Y (BUT, Czech Republic) were carried out. The authors
established that low-temperature sintering of ceramics up to 99 % of the theoretical density can be realized for the Z3Y
powder at a temperature of 1100°C/4 hours. At the same time, obtained ceramics remains in nanocrystalline state (grain
size is less than 80 nm). However, the sintering of zirconium dioxide nanopowder of the Japanese manufacturer TZ3Y-SE
or TZ-3YB at this temperature is insignificant; and increase in temperature to 1460°C is required to obtain a density of
99 % of the theoretical one. However, the average grain size was already 200 nm [5].

In our case, the difference in the average grain size obtained by the secant method (85 nm) and according to XRD
data (121.7 nm) can be explained by the fact that in the secant method the image is analyzed in plane (2D size of grains),
while XRD analyzes data in a certain volume of the sample (3D grain size). In [25] similar aspects regarding the average
grain size in UO, tablets were discussed, and the authors suggested introducing a correction factor of 1.22 to reconcile
the measurement results. In addition, the ASTM E112-96 standard introduces a scaling factor of 1.5 for calculating the
spatial diameter (3D grain size) [21].

The grain size values, obtained in present study at different sintering temperatures of ZrO,+3mol%Y,03 ceramics,
are shown in Figure 3.
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Figure 3. Average grain size values at different sintering temperatures of ZrO2+3mol%Y203

As the sintering temperature increases, an active recrystallization process and growth of individual grains occurs,
the number of which is small. Thus, sample T-14 is characterized by a fine-grained structure (dgo < 500 nm) and the
presence of closed pores up to 5 pm in size. The microstructure of sample T-16 is characterized by the predominant grain
size dgo < 1800 nm, while the maximum grain size is 3.4 um. The microstructure of these samples is shown in Figure 4.
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(b)
Figure 4. Microstructure of samples sintered at 1450°C (a) and 1650°C (b)

Digital image processing of the T-15 sample microstructure by the graphic analyzer "Thixomet" is presented in

Figure 5, and the grain size distribution is shown in Figure 6. The average grain size in this sample is 563 nm, and the
maximum grain size is 1.8 pm.
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XRD analysis revealed that samples sintered in the temperature range of 1450...1650°C have an equilibrium
structural-phase state: they mostly consist of tetragonal ZrO,-t modification (85...88)wt%, which is typical for Y-PSZ

ceramics [26]. Representative diffraction pattern of samples sintered at temperatures of 1450-1650°C is shown in
Figure 7.
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Figure 7. Representative diffraction pattern of samples sintered at 1450...1650 °C

The study of the effect of density and microstructure on some mechanical characteristics of the obtained ceramics
consists in determining the critical intensity stress factor (crack resistance Kic) using a technique based on the study of
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the characteristics of indentations and cracks, formed by the Vickers diamond pyramid. This technique is characterized
by the simplicity of sample preparation and experiment [24-26, 29, 30]. It is known that while loading the surface of
ceramic materials with a Vickers indenter, only two types of cracks can be realized: Palmqvist cracks and half-disc
(median) cracks [22, 27, 28]. In this regard, a number of researchers propose to use the c/a ratio (c is the crack length
from the center of the indent to the crack tip, and a is the half value of the indentation diagonal) to establish the crack
type and empirical dependence of processing results. If ¢/a < 2.5, then the cracks are the Palmqvist type, otherwise -
median cracks [22]. Another well-known technique of determining the cracks type is to study the cracks after re-polishing
the surface of the sample [28, 30]. Interruption of the crack near the indentation corner confirms the presence of Palmqvist-
type cracks. In present study, exactly this type of cracks was observed after applied indentation load of 10 kg. The
characteristics of the diamond pyramid indentations and cracks for the high-density samples are shown in Table 2.

Table 2. Characteristics of ZrO2+3mol%Y20s tablets and cracks

Sample No Density, g/cm? a, um C, um c/a | HV,GPa Kic, MPa-m'?
T-14 5.7 65.9(12) | 141.6(2.6) |2.15| 11.6(13) 5.52(0.11)
T-15 5.9 62.0(0.9) | 140.0(2.9) |2.26| 12.8(0.6) 5.56 (0.13)
T-16 6 62.1 (0.7) 128.9(1.5) 2.08 | 12.2(0.6) 6.29 (0.11)

in brackets () the mean square deviation is given

It can be seen that with an increase in the density of the samples, there is an increase in microhardness and crack
resistance, which is in good agreement with the results in [30]. Obtained ratio c¢/a < 2.5 also indicates the presence of
Palmqvist-type cracks and the correctness of the chosen calculating model for K;c. In a number of works [23, 28] it is
shown that the calculated value of K¢ using various empirical dependencies (Antists, Casellas, Palmqvist, Niihara
models) can be very different. In addition, the value of the applied load on the indenter also significantly affects the
resulting value of K;c.

It was found that for samples with a close value of density (5.9...6.0 g/cm®) and an average grain size that differs by
a factor 2 (563 nm and 1000 nm, sintered at T = 1550 °C and 1650 °C, respectively), Kic factor is higher for material
with a larger grain size. Obtained results are in good agreement with the published data [24], according to which ceramics
with the maximum grain size have higher crack resistance. In above work, a sample of ceramics sintered at
1650 °C/10 hours from the partially stabilized zirconium dioxide powder of brand TZ-3YB (Tosoh, Japan) with a close
value of density and grain size (6.08 g/cm? and 990 nm, respectively) had the value of Kic = 6.4 MPa-m"? at applied load
of 10 kg; with the increase in the indenter load the value of K¢ decreased [24].

Study of the nature of the crack’s propagation, coming from the indentation corners, revealed the following. For the
sample with an average grain size of 562 nm (sintered at 1550 °C) crack propagation has both intercrystalline and
transcrystalline nature (Figure 9a).

(@) (b)
Figure 9. Character of crack propagation in the indentation area of samples with an average grain size of 563 nm (a) and
309 nm (b).
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The crack has no significant deviation from its direction. When a large grain is encountered, the latter is destroyed.
For the sample with an average grain size of 309 nm (sintering temperature 1450 °C, density 5.7 g/cm®) the nature of the
crack propagation is intercrystalline, since we did not find destroyed grains, which is typical for fine-grained materials in
general (Figure 9b).

Thus, the conducted studies showed the possibility of obtaining fine-grained ceramics based on nanosized Y-PSZ
powder (ZrO,+3mol%Y»0s) with high physical and mechanical characteristics. Obtained ceramics meet the requirements
for the manufacturing of matrices for the incorporation of HLW, as well as for medical and structural purposes.

CONCLUSIONS

Research results showed the possibility of obtaining fine-grained zirconia-based ceramics by cold-pressing and
sintering of nanosized Y-PSZ powder (ZrO;+3mol%Y»03).

The influence of the sintering temperature in the range of 1100...1650 °C on the microstructure of ceramics
(ZrO;+3mol%Y,0;) was studied. An increase in the sintering temperature leads to significant increase in the average
grain size (from 85 nm to 1000 nm), increase in the density and decrease in the porosity of the samples.

Sintering temperature should be at least 1550...1650°C to produce dense ceramics (97...98 % of theoretical value).
Obtained ceramics is characterized by rather high values of microhardness HV > 12 GPa and crack resistance of
5.5...6.3 MPa-m'?,
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BIIJIUB TEMIIEPATYPHU CIIIKAHHSI HA MIKPOCTPYKTYPY TA BJIACTHBOCTI KEPAMIKH 3 OKCUAY
LUPKOHIIO /ISl IOTPEB AAEPHOI EHEPTETUKU
1.0. Yepnos?, K.B. Jlo6au?, C.IO. Cacuko?, I.B. Kouoniii?, C.B. JlutoBuenko®, O.B. ITuiunenxo?,
I'.0. Xosaomeep?, 5.0. Masiain®
“Hayionanenuil Haykosutl yeump “Xapkiscokuil izuxo-mexuiunui incmumym”, @yin. Axademiuna, 1, 61108, Xapxkis, Yxpaina
bXapxiscoxuii nayionansnuii ynisepcumem im. B.H. Kapasina, maiidan Ceoboodu, 4, 61022, Xapxis, Yipaina

VY craTTi HaBeAEHO EKCIEPHMEHTAJbHI pe3yJIbTaTH OTPHUMAHHS BHCOKONIUTBHOI KepaMiku Ha OCHOBI (ZrO2+3%Y203), sgka €
NePCTIEKTUBHOIO JUIsl BUKOPUCTAHHS SIK MAaTPHL 30epiraHHsl BUCOKOAKTUBHUX BiAXOAIB. JIOCHI/UKEHO BIUIMB TEMIIEPATYPHU CIIKAHHS
B miama3zoni 1100...1650 °C Ha MIiKpOCTPYKTYpy clicucHHX TabieTok. Pa3oBuil CKiIaj i MIKPOCTPYKTYPY JHOCHIIHUX 3pasKiB Oyiio
0XapaKTepH30BaHO 3a JONOMOTr0I0 peHTreHiBebkol nudpakromerpii (PCA) Ta ckanyBasibHOI enekTpoHHOi Mikpockorii (SEM). Anani3
pO3MOAiTy 3epeH 3a po3MipaMy HPOBOIMIM 3 BHUKOPHUCTaHHSIM aHaiizatopa 3o0paxens "Thixomet". MikpoTBepaicTe 3pa3skiB
BH3HAYANU 3 BUKOPHCTaHHAM MeTanorpadignoro kommiekcy LECO (CILIA), inBeproBanoro mikpockona IM-3MET i cranionapHoro
tBepaomipa UIT HVB-30. BeranoBiieHO, 10 TiABUIIEHHS TEMIIEPATypH CIIKaHHS MPU3BOAUTH 10 CYTTEBOTO 301IBIICHHS CEPEAHBOTO
po3mipy 3epeH (Big 85 aM 1o 1000 HM) i iABUIICHHS MIUTPHOCTI CIICYEHUX Ta0NIETOK. /I OTpUMaHHS MIUTFHOT KepaMiKK (IUTBHICT
97...98% Bin Teop.) TeMueparypu cmikaHHs craHoBWIM 1550...1650°C, oTpuMaHi 3HaYEHHIMH MiKpOTBepaocCTi ckinanu > 12 I'Tla ta
TpimuHoCTikKOCTI 5,5...6,3 MITa-m'2.
Ki1r04oBi ciioBa: oxcuo yupkouiro, Cnikawus, MiKpOCMPYKmMypa, MiKpomeepoicmy, mpiyuHoCmitiKicms
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To ensure compatibility with the more robust design of TVSA manufactured by TVEL JSC, a modification of the Westinghouse FA,
referred to as RWFA, was announced in 2013, which was designed to be more robust. Since 2015, RWFAs has been in pilot operation
and since 2019 in commercial operation in Ukraine. The supply of Westinghouse FAs to Ukraine was under constant supervision and
integrity control at all stages of operation and after its end. From the very beginning of the implementation of the WFAs, specialists of
SE "NNEGC "Energoatom" and Westinghouse Company with the scientific support of NFC STE NSC KIPT carried out the annual
inspections of the fuel assemblies. Based on the inspection results of 86 WFAs/RWFAs after 1-3 years of operation, it was concluded
that the obtained values of the parameters characterizing the integrity of WFAs/RWFAs did not exceed the limits set during the FA
design and safety substantiation of the core loading where those FAs were operated. All FAs that were subjected to scheduled
inspections were loaded in the subsequent fuel cycles.

Keywords: V'VER-1000; Bow, Inspection;, Growth; Twist; Fuel Inspection and Repair Equipment,; Fuel assembly; Nuclear fuel
PACS: 28.41.Bm, 28.41.Qb, 28.41.Vx

INTRODUCTION

Modernization and improvement of FA and fuel rod design, optimization of their operation modes is a complex task
that includes a large set of design and experimental works. An important place among these works is taken by the examination
of fuel assemblies and fuel rods during and after operation in the reactor core. At present, trends in nuclear fuel examination
are largely focused on the need to promptly obtain statistically significant data on its condition after operation in a particular
fuel cycle, while minimizing the time and cost of such examination. The efficient application of the results of post-irradiation
examination depends on the completeness and reliability of the information on the technical condition and performance of
the fuel, which in turn depends on the methodological and technical support of the examinations.

Obtaining actual information on the condition of fuel assemblies during and after operation is becoming increasingly
important due to the requirement to introduce new fuel cycles with higher burnup and extended lifetime, to ensure the
reliability of Rod Cluster Control Assembly (RCCA) operation, to control the quality of fuel assembly manufacturing,
and to repair leaking assemblies. For these purposes, foreign countries have experience of using inspection and repair
equipment at operating NPPs to monitor and repair leaking fuel assemblies for further use [1-3].

The FIRE (Fuel Inspection and Repair Equipment) for Ukrainian NPPs was designed and manufactured by
Westinghouse company to control the technical condition of nuclear fuel, which was provided by the RWFA Licensing
Program during its implementation at Ukrainian NPPs since 2014. In that year, a conceptual technical solution was
developed for the implementation of advanced design of fuel assemblies (RWFA) at SUNPP Unit 3, and in 2015 the first
reloading batch of RWFAs was loaded into the core in the pilot operation mode. The RWFAs are the result of the
modernization of the WFAs, which were first loaded in 2010 and also had a more robust design compared to the first trial
batch of 6 Lead Test Assemblies (LTAs) loaded in 2005 [4].

It should be noted that fresh nuclear fuel (hereinafter referred to as FNF) for VVER-1000 power units of Ukrainian
NPPs was supplied under long-term commercial contracts with TVEL JSC and Westinghouse company. At present, due
to the armed aggression of the Russian Federation against the people of Ukraine, the supply of fuel produced by TVEL
JSC has been cancelled, but the operation and loading of the already supplied FAs will continue for some NPP units.
Thus, RWFAs and WFAs produced by Westinghouse company are gradually replacing TVSAs produced by TVEL JSC
at Ukrainian NPPs with VVER-1000 V-320 reactors (units capable of installing FIRE) [5].

The authorized organization for the implementation and operation of the FIRE, including the full range of activities
for its development, nuclear fuel inspection and repair at all Ukrainian NPPs, is the SS Atomremontservis (SS ARS) of
SE "NNEGC "Energoatom" [5]. The personnel of SS ARS, trained and certified by Westinghouse, carried out nuclear
fuel inspections under the supervision of Westinghouse specialists in 2015-2016. Since 2017, the personnel of the SS
ARS independently carried out nuclear fuel inspections. Since 2018, the NFC STE NSC KIPT has been processing the
nuclear fuel inspection results using independently developed alternative and verified methods that were approved by SE
“NNEGC “Energoatom” and Westinghouse company.

The results obtained during fuel inspections by means of the FIRE equipment are necessary to assess the technical
condition of the fuel assembly components and to provide additional information to confirm compliance with the
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mechanical (strength, deformation), thermal, physical and corrosion design criteria for fuel rods and FAs, which determine
their integrity [6-9]. From the scientific point of view, the results obtained by means of the FIRE equipment can be applied
to understand the processes occurring in fuel rod and FA materials under irradiation conditions in VVER-1000 core, to
assess the stability of geometric parameters of fuel rods and FAs, to predict their further performance, and to substantiate
the safe operation of FAs in the next fuel cycles [10].

1. EXPERIENCE Of WESTINGHOUSE FUEL ASSEMBLY IMPLEMENTATION AT Ukrainian NPPs

Westinghouse company designed, developed and manufactured 6 LTAs, which have been operating as part of a
mixed core of the South Ukraine Unit 3 since 2005, in order to diversify the nuclear fuel supply for the Ukrainian VVER-
1000 type reactors. After the successful completion of the LTAs trial operation, the pilot operation was started and the
first full refueling batch of 42 WFAs was loaded into the core of the South Ukraine Unit 3 in 2010.

A more robust design of Westinghouse fuel assemblies, referred to as RWFA, was announced in 2013 to ensure
compatibility with the competitor TVSAs, with higher level of structural stiffness, manufactured by TVEL JSC. RWFA
has been in operation at Ukrainian NPPs since 2015 in pilot mode and since 2019 in commercial mode. Since that
timeWestinghouse enterprises produce only a modified design of RWFA for the needs of Ukrainian NPPs.

Here are the main chronological stages of Westinghouse nuclear fuel implementation at Ukrainian NPPs:

2005 — loading of the first 6 Lead Test Assemblies (LTA-1) as part of the mixed core of SUNPP Unit 3;

2010 — pilot operation of 42 modernized WFAs started in the core of SUNPP Unit 3;

2011 — pilot operation of 42 modernized WFAs started in the core of SUNPP Unit 2;

2012 — difficulties in testing WFAs in a mixed core with TVSA fuel assemblies;

2013 — announced a more robust design of Westinghouse fuel assemblies (RWFA) compatible with TVSAs in
the mixed core;

e 2014 — approval of the Conceptual technical decision on the implementation of RWFA fuel assemblies with
improved design at the SUNPP Unit 3;

e 2015 — pilot operation of the first refueling batch of RWFAs in the core of the SUNPP Unit 3 started.

Main key dates of Westinghouse nuclear fuel implementation at Ukrainian NPPs:

e In 2018, SUNPP Unit 3 was the first in Ukraine to fully switch to Westinghouse nuclear fuel after the fourth
refueling batch of RWFAs;

e  Since December 2019, SUNPP Unit 3 has become the first to receive SNRIU's permission for commercial
operation of nuclear fuel from an alternative supplier, Westinghouse company;

e No sooner had the pilot operation of RWFAs been completed than the "Conceptual technical decision "On
expansion of pilot operation of RWFAs of advanced design at Ukrainian NPP power units with VVER-1000 reactors
(type V-320, V-338)" (KTR-M.13.18-244.15) was approved,

e In accordance with the Conceptual technical decision KTR-M.13.18-244.15, RWFAs have been operating at
ZNPP Units 1, 3, 4, 5 since 2016;

e 42 RWFAs started operating at RNPP Unit 3 in 2022.

7 out of 13 VVER-1000 power units operate with Westinghouse nuclear fuel as of 2023, and six power units have
already been fully switched to this manufacturer's nuclear fuel.

Table 1. Main periods of Westinghouse fuel implementation at Ukrainian NPPs

No. Power Unit First loading of WFA/RWFA¥*, year Switch to Westinghouse fuel, year
1 SUNPP-2 2011 2020
2 SUNPP-3 2005 2018
3 ZNPP-1 2017 2021
4 ZNPP-3 2017 2021
5 ZNPP-4 2017 2021
6 ZNPP-5 2016 2020
7 RNPP-3 2022 2025
8 RNPP-4 2024 2027
9 KhNPP-1 2024 2027

*WFAs operated only on SUNPP-2 and SUNPP-3

2. MAIN DESIGN DIFFERENCES BETWEEN RWFA AND WFA
The design of RWFA is almost similar to that of the WFA, but with higher robustness. Below is a list of designe
changes that have been made to the spacer grids (SGs), the lower part of the top and the bottom nozzles [11].
Changes in the SG design:
e SG outer strap tabs were modified to increase stiffness and the number of tabs was increased (every fuel rod
location);
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e The shape of the outer strap was changed, the thickness of the outer strap and its width in the corners were
increased, and a beading along the length of the outer strap was added;

e  The material of the midgrids was changed to Inconel (Alloy 718);

e 8 inner straps were added, which were absent in previous design of the midgrids and the top grid.

e Grid width envelope was reduced by 0.25 mm.

Changes in the top nozzle design:

. Sharp edges on legs were smoothed out;

. The top of the adapter plate includes six guiding side plates (Figure 2b) or deflectors (Figure 2c¢) located along
the perimeter to eliminate axial interaction of the top nozzle with the bottom nozzle of an adjacent FA being loaded.

a
Figure 2. Lower casting machined part of the WFA top nozzle (a) and the modified RWFA (b, ¢) [11]

Changes in the bottom nozzle design:

. Flat chamfers were tapered on all 6 faces at the hexagonal plane transition to a hemispherical surface to exclude
the formation of local loads in the central part of the SG straps in the case of hard contact interaction of the FA with the
surrounding FAs under core loading;

. Edges and corners were chamfered.

Z

a) Tapered chamfers b) Chamfered eges

Figure 3. Changes of RWFA bottom nozzle [11]

Fuel rods, guide thimbles, and the barrel assembly of the FA top nozzle remained unchanged. The changes made by
the developer increase the robustness of the FAs and facilitate their contact with FAs of other designs during vertical
moving, which facilitates transportation and technological operations with FAs. This aspect is very important when
loading the core, since the gap between fuel assemblies is only ~ 1 mm.

3. POST-IRRADIATION EXAMINATION OF FAS
From the very beginning of WFA implementation at all stages of its operation and after its completion, specialists
of the SE "NNEGC "Energoatom" and Westinghouse company with scientific support of NFC STE NSC KIPT carried
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out annual examinations and inspections of irradiated FAs. Also, the process of manufacturing, transportation and
receiving inspection of fresh fuel assemblies was carried out at Ukrainian NPP sites under constant supervision of
Energoatom specialists and representatives of Westinghouse.

In most cases, only measuring systems are used during scheduled inspections, which are specified in the Nuclear
Fuel Inspection Schedule and do not involve FAs disassembling. Further processing of the data obtained by means of
these systems allows obtaining values of parameters characterizing the technical condition of FAs (the list of parameters
is given in Table 2). In accordance with the technical specification, the measuring systems of the FIRE provide
measurement of the main parameters of FAs with an error not exceeding the values given in Table 2.

Table 2. FIRE measuring systems error [5]

No Parameter, unit Measuring error
1 FA length, mm +0.127
2 FA bow, mm +2.54
3 FA twist, deg +1.25
4 RCCA drag force, kgf +0.5
5 Axial gap, mm +1.0
6 Fuel rod growth, mm +1.0
7 Fuel rod to rod gap, % + 10
8 Oxide film thickness on fuel rod cladding, um +5
9 Spacer grid width, mm +0.127
10 Diameter of fuel rod cladding, mm +0.0051

NFC STE NSC KIPT specialists developed and verified methods for processing measurement results to obtain
parameters characterizing the technical condition of fuel rods and FAs. These methods are alternative to the methods used
by Westinghouse specialists in their calculations. The error in processing the inspection results does not exceed the error
specified in Table 2. This allowed the inspection of nuclear fuel with subsequent processing of the results without
involving Westinghouse specialists.

4. MAIN SUMMARIZED RESULTS OF FUEL INSPECTIONS

Starting from 2018, Ukrainian specialists have inspected 56 W/RWFAs at SUNPP Unit 3, ZNPP Units 3 and 5 since
the time of systematization of the material and writing this article. At the same time, the Ukrainian specialists processed
the results obtained during the fuel inspection at ZNPP Unit 5 in 2017. Thus, the total number of fuel assemblies inspected
in the FIRE is 64, and taking into account the inspections performed by Westinghouse specialists during the 2013-2017
refueling outages, it is more than 86 FAs.

Each measurement, the results of which are shown in the graphs, was carried out in the appropriate order during the
refueling outage after the end of a particular fuel cycle.

4.1. Visual assessment of FA components condition

Visual assessment of the general FAs condition is carried out on the basis of an assessment of the following FA

components appearance:
- spacer grids;
- peripheral rows of fuel rods on six faces along the entire height of FA;
- top and bottom nozzles.

Criteria for visual assessment of FAs are developed by fuel manufacturers and presented in technical specifications,
fuel design documentation, substantiation of safe operation, developed and summarized within the framework of scientific
and technical support and given in the Methodological Guidelines for Nuclear Fuel Control for NPPs and the Proprietary
standard of the SE "NNEGC "Energoatom" [12].

Visual assessment of the FA condition is carried out by visual inspection of the half-width or full width of the
assembly face along the entire length. In the process of such an assessment, the fuel assembly is inspected from the top
to the bottom nozzle with video recording of the image obtained. Next, the data obtained is processed and their compliance
with the design and operational criteria is determined to assess the condition of FA components. The video recording
materials are used to monitor the general condition of FAs, in particular, the SG outer straps, the presence of deposits and
abnormal corrosion on the surface of fuel rod claddings, debris, and mechanical damage of FA structural components.

A visual inspection of the cladding surface of six fuel rods after four years of operation, removed from different
rows of RWFA at SUNPP Unit 3, was performed with the support of the NFC STE specialists. The visual inspection of
fuel rods is performed to obtain data to confirm the presence and nonexceedance of the design value of fretting wear in
the places of contact of SG dimples and SG springs with fuel rod claddings. The cladding surface condition was analyzed
to detect cladding defects that appear during operation in the VVER-1000 core.

The visual inspection results of six fuel rods revealed that after four fuel cycles, traces of interaction in the form of
narrow elongated oval-shaped dark-colored strips 0.5-0.7 mm wide and 4-6 mm long located along the fuel rod axial line
were observed in the upper part of all fuel rods that were inspected.
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Interaction traces the "fuel rod - SG cell" are clearly visible at the levels of SG12-SG16 (Figure 4). Starting from
SG8, it was rather difficult to determine the exact location of the "fuel rod - SG cell" contact. In the lower part of the fuel
rod (including the area of the bottom end plug), it was almost impossible to identify the area of contact "fuel rod - SG
cell".

No fuel rod cladding damage, corrosion damage (pitting, debris, fretting), or deposits of structural materials
corrosion products of the primary circuit on the surface of fuel rod claddings were detected during the entire period of
scheduled fuel inspections. The spacer grid outer straps surface was free of deformation, mechanical and corrosion
damage. Some SGs had single and numerous longitudinal scratches formed as a result of transportation and technological
operations with FAs.

No debris was found stuck between SGs and fuel rods or between fuel rods. Some FA top and bottom nozzles had
single longitudinal minor scratches. No significant inhomogeneity of the surface of all inspected FA top and bottom
nozzles was detected.

¢ SGI5
b SGI2
a) SG4

Figure 4. Segments of fuel rods in areas of contact with SGs [5]

4.2. FA growth
When operating in the core, as a result of intense neutron irradiation, WFAs/RWFAs are being subject to the
combined effects of radiation growth and radiation-thermal creep, which manifest themselves in the form of an increasing
length of guide thimbles made of zirconium alloys. The length change of the guide thimbles also depends on the axial
loads acting from the FA top nozzle springs. Figure 5 shows the dependence of the change in the nominal length on the
average burnup of all FAs inspected by means of the FIRE.
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Figure 5. Generalized dependence of the nominal length change on the average burnup of WFAs/RWFAs [5]

According to the data obtained, there is a quasi-linear increase in fuel rod length throughout the entire period of
operation. For FAs with a maximum burnup of ~ 46 GW-day/tU (after four years of operation), the average elongation is
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0.05%. The growth rate of WFAs/RWFAs is comparable to the growth rate of FAs of other designs with ZIRLO® guide
thimbles.

These measurements made it possible to confirm that the growth of the WFA/RWFA guide thimbles is below the
expected value and does not exceed the design limit used in the safety analysis to calculate the stress-strain state of the
guide thimbles and the FA top nozzle springs.

4.3. FA bow and twist

The deformation and bow of FAs in the core depend on the transverse stiffness of FA, the strength of its skeleton,
and operating conditions. The bow deformation and bow shape of FAs with the same design and the same service life
may differ significantly. Such differences are mainly due to the following factors: thermal load, location in the core, and
design of the adjacent FAs.

Bow and twist are among the most important parameters that affect the reliable and safe operation of a particular
FA design. These parameters also affect the drag force of RCCAs in FA guide thimbles and the drag force when
inserting/removing FAs in/from the core.
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Figure 6. The RWFA bow measurement results [5]

The FIRE equipment and developed methods make it possible to obtain the values of the FA bow with regard to the
top and bottom nozzle of the FA along three faces and with visualization (graphical representation) of the bow depending
on the height of the FA assembly (see Fig. 6) [13].

The bow of Westinghouse FAs, as well as TVEL FAs, is characterized by a "C" or "S" shape. FAs can
simultaneously have both "C" and "S" bow shapes in the core.

When designing the FA and substantiating its safe operation, the maximum bowing parameter (<30 mm) and the
maximum twist angle (< 5 degrees) were used, which guarantees the movement of the RCCA in the guide thimbles and
the insertion of FA in the core with forces that do not exceed the design value.
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Figure 7. Generalized dependence of the change in maximum bow (a) and twist angle (b) on the RWFAs average burnup that
have been inspected by means of FIRE [5]
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Figure 7 shows the dependence of the change in maximum bow (a) and twist angle (b) on the average burnup of
RWFAs that were inspected by means of FIRE.

Based on the results of measuring the WFAs/RWFAs geometric parameters, it was found that the deformation (bow
and twist) of FAs does not depend on burnup (see Fig. 7) and is dependent on the stiffness of the FA skeleton. According
to Figure 7, the bow of WFAs/RWFAs within the burnup range of 9000-46000 MW -day/tU remains constant and varies
from 1.6 mm to 9.86 mm, and the twist angle averages 2.5 degrees.

4.4. RCCA drag force when loading/unloading into/from the FA

The RCCA drag force in guide thimbles is a characteristic of the stability of FA geometric parameters. The maximum
RCCA drag force in FA is established and substantiated by the fuel manufacturer based on operational experience, while
meeting the regulatory requirements for the RCCA fall time. This value should not exceed 8 kgf for WFAs and 14.7 kgf
for RWFAs. Exceeding the design limit of the RCCA drag force may result from FA deformation (large bow or twist,
complex bow shape) and, when the emergency protection is tripped, may lead to an increase in the RCCA insertion time,
incomplete insertion, and even jamming in guide thimbles.

The RCCA drag force is measured when the RCCA simulator is dragged along almost the entire height of the FA
guide thimbles [13]. The drag force has a different value at different FA heights with a maximum at the bottom part of
FA (the RCCA is inserted along the entire length of FA). Also, the drag force differs when the RCCA moves up and
down. For FAs that have been inspected, the RCCA drag force is higher when inserting the into the guide thimbles than
when withdrawing it.
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Figure 8. Generalized dependence of the RCCA maximum drag force in the guide thimbles on the WFAs/RWFAs average burnup [5]

The dependence of the RCCA maximum drag force in the guide thimbles on the average WFAs/RWFAs burnup
based on the data obtained by means of the FIRE is shown in Figure 8.

The maximum drag force when the RCCA being inserted into the WFA/RWFA guide thimbles is in the range from
1 kgf to 7 kgf, which is significantly lower than the maximum design limit (14.9 kgf) [12]. In most cases, the drop time
of the RCCA does not exceed 1.5 s.

4.5. Axial gap between fuel rod end plugs and the adapter plate of top nozzle and the top plate of bottom nozzle

The axial gap in WFAs/RWFAs is the total gap between the fuel rod end plugs and the adapter plate of top nozzle
and the top plate of bottom nozzle. The size of the gap depends on the change in the length of the FA guide thimbles and
the change in the fuel rod length due to radiation-thermal creep and radiation growth. For all designs of FAs, the axial
gap should be maintained within the limits that exclude jamming, further bow and damage of fuel rods during the entire
service life and fuel storage (or other fuel operations). The design limit specifies that during a four-year fuel cycle,
radiation and thermal growth of WFA/RWFA components (guide thimbles, fuel rods/burnable absorber rods) should not
result in a decrease in the axial gap of less than 20.5 mm.

The FIRE systems are designed to estimate the axial gap for all fuel rods/burnable absorber rods and measure it for
the peripheral row [13]. Figure 9 shows the dependence of the average axial gap between fuel rods and the adapter plate
of top nozzle and the top plate of bottom nozzle on the WFA/RWFA average burnup. As the burnup increases, the axial
gap decreases linearly.

The data obtained during the inspections indicate that the minimum axial gap for fuel WFAs/RWFAs is at least
34-37 mm, which is significantly higher than the design limit set for a 4-year fuel cycle (20.5 mm) [13]. This measurement
allowed to confirm that for all FAs that were inspected, the axial gap will remain within the limits that exclude jamming,
further bow and damage to the fuel rods throughout their entire service life.
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4.6. Fuel rod growth over 6 faces of FAs

An important aspect under operation is the deformation of zirconium alloy components, which determines the
performance of the entire core. Fuel rod growth is caused by radiation effects, which occur as radiation-thermal creep and
radiation growth. Therefore, when licensing fuel, one of the criteria is deformation, which sets the limit values for the
diameter change and fuel rod/burnable absorber rod growth. With this purpose, the diameter change and fuel rod cladding
length are calculated at the design stage, and measurements performed by means of FIRE should confirm the correctness
of the calculations. The limit value of the cladding deformation for the stationary fuel rod operation at the end of the fuel
cycle should be less than 1%.
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Figure 10. Dependence of the average fuel rod growth in WFAs/RWFAs on the average burnup [5]

The FIRE systems allow estimating the growth of all fuel rods/bunable absorber rods and measuring it for the
peripheral row [13]. Figure 10 shows the dependence of the average peripheral row fuel rod growth on the average FA
burnup in comparison with the values of the Westinghouse database. According to the data presented (see Fig. 10), in the
burnup range of 9000-46000 MW -day/tU, a linear increase in fuel rod length occurs with an increase in burnup. Based
on published information, when burnup is reached, above which there is a tight contact of the fuel pellet with the cladding,
this fuel rod deformation trend may change [6, 7].

According to the accumulated experience of nuclear fuel inspections at Ukrainian NPPs, the average fuel rod growth
in WFAs/RWFAs with a burnup of ~46 GW-day/tU is within 0.21...0.30%. Such growth does not lead to a decrease in
the axial gap below the expected value for a given burnup depth (~ 34...37 mm) and, accordingly, is below the safety limit
for FAs operation.
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The use of the FIRE made it possible to confirm that the maximum value of cladding deformation for the standard
operating mode of fuel rods at the end of the fuel cycle does not exceed the safe operation limit for each FA type operating
at Ukrainian NPPs.

4.7. Profilometry of RWFA fuel rod claddings
Under reactor core irradiation, an increase in the burnup is accompanied by a decrease in the fuel rod cladding
diameter due to radiation and thermal creep. Upon reaching a certain burnup depth, when the cladding-fuel pellet gap
disappears, the cladding diameter begins to increase again due to fuel pellet swelling.
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Figure 11. Distribution of the cladding diameter in mutually perpendicular directions along the height of the fuel rod J9 [5]

Measurements of the diameter of a single fuel rod are performed with the fuel assembly disassembled and the fuel
rod removed. In most cases, to substantiate the fuel rod operability, it is necessary to determine not the diameter of the
fuel rod at a certain height, but the change in diameter along the entire length of the fuel rod (profilometry). The
profilometer head is equipped with two linear variable differential transformers (LVDTs). The fuel rod is placed between
the tips of the LVDTs and the roller guides opposite the LVDTs. The outer diameter of the fuel rod causes the relative
displacement of the linear transformer and generates a voltage corresponding to the size of the fuel rod with an accuracy
of 5 um (see Table 2). At the time of this article writing, profilometric measurements were performed only for 6 fuel
rods/burnable absorber rods of one RWFA after the fourth year of operation.

The diameter of fuel rod/burnable absorber rod claddings in RWFAs before irradiation in the core is 9.144 mm and
may differ from the specified size by +0.037/-0.038 mm. The tolerance for fuel rod/burnable absorber rod ovality is
0.025 mm.

In all cases, for the inspected FAs, the maximum change in the cladding diameter did not exceed 0.66% (see Fig. 11),
which is below the design limit of 1% [13]. The maximum ovality is 0.020 mm and almost coincides with the design
value, but is below the design limit obtained during the substantiation of the operation of these FAs (> 0.050 mm).

The FIRE provided a confirmation that the maximum value of the fuel rod cladding diameter changes at the end of
the fourth fuel cycle did not exceed the safe operation limit.

4.8. Fuel rod to rod gap on 6 faces along the entire height of FA

The results of the fuel rod to rod gap estimation are necessary to confirm compliance with the thermophysical criteria
and to prevent overheating of fuel rods. The maximum value of the reduction of the rod-to-rod gap should not exceed
50% for WFAs/RWFAs. If the value exceeds the maximum value, overheating of fuel rod cladding or localized power
increase may occur.

The FIRE systems provide the capability to estimate the rod-to-rod gap on 15 spans between the SGs [13], but only
for the visible (11 rods) rods of the peripheral row along all 6 faces.

According to the accumulated experience of fuel assemblies’ inspection at Ukrainian NPPs, the maximum value of
the rod-to-rod gap reduction for all designs of FAs operated at Ukrainian NPPs does not exceed 13-15%. In one case, a
33.7% reduction of the rod-to-rod gap was detected for WFA with a burnup of ~ 46 GW-day/tU. At the same time, no
dependence of the rod-to-rod gap on the burnup was observed. The obtained values made it possible to confirm the
meeting of this criterion.

4.9. Oxide film distribution on the fuel rod cladding along the height
For Westinghouse fuel rod claddings made of ZIRLO, the meeting of thermophysical and mechanical criteria is
ensured at an oxide film thickness not exceeding 101.5 pm within the design life [12]. The local thickness of the oxide
film on the fuel rod cladding, calculated for a unilateral confidence level of 99%, should not exceed 152.4 pm.
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The FIRE oxide film thickness measurement system provides measurements on the fuel rod section between successive
SGs along the entire FA height [13]. Figure 12 shows the dependence of the oxide film thickness on the cladding surface
of the six inspected fuel rods after the fourth year of operation on the height coordinate of the fuel assembly. As can be
seen from the dependence, the thickness of the oxide film varies with the height coordinate of fuel rods. The maximum
oxide thickness is observed in the upper part of FAs.
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Figure 12. Distribution of oxide film thickness along the Figure 13. Dependence of the maximum oxide film
height of six inspected fuel rods of different FAs after four thickness on the average burnup of fuel rods [5]

years of operation [5]

Figure 13 demonstrates the dependence of the maximum oxide film thickness on the average fuel rod burnup. The
maximum oxide thickness on the fuel rod claddings after the fourth year of operation is in the range of 13...25 um. Oxide
film was dense, without cracks and delaminations, and exhibited good reflectivity at all height coordinates. The color of
the cladding surface varies from dark gray in the lower part to light gray in the upper part of the fuel rod. Also oxide spots
and contours of varying contrast and size are observed.

The obtained results of thickness measurements on the fuel rod surface are significantly lower than the maximum
design limit (< 101.5 pum) set at the design stage and when obtaining a license for fuel operation in the core. Accordingly,
the use of FIRE allowed to confirm the meeting of this criterion.

4.10. Spacer grid width

The change of the spacer grid width, caused mainly by radiation growth, depends on the neutron fluence, irradiation
exposure time, FA position in the core, and the material of the spacer grid (zirconium alloy, Inconel). For SGs made of
zirconium alloys, the width increase is caused by two mechanisms: radiation growth and volume increase as a result of
hydrogenation. The maximum increase of SG width is limited by the gap between the adjacent FAs. For WFA/RWFA,
the maximum grid width should not exceed 235.1 mm. Two modifications of FAs manufactured by Westinghouse are in
operation at Ukrainian NPPs:

-up to 2015, WFAs with SGs made of Zircaloy-4 and Alloy 718 (Inconel 718);

- after 2015, RWFAs with SGs made of Alloy 718;

- starting from 2019, the operation of two designs of Westinghouse FAs with two types of SGs continued at SUNPP
Unit 3.

The FIRE [13] and the methodology for calculating the growth hexagonal SGs allow obtaining the minimum,
maximum, average, and absolute values of SG width. The SG width is calculated between two parallel faces of the SG.
Figure 14 shows the width of each of the SGs of one RWFA (a) after four years of operation and one RWFA (b) after
three years of operation.
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Figure 14. Dependence of the average SG width for mutually parallel faces on the height position of RWFA (a) and WFA (b) after
four and three years of operation, respectively [5]
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As expected, there is almost no change in the width of RWFA SGs made of Alloy 718 under irradiation. Grid width
measurements of four FAs were performed for four years. The dependence of 16 SGs width change of one of these FAs
on the burnup is shown in Figure 16. The results obtained during the inspection period are within the measurement
accuracy of the ultrasonic inspection system and reveal that the SGs made of Alloy 718 do not change their width under
the influence of irradiation during four fuel cycles.
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For WFAs, after three years of operation, the distribution of width for SGs made of zirconium alloy along the height
of the fuel assembly (see Fig. 14.b) shows a maximum in the upper part of FA. The change of grid width is comparable
to the FA burnup profile, which indicates the influence of radiation growth on the change of SG dimensions. At the time
of systematization of this material, there is no data on the width of the above mentioned SGs after four years of operation,
which does not allow to plot the dependence of SG width on the WFA average burnup similar to that shown in Figure 15.

During the inspection, the results of the grid width measurements confirmed that the SG width of both RWFAs and
WFAs is below the design limit of safe operation (235.1 mm) [12], which was established at the design stage and when
obtaining a license for fuel operation in the VVER-1000 core.

CONCLUSIONS

1. As 0of 2023, 7 out of 13 VVER-1000 power units operate Westinghouse nuclear fuel. Six power units have already
been fully implemented the nuclear fuel from this manufacturer, and RNPP Unit 3 started operating with RWFAs in 2022.

2. The main differences between RWFAs and WFAs that were introduced in the modification are as follows: spacer
grids (the shape and thickness of the outer strap were changed, 8 inner straps were added, and the material of the middle
grids was replaced with Alloy 718); top nozzle (chamfers were made on sharp edges and guiding side plates or deflectors
were added); bottom nozzle (pyramidal tapers were added on all 6 faces, sharp edges were chamfered). These changes
increase the stiffness of the fuel assemblies and facilitate interaction with FAs of other designs during their vertical
movement, which facilitates transport and technological operations with FAs.

3. The supply of Westinghouse nuclear fuel to Ukrainian NPPs was performed under constant supervision and
inspection of its condition during operation and after its completion. From the very beginning of WFA implementation,
annual inspections of FAs were carried out by SE "NNEGC "Energoatom" and Westinghouse specialists with scientific
support of NFC STE NSC KIPT.

4. The results of nuclear fuel inspections during the 2017-2021 refueling outages at ZNPP Units 3 and 5 and SUNPP
Unit 3 were accumulated and systematized. The values of parameters characterizing the technical condition of more than
86 WFAs/RWFAs with a burnup of up to 46 GW-day/tU were calculated.

5. The obtained values of the parameters characterizing the technical condition of WFAs/RWFAs are demonstrated
to not exceed the limits set when designing the fuel and substantiating the safety of the fuel loading. All fuel assemblies
inspected after 1-3 years of operation were loaded in subsequent fuel cycles. The values of the parameters characterizing
the technical condition of WFAs/RWFAs after four fuel cycles indicate that the nuclear fuel did not exhaust its resource
and has a sufficient margin of controlled parameters to achieve higher burnups.

6. Based on the results presented in the paper, the main conclusion was made that the technical condition of
WFAs/RWFAs manufactured by Westinghouse and operated in Ukrainian VVER-1000 reactors fully meets the safety
requirements that were set out in its design and substantiation of safe operation. In the case of damage or leakage of fuel
rods in the Westinghouse fuel assemblies, they can be repaired due to their removable design and repair tool such as the
FIRE, and are much more maintainable than TVSAs manufactured by TVEL JSC.
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JOCBIJ EKCILTYATAIII SIIEPHOI'O ITAJIMBA BECTIHI'XAY3 HA AEC YKPATHH
Bauepiii A. 3yiiok, Poman A. Pyan, Muxaiino B. Tper’sikos, fina O. KymTum, Bagum B. I'pygannskmii
Hayxoeo-mexniunuii 3axnao «Aoepnuii nanusnuii yukny Hayionansnoz2o naykoeozo yenmpy
«Xapriecokuil ¢izuxo-mexuiunui incmumympy, Xapkie, Ykpaina

Jns 3abe3mneueHHs CyMICHOCTI 3 Oubll jxopcTKor KoHcTpykuielo TB3A kommanii AT “TBEJI” y 2013 powi Oymo aHOHCOBaHO
moaudikanito TB3 kommnanii Westinghouse nig Hazsoro TB3-WR takox 3 6inbir sxopcetkoi koncerpykiii. TB3-WR ekcrutyaryerses B
Vxpaini 3 2015 poky B pexuMi JOCIIiTHO-IIPOMHUCIIOBOI eKcIuTyaTalii, a 3 2019 poky — B npomuciiosiii excrutyarauii. ITianpuemcrsa
xommanii Westinghouse Bupo6istors Tinbkn TB3-WR i motpe6 AEC Vkpainn. IMocrawanns TB3 Westinghouse st Ykpainu
BiOyBayiocs MiJ IOCTIHHMM HArJsIZIOM Ta KOHTPOJIEM Ha BCIX €Tamax eKcIulyaTamil Ta Iicisl 1i 3aBepLIeHHS. 3 caMoro IOYaTKy
BipoBapkeHns TB3-W, cnenianicramu 11 « HAEK «Eneproatom» ta komnanii Westinghouse npu naykosii migrpumui HTK AT HHI
XODTI, npoBoAMIMCH IIOPiIYHI OOCTE)KEHHs NMaJMBHHUX 30ipok. 3a pesyibratamu obcrexxeHb Omm3pko 86 TB3-W/WR xommanil
Westinghouse micnst 1-3 pokiB ekciutyaranii Oyio 3po0JieHO BHCHOBOK, IO OTPHMaHi 3HA4YeHHsS MapaMmeTpiB, sKi XapaKTepU3YIOTh
texuiuHuii cran TB3-W/WR, He nepeBHILyIOTh MeXi, 3aKiiajieHi IPH MPOEKTYBaHHI IaJMBa Ta OOIPYHTYBaHHI OE3MEKH MaJMBHUX
3aBaHTaXEHb, B IKUX eKCILTyaTyBayucs 3a3HadeHi TB3. Bei TB3, mianoBa iHCIIEKIst IKMX MpoBOAMIIacs mmicist 1-3 pokiB ekciutyaTartii,
BUKOPHCTOBYBAJIVCS Y HACTYITHHX ITAJIMBHHUX 3aBAaHTAKCHHSIX.

Konrouosi cioBa: BBEP-1000; eueun; incnexyis; noOo8iceHHs,; CKPYUYBAHHA, CIMeHO THCHeKYil | peMOHmYy naaued, meniosuodilbHa
30ipKa, a0epHe naiueo
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In this study, we have presented the solid-state theory of plasma oscillations to investigate the anisotropic elastic properties such as
three independent static elastic stiffhess constants (Cij: Ci1, Ci12 & Cas) of C-type Ln203 lanthanide solids. The calculated values of the
static elastic stiffness constants of Ln2Os are in excellent agreement with the theoretical results obtained by using ab-initio techniques.
The values of elastic stiffness constants (Cjj) exhibit a linear relationship when plotted against their plasma energies and lie on a straight
line. To further examine the validity of the present estimations on elastic moduli and other parameters of these materials. The
mechanical moduli such as bulk modulus (B), shear modulus (G), Young modulus (E), Poisson’s ratio (v), shear wave constant (Cs),
Cauchy pressure (C*), Lame’s coefficient (A and p), Kleinman parameter (&) Grunesien parameter (y), Zener anisotropic constant (Z)
and Pugh ratio (G/B) of lanthanide solids have also been investigated. For the lanthanide sesquioxide materials, the values of static
elastic stiffness constants Cij and elastic moduli were presented for the first time. Unfortunately, in the current study, for many
parameters of these materials, experimental results were not found for a comparison with our theoretical predictions. Our estimations
agree well with the available experimental data and other theoretical reports.

Keywords: Elastic properties; Plasmon energy; Ln20;3

PACS: 71.20.-b; 71.20.Eh; 71.20.Nr; 62.20.de

1. INTRODUCTION

Sesquioxide of lanthanide metals are very important technological inorganic materials due to their outstanding
thermo-physical and thermo-chemical properties. Lanthanides sesquioxide in cubic structure with general formula Ln,O3
(Ln = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) are the subject of theoretical and chemical research
extensively due to their interesting structural, semiconducting, elastic, mechanical, thermal properties and wide industrial
applications such as industrial catalysis, Biomedical applications, Solis-State lighting, permanent magnets, hydrogen
storage and nuclear energy fuels, lasers, optical display, Solid state fuel cells and neutron absorber for nuclear
control etc. [1-7]. Lanthanide sesquioxide metals are n-type wide band gap semiconductors with low carrier mobility and
very high refractive index [8, 9]. It is well known for below the temperature 2000°C, the structure of sesquioxide crystals
exists in three phases; (i) A-type, Hexagonal in space P3ml (ii) B-type, monoclinic in space group (C2/m) (iii) C-type,
Cubic in space group (Ia3) [10] and above the temperature, these materials appearance in X-phase and H-phase have been
reported [11]. The unit cell of cubic structured Ln,Os can be built up of 8-unit cells of fluorite structure (Fm3m) by
removing 25% O-atom and ordering the remaining oxygen in remaining way. In particular, Ln-atoms are surrounded by
6 O-atoms is surrounded by 4-lanthanide atoms [12]. Since, in the sesquioxide form of lanthanide compounds, these atoms
are in trivalent oxidation state and show the three electrons in conduction band partially filled p-orbital of oxygen atoms
“4f” electrons are strongly localized on the rare earth atoms [13]. Hirosaki et al. [14] have focused the first principles
pseudo potential calculation of the equilibrium crystal lattice dimension for most lanthanide oxides Ln,O3 using Vienna
Ab-initio simulation package (VASP). Prokofiev et al [15] have studied the optical band gap on single crystals of the
Ln,Os series. The electronic and optical properties of Ln,Os series analyzed by Singh et al [16] and employing the FPLAP
method with in Local Spin Density Approximation [LSDA] and Coulomb Corrected Local Density Approximation
[LSDA+U] as implemented in the WIEN2K code. The equilibrium volume and bulk modulus of hexagonal and cubic
structured RE»O; investigated within the CSM approach [12].

Recently, Pathak et al [17] have been calculated the structural, elastic and mechanical properties of Ln,Os via Ab-
initio study. Important details of the electronic, optical, mechanical and structural properties of Re;O3; and Re,Ss crystals
are revealed by many workers [18-24]. The density functional theory is to be limited on optical, electronic and structural
properties of rare earth sesquioxides. For such materials the theoretical and experimental details of elastic properties of
lanthanide sesquioxides are very rarer so far. Shafiq and coworker [25] have been investigates the elastic properties of
lanthanide mono-oxides using DFT calculations. Rare earth oxides have increasingly turned into the focus of first
principle studies due to their importance in fundamental research and practical applications [14, 15, 26]. To the best in
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our current knowledge, anisotropic elastic properties of lanthanide sesquioxide series have not been investigated
experimentally due to the various difficulties to found accurate results of such materials. Pathak et al [17] have been lead
to fill-up this gap by the calculation of elastic properties for only six Ln,O3; ( Ln = Pm, Sm, Eu, Gd, Tb, Dy) employing
ab-initio study. In many cases their results are slightly differ and, in few cases, no satisfactory results are thus found. It is
very difficult problem to associate with experimental method and their high cost, as well as difficulties to obtained
accuracy in results of their physical properties, due to this, researchers turned to studying the elastic, optical, thermal and
structural properties of solids state materials through different theoretical techniques. Due to a large process and the
complicated computational methods employing a series of approximations, such a process has always been complicated
[27-31]. In the recent past few years, on the basis of semi-empirical models the theoretical calculations have become an
essential part of the material research. Since empirical formulae do not give highly accurate results for each material in
many cases but they can still be very useful. An empirical concept such as valence electron concentrations, empirical
radii, iconicity and Plasmon energy are then useful [32-34]. Recently, Yadav and coworkers [35-40] have been studied
the structural, optical, electronic, mechanical and thermal properties of binary, ternary chalcopyrite semiconductors and
rare earth chalcogenides employing the plasma energy of solids as a key parameter, which depends on the number of
valence electrons and it is changed when a metal forms the compound. Although various theoretical predictions for
different types of the material using plasma oscillation theory of solids are obtained in literature [31-34], to the best of
my knowledge, there are no theoretical investigations on structural, optical, mechanical and elastic properties of C-type
lanthanide sesquioxides employing the plasma oscillation theory of solids up to date. Therefore, in this work, we propose
a semi-empirical model based on plasma oscillation theory of solids for investigation of anisotropic elastic properties of
cubic structured Ln,O; lanthanide series.

2. THEORETICAL INFORMATION AND COMPUTATIONAL TECHNIQUES FOR STATIC ELASTIC
CONSTANTS

Static elastic constants (Cj) are very important parameters which define anisotropic elastic properties of the material
that undergoes stress, deform and recovers after returning to its original shape and size. For various type of crystal
structure of solids, the no. of independent static elastic constants is different. In case of C-type structured sesquioxide
crystals, there are three independent static-elastic constant (Cj;: Ci1, Ci2 & Cas). Based on semi-empirical linear relations,
a number of theoretical linear expressions for static-elastic constant [41] for binary solids and mechanical properties [42]
of ternary chalcopyrite structured semiconductors in term of the melting temperature (Tr), Boltzmann’s constant (Kg),
atomic volume () and product of ionic charge. Almost in many linear empirical relations [33,40] we have observed that
bulk modulus (B) for various type of crystals is related to the product of ionic charge and bond length of a compound as
follows -

B=A(Z,2,)d" (M

Recently, Verma [41] has developed a linear regression relation for elastic stiffness constant C;j for ZB- structured
binary solids in term of product of ionic charge and bond length of a compound as -

C,=0,+y,(22,"d” @

Here vi;, Wi and &; are numerical constant for binary solids. Further, Frost and Ashby [42] have developed an empirical
model for the elastic moduli of binary solids in terms of (KgTw/Q2) as given as-

E=100K,T, /Q 3)
G=44K,T, /Q 4)

Similarly, Verma [43] has developed an empirical relation for elastic stiffness constant (Cj)) of tetragonal structured
chalcopyrite crystals using ionic charge theory of solids and defined as-

C, = 4,(K,T, /(Z,2,Z,))"" )

Here Ajj is the proportionality constant for Cjj of A'BM'CY, and A'BVCV, chalcopyrite semiconductors. Recently,
Kumar et al [44] have proposed polynomial relations for the estimations of electronic, elastic and optical properties of
divalent and trivalent rare earth mono-chalcogenide materials in term of their Plasmon energy as a key parameter.
According to them-

B=K +K,(ho,)+K,(ho,)’ (6)

E =K, exp[K;(ho,)] O]
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In these relations K, K», K3, K4, and K5 are numerical constants. According to above theoretical information’s, it is
very clear that static elastic constants (Cj) are also depends upon the plasma energy of the materials. To get better
agreement between the available experimental and theoretical data for C-type lanthanide sesquioxide crystals, based on
above discussion, we may extend the relations (2) and (5) employing the plasma oscillation theory [32, 35-38] with minor
modifications and can be written in the following form as-

C, =D, (ha,y (8)

In this relation (9), the numerical value of the proportionality constant depends on the crystal structure. For cubic
structured lanthanide series, the value of D;; equal to 0.717, 0.320 and 0.298 for Ci, Ci2 and Ca4 respectively and exponent
S = 2.0 for all C; of the materials. Using empirical relation (8), elastic constants (Ci1, Ci2, Cs4) and elastic compliance
Sij = Cijl of Ln,Oj are calculated and presented in Table-1 with available theoretical literature [16] for a comparative
study. An excellent agreement has been found between them.

The present investigations of C;; for cubic sesquioxides satisfy the mechanical stability conditions defined by Born
[45] as

(C11—C12) > 0, Cyu>0,C11>0,Co> 0, (C11+2C12) >0and C;1>B>Cp»

These results indicate that the lanthanide sesquioxide crystals are mechanically stable against elastic deformations.
For cubic structure crystals, the static elastic constants Cjj play an important role to determining the elastic constants such
as isotropic bulk modulus (B), compressibility (K=1/B), shear modulus (G) using Voigt-Reuss-Hill (VRH)
approximations, Young’s modulus (E), Poisson’s ratio (v), Zener anisotropy factor (Z), shear wave constant (C;), Cauchy
Pressure (C*) and Kleinman internal displacement parameter (£) of these materials. The expressions of above parameters
are defined in terms of Cj; as follows-

B=(C,+2C,)/3 ©)
Voigt shear modulus,
G, =(C,-C,+3C,)/5

Reuss shear modulus,

GR = 5C44(C11 _Clz)/[4c44 +3(C11 - Clz)

G, =(G,+G,)/2 (10)
Young’s modulus,
E=(C +2C,)C,-C,)/(C,+Cy) a1
Poisson’s ratio,
v=C,/(C,+C,) (12)
Zener anisotropic factor,
Z=2C,/(C,~C,) (13)
Kleinman parameter,
E=(C,+8C,)/(7C,, +2C,,) (14)
Shear wave constant,
C.=(C,+C,)/2 (15)

Cauchy pressure,

o =C,-C,) (16)
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Griineisen Parameter,
y=3(C,+2C,)/2(2C,, - C,) =1.5(1+v)/(2-3v) 17)
Based on elastic moduli E and v, Lame’s coefficients (A & p) are computed by the following relations as

A=Ev/(1+v)(1-2v) and u=E/2(1+Vv) (18)

On the basis of above relations, the investigated values of static elastic constants and mechanical moduli of the cubic
structure lanthanide sesquioxides are presented in the respective Tables along with the available experimental data and
other such theoretical reports. We found a good agreement between them. The values of Pugh ratio is equal to 0.556 for
all sesquioxides and indicate the information about covalent and ionic behavior of the materials on the basis of their brittle
and ductile nature in these solids. The upper limits of Pugh ratio is 1.1 for brittle and 0.60 for ductile nature. It is clear
that, if (G/B) < 0.60, the materials are ionic (ductile), otherwise covalent (brittle) in nature.

3. RESULTS AND DISCUSSION

The static elastic constants (C;i, Ci2, Cas) and mechanical/elastic moduli are reflecting the important anisotropic
elastic properties of cubic structured (with space group Ia3, 206) lanthanide sesquioxides. We have employed an empirical
relation for the calculation of Cjj of these compounds in term of their Plasmon energy, which play an important role as
key parameter. In the present work, the calculated values of Cjj employed to the relations (9)-(18) straight forwardly and
the values of elastic moduli (B, G, E, K, v, G/B, S;j=1/Cj;,) and other parameters (Z, Cs, C*, A, u, &, v) of these compounds
are also investigated. We note that the calculated values of Cj; from our proposed model are cited in Table-1and are very
close to theoretical reports [17] and elastic compliances S;j are also presented in such Table. The static elastic constants
(Cjj: Ci1, Cia, Ca4) of these sesquioxides exhibit a linear relationship when plotted on log-log scale against their plasma
energy. Bulk modulus is the key parameter of solid-state materials. The values of B computed by well-known relation in
term of Cy; and C,, and are cited in Tale-2 with the current theoretical and experimental report [17, 46]. An excellent
agreement has been found between them. Voigt-Reuss-Hill approximation is average of the two bounds as lower bound
of Voigt and upper bound by Reuss, which yields good estimations for shear modulus (G) and are provided in Table-2
with current theoretical literature. One of them, Young’s modulus (E) is a mechanical parameter, which is used to measure
the stiffness or hardness of the materials. If the value of E is very high, then the material is stiffer and for low values of
E, the material is least stiff to them. Thus, it is very clear from Table-2 that in a series of Ln,Os, La,0j is least stiff as
compared to all of them, while Lu,O3 is much stiffer in them. Poisson’s ratio is the constant which is used to differentiate
the nature of the materials that it is ductile or brittle. The critical value of Poisson’s ratio is 0.33 proposed by Frantsevich
[52]. If v<0.33, the material is brittle and for v>0.33 the material in ductile nature. The calculated values of Poisson ratio
for these compounds are equal to 0.2604 and displays in the Table 3, which show that the brittle nature of studied
materials. In this Table, the calculated values of Kleinman parameter (§), Lame’s coefficient (A & p) and Zener anisotropy
factor (Z) for cubic sesquioxides are presented here. Zener anisotropy factor (Z) is used to measure the degree of
anisotropy in the solid-state structure. For Z=1, the material is completely isotropic, and if Z # 1 the materials are
elastically anisotropic in nature. In Table-3 the positive values of the Cauchy pressure for all cubic lanthanide series
indicates that the materials are ductile in nature rather than brittle [53].

Table 1. Calculated values of elastic stiffness constants of cubic structured lanthanide sesquioxides

Ln20s hop (eV) Elastic Stiffness Constant Cjj (GPa) Elastic Compliance
Cu Cn Cu Sij (10 TPa)

Calc.  Ref” Calc.  Ref” Calc.  Ref” Sii Si2 Sas
La 16.403 192.91 86.09 80.18 7.2 22 12.5
Ce 16.612 197.86 88.30 82.23 7.0 2.2 12.2
Pr 16.818 202.80 90.51 84.28 6.8 2.1 11.9
Nd 17.021 207.72 92.71 86.33 6.6 2.1 11.6
Pm 17.222 212.66 2069 94.91 94.0 88.38 86.0 6.5 2.0 11.3
Sm 17.422 217.63  213.8 97.12 95.8 90.45 88.6 6.3 2.0 11.1
Eu 17.617 222.52 222.6 99.31 98.4 92.48 92.8 6.2 1.9 10.8
Gd 17.812 22748  228.7 101.53 98.9 94.54 94.6 6.1 1.9 10.6
Tb 18.004 23241  235.1 103.73  100.3 96.59 97.1 5.9 1.8 10.4
Dy 18.194 23734 2412 10593 101.4 98.64 99.6 5.8 1.8 10.1
Ho 18.382 242.27 108.13 100.69 5.7 1.8 9.9
Er 18.568 247.20 110.33 102.74 5.6 1.7 9.7
Tm 18.753 252.15 112.54 104.80 5.5 1.7 9.5
Yb 18.935 257.07 114.73 106.84 5.4 1.7 9.4
Lu 19.116 262.00 116.93 108.90 5.3 1.6 9.2

*Ref [16]
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Hence, the calculate results indicate that proposed empirical model is quite simple and give us soundness in results
for these cubic structure lanthanide sesquioxides and predicts the anisotropic elastic properties of Ln,O3; compounds
successfully. We have plotted a graph between static elastic constant (Cjj; in GPa) and Plasmon energy of the materials
shown in Fig.-1. It is clear that C;; trends in these compounds increases on increasing their plasma energy.
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Figure 1. Plot of Cjj versus plasmon energy for Ln2O3.

4. CONCLUSIONS

On the basis of solid-state theory of plasma oscillations, the anisotropic elastic properties of lanthanide sesquioxides
are investigated using the proposed empirical model. From above results and discussions, we have concluded that Plasmon
energy of cubic structure sesquioxides is very important parameter which leads to determining three independent elastic
stiffness constants (Cj;: Ci1, Ci2, Ca4). Elastic moduli of these materials increase on increasing the plasma energy as from
La;03—Lu,0;. In our studied materials, La,0Os is least stiff and Lu,Os is stiffer in Ln,Oj3 series. The elastic properties of
these compounds allowed us to conclude that the considered materials are elastically anisotropic. In addition, the values
of the elastic constants of these materials shows that the cubic structured lanthanide sesquioxides are mechanically stable.
Here, the predictions were found to be in good agreement with the available experimental data and theoretical findings.
But, unfortunately for many compounds, some predicted values could not be compared due to lacking of availability of
experimental results to make a comparison. Finally, it may be seen that the proposed empirical model can easily be
extended to cubic sesquioxide crystals for which the work is in progress and will be appearing in forthcoming paper.
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¢Vuisepcumemcovkuil yenmp 00Cnioxdcens i po3sumxy, paxynvmem Qizuxuy, Yuieepcumem Yarnoieapxa,
Moxani, Ilenoxca6 140413, Inois

VY upoMy IOCIIKEHHI MU NPEICTAaBHIM TBEPAOTLIbHY TEODII0 IIIa3MOBHX KOJHMBaHb JUIS JOCHIIKCHHS aHI30TPOIHHX MPYKHHX
BJIACTUBOCTEH, TaKMX 5K TPU He3aleXHi cTaTu4Hi KoHCTaHTH npyxkHOI xopcrkocti (Cij: C11, C12 i C44) TBepaux Tin jaHTaHOIAIB
Ln20; tuny C. Po3paxoBaHi 3HaYCHHs CTaTHYHUX KOHCTAHT MpPY)KHOI xopcTkocTi Ln2O3 4yA0oBO y3roKyIOThCS 3 TEOPETUIHHUMHU
pe3ysibTaTaMy, OTPUMAHUMH 32 JAOTIOMOTOI0 METOiB ab-initio. 3HaueHHsT KOHCTaHT npyxHOI >kopcTKocTi (Cij) BUSBIAIOTH JiHIHHY
3aJIeKHICTh, SIKUIO IX HAHECTH Ha rpadik BiTHOCHO TXHIX IIA3MOBHX SHEpriil i Jiexars Ha npsMid miHil. s moganbuioro BUBUYCHHS
JOCTOBIPHOCTI HAasBHHX OLIIHOK MOJYJiB IPY)KHOCTI Ta iHIIMX HMapaMeTpiB LuX MartepianiB. MexaHiuHi MOy, Taki sk 00’ eMHHUI
moxyis (B), momyns 3cyBy (G), Mmomyas FOura (E), koediuient I[Tyaccona (v), mocriiina xeuii 3¢yBy (Cs), Tuck Komri (C*), koedinieHT
Jlame (A1 p) , mapametp Kneitnmana (&), mapamerp ['pronesiena (y), aHi3oTpornHa koHcTaHTa 3eHepa (Z) i cniBignomienns [1°ro (G/B)
TBEPANX PEYOBHH JIAHTAHOIIIB TAKOXK OyJIH OCIiKeHi. [l ToyCKBIOKCHIHUX MaTepialliB JIAHTAHOIAIB BIIEpIle HABEICHO 3HAYCHHS
CTaTHYHUX KOHCTAHT Npy>KHOI sxopcTkocTi Cij Ta MOy TiB npyskHOCTi. Ha %ainb, y moTo4HOMY DOCIIpKeHH] 171t 6araTbox mapameTpis
LUX MarepiajiB He OyJO0 3HAHIEHO EKCIIEPUMEHTAIBHHUX PE3YJIbTATiB Ul MOPIBHSIHHS 3 HALIMMHM TEOPETUYHHMH IPOTHO3AMH.
OrpuMaHi OLIHKHK J00pe Y3roKYIOThCS 3 HASBHUME CKCIICPUMEHTAIBHUMU JAHUMH Ta IHIIMMHU TEOPETUYHUMH MOBIIOMIICHHSIMU.
KuniouoBi cjioBa: npyoicni enacmusocmi; naasmonna eumepeis;, LnzOs
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In this publication, we have examined the structural, optical, and mechanical features of cubic structured lanthanide Ln.X3 (Ln =La—
Luand X = O, S) series using the valence electron plasma oscillation theory of solids. Using the Chemical bond theory of solids, which
was created by Phillips and Van-Vechten, we have further confirmed our findings. Unfortunately, it has been discovered that the
Phillips and Van-Vechten (PVV) dielectric description is applicable exclusively to semiconductors and insulators. It is shown that an
empirical relationship previously presented by Yadav and Bhati [D.S. Yadav, J. Alloys and Comp. 537, 250 (2012); D.S. Yadav, and
D.V. Singh, Phys. Scr. 85, 015701 (2012); D.S. Yadav, J. Mater. Phys. Chem. 3(1), 6-10 (2015); R. Bhati, et al., Mater. Phys. Mech.
51, 90 (2023); R. Bhati, et al., East Eur. J. Phys. (1), 222 (2023).] relating the plasmon energy of complex structured solids, rock salt,
and zinc-blende to their electronic, mechanical, static, and dynamical properties which can be applied to the cubic structured lanthanide
(Ln2S5 & Ln203) series with only minor modifications. Considering the well-known theory of dielectric for solids, an alternative
technique has been devised to evaluate the electronic, structural, mechanical, and optical properties of these materials, including their
band gap (AEg in eV), optical dielectric constant, homopolar and heteropolar gaps, average energy gaps, chemical bond ionicity, and
bulk muduli. An estimate was computed based on the almost inverse relationship between the plasmon energy of these compounds and
their optical, mechanical, structural, and electrical characteristics. For these substances, the expected values of the aforementioned
parameters form a straight line when plotted on a log-log scale against the plasmon energy (hop). We examined the C-type Ln2Xs
compounds using the recommended methods, and the values we estimated are in good agreement with the values obtained from
modified PVV theory and other comparable experimental and theoretical data that is currently available.

Keywords: Electronic Properties; Optical Properties; Structural Properties; Mechanical Properties; Ln20s; Ln2Ss; Plasma Energy
PACS: 71.20.-b; 71.20.Eh; 71.20.Nr; 62.20.de

1. INTRODUCTION

Because of their numerous practical applications, lanthanide sesquioxides and sesquisulphides, which have cubic
structures in Ln,O3 and Th3P4 in Ln,S;, respectively, have drawn physicists' interest. Because of their significant
technological value in a variety of fields, including solid state lasers, electroluminescence, cathode-luminescence sources,
crystals for chemical and organic reactions, high-K gate dielectrics, optical components of high power lasers, generation
of ultra-short laser pulses, scintillating materials, radiation detectors, transistor application and electronic industries,
oxygen ion conducting electrolyte in solid oxide fuel cells, and materials with strongly hydrophobic surfaces, numerous
attempts have been made in the last few years to comprehend the electronic and optical properties of C-type Ln,O3 and
Ln,S;3 [1-4]. Semi-core 4flevels which are mostly concentrated on Ln-atoms and typically do not participate in bonding
or electronic conduction, govern many features of lanthanide oxides. However, 4f-shell electrons can establish strong
magnetic order and be available for optical absorption. Any O and S compound containing a rare earth atom is solid at
room temperature. An atom's size and electrical arrangement in relation to O and S determine most of its solid state
physics. When electrons are introduced to the 4f-orbitals in the lanthanide series of elements, the outer valence electrons
(5d! and 6S? electrons) are effectively protected from the growing nuclear charge. For every lanthanide in the series, this
leads to a trivalent state whose energy varies gradually. Oxides related to each other in relatively predictable ways are
produced when the atom's size contracts gradually with oxygen throughout the series. The oxides of lanthanides are
among the most thermally stable compounds known to science because of the combination of their size and electrical
structure. With a very high refractive index and low carrier mobility, lanthanide sesquioxides and sesquisulphides are n-
type wide gap semiconductors [5, 6]. It is generally known that below 2000°C, the sesquioxide crystal structure exists in
three polymorphic forms: Hexagonal A-type (P3m1l), Monoclinic B-type (C2/m), and Cubic C-type (Ia3) [7]. Reports
have indicated that X and H phases arise above this temperature [8] Using the Vienna ab-initio simulation package
(VASP), Hirosaki et al. [9] calculated the equilibrium crystal lattice dimension for most Ln,Os (Ln = La—Lu) using first
principles pseudo potential. Measurements of the optical band gap on Ln,Os series single crystals were made by Prokofiev
et al. [10]° Using the full potential linearized augmented plane wave [FPLAP] method with in local spin density
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approximation [LSDA] and Coulomb corrected local density approximation [LSDA+U], as implemented in the WIEN2K
code, Singh et al. [11] reported the electronic structure and optical properties of rare earth sesquioxides. Rahm et al.'s
CSM technique computed the equilibrium volume and bulk modulus of hexagonal and cubic structured RE,O3 [12].
Significant information about the electrical, optical, mechanical, and structural characteristics of RE>O3; and RE,S;3 has
been made public by numerous workers [4, 13—18]. The unit cell of the C-type structure (Figure 1) can be obtained by
combining eight unit-cells of the fluorite structure (Fm3m) with 25% of the oxygen atoms removed and arranging the
remaining oxygen in a specific way.

Over the past few decades, experimental and theoretical research has been conducted on the cohesive energy, heat
of formation, bulk modulus, optical dielectric constant, and energy band gap of these materials. Thanks to a sophisticated
computer technique, the structural, mechanical, and optical properties of a wide range of molecules and materials can
now be investigated in great detail. Applying empirical concepts such as valence, empirical radii, ionicity, electro-
negativity, and plasmon energy is therefore beneficial [19-24]. To the best of our knowledge, no one has investigated the
mechanical, structural, electrical, and optical properties of C-type Ln203 and Ln,S; using solid state plasma oscillation
theory. Literature contains references to them. Since these ideas are closely related to the nature of chemical bonds, they
offer a way to categorize and explain a wide range of fundamental characteristics of molecules and solids. Consequently,
we believe it would be interesting to provide a different explanation for the C-type Ln,X3 series' homopolar gap,
heteropolar gap, average gap, bond ionicity, optical dielectric constant, and band gap. In this work, we suggest a method
for calculating the electrical, structural, optical, and mechanical properties of these materials that is based on the plasma
oscillation theory of solids.

2. THEORY, RESULTS AND DISCUSSION
Modified Phillips and Van-Vechten dielectric theory of solids [25-29] states that the average energy gap (Eg)
between bonding and anti-bonding (sp*) hybridized orbitals can be broken down into contributions from symmetric and
anti-symmetric parts by the potential inside the unit cell.

Figure 1. The unit cells of cubic C-type Ln203 and the RE atoms are shown in blue (dark gray) and oxygen are in red (light gray),
vacancy positions are indicated by white spheres.

This is because the average energy gap (Eg) can be broken down into a heteropolar or part (E) and homopolar or
covalent part (E). These contributions take the following form: E. represents the heteropolar or ionic contribution, while
En represents the homopolar or covalent contribution as-

E,=E,+E,. (1)
The following is how the covalent portion E; is dependent on the nearest neighbor separation dz -
E, = Ad ' . )

where A = 40.468 eV(A°)*>* and the exponent K, = 2.5 are the constants, i.e., remain unchanged in different crystals. A =
39.74 and K, = 2.48 were the comparable values found by Phillips and Van-Vechten [28]. The following relation can be
used to determine the ionic contribution:

E, = K,dy' e " 3)

where the valence states of atoms A and B are denoted by Za and Zg, respectively, and b is an adjustable quantity that is
dependent upon the co-ordination number surrounding the cation [29], that is, b= 0.089 N.2. N. is the average coordination
number, K, is the Thomas Fermi Screening Parameter (TFSP), and do=(d/2) (d-the nearest-neighboring distance) are the
values of b for C-type RE>O3 and ThsP4 type RE>S; respectively.

The effective number of free electrons in the valence band is correlated with both this screening factor and the bond
length. As a result, the bond length and quantity exiting the cations determine the values of E; and Ec. Ten electrons per
molecule (four for RE and six for O & S) was taken into consideration while determining the value of ks, which is defined
as:

ky =2az"> 3N / V)", )
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Here -ap is Bohr radius. The ionicity of the chemical bond is defined as

I
Ji =E—cz. )
g

We have determined the values of Ep, E, and E;, for these materials based on the relations (1) through (4) above.
The values of En* and E,,* can also be determined from the Phillips and Penn model?*27 with the use of Eqns. (4)—(7). The
optical and static dielectric constants, g0 and €0, in these relations, are derived from several sources [6, 30-33]. For Ln,Os,
the adjustable parameter So = 0.78, and for Ln,S3, 0.80. The ionic contribution (E.) to the average energy gap (E,), ionicity
(fi), dielectric constant (&), band gap (AE,), and plasmon energy of a chemical bond must therefore be correlated in some
way with the physical process. The electronic, structural, optical and mechanical properties of these materials exhibit a
linear relationship when plotted on log-log scale against (hw,) of the compounds, which are presented in the Figures 2-5.
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Figure 2. Plot of Energy gaps versus plasmon energy of C-type  Figure 3. Plot of Energy gaps versus plasmon energy of LnzSs.
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Figure 4. Plot of Dielectric constant, Optical band gap and Figure 5. Plot of bulk modulus versus plasmon energy of C-
lattice constant versus plasmon energy of C-type Ln2O3 type Ln20Os

We observe that in the plot of Ep, Ec, Eg, fi, -, AE, and lattice constant (a), versus (hop); the lanthanide sesquioxides
and sesquisulphides lies on the straight line. From Figures 2-5, it is clear that homopolar gap, heteropolar gap, average
energy gap, lattice constant and optical dielectric constant trends in these materials increases with increasing plasmon
energy and bond ionicity and band gap decreases on increasing this energy. We have provided empirical relations for the
mechanical and electrical properties of rare earth chalcogenides and binary semiconductors in our earlier work [20-23].
Consequently, we believed it would be interesting to provide a different explanation for the optical, structural, and
electrical characteristics of C-type Ln,Oj as follows:

E, = A(hw,)"* . ©)
E, = B(ha)p )0.666' %)
Eg _ C(ha)p )0.746 . ®)

fi = D(hw,) ™. ©)
£. = E(ha,)"*" (10)
AE = F(hw,) ™" (11)
a=G(hw,) " (12)

B=H(hw,)™". (13)

The empirical constants A, B, C, D, E, F, G, and H in the aforementioned relations are listed in Table 1 and depend on the type of
chemical bonds that exist between the different types of atoms. The electrical, structural, optical, and mechanical properties of these
compounds have all been briefly reviewed before [2, 4, 6, 9, 25, 26-32], thus they won't be covered in length here. The values of the
lattice constant (a), homopolar gap (En), heteropolar gap (E.), average energy gap (E,), bond ionicity (fi), bulk modulus (B), optical



237
Electronic, Structural, Optical and Mechanical Properties of Cubic Structured... EEJP. 4 (2024)

dielectric constant (&), and band gap (AE) of these materials have been studied and are shown in Tables 2-4, respectively, using the
proposed empirical relations (6) through (13). In this study, we have shown excellent agreement with values derived from modified PVV
theory with available theoretical findings [34, 35] and experimental data. The plasmon energy is the only input parameter used in the current
empirical model to estimate the electrical, structural, mechanical, and optical properties of these materials

Table 1. Values of the constants using in relations (6-12).

Constants A B C D E F G H
Ln,04 0.0442 1.051 1.079 1.054 0.859 97.576 73.593 0.472
Ln,S; 0.0442 0.899 0.939 0.999 39.030 -

Table 2. Electronic and mechanical properties of lanthanide sesquioxides (Ln203)

Energy gaps (in eV) Bond ionicity Bulk modulus
LnyOs hop Homopolar gap (Ex) Ionic gap (E.) Penn gap (Ep) fi B (in GPa)

(eV) Calc. PVV Philips Calc. PVV Calc. PVV Penn Calc.  Phillips Calc. Ref.
Eq.(6) Eq.(2) model Eq.(7) Eq.(3 Eq.8) Eq.(1) model Eq.(9) Eq.(5) Eq.(13) [12,34,35]
La,0; 16403 4.672 4.442 4.435 6.772 6.434 8.697 7.819  7.861 0.67 0.67 126.9 125.6,123.5
Ce, O3 16.612 4771  4.535 4.579 6.829 6.478 8.779 7.908  7.999 0.67 0.67 130.2 129.9, 135.8
Pr,0; 16.818 4.870  4.631 4.608 6.886 6.685 8.860 8.133  7.908 0.67 0.67 1335 134.3,137.0
Nd,O; 17.021 4.978 4.631 4.658 6.941 6.617 8.940 8.076 8.076 0.67 0.67 136.7 139.2, 136.9
PmO; 17.222 5.067 4.703 4.732 6.995 6.735 9.078 8214  8.198 0.67 0.67 139.9 144.3, 136.0
SmyO; 17.422 5.164  4.781 4.844  7.049 6.818 9.046 8.327  8.231 0.67 0.67 1432 146.7,142.3
Eu,0; 17.617 5.262 4.989 4919 7.102 7.215 9.012 8.772 8.084 0.66 0.67 146.4 145.0, 143.1
Gd,0;  17.812 5.359  5.044 4.992 7.154 7.288 9.098 8.863 8.172 0.66 0.68 149.7 154.9, 144.7
Tb,O;  18.004 5.456  5.329 5.014  7.205 7.822 9.322 9.465 8.158 0.66 0.67 152.9 150.0, 158.6
Dy,O; 18.194 5.552 5.329 5.178 7.256 7.762 9.395 9.415 8.376 0.66 0.67 156.2 159.9, 150.0
Ho,O; 18382 5.648  5.329 5246  7.306 7.702 9.468 9.366  8.444 0.66 0.67 159.4 161.6,178.0
Er,04 18.568 5.744  5.389 5.321 7.355 7.774 9.539 9459  8.528 0.65 0.65 162.7 161.2,155.0
Tm,0; 18.753 5.839 4.989 5.406 7.404 6.865 9.610 8.446 8.642 0.66 0.65 165.9 161.6, 162.0
Yb,O; 18935 5934 4989 5.487 7.451 6.816 9.679 8.447  8.757 0.66 0.66 169.2 161.6, 181.0
Lu,O;  19.116  6.028  5.574 5.557 7.499 6.779 9.748 8.776  8.878 0.66 0.67 172.4 175.3,179.4

Table 3. Electronic properties of lanthanide sesquisulphides (Ln2S3)

Energy gaps (in eV) Bond ionicity Dielectric constant

En E. Ep fi [
Ln:S; hop Py ==

Calc. PVV Philips  Calec. PVV Calc. PVV Penn Calc. Eq. Phillips Calec. Ref.

Eq.(6) Eq.(2) model Eq.(7) Eq.(3) Eq.(8) Eq.(1) model (9) Eq.(5) Eq.(11) [10]
La,S;3 13.414  3.341 3.347 3244 5.066 4.865 6.513 5958  6.039 0.66 0.66 2.78 2.8
Ce,S; 13.717 3.468  3.474  3.072 5142 4844  6.623 5.961 5.688 0.66 0.66 2.72 2.7
Pr,S; 13.795 3.501 3.507  3.611 5162  5.138  6.651 6.221 5714 0.65 0.68 271 2.6
Nd,S; 13.818 3.511 3.517  3.429 5167 5072  6.659  6.166  6.666 0.65 0.67 2.70 24
Pm,S; 13.859 3.540 3564 - 5195 5155  6.669  6.259 - 0.65 0.67 2.69
Sm,S; 13.929 3.558 3574  3.275 5.201 5160  6.707  6.277  6.956 0.65 0.67 2.68
Eu,S; 13.941 3.563 3.608 - 5.221 5212 6.736  6.225 - 0.65 0.67 2.68
Gd,S; 13.953 3568  3.713 3510 5.281 5.197  6.823 6.269  5.525 0.65 0.67 2.67
Tb,S; 14.032 3.601 3.642  3.552 5240 5.128  6.764  6.484  5.706 0.65 0.67 2.66
Dy»S; 14.275 37706  3.704  3.461 5275 5317  6.815 6346  5.709 0.65 0.67 2.61
Ho,S; 14.111 3.635 3.723  3.725 5286  5.196  6.831 6.346  6.652 0.65 0.67 2.64
ErS; 14.252 3.696  3.747  3.741 5300 5294  6.851 6.466  5.734 0.65 0.67 2.62
Tm,S; 14.299 3716 3785  3.754 5.321 5513  6.882  6.646  6.724 0.65 0.68 2.61
Yb,S; 14354 3740 3540 3.754 5185 5362  6.684  6.541 5.805 0.65 0.67 2.60
Lu,S; 14.441 3778  3.563  4.077 5.198 5423  6.703 6.613  5.831 0.65 0.67 2.58

Table 4. Values of Optical dielectric constant (g-), Optical band gap (AE,, in €V) and lattice parameter (a in A%) of C-type lanthanide
(Ln20s) sesquioxides.

LmOs ho € Optical band gap (AEy) Lattice constant (a)

’ Cale.  Expt? Cale.  Theo? GW¢* GoWo* Expt® Calc. Expt.  Theo*
La,0; 16.403 3.557 3.667 5.68 5.60 5.24 4.95 5.55,5.34,5.30 11.42 11.38 11.39
Ce,0; 16.612 3.580 3.712 5.61 - 1.29 1.50 2.40 11.32 11.16 11.41
Pr,0; 16.818 3.603 3.775 5.54 5.56 2.82 2.86 3.90, 3.50 11.23 11.14 11.28
Nd,0; 17.021 3.625 3.686 5.47 4.00 4.70 4.50 4.70, 4.80 11.14 11.07 11.17
Pm,0O; 17.222 3.646 -- 5.41 - 5.41 5.25 -- 11.05 10.99 11.06
Sm,05 17.422 3.668 3.725 5.35 5.04 5.22 4.38 5.00 10.97 10.90 10.99
Eu,04 17.617 3.689 3.877 5.28 4.48 3.48 2.77 4.40 10.89 10.82 10.81
Gd,05 17.812 3.709 3.861 5.23 5.45 5.30 4.89 5.40 10.81 10.79 --
Tb,0; 18.004 3.730 3.857 5.17 4.77 3.74 3.81 3.80 10.73 10.73 10.66
Dy,0; 18.194 3.750 3.853 5.11 4.86 4.24 4.41 4.90 10.66 10.67 10.60
Ho,05 18.382 3.769 3.842 5.06 5.27 5.12 4.68 5.30 10.59 10.60 10.54
Er,04 18.568 3.789 3.826 5.01 5.21 522 4.78 5.30, 5.49 10.51 10.55 10.54
Tm,0; 18.753 3.808 3.803 4.96 5.25 5.15 4.73 5.40, 5.48 10.44 10.48 10.47
Yb,05 18.935 3.826 3.771 491 5.30 4.70 323 4.90, 5.05 10.38 10.42 --
Lu,0; 19.116 3.845 3.725 4.86 5.52 4.99 4.66 4.89,5.79,5.50 10.31 10.38 10.35

SRef. [2], "Ref. [6], 'Ref. [4], “Ref. [9], ‘Ref. [15]
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3. CONCLUSIONS

Investigations into the electrical, structural, optical, and mechanical characteristics of C-type Ln, X3 compounds have
been conducted using the suggested empirical method. Based on the findings, we draw the conclusion that a compound's
plasmon energy is a crucial factor to consider when determining the electrical, structural, and optical characteristics of
these materials. Notably, the values are in excellent agreement with published experimental data compared to numerous
academics' theoretical findings, and the suggested approach is straightforward and broadly applicable. The current study
presents empirical relationships between the valence electron plasmon energy of cubic-structured Ln, X3 compounds and
their electrical, optical, mechanical, and structural characteristics. Using the plasmon energy (hw, in €V) as an input
parameter, this can be successfully used to estimate the electric, structural, mechanical, and optical properties of these
compounds. These findings demonstrate the reasonableness of our existing method and provide us with a helpful manual
for estimating and forecasting the electrical, optical, and structural characteristics of these materials. Our theoretically
computed data can be used to anticipate future research and wait for upcoming experimental validations.
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EJIEKTPOHHI, CTPYKTYPHI, OITUYHI TA MEXAHIYHI BTACTUBOCTI
KYBIYHOT'O CTPYKTYPOBAHOT O Ln:2X;3 (Ln = La—Lu & X=0,S): EMIIIPUYHE JOCJII>KEHHSI
Iynxa Snas?, dipenapa Cinrx SInas®, Jixapmeip Cinrx?, Ilpasem Cinrx®, Amxaii Cinrx Bepma®®
“Jlenapmamenm ¢hizuxu, Koneoic Aepa, Aepa, Indis
b llenapmamenm ¢hisuxu, Yapan Cinex PG xonedoce Xeonpa (Caiighaii) Emasax, Inois
“/lenapmamenm enekmpoHixu ma Komynixayivinoi mexuixu, I pynu ycmanoe KIET, I'aziabao, Inoia
4Biooin docnioocens ma innoeayiti, Lllxona npuxiadnux nayk ma nayx npo scumms, Yuisepcumem Ymmapanuan,
Ymmapaxxano, [expaoyn, Inoia
¢Vuigepcumemcuvkuil yenmp 0ocniodxcens i po3gumky, gpakyremem gizuxu, Yuisepcumem Yarnoieapxa, Moxani, Ilenodocad, Inoia

VY nmiit myOmikamii MM pO3DISIHYIM CTPYKTYpHI, ONTHYHI Ta MEXaHIYHI XapaKTepHCTHKH cepil jaHTaHOimiB LnoX3 3 kyGiuHOIO
crpykryporo (Ln = La— Lu 1a X = O, S) 3a m0omoMororo Teopii KONMBaHb IUIa3MU BAJICHTHUX EJICKTPOHIB TBEPIUX Til.
BukopHCcTOBYIOYH TEOPIiI0 XIMIYHOTO 3B’S13Ky TBEpAMX Til, Ky ctBopwin Dimrinc i Ban-BexTeH, My 10o#aTkoBO MiATBEpIMIN HamIi
BUCHOBKM. Ha xanp, Oyno BusBieHo, mo onuc pienekrpuka @Pinminca ta Ban-Bexrena (PVV) 3acTocoBHHMil BHKIIOYHO 10
HamniBIPOBIAHKUKIB Ta i3051aTOpiB. [ToKkazaHo, 110 eMIipUYHUii 3B’ 5130K, peacTaBieHui paniunie Snasom i bxari [D.S. Yadav, J. Alloys
and Comp. 537, 250 (2012); D.S. Yadav, and D.V. Singh, Phys. Scr. 85, 015701 (2012); D.S. Yadav, J. Mater. Phys. Chem. 3(1), 6-10
(2015); R. Bhati, et al., Mater. Phys. Mech. 51, 90 (2023); R. Bhati, et al., East Eur. J. Phys. (1), 222 (2023).], noB’s3y€e mI1a3MOHHY
SHEPTiI0 TBEPAWX TN 31 CKIATHOK CTPYKTYPOIO, KaMm’SHOI COJIi Ta IIMHKOBOI OOMaHKH 3 IXHIMH EIIEKTPOHHUMH, MEXaHIYHUMH,
CTaTHYHUMU Ta JMHAMIYHIMHE BIACTHBOCTIMY, SIKI MOXKHA 3aCTOCYBATH JI0 KyOidHa cTpyKTypoBaHa cepis ranTaHoiniB (Ln2Ss & Ln20s)
JUIIe 3 He3HaYHHMMH Monudikamismu. BpaxoByroum moOpe BimoMy Teopiro HieleKTpuka Uil TBEpAWX Tin, Oyma po3pobieHa
aJbTepPHATHBHA METOIVMKA JUIS OLIHKHM EJEKTPOHHMX, CTPYKTYPHHMX, MEXaHIYHHMX 1 ONTHYHUX BJIACTUBOCTEH IMX MaTepialis,
BKJIFOYAIOYM 1X MMpuHYy 3a0opoHeHoi 30HM (AEg B €B), onTnuHy JieneKTpuuHy NMPOHUKHICTH, TOMOIOJSPHICTh i TeTEpONOIISIPHI
LIJTMHY, CePeHi CHepreTHyHi ITHHY, I0HHICTh XiIMiYHOTO 3B 513Ky Ta 00’eMui Myayii. Ouinka Oyina po3paxoBaHa Ha OCHOBI Maiike
3BOPOTHOTO 3B’3KY MDJK €HEpTi€l0 IUIa3MOHY LIUX CIIOJIYK Ta iXHIMH ONTHYHUMH, MEXaHIYHHMH, CTPYKTYPHUMH Ta €IEKTPHYHUMH
XapakTepucTHKaMu. JIs OUX PEYOBHH OWiIKyBaHI 3HAYCHHS BHIIC3a3HAYCHHX IapaMETPiB YTBOPIOIOTH MPAMY JIiHIIO, SKIIO X
BimoOpasutu B norapudmivaoMy macmTabi Bif eHeprii miasmony (hop). Mu nepepipunu cionyku tamy C Ln2X3 3a 10moMororo
PEKOMEHIOBaHUX METOJIB, 1 OI[iHEHI HAMH 3HAUCHHS H0OpE y3TO/PKYIOTHCS 31 3HAUYEHHSIMH, OTPUMaHIMHU Ha OCHOBI MoxudikoBaHOT
Teopii PVV Ta iHImMX NOpiBHAHHNX €KCIEPUMEHTAIBHIX 1 TEOPETHIHUX JIAHUX, JOCTYITHUX HA JAHUI MOMEHT.

KuiouoBi ciioBa: erexmponni énacmugocmi; onmuyHi 61acmu8ocmi; CMpyKmypHi enacmueocmi; mexaniuni enacmusocmi, Ln20s;
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In this work, a comprehensive study of the structural, chemical and electrophysical properties of monocrystalline silicon (Si) doped with
ytterbium (Yb) has been carried out. The alloying was carried out by thermal diffusion at a temperature of 1473 K in high vacuum conditions
followed by rapid cooling. Atomic force microscopy (AFM), infrared Fourier spectroscopy (FTIR), deep level spectroscopy (DLTS) and
Raman spectroscopy (RAMAN) were used to analyze the samples obtained. AFM images of the surface of the doped samples demonstrated
significant changes in topography. The RMS surface roughness increased from less than 10 nm to 60-80 nm, and the maximum height of the
irregularities reached 325 nm. These changes are explained by the formation of nanostructures caused by the uneven distribution of
ytterbium atoms in the silicon crystal lattice, as well as the occurrence of internal stresses. "IR-Fourier spectroscopy showed a significant
decrease in the concentration of optically active oxygen (ngt) by 30-40% after doping. This effect is associated with the interaction of
ytterbium atoms with silicon and a change in the chemical composition of the material. The RAMAN spectra revealed the formation of new
phases and nanocrystallites in the doped samples. Peak shifts and changes in their intensity were detected, indicating a rearrangement of the
crystal lattice caused by the introduction of ytterbium. It was calculated that the diffusion coefficient of ytterbium in silicon is 1.9x10°13
cm?/s, which indicates a slow diffusion process characteristic of rare earth metals. Electrical measurements carried out on the MDS-structures
showed a shift in the volt-farad characteristics towards positive bias voltages, which is associated with a decrease in the density of surface
states at the Si-SiO: interface and the appearance of deep levels with an ionization energy of Ec-0.32 eV.

Keywords: Monocrystalline silicon, Ytterbium doping, Atomic force microscopy, Raman spectroscopy, Surface roughness,
Nanostructures, Electrical properties, MDS-structures, Si-SiO: interface

PACS: 68.37.Ps, 33.20.Fb

INTRODUCTION

The development and improvement of materials for semiconductor electronics remain key directions in modern
science and technology [1-5]. Silicon, which is the main material for semiconductor devices, has unique
properties [2-8]. However, in order to further improve it, it is necessary to use various alloying methods. The
introduction of atoms of other elements into the silicon crystal lattice makes it possible to significantly change its
properties and open up new possibilities for creating highly efficient electronic devices.

Special attention is given to rare earth elements (REE) such as yttrium, dysprosium, and ytterbium, which can
significantly affect the structural and physical properties of silicon. Doping silicon with ytterbium (Yb) is a particularly
interesting area of research since this element possesses unique physicochemical properties, including low chemical
activity and a divalent state, making it a promising candidate for the creation of new semiconductor materials. As a rare
earth element, ytterbium is not well-studied in terms of its effect on the crystal structure of silicon. However,
preliminary studies indicate that doping silicon with ytterbium may lead to significant changes in its microstructure,
including the formation of defects, nanocrystals, and changes in the material's phase composition. These structural
transformations play an important role in determining the physical properties of silicon, such as conductivity and
resistance to radiation exposure.

To study these structural changes in detail, atomic force microscopy (AFM) was used in this research. AFM allows
for the visualization of material surfaces at the nanoscale, making it possible to detect changes in topography and
surface structure caused by ytterbium doping [9-10]. The obtained data showed that doping leads to significant surface
irregularities in silicon, with a maximum height of up to 325 nm, indicating a complex microstructure formed due to the
uneven distribution of ytterbium atoms in the crystal lattice. In addition to AFM data, the study used methods of
infrared Fourier spectroscopy (FTIR) and Raman spectroscopy (RAMAN) to study phase changes and the distribution
of impurities in silicon. These methods revealed a reduction in the concentration of optically active oxygen, the
formation of new phases and nanocrystals, as well as the evaluation of internal stress in the crystal lattice.

Thus, this study is aimed at deepening knowledge about structural changes in ytterbium-doped silicon and their
effect on the physico-chemical properties of the material. The use of AFM in combination with other spectroscopic
methods provides a more complete understanding of the processes occurring in doped silicon, which can become the
basis for further developments in the field of semiconductor electronics and optoelectronics [11-18].
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MATERIALS AND METHODS

For the experiment, samples of monocrystalline silicon with an initial resistivity ranging from 2.5 to 10 Om-cm
were selected. The samples underwent thorough chemical cleaning to remove contaminants and oxide layers from the
surface. This was done using an acid-peroxide wash, followed by treatment in hydrofluoric acid (HF), which ensured
the complete removal of oxides and provided a clean silicon surface for subsequent doping.

After cleaning, high-purity ytterbium (Yb) films (99.999%) were deposited on the silicon surface. The deposition
was carried out by vacuum sputtering under high vacuum conditions (10~ Torr) using an oil-free vacuum system, which
ensured uniform distribution of ytterbium atoms on the silicon surface. The doping process was performed using the
thermal diffusion method. Prepared n-Si samples were placed in vacuum-sealed quartz ampoules and subjected to
diffusion annealing at 1473 K (1200°C) for 15 hours. The samples were then rapidly cooled to prevent the formation of
large defects and to ensure the uniform distribution of ytterbium within the silicon crystal lattice. Rapid cooling also
promoted the creation of internal stresses in the samples, which could affect the formation of nanocrystals and other
structural changes. After thermal diffusion, the surface layer of the samples, approximately 2 um thick, was removed for
the investigation of the doped deeper layers. This was achieved using mechanical treatment and chemical etching,
allowing the study of structural changes at various depth levels.

To study the surface topography of the samples after ytterbium doping, atomic force microscopy (AFM) was used.
AFM provides nanometer-resolution imaging, making it an indispensable tool for analyzing structural changes in
materials. The studies were conducted on a Nanaview-2000 series microscope, which ensured high-precision
measurements. Measurements were performed in several modes, including contact and semi-contact modes, to obtain
information about the height of surface irregularities, the distribution of structural defects, and phase heterogeneities.
3D surface maps obtained using AFM allowed the evaluation of the maximum heights of structural elements (up to 325
nm) and revealed the distribution characteristics of ytterbium in silicon.

For chemical composition analysis and the study of molecular vibrations in the doped samples, Infrared Fourier
spectroscopy (FTIR) was employed. FTIR absorption spectra were obtained using the FSM 2201 infrared Fourier
spectrometer, operating in the range from 380 to 7800 cm™'. The FTIR method allowed the determination of the
concentration of optically active oxygen (NOop) in silicon and the identification of ytterbium's effect on the chemical
composition and structure of the samples. Spectral analysis showed that ytterbium doping reduced the concentration of
NOgpt by 30-40%, depending on the concentration of the introduced impurities.

Raman spectroscopy was used to investigate structural changes and phase composition. Raman spectra were
obtained using an Ocean Insight Raman spectrometer with laser radiation at a wavelength of 780 nm. Raman
spectroscopy revealed the formation of nanocrystals in the ytterbium-doped silicon samples. Three bands were
identified, corresponding to Si—Si, Si—Yb, and Yb—YDb bond vibrations. The intensity and position of these bands varied
depending on the composition and thermal treatment conditions. The internal stress in the crystallites, which could
reach up to 3 GPa, was also studied.

For processing and analyzing the obtained spectra, FSpec software was used for FTIR spectroscopy, and OriginPro
was used for Raman data analysis. Data processing included baseline subtraction, spectrum normalization, and the
calculation of crystallite sizes from Raman peaks. The analysis results allowed for the evaluation of ytterbium’s
influence on the structural properties of silicon and the identification of key doping features, such as defect formation,
changes in phase composition, and internal stress in the crystals.

RESULTS AND DISCUSSION

Analysis of AFM images revealed significant changes in the surface topography of silicon after ytterbium doping
(Fig. 1). Prior to doping, the silicon surface was relatively smooth, with minimal irregularities and defects. The root-
mean-square (RMS) roughness of the control sample was less than 10 nm, and the maximum height of the irregularities
did not exceed 78.1 nm (Fig. la). After ytterbium doping, a sharp increase in the maximum height of surface
irregularities up to 325 nm was observed in the near-surface layer, representing a substantial change (Fig. 1c). Doping
with rare earth metals, such as ytterbium, induces local changes in the crystalline structure of silicon. Ytterbium has a
larger atomic radius compared to silicon, which leads to distortions in the crystal lattice and the formation of internal
stresses. These stresses can cause the formation of microdefects and recrystallization at grain boundaries, contributing
to the increase in surface roughness.

According to Gibbs' theory, surface energy depends on crystallographic orientation and the presence of impurities.
The introduction of ytterbium atoms increases the free surface energy, driving the system to reduce this energy by
forming structures with higher roughness. The RMS roughness of the ytterbium-doped silicon surface is 60-80 nm in
the near-surface layer, which is significantly higher than that of the control sample. This increase in roughness is
associated with the formation of nanostructures or clusters of ytterbium on the surface.

To assess the change in surface energy, Gibbs' expression for surface energy can be used:

y=2 )

where v is the surface energy, W is the work to change the surface, A is the surface area.
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As the surface roughness increases, the surface area A also increases, which leads to an increase in the surface
energy y. An increase in surface energy may also explain the tendency of the material to form larger structures on the

surface.
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Figure 1. Atomic Force Microscopy (AFM) Images:
1) n-Si original sample; 2) n-Si control sample; 3) n-Si doped with ytterbium, with a 2 pm layer removed by grinding after
doping

Phase analysis shows the presence of inhomogeneities, which are associated with the uneven distribution of
ytterbium in the silicon structure. In the near-surface layer, the phases are distributed unevenly, indicating ytterbium
agglomeration and the formation of new phases on the silicon surface.

Let’s consider the changes in phase composition through the analysis of phase thermodynamic stability. Doping
can cause the formation of ytterbium-containing phases, such as YbSi., which stabilize under certain conditions. The
calculation of the change in Gibbs free energy during the formation of such phases can be expressed by:
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AG = AH —T4S, )

where AG is the change in Gibbs free energy, AH is the enthalpy of formation, AS is the change in entropy, T is the
temperature.

If G < 0, the phase is stable and can form on the surface. In this case, during high-temperature annealing and
subsequent rapid cooling, the formation of thermodynamically stable ytterbium phases is likely, which explains the
phase inhomogeneities on the surface.
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Figure 2. Profile distribution of ytterbium atoms in n-Si doped with ytterbium, obtained by AFM. The image shows the distribution
of ytterbium atoms on the surface perpendicular to the sputtered layer

Based on the AFM image presented (Fig. 2), which shows the profile distribution of ytterbium atoms in n-Si doped
with ytterbium, an analysis and evaluation of the diffusion coefficient can be conducted. To do this, changes in the
structure and surface topography at various depths, as shown in the image, need to be analyzed. The image shows
variations in topography and phase contrast, which may indicate the distribution of ytterbium within the silicon. The
maximum changes are observed at a depth of approximately 2.36 um, which can be used as an indicator for the
calculation.

To evaluate the diffusion coefficient, we will use Fick's second law for non-stationary diffusion:

Co

2
C(x,t) = = XD (- ﬁ), (3)
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where:

C(x,t) is the concentration of atoms at depth x at time t,

Cy is the initial concentration of atoms on the surface,

D is the diffusion coefficient,

t is the diffusion time.

From the image in Fig. 2, it can be assumed that the changes in topography associated with ytterbium diffusion
reach a depth of approximately 2.36 pm. The diffusion time t = 15 hours (54,000 seconds), and the depth x = 2.36 um.
The ytterbium concentration at a depth of 2.36 um is about 10% of the initial surface concentration.

Solving the equation for D:

i (29) = 2 @

Co 4Dt
Substituting the values:
(2.36 X 1074)2
4 x D x 54000
(2.36 x 1074)?

_ ~ -15 cm?
D= 52000 x m(1oy ~ 19 % 10 /e

In(0,1) =

The calculated diffusion coefficient of ytterbium in silicon is approximately ~ 1.9 x 10715 sz/ ¢ . This value
indicates a relatively slow diffusion process, which is typical for rare earth metals such as ytterbium.

Infrared analysis showed that the comparison of the obtained data indicates a significant reduction in the
concentration of optically active oxygen ngt after ytterbium diffusion (see Fig. 3). Ytterbium doping reduces the
concentration of optically active oxygen by 30-40%, depending on the concentration of the added element.
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Figure 3. Infrared spectrum of n-type silicon doped with Yb impurities:
1. IR spectrum of control samples (Si_control); 2. IR spectrum of original silicon (Si_original); 3. IR spectrum of n-Si<Yb> samples.

The absorption spectra were recorded in the range from 380 to 7800 cm™. The concentrations of oxygen and
carbon were determined by the intensity of the corresponding peaks in the IR spectra: 1106 cm™ for oxygen and
605 cm™! for carbon. In original silicon, compared to the control sample, an increase in the peak intensity at 1106 cm™
by 5.74% was observed, indicating a slight increase in oxygen concentration. Meanwhile, ytterbium-doped silicon
showed a 42.64% reduction in the peak intensity compared to control silicon, indicating a significant decrease in
oxygen concentration after doping. Comparing ytterbium-doped silicon with original silicon also revealed a 34.90%
reduction in peak intensity, further confirming the decrease in oxygen concentration due to doping. Compared to the
control sample, original silicon showed a slight 2.66% increase in peak intensity at 605 cm™, indicating a small rise in
carbon concentration. However, ytterbium-doped silicon demonstrated a 32.45% reduction in the carbon peak intensity,
signifying a substantial decrease in carbon concentration after doping. Comparing doped silicon with the original
sample also showed a 29.01% decrease in peak intensity, confirming further reduction in carbon concentration due to
doping.

Research shows that the capacitance-voltage characteristics of MDS structures based on ytterbium-doped silicon
exhibit a shift toward positive bias voltages. This shift is associated with a reduction in surface state density at the Si-
SiO: interface, indicating changes in the electrical properties of the structure.
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The analysis also shows that the effect of ytterbium doping significantly depends on the method of its introduction
into the substrate. In the case of diffusion, the capacitance-voltage shift is more pronounced compared to doping during
growth, indicating that the diffusion method allows for more efficient penetration of ytterbium into the silicon structure.

Additionally, capacitance-DLTS spectra show the presence of a deep level with an ionization energy of E.—0.32
eV, whose concentration is determined by diffusion conditions. This result is important for understanding defect
formation mechanisms in MOS structures and could serve as a basis for optimizing technological processes in
semiconductor device production.

The Raman spectra of the original Si<P> sample are shown in Fig. 4. The spectrum exhibits a high peak in the
region of 521 cm™! with a width at half maximum of 8-12 ¢cm!. The intensity of the first-order scattering at 521 cm™! is
due to transverse (TO) and longitudinal (LO) optical phonons. In contrast to the main peak, scattering by second-order
acoustic phonons at 303 cm™ (TA) can be observed. Some authors suggest that this peak corresponds to the LA modes
[5-18], but there is no exact confirmation of this fact. Probably, we observe a superposition of transverse and
longitudinal acoustic modes. There is also a broad peak between 920-1000 cm', which is due to the scattering of
several transverse optical phonons ~2TO phonons. To date, there is no consensus on the origin of the broad peak. Some
authors claim that this peak is formed by a superposition of two or more optical modes [19-23].
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Figure 4. The Raman spectrum of the initial silicon. Oscillatory modes: Sizta — 303 cm’, Sito+Lo — 521 em’!, Sioto — 920-1000 cm'!

As can be seen from the figure in Fig. 5, further doping of n-Si single crystals with ytterbium impurity atoms leads
to some change in the Raman spectra. The results obtained demonstrate that doping silicon with ytterbium leads to
significant changes in its structural properties, which is manifested in the form of an increase in the intensity of peaks in
the Raman spectra, as well as shifts of these peaks. This graph (Fig. 5) shows the Raman spectra for various ytterbium-
doped silicon samples, as well as control samples.
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Figure 5. Raman spectra:
1. p-Si original; 2. p-Si<Yb> (thermal diffusion in the gas phase); 3. p-Si<Yb> (thermal diffusion in the gas phase), after diffusion
2 um of the surface were removed; 4. p-Si<Yb> (Solid-phase thermal diffusion); 5. p-Si<Yb> (Solid-phase thermal diffusion)
after diffusion 2 um of the surface were removed; 6. Si control
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In ytterbium-doped samples (red line), a significant increase in peak intensity in the range of 200 to 300 cm™ is
observed compared to control samples (black line). This may indicate structural changes due to doping, such as an
increase in the number of defects or the formation of new phases in the material. It can also be noted that the ytterbium-
doped samples exhibit peak shifts compared to control samples. This phenomenon may be related to changes in
interatomic distances and internal stresses in the crystal lattice caused by the introduction of ytterbium. The graph
shows that different doping or sample treatment methods (e.g., sputtering, diffusion) lead to different peak intensities,
indicating differences in the structure and distribution of ytterbium in the silicon matrix.
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Figure 6. Raman spectrum:

1. p-Si original; 2. p-Si<Yb> (thermal diffusion in the gas phase); 3. p-Si<Yb> (thermal diffusion in the gas phase), after diffusion
2 um of the surface were removed; 4. p-Si<Yb> (Solid-phase thermal diffusion); 5. p-Si<Yb> (Solid-phase thermal diffusion)
after diffusion 2 um of the surface were removed; 6. Si control

The ytterbium-doped samples exhibit a noticeable increase in peak intensity compared to the control sample (Fig.
6). The maximum intensity of the TA peak at 126.33 cm™ significantly surpasses that of similar peaks in the other
samples, suggesting a substantial influence of ytterbium on the silicon structure.

The LO peak (196.61 cm™) also shows an increase in intensity in the ytterbium sputtered sample, indicating
possible formation of new phases or enhanced interatomic interactions in the doped samples.

The peak signals of the alloyed samples exhibit a broader shape compared to the control samples (Fig. 7). This
suggests a potential increase in defects or stresses within the material's structure following alloying with ytterbium.
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Figure 7. Raman spectrum
1. p-Si original; 2. p-Si<Yb> (thermal diffusion in the gas phase); 3. p-Si<Yb> (thermal diffusion in the gas phase), after diffusion
2 pum of the surface were removed; 4. p-Si<Yb> (Solid-phase thermal diffusion); 5. p-Si<Yb> (Solid-phase thermal diffusion) after
diffusion 2 pum of the surface were removed; 6. Si control.
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A slight shift of the peaks towards shorter wavelengths in the doped samples (Fig. 8) may indicate changes in
interatomic distances or the presence of internal stresses within the crystal lattice.

The difference in Raman phonon bands between crystallites and nanocrystallites mainly concerns their bandwidth,
while the Raman frequencies are very close, this statement confirms the attribution of the calculated transition to
internal stress [24-25].

The Raman spectrum of amorphous layers consists of several broad bands reflecting the single-phonon density of
states. When the material is crystalline, the bands narrow and distinct peaks appear. In the case of Si-Yb, three first-
order Raman bands associated with Si—Si appear, and vibrations of the Si-Yb and Yb—YDb bonds also appear. The peak
position and intensity of these bands depend on the composition, as well as on other factors such as heating, etc., which
in turn can contribute to a shift in the frequency of the peaks.
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Figure 8. Raman spectrum:

1. p-Si original; 2. p-Si<Yb> (thermal diffusion in the gas phase); 3. p-Si<Yb> (thermal diffusion in the gas phase), after diffusion
2 um of the surface were removed; 4. p-Si<Yb> (Solid-phase thermal diffusion); 5. p-Si<Yb> (Solid-phase thermal diffusion)
after diffusion 2 pm of the surface were removed; 6. Si control

The laser beam and temperature induce an ordered state (hereinafter referred to as LTIOS), which is monitored by
the Raman spectrum. Further increase in temperature under the influence of light preserves the Raman signature of the
nanocrystalline material.

As we have already mentioned, LTIOS appears under light exposure within a certain temperature range for
different a-Si-Yb alloy compositions. LTIOS is observed at much lower laser power densities than those required for
laser crystallization.

It was found that an increase in the number of defects causes broadening of the amorphous region. A similar
relationship should exist for Si-Yb, although, to our knowledge, this has not been previously reported. We noted that the
relative intensity of the three Raman scattering bands in Si-Yb systems in the LTIOS state changes. The relative
intensity of the Si-Si bond decreases, which in turn indicates that dangling bonds are mainly formed due to Si-Si bond
rupture.

CONCLUSIONS

The conducted studies demonstrated that doping silicon with ytterbium leads to significant changes in its structural
and physicochemical properties. Observations indicate that doping causes a substantial increase in surface roughness,
with the height of irregularities reaching up to 325 nm. This points to a complex microstructure resulting from the
uneven distribution of ytterbium atoms, which is also associated with the formation of nanostructures and local stresses
in the crystal lattice.

Doping also leads to a marked reduction in the concentration of optically active oxygen by 30-40%, indicating that
ytterbium affects the chemical composition and interaction of silicon atoms with oxygen and carbon. The formation of
new phases and nanocrystals in the doped samples is accompanied by shifts in the spectra and increased peak
intensities, reflecting significant changes in interatomic interactions and the presence of internal stresses in the crystal
lattice.

Moreover, the calculated diffusion coefficient of ytterbium in silicon shows a relatively low value, indicating a
slow diffusion process typical for rare earth metals. Changes in the electrical characteristics of the material are evident
through a reduction in surface state density at the Si-SiO: interface and the presence of deep levels with an ionization
energy of E.—0.32 eV.
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Overall, the results demonstrate that ytterbium doping has a complex impact on the structure and properties of
silicon. This makes the method promising for use in semiconductor electronics and optoelectronics. The obtained data
open new opportunities for further research and optimization of technological processes in the development of new
semiconductor materials with improved characteristics.
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3MIHU CTPYKTYPH TA BJACTUBOCTEMN KPEMHIIO IIJ] YAC JIET'YBAHHS ITEPBIEM: PE3YJIBTATH
KOMILIEKCHOI'O AHAJII3Y
Xomxakoap C. Janies, Illapiga b. Yramypanosa, [:konioex I:x. Xamaamos,
Mamncyp b. Bekmyparos, Illaxpiiiop b. Hopkynos, Yiyroex M. FOunomes
ITnemumym ¢hizuxu nanienposionuxis i mixkpoenexmponiku Hayionanvrozo ynisepcumenty Y3bexucmany,
Tawxenm, eyn. HAnei Anmasapa, 20, 100057, ¥Y3bexucman

VYV wiii  poboTi MpoOBEAEHO KOMIUIGKCHE JOCTI/DKCHHS CTPYKTYpPHHX, XIMIYHHX Ta eNeKTPOQi3HYHUX  BIACTUBOCTEH
MOHOKPHUCTaJIYHOTO KpeMHito (Si), seroBanoro irep6iem (Yb). JleryBanHsS MpOBOAMIM METOAOM TepMoAndy3ii MpH TemIeparypi
1473 K B yMOBax BHCOKOTO BakyyMy 3 IOJAJIBIINM IIBUAKAM OXOJOMKEHHAM. [ aHamizy 3pasKiB BUKOPHUCTOBYBAJIH aTOMHO-
cuinoBy Mikpockomito (ACM), indpadepsony Pyp’e-cnexrpockomito (FTIR), cmekrpockomito mmmbokoro piBas (DLTS) i
pamaniBcbKy crekrpockornito (RAMAN). ACM-300pakeHHSI JIETOBaHHX 3pa3KiB IIPOAEMOHCTPYBAJIM CYTTEBI 3MIHH pesbedy
noBepxHi. CepeTHbOKBaAPATHYHA NIOPCTKICTB 3pocia 3 MeHnI HiK 10 HM 1o 60—80 HM, a MakcHMaibHa BUCOTA HEPIBHOCTEH Jocsria
325 um. Lli 3MiHM 3yMOBIICHI YTBOPEHHSIM HAHOCTPYKTYP BHACIIJIOK HEPIBHOMIPHOTO PO3IOALTY aTOMiB iTepOil0 y KpuCTalivHii
peunTii KpeMHil0 Ta BUHHKHEHHSM BHYTpimHix Hampyr. [Y-Dyp'e-cnekTpockormis BUSBHIA 3HIKEHHS KOHLEHTpALii ONTHYHO
aktuBHOTO KHCHIO (No°") Ha 30-40% micist jeryBaHHs, [IO MOB'SI3aHO 3 XiMIYHOIO B3aeMmogicio itepbito 3 kpemuieMm. CrHexrpu
RAMAN BusBUIN yTBOpEHHS HOBHX (ha3 Ta HAHOKPHUCTANIB, IO CBIAYUTH Mpo NepeOynoBYy KPUCTATIYHOI PEUNTKH BHACIIIOK
BBeieHHS iTepOiro. KoedimieHT audysii iTepbiro B kpemHii ctaHoBUTH 1,9%107!'5 cM%/c, 110 CBIAYUTH PO MOBUTHHUHN Hporec Audys3ii,
XapaKTepHUH JUIs piKo3eMeNbHUX MeTaliB. e Takox CIpHsIo 3HIKEHHIO TYCTHHH ITOBEPXHEBHX CTaHIB Ha Mexi Si-SiO: i mosBi
mMOOKHX PiBHIB 3 eHepriero ioHi3anii Ec-0,32 eB.

KurouoBi ciioBa: monokpucmaniunuil Kpemuitl; 1e2y8anHs imepoiem;, amoMHO-CUI08a MIKDOCKONIS, PAMAHOBCLKA CHeKMPOCKONIs,;
WOPCMKICMb NOBEPXHI, HAHOCMPYKmMYpu, erekmpuuni enacmusocmi; MDS-cmpykmypu,; inmepgetic Si-SiO:
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This article is devoted to the morphological and optical properties of the photorefractive crystal LiNbO3 and LiNbOs:Fe 0.03 wt.%.
According to it, the surface morphology of the samples was studied using an atomic force microscope (AFM). In addition, ordinary
and extraordinary refractive indices of the LiNbOs crystal were calculated using empirical formulas. The results of the diffraction
efficiency of the LiNbO3:Fe 0.03 wt.% crystal for He-Ne and He-Cd lasers are presented.
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INTRODUCTION

Currently, the problem of the most efficient storage of information is particularly acute all over the world [1-4]. One of
the effective ways to solve the problem of reliable and long-term storage of information with a high density of information
carriers is the holographic method of storing information [1,5,13]. In recent years, comprehensive theoretical and practical
research has been carried out in foreign countries to create high-capacity holographic storage devices that record information
on various carriers [6-9]. It should be noted that holographic methods make it possible to record, store and restore wave fields,
three-dimensional images and other types of information. Lithium niobate crystals, which have a wide band gap, are one of
the promising materials used in the field of photonics, quantum electronics, optoelectronics and acoustoelectronics [1,10-13].
Optical properties such as electro-optical, piezoelectric, nonlinear effects, second harmonic generation and refractive index
change under laser radiation allow the use of lithium niobate crystals for recording holograms [3,5,14-17].

Holograms created as a result of the photorefractive effect are based on orthogonal nonlinear processes and are also
effective for long-wave and high-power lasers. The diffraction efficiency of holograms is practically independent of the
intensity of the incident light and can reach 100% in most materials. Therefore, complex detectors and devices were not
required. The main disadvantage of coding holograms based on the photorefractive effect is speed. Nonlinear effects
become stationary, inversely proportional to intensity. The diffraction efficiency and information transfer rate for the
above materials are 1 ms at 1 W/cm?. However, the low speed of information processing in some materials was not
recognized as a disadvantage.

EXPERIMENTAL PART

In holography, two coherent beams are required to form an interference pattern, one called the reference beam and
the other called the object beam (the beam scattered from the object). The resulting interference pattern contains
information about the amplitude and phase of the object beam. The intensity of the interference pattern can be recorded
by placing an appropriate light-sensitive material (such as photographic film or a photorefractive crystal) in the
interference region. This recorded fringe pattern or grating is called a hologram. The recorded hologram, when illuminated
by the same reference beam, can scatter light in the direction of the object beam. The diffracted beam contains information
about the phase and amplitude of the original object beam.

In experiments on studying optical recording in LiNbOs:Fe 0.03 wt.% crystals, we used the scheme shown in Fig. 1.

The data were processed using helium-cadmium (He-Cd, 1=440 nm) and helium-neon (He-Ne, 1 = 630 nm) lasers.
The optical sensitivity of the crystal for this wavelength is very high. A virtual interference image in the form of light and
dark lines is formed as a result of superradiance of two horizontal waves in the crystal. Double refraction of light occurs
in the light lines. That is, a sinusoidal diffraction grating with a period equal to L is observed in the crystal:

L = A [25in(8,0/2)], (1)

where, A — wavelength of the recording light; 8, — angle between the recording beams. When reading volume holograms
(h>>A and h>>L, where h is the thickness of the hologram) with radiation with a wavelength of A, the angle between the
incident and deflected beams is determined by the Wulff-Bragg conditions.
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2sin(6,/2) = A,/A, (@)
where, 0,/2 — angle between the incident beam and the normal to the plate, the angles 6, 0, are related by the ratio.
. . A
s (ere/Z)/Sll’l(er/Z) = re/}\r. (3)

The diffraction efficiency of a sinusoidal grating when read by an extraordinary beam with a wavelength is
determined by the Kogelnik formula [18]:

N = sin?{mDAn./ A cos(8/2)}, 4)

where, An. — modulation amplitude of the refractive index of the extraordinary ray, D is the thickness of the crystal,
0 = Or.

1
He-Cd Lazer
440 nm
630 nm
2

\4

3
1
T
1
H Figure 1. Scheme of the experimental setup: 1- recording laser
(He-Cd) A=440 nm and (He-Ne) A=630 nm, 2- reading laser (He-
Ne) A=630 nm, 3-diaphragm, 4-mirrors, 5-light filters, 6-
Wollaston prism, 7-LiNbOs:Fe 0.03 wt.% sample, 8-
photodetector, 9-microammeter

Experimentally, the diffraction efficiency is defined as the ratio of the intensity of the diffracted reading beam to the
intensity of the beam that has passed through the crystal when the hologram is not recorded in the crystal.

These crystals were grown by modified Czochralski grown technique with the use of Donetsk type growth set-up in
air atmosphere in a platinum crucible [19].

The samples for research were made from nominally pure and iron-doped LiNbOj; crystals and in the form of
parallelepipeds with dimensions of 2x3x10 mm, the edges of which were oriented along the direction of the
crystallographic axes. Absorption spectra were studied using a Shimadzu UV 3600 spectrometer. Measurements were
carried out in the range of 320-1100 nm with a step of 1 nm. To study the surface morphology of LiNbO; and LiNbOs:Fe
crystals, an NT-MDT atomic force microscope was used. The spectra were processed using the Origin 8.1 software
package.

RESULTS AND DISCUSSION
Figure 2 shows the absorption spectra of nominal pure lithium niobate and iron-doped lithium niobate LiNbO;:Fe
0.03 wt.%, from which it is evident that the addition of the impurity significantly increases the absorption.
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Figure 2. Absorption spectra of iron-doped LiNbOs:Fe 0.03 wt.% and nominally pure lithium niobate

It is known that the use of transition metals as alloying additives is associated with their ability to reversibly donate
d-electrons to the conduction band under the influence of radiation.

The resulting absorption spectrum in the decreasing linear part of the graph was approximated by a straight line until
it intersected with the abscissa axis. The point where this line intersects the X-axis is the wavelength corresponding to the
absorption edge of the crystal. The band gap was determined by the formula:

h
Ey ==, )

where, A— wavelength, corresponding to the absorption edge, h — Planck's constant, ¢ — speed of light in vacuum.
One of the main quantities that determine the photorefractive properties of crystals is the refractive index. When

determining the band gap width from the absorption spectra, the refractive index of LiNbO3 and LiNbOs:Fe 0.03 wt.%
crystals was determined using the following empirical formula proposed by Ghosh [20]:
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2 14 _ A
W-1= (©)

where, A =25E, + 212, B =0.21E; + 4.25 and (Eg + B) refer to the corresponding band gap of the material.

The results obtained are respectively: LiNbO;3 (Eg=3.39 eV), LiNbOs:Fe 0.03 wt.% (Es=3,17 eV) and LiNbO3
(n=2.2922), LiNbOs:Fe 0.03 wt.% (n = 2.3356).

The ordinary and extraordinary refractive indices of the LiNbOj crystal were calculated using the following formulas
in the range A = 400-5000 nm, the results obtained are presented in the Table.

2.980412 1.22942 12.61412

nZ—1= : (7a)
22-0.01764  A2-0.05914 A%2-474.6
2.4272? 0.598112 8.954312

ng —1= (7b)

12-0.02047 A2-0.0666 12-416.08"

Table. Ordinary and extraordinary refractive indices of LiNbOs crystal

A, pm Ne No

0.4 2.191899762 2.509000635
0.5 2.110349304 2.410359464
0.6 2.073558512 2.365369563
0.7 2.052958976 2.340161846
0.8 2.039895099 2.324214431
0.9 2.030848757 2.313219856
1 2.024135933 2.30511079
1.1 2.01885865 2.298783645
1.2 2.014499216 2.293601912
1.3 2.010740815 2.289176022
1.4 2.007380114 2.285255981
1.5 2.004281412 2.281675003
1.6 2.001351109 2278318112
1.7 1.998522787 227510379
1.8 1.995748124 2.271972796
1.9 1.992991166 2.268881124
2 1.990224609 2.265795427
2.1 1.987427319 2.262689961
22 1.984582637 2.259544508
2.3 1.981677201 2.256342924
2.4 1.978700112 2.253072109
2.5 1.975642324 2.249721263
2.6 1.972496205 2.246281348
2.7 1.96925521 2.242744676
2.8 1.965913629 2.239104611
29 1.962466401 2.235355334
3 1.958908964 2.231491665
3.1 1.95523715 2.227508926
32 1.951447084 2.223402828
33 1.947535121 2.219169388
34 1.943497786 2.214804858
3.5 1.939331726 2.210305664
3.6 1.935033671 2.205668366
37 1.930600404 2.200889618
3.8 1.926028732 2.195966131
3.9 1.921315461 2.190894654
4 1.916457381 2.185671942
4.1 1.911451244 2.180294744
4.2 1.906293747 2.17475978
4.3 1.900981523 2.169063724
4.4 1.895511121 2.163203196
4.5 1.889879 2.157174745
4.6 1.88408151 2.150974834
4.7 1.878114889 2.144599835
4.8 1.871975244 2.138046012
4.9 1.865658543 2.131309514
5 1.859160605 2.124386365
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The results presented in the table show that the condition no>n. (negative crystal with one optical axis) is fulfilled
in all wavelength ranges for the lithium niobate crystal.

The surface morphology of the obtained LiNbO3z and LiNbO3:Fe 0.03 wt.% samples was analyzed using AFM. The
size of the study area was (10 mm=+10 mm) (Fig. 3 and 4).
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Figure 3. AFM images of the surface morphology of LiNbOs:Fe 0.03 wt.% crystal: a) 3D phase image; b) surface histogram;

d) surface relief

The obtained results show that various linear defects were formed on the surface of the LiNbOjs crystal as a result of
mechanical treatment (Fig. 3a). This, in turn, affects the distribution and relief of particles on the surface of the sample
(Figs. 3b and 3d). The grains formed in the LiNbOj crystal are in the range (020 nm), and it can be said that most of the
surface consists of particles sized 14+16 nm. In the LiNbO3:Fe 0.03 wt.% samples, the surface morphology is relatively

stable, linear defects are practically absent (Fig. 4a). The surface consists mainly of a rounded shape sized 35+45 nm
(Fig. 4b), which means that it is directly related to the influence of iron ions in the structure.
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Figure 5 below shows the results of the study of the diffraction efficiency of holograms obtained by He-Ne
(1=630 nm) and He-Cd (1=440 nm) lasers on a LiNbOj3:Fe 0.03 wt.% crystal. The results show that the photosensitivity
of the crystal increases significantly (2 times) with increasing laser beam power. It is evident that the maximum value of
the diffraction efficiency is N1=44% for a wavelength of A=630 nm and n=55% for a wavelength of A =440 nm. The fact
that the diffraction efficiency reaches a maximum point and then decreases again can be explained by the Chen
model [21].
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Figure 5. Experimental dependences of the diffraction efficiency of holograms on exposure: a) A=630 nm; b) A=440 nm

The interference images of two coherent laser beams are incident on the crystal and recorded as a hologram (Fig. 5).
The charge carriers are mainly concentrated in thin layers and are then allowed to move until they recombine with drift
and diffusion traps. Thus, the volume and charge are in the same phase as the interference image in the crystal. The
electric field of this space charge moves due to the linear electrophoretic effect, and the size of the holographic grating
creates the refractive index. Although this procedure depends on first- and second-order electrophoretic effects, it shows
that the role of third-order nonlinear effects is significant for the incident beams.

CONCLUSIONS

The studies of photorefractive crystals LiNbO; and LiNbO;:Fe 0.03 wt.% show that due to iron ions the optical
absorption increases significantly (2.5+3) and the change in the forbidden zone equal to AE;=0.22 eV is established. It
was found that the use of expressions 7a and 7b is suitable for the ordinary (n,) refractive index in the near infrared region
and for the extraordinary (n.) refractive index in the visible and near infrared regions. Morphological analysis shows that
iron ions make a significant contribution to the stability of the particle distribution on the surface. Holographically, when
using LiNbO;:Fe 0.03 wt.% samples as a memory element and increasing the power of laser beams, it was found that the
time to achieve the maximum diffraction efficiency decreased by 2 times.
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The results of studies of the current-voltage characteristics of a photodiode heterostructure are presented. Au-nCdS-nSi-pCdTe-Au, in
forward and reverse directions. Photodiode heterostructures with an area of 29 mm? were created, which were obtained by vacuum
evaporation in a quasi-closed volume by depositing layers of cadmium sulfide and cadmium telluride onto a single-crystalline silicon
substrate with resistivity p = 607.47 Ohm-cm. A distinctive feature of the resulting photodiode Au-nCdS-nSi-pCdTe-Au structures is
two-way sensitivity, where impurity complexes are formed. In the structures, the rate of recombination of nonequilibrium carriers at
low excitation levels is determined by simple local centers in the boundary transition layers. The band diagram of a multilayer
photodiode structure Au-nCdS-nSi-pCdTe-Au has been constructed.

Keywords: Resistivity; Intensity; Current; Heterojunction;, Photodiode; Structure; Junction; Microinterferometer;, Vacuum;
Capacitance; Band diagram
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INTRODUCTION

In recent years, integrated circuits have almost reached the limit of the degree of integration of electronic components
and speed. The use of optical interconnects to connect individual circuit elements will significantly increase the speed of
signal transmission. For this purpose, the development of optoelectronic components necessary for the creation of photonic
integrated circuits is actively underway for the purpose of efficient generation, modulation and detection of optical
radiation [1-7]. The use of CdTe and CdS semiconductor compounds to create optoelectronic components operating in the
near-IR wavelength range is a promising direction in the development of silicon optoelectronics and integrated photonics.
However, the number of photonic components on modern integrated circuits is only approaching the ten thousand marks.
Optical systems for transmitting and receiving information, being an alternative to cable transmission, are beginning to
become widely used. Their important elements are receiving optical modules, the functions of which include converting the
optical signal received by the photodetector into an electrical one, which is processed by electronic devices. At the same
time, the photodetector is required to capture even a very weak optical signal, low inertia and noise [7-9]. Phototransistors
and photodiodes without charge accumulation meet these requirements to a certain extent. However, the time constant of a
phototransistor is longer than that of a photodiode, which limits its application in communication systems [1,8]. The above
problem can be solved by creating structures with two Schottky barriers based on silicon. The appeal to silicon is due to the
fact that it is the most technologically proven, well-developed material, however, photodiode structures with two barriers
and based on it remain poorly studied. In a photodiode structure, the creation of a second or third barrier helps to reduce its
capacitance, enhance the primary photocurrent and increase the frequency range and speed of operation [10-13].

This article presents the results of a study of the current-voltage characteristics of MSM photodiode structures with
silicon-based potential barriers in the forward and reverse directions at 300 K.

EXPERIMENTAL PART

The heterojunction photodiode structure Au-nCdS-nSi-pCdTe-Au was obtained in a quasi-closed volume by vacuum
thermal evaporation of CdS and CdTe powders onto a single-crystalline n-type silicon substrate with film thickness
d =0.55 um, determined with an MII-4 microinterferometer.

The substrate is single-crystal n-type silicon of the KEF-600 brand according to TU 48-4-295-82 with a thickness
d=130 um and a diameter D =42 mm with a resistivity of 607.47 Ohm-cm, oriented in the crystallographic direction
(111) and concentration of the main carriers’ component N, = 7-10'2 ¢cm™,

Using the method of vacuum evaporation in a quasi-closed volume [14] makes it possible to obtain layers with
thicknesses ranging from several hundred angstroms to several tens of microns. At the same time, homogeneity and
maximum frequency of the material are achieved, and film growth conditions are easily controlled.
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N-type CdS powder with a particle size of 120 um and a purity of 99.99 % was used as the starting material to obtain
the Au-nCdS-nSi-pCdTe-Au photodiode structure. 60 pm p-type CdTe with 99.999% purity from Advanced materials
(China). The resistivity of CdTe is p = 10*+10° Ohm-cm, and the resistivity of CdS p = 10°Ohm-cm. The concentration
of the main carriers of CdTe is N = 10'2+10" cm, CdS = 10'¥ cm™ [15]. CdS and CdTe films were deposited by vacuum
evaporation on the silicon surface of an AVP-05 unit, at a pressure in the chamber P = 1.8-10~ mmHg.

When depositing CdS films on the surface of a silicon substrate, the evaporator temperature was varied in the range
T~=750+800 °C, necessary for congruent evaporation of CdS particles, in which the temperature of the silicon substrate
was simultaneously maintained in the range T.=200+250 °C. At a low temperature of the silicon substrate, fine-grained
and randomly oriented grains are formed in the polycrystalline film. CdTe films were deposited on the back side of the
substrate at an evaporator temperature T.= 550°C.

During the deposition of CdTe films, the substrate temperature was Ts=270+290°C. The film growth time is
t =5 minutes at a rate of v=16.7 A/s, at which the thickness of each film is 0.55 um. The thickness of the films was
measured with a Linnik MII-4 microinterferometer. The data obtained when studying the surface using a MII-4
microscope showed that a thin layer of CdS deposited on the surface of the n Si substrate consists of columnar crystallites,
misoriented in azimuth and oriented in the direction of film growth [16].

To obtain a rectifying contact on the surface of the film layers of the heterostructure, metal-semiconductor transitions
obtained by sputtering gold (Au) with a thickness d = 100 A in a VUP-4 vacuum station at a temperature t = 435°C. Next,
the resulting heterojunction structure Au-nCdS-nSi-pCdTe-Au scribed into discrete samples with an area of 29 mm?
(Fig. 1)

0.55 M nCds
130 pm Figure 1. Cross section of a photosensitive
RS multilayer double heterostructure Au-nCdS-
nSi-pCdTe-Au
0.55 pLm pCdTe
— AU
RESULTS AND DISCUSSION

Studying the current-voltage characteristics of heterostructures solves two problems at once:

- first, is directly related to the determination of the most important characteristics of semiconductor devices;

- second, performs in the role of feedback in further increasing the efficiency of the structures under consideration,
allowing, if necessary, to adjust the parameters of the formation of heterostructures in the event of observing degradation
of the electrical characteristics of diodes based on them.

Au-nCdS-nSi-pCdTe-Au heterojunction photodiode structure was obtained by sequential vacuum thermal
evaporation of CdS and CdTe powders onto a substrate - the surface of a monocrystalline n-type silicon wafer.

In Fig. 2 the direct (I) and reverse (II) branches of the current-voltage characteristics (CV characteristics) of the
heterojunction are presented Au-nCdS-nSi-pCdTe-Ag structures, which were measured at room temperature and plotted
on a log-log scale.

LA
10"
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109
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107 uv

1 10

Figure 2. Current-voltage characteristic Au-nCdS-nSi-pCdTe-Au heterostructures in the voltage range from zero
to 3V —Jx V2% (1), in the range from 5 to 40 V —J « V%78 (2), in the range from 43 to 50 V — J « V53 (3)
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The direct branch of the current-voltage characteristics of Au-nCdS-nSi-pCdTe-Au structures (Fig. 2) is well
described by power-law dependences of the type — I = AV *with different values of the exponent a.. Analysis of the direct
branch of the current-voltage characteristic shows that at room temperature there are three pronounced sections in the
voltage range from zero to 3V - J « V 2#4 (1), in the range from 5 to 40 V —J & V*78(2), in the range from 43 to
50 V—Jx V35(3).

According to theory [5], diode structures have a power-law dependence of current on voltage of the type J oc V%,
(0 >2), including a region of sharp increase in current when complex defect-impurity complexes are involved in
recombination processes along with point defects, within which electron exchange occurs [17].

U=N Cncp(pn_niz)
R cn(n+ny)+cp(p+p1)+atpn’

)

where N is the concentration of recombination centers (complexes), n, p are the concentrations of electrons and holes, #;
is the intrinsic concentration in the semiconductor, c,, ¢, are the capture coefficients of electrons and holes, n;, p; are the
equilibrium concentrations of electrons and holes under conditions, when the Fermi level coincides with the impurity
level (the so-called static Shockley-Read factors), 7; is the time that takes into account certain processes of electron
exchange within the recombination complex, a is a coefficient that depends on the specific type of impurity or defect-
impurity complexes.

The nCdS-nSi-pCdTe structure under study may contain point defects - vacancies of both cadmium (Cd) atoms and
sulfur (S) or tellurium (Te) atoms.

In the sublattice of cadmium atoms, their singly and doubly charged vacancies V¢y, V¢ are easily formed. Doubly
charged vacancies of cadmium atoms in most cases form complexes with positively charged impurities of the type
(V&7 DY)! and neutral sulfur atoms of the type (VZ; S*)?[10]. In addition to these complexes, there is a high probability
of the formation of such defect-impurity complexes as - "negatively charged acceptor + positively charged interstitial ion"
or "positively charged donor + negatively charged vacancy" [18], which play a decisive role in recombination processes.

Despite the difference in the type of complexes, one general pattern can be traced in them - the recombination of
nonequilibrium electrons and holes in nCdS-nSi-pCdTe occurs with a delay, and taking into account the inertia of electron
exchange inside the recombination complex causes the appearance of the last term in the denominator of formula (1),
which, when sufficiently a high level of arousal can become decisive. In this case, the current-voltage characteristic has
the following analytical expression in the voltage range from 0 to 4 V:

V=A+Bﬁ—%, (@)

where A, B and D are constants depending on the properties of the material. The value of the coefficients A =2,464 V,
B=114V A" and D=4.410*V-A'2

Dependence (2) allows us to describe any value of the slope of the current-voltage characteristic of the type J o< V%,
including for sections with a sharp increase in current. As the voltage increases, we can very clearly see the sublinear
nature of the dependence of the current on the voltage, which clearly indicates that an injection depletion effect is
observed. It is known that the appearance of a sublinear section is usually associated with the imperfection of one of the
transitions in the npn or p - n - n " structure. In our case, in the Au-nCdS-nSi-pCdTe-Au structure, since it does not limit
the current through the np junction.

In the forward bias direction near the pCdTe-Au-contact, electrons, as well as holes, are accumulated to maintain
electrical neutrality due to a high potential barrier of the order of 0.843 eV, which promotes the accumulation of
nonequilibrium charge carriers and the appearance of a positive gradient dn / dx >0. As a result, the diffusion and drift
flows of carriers are directed towards each other and, starting from a certain value of the bias voltage (5V), these flows
are mutually compensated, increasing the base resistance and forming a sublinear dependence [20].

According to the theory given in [18,19] in structures with developed accumulation, a sublinear part of the current-
voltage characteristic appears when the conditions Ja d > 2 are met. This shows that for samples of structures based on
CdTe-Si-CdS the value Jad = 3, at T =300 K.

This section of the current-voltage characteristic can be well described within the framework of the above theory of
the effect injection depletion:

V =V,exp(ajd), (3)

where a = is a parameter that depends only on the mobility of the majority carriers - electrons (u,) and the

2KT pp Ne
concentration of deep impurities - N;. Using expression (3), you can determine the value of the parameter “a” directly
from the sublinear section of the current-voltage characteristic, as shown in Fig. 2.
Au-nCdS-nSi-pCdTe-Au with forward and reverse bias on a logarithmic scale:

a= S:n(V2/V4) 4)

(Iz=1y)-d
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The value of the parameter “a” in expression (4), determined on the basis of experimental data on the current-voltage
characteristics of the Au-nCdS-nSi-pCdTe-Ag structure was at room temperature @ = 5.22-10* cm/A then, accordingly
tn - Ne=2.31-1057-cm!-s’!. The mobility of the majority carriers was u, = 500 cm?Vs, and minority carriers
1,~60 cm?/Vs, therefore, the concentration of deep impurities leading to the injection depletion effect is N;=4.62 10'? cm?.

With further increase in voltage, as can be seen from Fig. 1. starting from U =43 V, a sharp increase in current is
observed, and the exponent a = 5.55. This section is called pre-breakdown. In this case, the third term in the denominator
of expression (1) becomes significant and the recombination rate no longer obeys the Shockley—Reed statistics. In this
case, according to [19], the current-voltage characteristics of the system under consideration take the form:

J= q%(b+1)%N,d3
- et?cp(Vo-V)

(b+1)N,d*
Vo = ,q—r = const. 6
0 2eTifp ( )

From (5) it is clear that the denominator decreases with increasing voltage, i.e. the increase in current in the voltage
range (43+50) V is described by a dependence like (5). First-principles calculations of band electronic structure based on
density functional theory [16,18]. In accordance with the original material data given in Table 4.3 of the multilayer
heterojunction Au-nCdS-nSi-pCdTe-Au - structures can be constructed with a high-quality energy band diagram in an
equilibrium state.

&)

Where, ¢ is the dielectric constant and

Table 1. Data on the physical parameters of the studied multilayer heterofilm photosensitive Au-nCdS-nSi-pCdTe-Ag structure

No Name of parameters Heterofilm layers Substrate
nCdS pCdTe nSi
1 Material thickness, W (pum) 0.55 0.55 130
2 Band gap, E (eV) 242 1.45 1.12
3 Dielectric constant, /€0 9.0 9.4 12
4 Resistivity, p (Ohm-cm) 2-10% 10° 600
5 conductivity, 6(Ohm-cm) *! 0.5-102 103 0.83-1073
6 electron affinity, x(eV) 4.5 4.28 4.01
7 Mobility, cm?/(V-s) Ue 350 500 1200
Up 50 60 500
8 Own concentration of charge carriers, N (cm™) 1.1-10'8 2.0-10" 3.6:102
9 Charge carrier concentration, (cm™) Nc 1.8-10" 7.5-10"7
Ny 2.4-10'8 1.8-10'8

Based on the data calculated from the experimental results, a band diagram was constructed Au-nCdS-nSi-p
CdTe-Au heterostructure, which is shown in Fig. 3. From the band diagram of the heterostructure it is clear that forward
and reverse currents are limited by the resistance of the space charge layer at the interface of the nCdS-n Si and n Si-pCdTe
heterojunction. This space charge consists of negatively charged mobile and immobile donor centers, which are located
in the nCdS and — p CdTe layer adjacent to silicon, respectively, since the donor concentration in nSi is ten orders of
magnitude greater than the carrier concentration in these layers.

In this structure, the contact between Si and nCdS also gives a contact potential difference of U=1.1 eV, however,
an enriched layer of space charge appears at the interface of the Si and nCdS layer, since the work function of the metal
(Au) present in large quantities in n CdS layer is less than the work function of the semiconductor - Si.
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Figure 1. Energy band diagram of the Au-nCdS-nSi-pCdTe-Au structure in the equilibrium state

When illuminated from Au-nCdS-nSi-p CdTe-Au heterojunctions from the rear sides, photogeneration of film
carriers of chalcogenide compounds nCdT e and pCdS occurs. The main current carriers diffuse into the n-layer of silicon,
where they are separated by the transition field with further acceleration of the carriers by the applied external field,
sufficient for impact ionization of Si atoms, which leads to the development of the avalanche process.
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It is obvious that the introduction of films of chalcogenide compounds CdT e and CdS into the active region of the
diode leads to the following results: firstly, there is an expansion of the spectral range of photosensitivity into the near-
IR region below the optical absorption edge of silicon to 1.4 um, which corresponds to the optical band gap for films of
chalcogenide compounds CdT e and CdS at room temperature 300 K [16]; secondly, the photo response in this region has
increased by more than two orders of magnitude, including at wavelengths corresponding to the transparency windows
of quartz optical fibers, which are used for telecommunications; thirdly, there is an almost tenfold increase in sensitivity
near and above the band gap of Si in the region A = (1.0+1.4) um, which is also associated with the contribution to photon
absorption and carrier generation in films of chalcogenide compounds CdTe and CdS .

Therefore, the external potential applied to the structure, including the contact potential difference, mainly falls on
the space charge layer of the structure boundaries. Moreover, surface states (Ngs) at the interface of contacting
semiconductors - cadmium sulfide and silicon, can affect the height of the potential barrier. The nature of these surface
states is associated with the difference in the crystal lattice constants n CdS and n Si, as well as p CdTe and n Si. The
properties of the multilayer diode structure of Au-n CdS-nSi-pCdTe-Au heterojunctions depend on the technological
parameters and method conditions.

CONCLUSIONS

The conducted studies show that the current-voltage characteristic of Au-nCdS-nSi-pCdTe-Au structures has three
sections: power-law - [ o< V24 sublinear V « exp (Jad), and prebreakdown dependence — I o V>33 arising in nCdS-nSi-
pCdTe layers with a change in current density at a constant temperature due to a change in the type of recombination
processes. Recombination of nonequilibrium carriers at low current densities occurs through point local centers (defects),
and at high current densities, complex complexes are responsible for the recombination processes, within which electron
exchange occurs.

Based on the data obtained, it was established that in the layers nCdS-nSi-pCdTe photosensitive Au-nCdS-nSi-
pCdTe-Au structure, impurity complexes (defects) are formed, in which the rate of recombination of nonequilibrium
carriers at low excitation levels is determined by simple local centers in the boundary transition layers. A band diagram
of a multilayer photodiode structure Au-nCdS-nSi-pCdTe-Au has been constructed, which can be schematically described
as Au-nCdS-nCdS-nSi-nSi-pCdTe+pCdTe-Au.
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BOJbT-AMIIEPHA XAPAKTEPUCTUKA ®OTOYYTJMUBOI TETEPOILIIBKOBOI CTPYKTYPH Au-CdS-nSi-CdTe-Au
Ilapida b. Yramypanosa?, Xomkax6ap C. Hanies®, Hlaxpyx X. daaies?, Cyarannama A. My3adaposa?,
Kaxpamon M. ®aiizyunaes?, I'yabHo3a A. My3agaposa?®
“Incmumym ¢hizuku Hanienpogionuxie i mikpoenexmpouixu Hayionanvnozo ynieepcumemy Ysoexucmany,

100057, V36exucman, Tawkenm, yn. Aneu Anmaszop, 20
b®inis OIBY «Hayionanbnuii 0ocrionuybKut yuieepcumem MIIEIy, kv[oedy, 1, Tawrenm, Y3bexucman
HaBeneHo pe3ynmpTaTé IOCTIIKEHh BOJNBT-aMIEPHHUX XapaKTEPUCTHK (oTomiomgHoi rerepocTpykTypu. Au-nCdS-nSi-pCdTe-Au, B
OpsMOMY 1 3BOPOTHOMY Hanpsimkax. CTBOpeHO (DOTOMIOIHI FeTEPOCTPYKTYpH IUIOWEK 29 MM%, OTPUMAHI METOAOM BaKyyMHOIO
HanaploBaHHS y KBa3i3aMKHYTOMY O00’€Mi NDIIXOM HaHECEHHs IIapiB cyiabdigy KaaMilo Ta TeIypuay KaaMmilo Ha MiAKIaaKy
MOHOKPHUCTAIIIYHOTO KPeMHi0. 3 muToMuM oropom p=607,47 Om-cM. BiaMiHHOIO 0coOMUBiCTIO OTpUMaHUX (OTOMIOTHUX CTPYKTYP
Au-nCdS-nSi-pCdTe-Au € ABOCTOpOHHS YYTJIMBICTB, [I€¢ YTBOPIOIOTHCS HOMIIIKOBI KOMIDIEKCH. Y CTPYKTypax MIBHAKICTh
pexoMOiHaIii HepiBHOBaXKHUX HOCIiB HA HU3BKHUX PIBHAX 30Y/KCHHS BU3HAYAETHCS MPOCTHMH JIOKATFHAMH [IEHTPaMHU B TPAaHUIHUX

nepexinaux mapax. [ToOGynoBano 30HHy niarpaMy GaraTomapoBoi goromionHol ctpykrypr Au-nCdS-nSi-pCdTe-Au.
KurouoBi ciioBa: numomuil onip,; inmeHcusHicmo,; cmpym, eemeponepexio; oomooiod, cmpykmypa, nepexio; Mikpoinmepgpepomemp;
8aKYYM, EMHICMb; CMy208a diazpama
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Density functional theory is used to investigate the structural, electronic, thermodynamic and magnetic properties of the cubic anti-
perovskites InNNi3 and CdNNis. Elastic and electronic properties were determined using generalized gradient approximation (GGA)
and local spin density approximation (LSDA) approaches. The quasi-harmonic Debye model, using a set of total energy versus
volume calculations is applied to study the thermal and vibrational effects. The results show that the two compounds are strong
ductile and satisfy the Born-Huang criteria, so they are mechanically stable at normal conditions. Electronic properties show that the
two compounds studied are metallic and non-magnetic. The thermal effect on the bulk modulus, heat capacity, thermal expansion and
Debye temperature was predicted.

Keywords: Anti-Perovskites, Electronic band structure; Elastic constants; First-principles calculations; Thermodynamic properties

PACS: 61.50.Ah; 71.20.Nr; 62.20.Dc; 71.15.Mb; 65.40.Ba

1. INTRODUCTION

In recent years, the anti-perovskite carbides, nitrides and borides compounds have gained considerable attention
because they have an extensive range of interesting physical and chemical properties. Their attractive physical
properties derived from the association of magnetic phase transition and crystal lattice, such as nearly zero temperature
coefficient of resistivity, magnetostriction, negative thermal expansion, giant magnetoresistance (GMR), and
superconductivity at high temperature [1-7].

The ternary nitrides or carbides have the cubic anti-perovskite structure of the general formula XAM3(X are
elements of (III-V) group, A is carbon or nitrogen, and M are transition metals) [8]. The cubic anti-perovskite type is an
ordinary cubic perovskite where the metal atoms have exchanged positions with the non-metal atoms within the unit
cell. The M metal atoms are positioned at the face-centered positions, the X metal atoms are positioned at the cube
corner sites, and the non-metal atoms are positioned at the body-centered positions [9]. Because of the exceptional
properties of several binary nitrides, ternary and higher nitrides have gained much attention during the last years, also,
theoretical investigations of the physical properties of the anti-perovskite nitrides with alkali-earth metals have involved
many interest [10-23]. Compared to the other member of these large family, the physical properties of the Ni-based
cubic anti-perovskite compounds with a general composition MNNi3 (M = Cd and In) are less investigated. A more
complete understanding of the physical properties of CdNNi; and InNNi3 is needed to ultimate technological
applications of these compounds.

First-principles calculations offer one of the greatest tools for carrying out theoretical studies of significant number
of physical and chemical properties of many materials with big accuracy. Nowadays it is possible to make clear and
calculate properties of many solids which were in the past difficult to get with experiments.

Motivated by the above mentioned reasons and considering the lack of high order elastic constants for most anti-
perovskite materials, we report in this paper a systematic study of the structural, elastic, thermodynamic and electronic
properties for the two cubic anti-perovskite compounds InNNi; and CdNNi; using the full-potential linearized
augmented plane wave (FPLAPW) method based on the density functional theory (DFT) within the generalized-
gradient approximation (GGA) and the local spin density approximation (LSDA) approximations. The objective of the
present paper is to theoretically predict and give a wide comprehension of the elastic, electronic and thermodynamic
properties of the two compounds.

2. CALCULATION
In the present work Kohn—Sham equations [24] are solved to calculate the structural, electronic and magnetic
properties of the cubic anti-perovskite CANNi3; and InNNisusing the WIEN2K code [25, 26]. It is based on the full-
potential linearized augmented plane wave method (FPLAPW) [27]. The two anti-perovskites are assumed to have an
ideal cubic structure (space group is Pm3m (221) [28]). Basis functions were expanded as combinations of spherical
harmonic functions inside non-overlapping spheres around the atomic sites (MT spheres) and in Fourier series in the
interstitial region. The valence wave functions, inside the spheres are expanded up to ln.x=10, the calculation gives
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84 K-points corresponding to a mesh (12x12x12) which is equivalent to 2000 K-points in the Brillouin zone (BZ). The
wave functions in the interstitial region were expanded in plane waves with a cutoff of kma=7/Rmt (Where Ryt is the
average radius of the MT spheres). The muffin-tin radius Ryt is based on two conditions: (i) no core charge leaks out of
MT spheres and (ii) no overlapping is permitted between spheres. The muffin—tin radii of the cubic CdNNi; anti-
perovskite are taken to be 2.43, 1.62, and 1.82 atomic units (a.u.) for Cd, N and Ni respectively. The muffin—tin radii of
the cubic InNNi; anti-perovskite are taken to be 2.24, 1.6, and 1.8 atomic units (a.u.) for In, N and Ni respectively.
The lattice constants and bulk modulus are calculated by fitting the total energy versus volume according to the
Murnaghan’s equation of state [29]. For the exchange correlation functional, we have used the GGA [30] as well as the
local spin density approximation (LSDA) [31].

3. RESULTS AND DISCUSSIONS
3.1. Structural and Elastic properties

In order to calculate the ground-state properties of InNNi; and CdNNis3 antiperovskites, we performed the
structural optimization by minimizing the total energy with respect to the cell parameters and the atomic positions. The
equilibrium lattice parameters of both of the compounds are obtained by performing structural optimization and the
calculated energy volume data is fitted to Murnaghan's equation of state.

To determine the magnetic ground state, both spin-polarized (ferromagnetic Fig. 1 (a) and (b)) and spin-
unpolarized (non-magnetic Fig.1 (c) and (d)) calculations are also performed, for the magnetic and non-magnetic states
as a function of volume (see Table 1), which is clearly indicating that the non-magnetic state has the lower energy as
compared to the magnetic state for the two compounds, and therefore, the non-magnetic state is more favorable.

[il]
k|8
—w— LS04 .
FiE —— G4 —a—GGA
—a— | SO
o o
i ™
—— =
I A 2 34
] W
o | =9
=
g ™ a1
21 =
4 5 -
£ 11
(IR
] D
1
090 092 094 09 098 100 102 U L L
084086 OBE 0.900.52 054 (960598 100 102
Vivo VAD
a b
=
|
5D
J —a— G5
- - —— LD
. —a— L5 E F 1
m
o —e— GGA e
0 m =
= T 1
u =
= | m 4
W 1™ i
E (=
(=T
1 10
A D "
———
—————— T
0,86 0.EE 050 0,52 0.594 0.85 0.5E 1.00 1.02 1.04 1,05 0EL0ES0EE 080 052084085 088 1.001.02
WO WD
c d

Figure 1. The variation of pressure (Gpa) as a function of v/v0 using LSDA and GGA approximations. (a) CdANNi3 in
ferromagnetic state. (b) InNNi3 in ferromagnetic state. (a) CANNi3 in non-magnetic state. (a) InNNi3 in non-magnetic state
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Table 1. Calculated equilibrium lattice constant (a, in A), bulk modulus (B, in GPa) and its pressure derivative (Bo), cell volumes (V,
in bhor?) and the minimum total energy (E, in Ry) in ferromagnetic (FM) and non-magnetic (NM) phases, for cubic anti-perovskites

CdNNis and InNNi;3 obtained with GGA and LSDA. Available experimental and theoretical results are quoted for comparison

Anti-perovskite Parameters LSDA GGA Exp Other theoretical results
CdNNi3 a[A] 3.761(FM) 3.807(FM) 3.852[33] -
3.762 (NM) 3.857 (NM)
\Y 358.67(FM) 372.369(FM) - -
359.30 (NM) 387.4 (NM)
B 234.49(FM) 212.8(FM) - -
235.85 (NM) 194.71 (NM)
Bo 5.26(FM) 5.26(FM) - -
5.1 (NM) 5.1 (NM)
E -20401.22(FM) -20422.36(FM) - -
-20401.229 (NM) | -20426.55 (NM)
InNNis a[A] 3.782(FM) 3.826(FM) 3.844[32] 3.784(LDA) [34]
3.782 (NM) 3.879 (NM) 3.862[33] 3.882(GGA)[34]
\% 365.119(FM) 378.164(FM) - -
365.142 (NM) 393.924 (NM)
B 233.33(FM) 210.81(FM) - 226.91(LDA) [34]
231.66 (NM) 176.77 (NM) 179.93(GGA)[34]
Bo 4.758(FM) 5.639(FM) - 4.761(LDA) [34]
4.6 (NM) 4.9 (NM) 4.281(GGA)[34]
E -20975.497(FM) -20997.04(FM) - -
-20975.499 NM) | -21001.12(NM)

The calculated bulk moduli By, the pressure derivatives of bulk modulus B’ and the equilibrium lattice parameter
ao using GGA and LSDA, are given in Table 01 with the available experimental and theoretical data for comparison
[32-34]. Our calculated equilibrium lattice constant a is in good agreement with the experimental data. We can see that,
the use of the LSDA slightly underestimates the lattice constants comparing to GGA approximation which gives better
theoretical results.

The elastic constants are elemental and very important for describing the mechanical properties of materials. They
have significant information which can be obtained from ground state total energy calculations [35, 36]. The elastic
constants are connected to a number of fundamental properties such as equation of state, interatomic potential, specific
heat, phonon spectra, Debye temperature and melting point. They also provide information about the mechanical,
dynamical behavior and the nature of forces operating in solids. The study of elasticity defines the properties of material
that undergoes stress, deforms, and then recovers and returns to its original shape after stress stops.

To study the stability of cubic CdNNi; and InNNi; anti-perovskites, we have calculated the elastic constants at
equilibrium lattice parameter within GGA and LSDA approaches, we have used the numerical first-principle calculation
by computing the components of the stress tensor ¢ for small stains, by means of the method developed by Charpin
and integrated in WIEN2K code which has been applied successfully in previous works [37-39]. In the case of cubic
system, there are three independent elastic constants, namely C;j, Ci2, and Cus to totally characterize the mechanical
properties, the mechanical stability criteria for a cubic crystal are, its three independent elastic constants should satisfy
the following relations given by Born and Huang [40]; (Ci1-Ci2)> 0, Ci2> 0, C44> 0 and Cy; +Ci2> 0

The bulk modulus B is calculated using the following formula;

_ (€11—-2C12)
p =t )

After that, the most important mechanical parameters for cubic anti-perovskites, namely shear modulus G,
Young’s modulus E, Poisson’s ratio 6 and Lamé’s coefficients p and A, the anisotropy factor A, which are the main

elastic moduli for applications, are calculated from the elastic constants of the single crystals using the following
relations:

_ C11-C12+3C44

G Zescas, @)
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The computed values of the elastic constants for CdNNi; and InNNis are given in Table 2. Till date, no
experimental or theoretical data for CdNNi; are available to be compared with our computed results. We remark that
Ci1, Ci2 and Cu4 calculated using LSDA are higher than those calculated using GGA. Referring to Table 2, the values of
B0 obtained from EOS fitting and elastic constants (Bo= (Ci1+2Ci2)/3) are nearly same, which ensures that the
computed elastic constants for CdNNi; and InNNiz are consistent. Moreover, this may be an approximation of the
accuracy of our calculated elastic constants. Also from Table 2, we can compare our results against the Born-Huang
criteria for stability, so our two compounds satisfy the Born-Huang criteria, so they are mechanically stable at normal
conditions. The elastic constants for InNNi3 are compared with theoretical study done by Z.F. Hou [34] and we can note
that our results are in good agreement.

Table 2. Calculated elastic constants (Ci1, Ci2, Ca4 (GPa)), bulk modulus By (GPa), Young’s modulus E(GPa), Shear modulus
G(GPa), Poisson’s ratio ¢, and Lamé’s coefficients (A and p, in GPa) and anisotropy factor A for cubic anti-perovskites CdNNi3 and
InNNi; obtained with GGA and LSDA. Available theoretical results are quoted for comparison.

CdNNi; InNNi;

LSDA GGA LSDA GGA
Bo 235.85%,236.45° 190.47%, 184.61° 231.66%,232.8"  176.77%,182.97°
Cu 399.42 258.60 412.60(356.77°)  310.97(274.08°)
Ci2 157.47 147.62 142.89(164.23%)  116.97(131.20°)
Cas 84.94 41.49 61.72(69.06°) 71.71(60.01°)
G 97.89 46.61 84.89 (79.24°) 80.61(64.35%
E 391.56 186.47 339.58(212.94%)  322.44(172.37°)
0 0.22 0.33 0.25(0.34%) 0.20(0.33%
A 194.50 244.61 225.49 136.60
u 239.63 124.16 213.41 194.48
A 0.70 0.74 0.4577 0.74

2From Birch— Murnaghan's equation of state.
"FromBo= (C11 +2C12)/3.
°From ref. [34]

The elastic anisotropy of crystals A has a significant interest in materials science in view of the fact that it is well
correlated with the possibility to induce micro cracks in the materials. Isotropic crystal has an anisotropy factor equal to
the unity, while any deviated value from 1 indicates anisotropy and this deviation is a measure of the degree of elastic
anisotropy possessed by the crystal. The obtained values A are 0.45 for LSDA and 0.74 for GGA for CdNNi; and 0.36
for LSDA and 0.53 for GGA for InNNis, which are smaller than 1, which indicates a strong elastic anisotropy of the
two compounds. The anisotropy is strong within LSDA compared to GGA, so the anisotropy factor is sensitive to the
potential exchange.

Two other parameters are important for technological and engineering applications: Young’s modulus E and
Poisson’s ratio 6. Young’s modulus is defined as the ratio of tensile stress to tensile strain. It is frequently used to give a
measure of rigidity of a solid, i.e., the larger is the value of Young’s modulus, the rigid is the material. The calculated
values for CdNNis for LSDA and GGA are 391 and 186 respectively, so the material is stiffest using LSDA than GGA.

The value of Poisson’s ratio ¢ is related with the volume change throughout uniaxial deformation. It presents
information about the characteristics of the bonding forces. The 6 = 0.25 and 0.5 are the lower and upper limit for the
central forces in solids, respectively [41]. The values of Poisson’s ratio ¢ obtained, suggest a considerable ionic
contribution in intra-atomic bonding for these compounds.

The shear modulus G represents the resistance to reversible deformation, while the bulk modulus B gives the
resistance to fracture. Pugh’s index of ductility (B/G) allows us to know the ductile/brittle nature of a given material.
The B/G critical value which separates ductile and brittle material is around 1.75 [42]. Our results show that the
B/Gratio is 2.41 for LSDA and 3.91 for GGA for CdNNi3 and 2.74 for LSDA and 2.26 for GGA for InNNis;, which
means that the two compounds are strong ductile.

The calculated density p, longitudinal, transverse and average sound velocity yi, y; and ym and Debye temperature
Op for the InNNi3 and CdNNi; anti-perovskites using LSDA and GGA, are listed in Table 3. CdNNis; shows lower
velocities and Debye temperature in the GGA scheme comparing to LSDA approximation.
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Table 3. Calculated density p (in g/cm3), longitudinal, transverse and average sound velocity (Vi, Vi and Vi, respectively, in m/s)
calculated from polycrystalline elastic moduli, and Debye temperature (6p in K), calculated from the average sound velocity, for

CdNNis and InNNi;3 anti-perovskites

P Vi Vi Vi Gp
CdNNis GGA 2.45 5059 4358 10028 255.62
LSDA 2.66 7098.5 6055.3 11724 368.85
InNNis3 GGA 242 6764.3 5761.5 10936 339.85
LSDA 2.61 6653.9 5692.5 11492 342.87

3.2. Electronic properties
In order to explore the electronic properties of CdNNis and InNNi3 cubic anti-perovskites at equilibrium volume,
spin-polarized calculations have been performed. We have studied the electronic properties of these two materials by
the GGA and LSDA in order to compare between them. We have shown the electronic properties including band
structure and density of states. The spin-polarized band structures of CdNNi3 and InNNi; are plotted in Figs. 2 and 3, at
the equilibrium lattice parameter for LSDA and GGA approximations. As can be seen, the two compounds studied are
metallic. There is not much different from the DOSs using GGA or LSDA.
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Figure 2. Spin-polarized band structures of CdNNi3 using LSDA and GGA approximations
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Figure 3. Spin-polarized band structures of InNNisusing LSDA and GGA approximations

There is a total hybridization between the valence band and the conduction one; hence there is no band gap in the
two materials. The nonexistence of the gap is a good indication of the presence of ionic bonding. This comes to confirm
results obtained by elastic study.

The spin polarization total and partial density of states (DOS), using LSDA and GGA, are calculated and plotted in
Figs. 4 and 5. The perfect symmetry of the states of spin "up" and the states of spin "down" is due to the fact that the
Cd, In, N and Ni atoms are non-magnetic. For CANNiz and for the two approaches LSDA and GGA, the bands between -
9.5 eV and -8.5 eV are mainly due to the contribution of Cd 4d states, the second region between -8.1 eV and -5 eV is
hybridization between N 2p and Ni 3d orbitals. The same contribution is observed in the region between -4.3 eV and
4 eV, and no contribution of Cd 4d states is seen in these two regions. This hybridization around Fermi level is
responsible for the metallic behaviour observed in CdNNis. For InNNi3, a different tendency can be noticed. The
bandwidth in the lower part of the valence band (between -9 eV and -5.4 eV) is composed essentially from In 3d
orbitals and N 2p states where the remaining part comes mostly from Ni 3d and some In 5p and N 2p states.
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3.1 Thermodynamic properties
Exploration on the thermodynamic properties of solids is of great practical importance in engineering applications.
In order to understand the thermodynamic properties of CdNNiz and InNNi; anti-perovskites under different
temperatures and pressures, the quasi-harmonic Debye model as implemented in the Gibbs program [54] is applied.



268
EEJP. 4 (2024) Jounayd Bentounes, et al.

The non-equilibrium Gibbs function G*(V, P, T) is giving by [43]:
G*(V;P,T) =EWV) + PV + Ayipl0p(V), T]. (®)

Where E(V) is the total energy per unit cell of the crystal. PV is the constant hydrostatic pressure condition, 8p (V) the
Debye temperature and A, is the vibrational Helmholtz free energy, which can be written as [44, 45]:

4

+3In (1 —eT°—D (B—D)] ©)

96p

Ayip(Op, T) = nKT[=

T

Where 7 is the number of atoms per formula unit, KB is the Boltzmann’s constant and D (B?D) is the Debye integral. The
Debye temperature 0p for an isotropic solid is given as [45]:

1
h 113 Bs
Op = 5 [6n2Vzn] f(a)\/;. (10)
Where M is the molecular mass per unit cell and BS is the adiabatic bulk modulus, which is approximately given by the
static compressibility;

d?E(V)
dvz

B,=B(WV)=V (11)

f(0)is given by Refs. [46, 47] and o is the Poisson ratio. The non-equilibrium Gibbs function G* can be minimized with
respect to the volume V as:

=5, =0 (12)

By solving equation (12) we obtain the thermal equation of state (EOS) V' (P, T). Thermodynamic quantities such
as the heat capacities Cv (at constant volume), Cp (at constant pressure) and thermal expansion coefficient o, have been
calculated by using the following relations [48];

C, = 3nk [40(% - 39§T], (13)
eT—1
C, =C(1+ ayT), (14)
_Yov
a=Lv (15)

Brand y are respectively the isothermal expansion coefficient and the Griineisen parameter. Their formulas are given in
reference [44].

Figures 6 (a) and (b) show the evolution of bulk modulus in terms of temperature of CdNNis and InNNi; for different
values of pressure using GGA approximation. From this figure, we can see that the bulk modulus decreases slowly at low
temperature and then rapidly and linearly above 170 K linearly with increasing temperature at a given pressure. However,
and at a given temperature, B increases with pressure. For T = 0K, B is minimal for 0 GPa and maximal for 30 GPa, it is
evident that the impact of temperature and pressure on the bulk modulus of material are inverse. We can also notice that
CdNNi; is hardest than InNNis. Also, in Figure 6 (¢) and (d), we report the variation of bulk modulus versus pressure at
different temperatures for the two compounds, we can see that B increase linearly with pressures.

In Figure 7 (a) and (b), we give the variation of the lattice constant a, as a function of temperatures for different
pressures. We can notice that it stills constant until 170 K, after it increases linearly with temperature, however, ag
decreases with increasing pressure (Fig. 7 (c) and (d). The tendencies are the same for the two compounds.

The thermal expansion coefficient a was calculated to reflect the temperature dependence of the volume. The
calculated thermal expansion coefficient of CdNNis; and InNNis as a function of temperature and pressure is shown in
Fig. 8 (a) and (b). It is clear that the thermal expansion coefficient o rapidly increases with Tup to 500 K and then it
gradually tends to a linear increase for higher temperatures, this means that the temperature dependence of a is very
small at high temperature. The increase of a with T becomes smaller as pressure increases (Fig. 8 (c) and (d)). The
thermal expansion coefficients of the two anti-perovskites exhibit similar tendency but it is larger for InNNi; comparing
with CdNNis. In conclusion, we have found that the effects of T and P on a are opposite

The heat capacity Cv can be used to analyze vibrational properties of solids and can serve as a connection between
microscopic structure and macroscopic thermodynamics property. Appropriately, the specific heat is the change in the
internal energy per unit of temperature change. When we provide heat to a material, it will automatically cause an increase
of temperature. This latter parameter provides us an insight into its vibrational properties’ mandatory for many
applications.
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We present in Fig. 9 (a) and (b), the variation of the heat capacity Cy at constant volume versus temperature at 0,
10, 20 and 30 GPa. The variation of Cy for the investigated compound exhibits similar features for the two anti-
perovskites. It can be seen that Cy shows a quick increase up to around 500 K, which is due to the anharmonic
approximation. At higher temperature (>500 K), the anharmonic effect on Cv is suppressed, and Cv is close to the so-
called Dulong-Petit limit [49] at high temperature, which is reasonable to all solids at high temperature, signifying that
the thermal energy at high temperature excites all phonon modes. In addition, Fig. 08 indicates that the heat capacity is
not affected by the variation of the pressure since the curves are superposed. The two compounds CdNNi3; and InNNis
have similar values of heat capacity.

The Debye temperature 0p is an important parameter since it determines the thermal characteristics of materials.
A higher 0p implies a higher thermal conductivity and melting temperature. Fig. 10 (a) and (b) display the dependence
of the Debye temperature Op on temperature at several fixed pressures using GGA approach. CdNNis has high Debye
temperatures comparing to InNNi;. 0p is almost constant from 0 to 200 K and decreases linearly with increasing
temperature especially. The Debye temperature increases with the enhancement of pressure. Our calculated 0p is 739 K
for CdNNiz and 710 K for InNNi; at T= 0 K and P= 0 GPa.
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Figure 10. Variations of Debye temperature. (a) as function of temperature at different pressures for CANNis. (b) as function of
temperature at different pressures for InNNis. (c) as function of pressure at different temperatures for CANNis. (d) as function of
pressure at different temperatures for InNNis3

3. CONCLUSIONS

In summary, we have performed first principles calculations based on the FPLAPW method within the GGA and
LSDA to calculate the structural, electronic and thermodynamic properties of CdNNi; and InNNis cubic anti-
perovskites. The calculated equilibrium lattice constants of these compounds are in reasonable agreement with the
available experimental data. We can see that our compounds are characterized by a high bulk modulus and show high
stiffness, which make its very important for technological applications. In addition, the two compounds studied are
metallic and non-magnetic which is in good agreement with experimental studies. Using the quasi-harmonic Debye
model, we have obtained the pressure and temperature dependence of the bulk modulus, the heat capacity, Debye
temperature, and thermal expansion coefficient of CdNNi; and InNNis;. The two compounds CdNNis and InNNi3 have
similar values of heat capacity and CdNNi; has high Debye temperatures comparing to InNNis.
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JOCJILIKXEHHS IPYKHUX, MATHITHUX, TEPMOJAAHAMIYHHAX TA EJEKTPOHHUX BJIACTUBOCTEM
KYBIYHUX AHTUITEPOBCKITIB XNNi3 (X: Cd, In)
Kouain Benrynec®, Aman A66an®, Biccam Bencraaai®, Xeiipa Baxuec®, Hypemnin Caini®
“Daxyrbmem MOYHUX HAYK | KOMR TomepHux Hayk, Yuisepcumem Aboenvxamioa I6n badica, Mocmazanem (27000), Anscup
bJlabopamopin mexnonozii ma enacmueocmeri meepoux min, Qpaxynbmenm npupoOHULUX HAYK i mexnonoziti, BP227,
Vuisepcumem A6oenvxamioa 16n baoica, Mocmazanem (27000), Anocup

Teopist GpyHKLIIOHANTA TYCTUHH BHKOPHUCTOBYETHCS [UISl AOCHIDKCHHS CTPYKTYPHHUX, €JICKTPOHHHX, TEPMOIMHAMIYHUX i MarHITHHX
Bi1acTHBOCTEH KyOiunux antuiepoBckiTiB InNNNiz i CANNis. IIpyxHi Ta enexTpoHHi BiacTHBOCTI Oy/iM BH3HAYEHI 32 JJOIIOMOIOIO
MAXOMIB y3arajJbHEHOI rpanieHTHoi anpokcuManii (GGA) ta nokansHOI ciiHoBoi anpokcuManii (LSDA). [l BUBYSHHS TEIIOBUX i
BiOpaniifHnX e(eKTiB BUKOPHCTOBYETHCS KBa3irapMoHiuHa Moiels Jlebast 3 BUKOPHCTaHHSAM HabOpy po3paxyHKiB MOBHOI eHeprii Ta
00’eMy. Pe3ynbTaTu MoKa3yoTh, IO [Bi CIIOJIYKH € MILHUMHU INIACTUYHUMH Ta 33JI0BOJIBHSIOTH KpuTepil bopHa-XyaHra, TOMy BOHH
MEXaHIYHO CTaOlIbHI 32 HOPMAJIBHUX yMOB. ENEKTpOHHI BIACTUBOCTI MOKa3yIOTh, IO J(Bi JOCITIKYBaHi CIOIYKH € METAJICBUMH Ta
HeMarHiTHUMH. byJo mepenbadyeHo TEIUIOBMH BIUIMB Ha 00’€MHHUI MOAYJIb, TEIUIOEMHICTh, TEIJIOBE PO3IIMPEHHS Ta TEMIEPATypy
JleOas.

KirouoBi cioBa: anmuneposckimu; cmpykmypa eiekmpoHHOI cmyeu; RPYHCHI KOHCMAHMU; PO3PAXYHKU NePUIUX NpUHyunie;
MepMOOUHAMIYHI 81ACMUBOCT
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Y Cra-xMnxOs is an intriguing member of the perovskite family, attracting significant interest due to its versatile properties and potential
applications in various fields. Epitaxial orthorhombic YMno.sCrosO3 films are grown on STO substrates by pulsed laser deposition
method. Well crystalline with (0 £ 0) orientation of YMno.sCro.sO3 films are identified by X-ray diffraction. Field emission scanning
electron microscopy used to capture the morphological behavior of crystalline YMno.5Cro.503 films. Temperature dependent dielectric
properties are analyzed thoroughly. The magnetic properties of YMnosCrosO3 films are characterized using physical property
measurement system. There is a clear magnetic transition observed around 60K for three YMno.sCro.5O3 films. Films deposited at 600°C
exhibited high dielectric and magnetic properties.

Keywords: Thin films; Multiferroics; Dielectric properties;, Magnetic properties

PACS: 61.05.-a, 77.22.-d, 78.66.-w

INTRODUCTION

Multiferroics are the materials which exhibits both the ferroelectric and ferromagnetic properties together, have
gained much interest due to possibility of significant applications such as sensors, telecommunications, and non-volatile
memory devices etc. From past few years, the extensive work has been going on different material compounds (BiFeOs3,
YMnO; and GaFeOs) in order to explore the multiferroics properties [1-3]. In addition to these materials, recently, rare-
earth chromites (RCrOs;, R =Y, Ho, Er, Yb) have found to exhibit the multiferroic properties due to antiferromagnetic
nature and local non-centrosymmetric behavior [4-6]. These multiferroic properties are extracted from the interaction
between rare-earths (R3") and chromium (Cr3*) cations. Among the rare-earth orthochromites YCr(xMnxO3, have
exhibited the temperature dependence of magnetic, ferroelectric and dielectric properties due to spin-phonon coupling.
Y Cra-xMnyOs, a derivative of the well-known perovskite YCrOs, has emerged as a fascinating material in the field of
materials science due to its diverse and tunable properties [7-8]. The broad spectrum of potential applications and the
ability to fine-tune the properties of YCr-xMnsO3 by adjusting the Mn concentration underscore its significance. As
researchers continue to develop into its complexities, this material stands out as a promising candidate for next-generation
technologies. Its adaptability and multifunctionality position of YCri.xMnxOs at the forefront of materials science,
promising exciting developments in both fundamental research and practical applications. Studies have been carried out
with YCra.oMnsO; in bulk ceramic form, Sinha et a/ studied the electric and optical properties of YCr(.xMnO3
nanoparticles [9]. Zhang et.al, explored the effect of Mn content on electric properties and activation energy [10].
Rajeswaran et.al, studied the ferroelectric and ferromagnetic properties [11]. However there haven't been many studies
on thin film form of YCr(1.xMn,O;. Properties in thin film form are strongly related to microstructural and thickness. For
example, BiFeO; exhibits the ferroelectric behavior in thin films rather than to bulk form. Hence it important to study
Y Cr1.xyMnOs in thin film form in order to explore multiferroic behavior in detail. There are different methods, such as
physical vapor deposition methods (RF sputtering, pulsed laser deposition, evaporation etc,), chemical vapor deposition
techniques (sol-gel, hydrothermal, combustion synthesis etc.). Pulsed laser deposition is the most suitable technique
among all the others for compounds deposition to obtain stoichiometrically balanced thin films. This manuscript discusses
the temperature dependence of dielectric and magnetic characteristics, as well as morphological studies, and describes
fabrication single phase epitaxial Y Cr(.xMnOj thin films.

EXPERIMENTAL
Polycrystalline YCrgsMngsO3; bulk powder samples were synthesized by solid state method with help of the
stoichiometric compounds such as Y>03, Cr;03; and MnOs at 1400 °C about 40 h with grinding at different interval of
time. X-ray diffraction technique used to confirm the phase purity of final powder samples. These crystalline
Y Cro.sMng 503 powders were pressed and sintered at various temperatures in order to get good densification for the
sputtering target compound. Highly densified (95%) target was used to deposit the thin films. The pulsed laser deposition
method was used to deposit YCrosMng sOs thin films on STO substrates at different temperatures. Prior to deposition,
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high vacuum (10x° Torr) was created using turbo molecular pump in order to avoid the impurities in the films. Mixture
of oxygen; argon atmosphere was maintained during the thin film deposition. Thin film deposition optimized condition
is tabulated in Table 1. Deposited thin films crystalline nature and phase purity was examined by X-ray diffractometer
(Bruker D8 advanced diffractometer). Grain size, shape and surface morphology studies were obtained from FE-SEM
(Car Zeiss, Ultra 55). QD-PPMS-6600 was used to study the magnetic measurements of Y CrpsMng 503 thin films. LCR
meter and electrometer was used to study the dielectric properties of Y CrosMng sOj3 thin films.

Table 1. Dielectric constant and loss tangent at various deposition temperatures.

S.No Deposition temperature Dielectric constant Loss tangent
1 500 °C 161 1.2
2 600 °C 183 0.8
3 700 °C 165 0.85
RESULTS AND DISCUSSION

Structural properties
Figure 1(a-c) shows the X-ray diffraction pattern of the YCrosMngsO; thin films deposited at various temperatures
(500-700°C) on STO (0 £ 0) oriented substrates.
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Figure 1. X-ray diffraction pattern of YCro.sMno.sO3 thin films deposited at (a) 500°C (b) 600°C (c) 700°C

As it was observed from Figure 1, all the films were crystallized into orthorhombic structure (pnma) with (0 £ 0)
orientation which indicates that the epitaxial nature of the films. Films deposited at 500°C exhibited crystalline nature and
epitaxial grown along with other peaks from (1 0 2) reflections due to low annealing temperature. Films deposited at
600°C and above exhibited good crystalline nature and perfect epitaxial growth without any other peaks. The X-ray
diffraction patterns demonstrates that the films exhibited crystalline nature and phase purity without any secondary
phases. The lattice parameters of Y CrosMngsO; thin films and STO substrates are nearly same which results in films were
grown in (0 2 0) (0 4 0) and (0 6 0) orientations.

ka2
~ Bcos@’

(1

Scherer’s equation was used to calculate the crystallite size of the thin films. Formula description was provided by
A Rambabu et.al [12]. The crystallite values are estimated for films deposited at 500°C, 600°C and 700°C are 25, 33 and
45 nm respectively.

Morphological studies

Figure 2(a-c) showed the surface morphology images of the YCrosMnosO; thin films deposited at different
temperature (500—700°C) obtained from field emission scanning electron microscopy. Films deposited at 500°C shows
relatively uniform distribution of grains with smooth spherical morphology and closely packed. However, grain size is
around 80 nm due low annealing temperature. Films deposited at 600°C exhibits the grain size is around 110 nm with
good packing density. On other hand, films deposited at 700°C morphology has less dense and separation between the
grains is more due to high temperature treatment during thin film deposition.

Figure 2(a-c). Surface morphology images of Y Cro.sMno.sO3 thin films deposited at (a) 500°C (b) 600°C and (c) 700°C
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Dielectric properties

Temperature dependent dielectric properties of Y Cry sMng sO; thin films deposited at various temperatures are shown
in Figure 3(a-f). These dielectric measurements were carried out at different frequencies (50 KHz, 100 KHz, 500 KHz
and 1 MHz) for all three YCrosMnosO; films. Dielectric properties revealed that the YCrosMnsOs thin films are
invariable dependent on temperature as well as frequency. The dielectric constant increases with temperature, peaking at
around 300K temperature and then slowly decreases. On other hand, as the frequency increases, dielectric constant
decreases as it noticeable significance in multiferroic/dielectric materials. This behavior was consistent across all the
frequencies and for all the thin films. There is clear temperature dependent relaxation was observed around 300K for all
Y CrsMng sOs thin films due to a Maxwell-Wagner like effect with dielectric anomaly at 300K. The relaxation (peak
broadening) in dielectric constant behavior at 300K is the noteworthy characteristic of typical relaxor behavior of the bulk
ceramic samples, which have reported by many authors [13-15]. Similar effect was observed in case of dielectric losses
as well. The presence of dielectric anomaly at Ty, indicates that the magneto dielectric effect. It is surprising to see this
magneto dielectric effect in YCrosMng sOs thin films, which was not observed even in YFeO3; and YCrOs; compounds.
Films deposited at 600°C exhibited the highest dielectric properties compared to films deposited at 500 and 700°C. These
results are well supporting to structural and morphological studies. The dielectric constant and loss tangent values for
three Y CrosMng sOs thin films are tabulated in table 1 for the frequency at 50 KHz. Films deposited at 500°C exhibited
the less dielectric properties due to less crystallization nature. Similarly, films deposited at 700°C showed the less
dielectric properties to due to poor densification and oxygen losses at high temperatures. Overall, films deposited at 600°C
showed good dielectric properties which are favorable to device applications.
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Figure 3 (a-b). Dielectric constant and loss tangent of YCro.sMno.sO3 thin films deposited at 500°C (c-d) Dielectric constant and
loss tangent of Y Cro.sMno.sOs thin films deposited at 600°C (e-f) Dielectric constant and loss tangent of Y Cro.sMno.sOs thin films
deposited at 700°C

Magnetic properties

Magnetic properties of Y CrosMng sOj3 thin films are shown in Figure 4 (a-f). Figure 4(a) indicates the magnetization
of hysteresis curve in the range of £5T magnetic field. The hysteresis curve showed inferred loop with well symmetric
along the field axis and exhibited no proper saturation. This indicates that films deposited at 500°C exhibits the weak
ferromagnetism. Figure 4(c) shows the hysteresis curve for the films deposited at 600°C. It’s clear from the curve that the
magnetization properties of YCrosMngsO; thin films are enhanced with well saturation. This indicates that anti-
ferromagnetism behavior decreases and exhibits the strong ferromagnetic behavior [16-17]. However, films deposited at
700 °C exhibited weak anti-ferromagnetism and ferromagnetism due to pores created at high fabrication temperature,
which supports the structural and morphological studies. Overall, films deposited at 600°C, exhibited superior magnetic
properties compared with films deposited at 500°C and 700°C. Figure 4 (b, d, f) displays the temperature dependent field
cooled magnetization of YCrysMngsOs thin films at an applied field of 100 Oe in a temperature range from 0 — 400°K.
The clear magnetization transition was observed for the YCrosMno sO3 thin films deposited at different temperatures. The
transition exhibited at 67,55 and 59 K for films deposited at 500°C, 600°C and 700°C respectively. It’s surprising to
observe the transition temperature decreased compared to pristine YCrOs. This is attributed due to double exchange
interaction between Mn*/Cr’* and Mn*' ions [18-19]. This kind of mechanism reveals that the weakening of
antiferromagnetic interaction among Cr*" ions and develops the ferromagnetic behavior which results in decrease in Neel
temperature [20]. Properties of the films deposited at 600°C exhibited the favorable ferromagnetic behavior with low Neel
temperature.
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Figure 4 (a-f). Magnetic moment of YCro.sMno.sO3 thin films deposited at 500°C with respect to:
(a) magnetic field (b) temperature; magnetic moment of Y Cro.sMno.sO3 thin films deposited at 600°C with respect to (c) magnetic
field (d) temperature; magnetic moment of YCrosMnosOs thin films deposited at 700°C with respect to (e) magnetic field
(f) temperature (measured temperature 2K)

CONCLUSIONS
In summary, we have successfully fabricated the epitaxial grownY CrgsMng sOs thin films on STO substrates using
pulsed laser deposition. Dielectric and magnetic properties of Y CrysMng sOs thin films at low temperatures were studied.
Films deposited at 600°C exhibited superior dielectric properties with relaxer behavior. Substitution of Mn*"3* ions result
in weakening of antiferromagnetic nature and strengthening of ferromagnetic behavior. These results indicates that the

careful optimized Y CrpsMng sOs thin film are favorable for fabrication of multistate memory and spintronic devices.
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In this work, we analyzed the temperature dependence of the current-voltage characteristics of the structure of glass/Mo/p-SbaSes/n-
CdS/In. From an analysis of the temperature dependences of the direct branches of the I-V characteristic of the heterojunction, it was
established that the dominant mechanism of current transfer at low biases (3kT/e<V<0.8V) is multi-stage tunneling-recombination
processes involving surface states at the SbaSes/CdS interface. At V>0.8 V, the dominant current transfer mechanism is Newman
tunneling. In the case of reverse bias (3kT/e<V<1.0 eV), the main mechanism of charge carrier transfer through a heterojunction is
tunneling through a potential barrier involving a deep energy level. At higher reverse voltages, a soft breakdown occurs.

Keywords: Sh2Se; SCR; CMBO; Thin films; Heterostructure,; Heterojunction

PACS: 73.61.Le

INTRODUCTION

Currently, researchers are paying special attention to chalcogenide binary compounds such as Sb,Ses, Sb,Ss, and
their solid solutions Sb(Sx,Se;.x)3 (chemical formula Sb,X3) as absorbing layers for solar cells [1]. This interest is due to
their favorable physical properties, including p-type conductivity, a band gap (Eg) of 1.1 to 1.8 eV, a high absorption
coefficient (0. > 10° cm™! in the visible region of solar radiation), a low melting point (Sb.Ses: 823 K, Sb,Ss;: 885 K), and
high partial pressure, which are very similar to the properties of Cu(In,Ga)(Se,S) [2]. Additionally, the constituent
elements of these materials are relatively inexpensive, abundant in nature, stable under external influences, and
non-toxic [3]. These characteristics make it possible to produce environmentally friendly and efficient solar modules,
paving the way for their large-scale industrial production.

At present, the efficiency of thin-film solar cells using Sb,X3 compounds ranges from 3% to 10.57% [4]. Although
these efficiencies are low for large-scale industrial applications, similar to CdTe and Cu(In,Ga)Se-based solar cells, the
theoretical maximum efficiency of Sb,Se; solar cells is approximately 32.23% (Shockley-Queisser limit) [5]. Therefore,
there is significant potential to improve the efficiency of these solar cells, which have not yet reached their theoretical
maximum. The calculated limit values for open-circuit voltage (Uoc), short-circuit current (Isc), and fill factor (FF) for
Sb,Se; solar cells are Uoc = 0.935 V, Isc = 39.99 mA/cm?, and FF(%) < 87.7%, respectively [5]. To date, the parameters
for SbySes solar cells have achieved the following values: Uoc = 0.467 V, Isc = 33.52 mA/cm?, and FF(%) < 67% [6].
Over the past six years, there has been a slight increase in open-circuit voltage and fill factor values. Further improvements
in solar cell efficiency can be achieved by increasing these parameters.

In our previous studies, we examined the structural and morphological properties of Sb,Se; films obtained by
chemical molecular beam deposition (CMBD) from Sb,Ses; powders at different substrate temperatures. The results
showed that all films were enriched in antimony, exhibited an orthorhombic structure with predominant orientations (120)
and (221), and had crystallite sizes ranging from 200 to 300 nm [7-9].

This study investigates the charge transfer mechanism in thin-film Sb,Ses/CdS heterostructures, which primarily
determines critical solar cell parameters such as short-circuit current and open-circuit voltage.

EXPERIMENTAL PART

Using the method of chemical molecular beam deposition (CMBD), Sb,Se; films (2-3 pm thick) were obtained on
glass substrates with a molybdenum coating. The process of obtaining Sb,Ses solid solution films by the CMBD method
is described in detail in [10—12]. Subsequently, thin CdS films (80—-100 nm thick) were deposited onto the surfaces of the
glass and glass/Mo/ substrates using vacuum deposition. These structures were used to fabricate thin-film
glass/Mo/Sb,Se3/CdS/In heterostructures.

To enhance the electrical and photovoltaic properties, heat treatments were performed on the
glass/Mo/Sb,Se3/CdS/In thin-film heterostructures in pure argon at a temperature of approximately 200°C for 30 minutes.
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Indium contacts were then deposited on the front side of the glass/Mo/Sb,Ses/CdS/In heterostructures via vacuum
deposition. To further improve the front contacts, additional thermal annealing was conducted at a temperature of
approximately 200°C for 20 minutes in argon.

The current-voltage characteristics of the glass/Mo/Sb,Se3/CdS/In heterostructures were measured using a Keithley
SM2460 device. Additionally, the temperature dependences of the current-voltage characteristics at low temperatures
(80-300 K) were measured using the van der Pauw method.

RESULTS AND DISCUSSION
Figure 1 shows the forward I-V characteristics of the anisotype p-Sb,Ses/n-CdS heterojunction measured at different
temperatures. By extrapolating the linear sections of the I-V characteristic to the intersection with the voltage axis, the
potential barrier height of the heterojunction at different temperatures was determined (see inset in Fig. 1). It was found
that the temperature dependence of the potential barrier height of the p- Sb,Ses/n-CdS heterostructure is well described
by the equation:

®o(T) = ¢ (0) = B, (T)T, @)

where 8, = 5.5 X 1072 eV - K1 is the temperature coefficient of the potential barrier height, and ¢,(0) = 2.71 eV is
the potential barrier height of the heterostructure at absolute zero temperature (Fig. 2).

It is worth noting that the potential barrier height of the p-Sb,Ses/n-CdS heterojunction at room temperature (@), =
eVy,; = 0.84 eV, where Vy; is the built-in potential) significantly exceeds the similar parameter for heterojunctions using
the semiconductor p-Sb,Ses/n-CdS or n-type conductivity (¢, = 0.3 — 0.4 eV) [13, 14]. The higher potential barrier
height of the p-Sb,Ses/n-CdS heterojunction is due to the different types of conductivity of the glass and base materials.

The series resistance R of the p-Sb,Ses/n-CdS heterostructure can be determined from the slope of the forward
branch of the I-V characteristic [15]. It can be seen that in the voltage range greater than the height of the potential barrier,
the (I=f(V)) curves (Fig. 1) transform from an exponential dependence to a linear one. This indicates that the voltage
across the barrier regions of the heterojunction ceases to change, i.e., the barrier is practically open, and the current through
the heterojunction is limited by its series resistance R;.
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Figure 1. Forward current-voltage (I-V) characteristics of the p-SbaSes/n-CdS heterostructure at different temperatures (T). The inset
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304 @271V R1472 | g =2.71eV

T (K) e
284 / " 9=f(D) 293 0.84
26.] 273 0.96
253 1.08
244 233 1.25
2.2 213 1.36
2.0
S 1.8
<
S 1.6

1.4
1.2

1.0

0.8

0.6

T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 17(_50(K}50 200 220 240 260 280 300 320

Figure 2. Temperature dependence of the potential barrier height.



281
Mechanism of Current Performance in Thin-Film Heterojunctions n-CdS/p-Sb Se.... EEJP. 4 (2024)

To determine the mechanism of current flow, the temperature dependence of the current-voltage (I-V) characteristics
of the p-Sb,Ses/n-CdS heterostructure was studied. The temperature dependence of the forward branch of the dark I-V
characteristic on a semi-logarithmic scale in the voltage range (k7/e<V<Vp) is shown in Fig. 3. The I-V characteristic is
described by the equation:

I =1, exp(eV /A, kT) + I, exp(eV /A, kT). (2)

In the first region, at low voltages kT/e < V' < 0.1+0.7V, the exponent of the first exponential is A = 2.21, and in the
second region, at higher voltages 0,/+0,7B <V < Vp A,=I1+1.85. ranges from 1 to 1.85. Moreover, the value of the
saturation current /y decreases with temperature. Therefore, equation (2) can be written as:

I = Iy(T)exp(S;V) + I, (T) exp(S,V). 3)

Figure 3 shows the dependence of the forward current on temperature at various voltages on a semi-logarithmic
scale. It can be seen that the slope of this dependence dI,,/dT does not depend on voltage.
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Figure 3. Temperature dependence of the forward current of the p-Sb2Ses/n-CdS heterostructure at various biases of 0.1-0.7 V
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Figure 4a shows the forward branches of the current-voltage characteristics of the heterojunction in semi-logarithmic
coordinates at different temperatures. In the region of forward biases V'>3kT/e, straight sections are observed, indicating
an exponential dependence of the current on the voltage.

It is worth noting that the slope of the straight sections (3k7/e<V<0,7B) Aln(I)/AV does not depend on temperature.
This circumstance excludes the possibility of analyzing current transfer mechanisms based on generation-recombination
processes in the space charge region (SCR), since for this case the temperature dependence of the slope of the rectilinear
sections of the current-voltage characteristics should be observed in semi-logarithmic coordinates Aln(I)/AV=e/nkT,
where n is the non-ideality coefficient [16]. The constant slope of the /n(I)=f(V) dependences at different temperatures
can be considered as evidence of the tunneling nature of the current transfer mechanism [17, 18].

Straight-line sections of the current-voltage characteristic with identical slopes begin at small displacements, at
which the SCR is not yet narrow enough for direct tunneling, which is described by the Newman formula [19]. Therefore,
the only physically substantiated current transfer mechanism can be considered multi-stage tunneling-recombination
processes involving surface states at the p-Sb,Ses/n-CdS interface. In this case, the forward bias current is determined by
the following expression [11]:

I = Bexp (—a(py(T) —eV)), (4)

where B is a quantity that weakly depends on temperature and voltage, and ¢, is the height of the potential barrier.
Rewriting expression (4) in another form:

I = Bexp(—a(po(T)) exp(aeV) = Iexp(aeV), 5)

where [, = B exp(—a(q)O(T)) is the cutoff current, which does not depend on the applied voltage. From expression (4)
it is clear that the slope Aln(1)/AV of the initial sections of the forward branches of the current-voltage characteristic,
shown in Fig. 4a, determines the coefficient a, which takes a value of 3.6 eV,

From the current-voltage characteristics presented in Fig. 4b, we can qualitatively conclude that the predominant
mechanism of carrier transfer in the studied heterostructure is tunneling, and it is described by the empirical formula:

I = I, exp(AT + BV), (6)

where A and B are experimentally determined quantities that are typical for the tunnel-recombination mechanism of
current passage in the heterostructure. Based on the calculation results, it was determined that 4=3,25 K and
B=2.88x107 B.

The mechanism of current passage at reverse biases k7/e<V<1.0 is due to the thermal generation of charge carriers
in the SCR (Fig. 4c). At higher reverse biases 1<V<S5 V, the tunnel charge transfer mechanism predominates.

CONCLUSION

Thin-film heterostructures based on Sb,Ses films on borosilicate substrates coated with a molybdenum layer using
the CMBD method were obtained. The results of measuring the current-voltage characteristics of the heterostructures
showed that after heat treatment, the main parameters (k, @o, Rs) of thin-film glass/Mo/Sb,Se3/CdS heterostructures
improved and had the following values: k<I-10°%, R=80 Q, a=6.36 eV, A=3.25 K' and B=2.88x107 V,
Bo=5.7-107 eV/K, ¢p=0.84+0.95 eV, 9py=2.71 eV, p=0.4+0.45 eV, which will make it possible to produce efficient solar
cells based on them.

From an analysis of the temperature dependences of the direct branches of the I-V characteristic of the
heterojunction, it was established that the dominant mechanism of current transfer at low biases (3k7/e<V'<0.8V) is multi-
stage tunneling-recombination processes involving surface states at the SbxSe,/CdS interface. At /> 0.8B, the dominant
current transfer mechanism is Newman tunneling. In the case of reverse bias (3k77e <V < 1.0 eV), the main mechanism
of charge carrier transfer through a heterojunction is tunneling through a potential barrier involving a deep energy level.
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MEXAHI3M IIPOTIKAHHSA CTPYMY B TOHKOIVIIBKOBUX I'ETEPOITEPEXO/JIAX n-CdS/p-Sb2Ses,
OTPUMAHHUX METOJOM CMBD
T.M. Pasukos?, K.M. Kyukapos?, A.A. Hacipos®, ML.II. IlipimmaTos?, P.P. Xyppamos?, P.T. FOunames?, /I.3. Icakos?,
M.A. Maxmynos?, III.LM. Bo6omypanos?®, K.®. lllaxpies®®
“@izuro-mexuiunuil incmunym Axaoemii nayk Pecnybnixu Y30exucman, eyn. Quneiza Atimmamosa, 25, Tawikenm, Y30exucman
bHayionanvnuil ynieepcumem Y3bexucmany Yuisepcumem iveni Mipzo Yayebexa, syn. Yunisepcumemcuwra, 4, Tawixenm, Y36exucman

VY naniii poOoTi IpoaHaTi30BaHO TEMIIEPATYpHY 3aJeXKHICTh BOJBT-aMIIEPHOI XapaKTEPUCTHKU CTPYKTypH ckiio/Mo/p-SbaSes/n-
CdS/In. 3 ananizy TemmnepaTypHHX 3aJexKHOCTeH npsmux rintok BAX rereponepexoay BCTaHOBICHO, LIO AOMIHYIOUMM MEXaHI3MOM
nepenayi ctpymy npu manux 3minieHHsx (3kT/e<V<0,8V) e GararocrymiHuacTi TyHeJIbHO-pEeKOMOIHAIMHI MMpoLecH. 3a y4acTio
MIOBEPXHEBHX CTaHIB Ha Mexi po3aimy SbaSes /CdS. Ilpm V>0,8 B momiHyounM MeXaHi3MOM Iepefiadi CTpyMy € TyHETIOBaHHS
Heromena. Y Bumazaky 3BopoTHOTo 3¢yBY (3kT/e<V<1,0 eB) ocHOBHIM MeXaHi3MOM IIEPEHECEHHS HOCIA 3apsay depe3 reTeponepexia
€ TYHEJIOBaHHS 4Yepe3 MOTEeHWIHHMI Oap’ep i3 3amydeHHSM TITHOOKOro piBHS eHeprii. IIpy OiLbII BHCOKMX 3BOPOTHHUX HAmpyrax
BifOyBa€ThCs M'SIKHI TIPOOIii.

Kurouosi ciioBa: ShaSe; SCR; CMBO,; mouxi niieku; cemepocmpykmypa, 2emeponepexio
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Influence of the sulfur doping on the structural, optical, electrical and magnetic properties of ZnMnO thin films fabricated using the
ultrasonic spray pyrolysis technique was investigated. Our study reveals that increasing sulfur content leads to a noticeable shift in the
band gap energy towards the red spectrum, an indicator of altered electronic states and potential for enhanced spintronic functionalities.
The strong reduction in the band gap for the sulfur doped ZnMnO alloys is the result of the upward shift of the valence-band edge. As
a result, the room temperature bandgap of ZnMnO1xSx alloys can be tuned from 3.2 eV to 2.97 eV for x < 0.2. The observed large
bowing in the composition dependence of the energy bandgap arises from the anticrossing interactions between the valence-band of
ZnO and the localized sulfur level above the ZnMnO valence-band maximum. The doping process significantly modifies the
ferromagnetic properties, with an observed increase in Curie temperature correlating with higher sulfur concentrations. These changes
are attributed to the increased free holes concentration, which facilitates a more robust exchange interaction between the magnetic ions.
Additionally, the structural assessments via scanning electron microscopy confirm the uniform integration of sulfur into the ZnMnO
matrix, resulting in distinct nanocrystalline formations. This study contributes to the understanding of doping mechanisms in
semiconductor materials, especially for highly mismatched alloys, where the anions are partially substituted with isovalent atoms of
considerably different size and/or electronegativity, offering insights into the tunability of their magnetic and electronic properties for
potential future applications in spintronic devices.

Keywords: Diluted magnetic semiconductors;, Mn-doped p-type ZnO; Isovalent anion alloying, ZnO-ZnS alloy; Sulfur-doped ZnMnO;
Resistivity anomaly; Valence band (VB) offset bowing; Defined hysteresis loop; Critical point; Curie temperature

PACS: 61.72.uj

INTRODUCTION

Diluted magnetic semiconductors (DMSs) have attracted increasing attention in last 20 years [1]. The exchange
effect between magnetic ions and carriers in semiconductors gives DMSs novel magneto-electric and magneto-optical
properties. In addition, DMSs take advantage of both the charge and spin properties of electrons, making them potentially
widely useful in spin field effect transistors (spin-FETs), high-density nonvolatile memory and spin qubits for quantum
computers [2]. There are two main factors that limit the practical application of DMSs in equipment. The first is that the
Curie temperature of DMS material is lower than room temperature, and the second is whether the ferromagnetism in
DMS material is intrinsic, that is, mediated by free carriers, or purely from the local secondary phase of magnetic dopants,
such as clusters or precipitates. If ferromagnetism is not mediated by free carriers, spin polarization cannot be carried
by them.

In the seminal paper by T. Dietl et al. [3] it was theoretically predicted a room temperature ferromagnetism (RTFM)
in at 5% Mn-doped p-type GaN and ZnO, with free holes concentration about 10?%cm. ZnO suffer from a low
concentration of free holes and isovalent anion alloying can improve this problem. ZnO and ZnS alloy exhibits a very
strong valence band (VB) offset bowing as a function of sulfur content [4]. The VB-bowing can be utilized to enhance p-
type doping with lower formation energy and shallower acceptor state in the ZnO-ZnS alloy.

In this work, structural, optical and magnetic properties of Zn;..Mn,O,.,S,, additionally doped with nitrogen, thin
films grown by ultrasonic spray pyrolysis system are reported.

EXPERIMENTAL PART

Sulfur-doped ZnMnO thin films were deposited on Si [100] substrates using the ultrasonic spray pyrolysis method
(USP). Aqueous chemicals were utilized during the solution preparation. Zinc acetate dihydrate (Zn(C,H30,), 2H,0) and
manganese acetate tetrahydrate (Mn(C,H30,), 4H,O) were used as sources of zinc and manganese, respectively. Thiourea
(SC(NH»),) and ammonium acetate (C,H;NO,) were added in appropriate quantities for the sulfur and nitrogen doping.
The substrate was cleaned for 10 min in hydrofluoric acid, acetone, ethanol and D.I. water to remove impurities and
organic solvents. Molar ratio of zinc acetate dihydrate was 0.3 mol/l while manganese concentration was kept same 5%
of Zn for all samples. We employed an ultrasonic nebulizer with 2.4 MHz frequency for atomizing prepared solution. The
substrate temperature was set 400 °C while growing thin film. All samples were annealed after grows at 500°C for
15 minutes. Thickness of the samples was approximately 500 nm.
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The morphology was studied with the scanning electron microscope (SEM). The crystallographic properties of the films
were analyzed by Rigaku Miniflex X-ray diffractometer (XRD) using the CuKa radiation. The optical properties of the
films were measured with a UV/VIS spectrometer. The magnetic properties were measured by using the superconducting
quantum interference device (SQUID) magnetometer (Quantum design MP MS XL).

RESULTS AND DISCUSSION
Figure 1 shows SEM images (a) top and (b) side views of hexagonal-shaped nanocrystals, whose sizes were
estimated between 150-200 nm. From the side view, thickness of sample could be seen around 500 nm.

v

Figure 1. SEM images (a) top and (b) side views of the nitrogen doped Zno.9sMno.0sO0.90S0.1 thin film

Figure 2 shows the XRD patterns for the pure ZnO and the Zn;MnsO1,Sy, with 5% of Mn and different
concentrations of S thin films grown on a silicon substrate by using the USP method. A dominant diffraction peak for
(002) indicates a high degree of orientation with the c-axis vertical to the substrate surface. The shift of the (002)
diffraction peak to the lower angle demonstrates a successful incorporation of the sulfur into ZnO lattice since the lattice
constant ¢ = 6.26 A for ZnS is larger than 5.21 A for ZnO [5]. It is also seen from Fig. 2, that the (002) peak is widening
with increasing of the sulfur concentration which is due to the decreasing of the average size of crystal grains and the
alloying effect. The diffraction peaks shown in Fig. 2 by star symbol demonstrate the existence of the Mn,Oj3 precipitates,
even so the concentration of Mn in the samples was limited to the 5 %.
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Figure 2. X-ray diffraction spectra of a) pure ZnO, b) Zno.9sMno.0500.9S0.1, and ¢) Zno.osMno.0s00.80S0.20 thin films, respectively.
The diffraction peak of Mn203 shown by star symbol

The band gap energy of ZnMnO, 10% and 20% sulfur doped ZnMnOS can be determined from the Tauc plot
(ahv=A(hv-E4)""*) equation [6]. Figure 3 shows (ahv)? vs. phonon energy and each extrapolation represent the band gap
energy of the thin film grown on Si substrates. Results show successfully incorporation of sulfur into ZnMnO films.

Band gap energy is decreasing with sulfur concentration increasing. The Zng9sMngsO08So.> sample has the band
gap of 2.97 eV, while Zng.9sMng 05O thin film remains almost 3.2 e} as same as pure zinc oxide. So, overall red shift was
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observed in band gap energy. This directly reduced activation energy of the nitrogen acceptors. And, the Hall
measurements show 5.1x10'° ¢m> and 4.85%10'7 ¢m™ of the free holes’ concentrations in 10% and 20% of sulfur doped
samples, respectively. ZnO,..Sx alloys are classified as highly mismatched alloys (HMAs), semiconductor compounds
where the anions are partially substituted with isovalent atoms of considerably different size and/or electronegativity.

@ hv2 | (evicm)2

49 2 4
4 ; ol | .
238 3.0 32 34
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Figure 3. Tauc plots of the Zno.9sMno.0sO1.+SxN for 1) 0%, 2) 10% and 20 % of the sulfur concentrations, respectively.

Due to the high mismatch, the bandgap of these materials cannot be easily predicted with the virtual crystal
approximation (VCA) model or modified VCA models [7]. The bandgap of HMA drastically decreases by the substitution
of a small fraction (few percent) of anions with an isovalent element. The electronic band structure of HMAs is well
described by the band anticrossing (BAC) model that considers an interaction between localized states introduced by the
minority anions and the extended states of the host conduction/valence band in the dilute alloy composition limit [7].

Applying external magnetic field to the 10% and 20% sulfur doped samples at 10 K shows well-defined hysteresis
loop for both samples (Fig. 4). Results represent both sample are ferromagnetic at 10 K. The magnetization completely
saturated at 1000 Oe (Oersted). It is obvious that sulfur is not a magnetic element, but 20% sulfur doped sample represent
higher saturation magnetization value than that of 10% sulfur doped thin film. This could be explained by increase in the
concentration of free holes. Because, the exchange interaction between magnetic ions is mediated by free holes, which
are increased by adding more sulfur into ZnMnON thin film.
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Figure 4. Magnetic field dependence of the magnetization (Hysteresis loop) at 10 K for
a) Zno.95Mno.0500.9S0.1 and b) Zno.95sMno.0500.8S0.2 thin films.

Figure 5 shows the magnetization dependence on temperature for a) Zng.9sMng 0500.9S0.1 and b) Zng 9sMng 95005502
thin films in the temperature range from 10 K to 300 K. Results show that the value of magnetization for the
Zn09sMng0s009S0.1 and Zng9sMngs005So2 samples is higher than zero until temperature reached 170 K and 200 K,
respectively. These measurements demonstrate the increasing the sulfur concentration in ZnMnO causes some increase
in the Curie temperature. In the low temperature region < 50 K, the magnetization value is significantly high.

This could be explained by existing of the manganese oxide precipitates. Because of the low growing temperature,
Mn;30, ferromagnetic phase of the manganese oxide was formed, with Curie temperature near 47 K [8]. So that reason,
the magnetization value enhances below 50 K.

In the ferromagnetic state (below T¢), the spins of magnetic ions become aligned, resulting in less scattering of the
spin polarized charge carriers and low resistivity. As the temperature approaches the critical point, the most disordered
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state of spins is formed. For ferromagnets with a small concentration of free carriers the 7¢ is attributed to the maximum

of resistivity as it follows from the theory of the resistivity anomaly at 7T¢ in ferromagnets given by de Gennes and
Fridel [9].
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Figure 5. Magnetization dependence on temperature
a) Zn0.9sMno.0500.9S0.1 and b) Zno.9sMno.0s00.8S0.2 thin films in temperature range from 10 K to 300 K

Figure 6 shows the resistivity peaks near 170 K and 200 K for 10% and 20% sulfur-doped ZnMnO, respectively.
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Figure 6. Temperature dependence of the resistivity
a) Zn0.9sMno.0500.9S0.1 and b) Zno.9sMno.0500.8So.2 thin films, respectively

From these results the ferromagnetic to paramagnetic phase transition can be observed, and the Curie temperature
also can be determined by finding the highest resistivity point. These critical temperatures values determined from the
resistivity peaks coincide well with critical temperatures found by the magnetization measurements presented above in
Fig.4. When temperature is higher than T, resistivity decreases again as the material loses its magnetic ordering.

CONCLUSIONS

This study systematically explores the impact of sulfur doping on the properties of ZnMnO thin films, synthesized
using ultrasonic spray pyrolysis. Our findings confirm that sulfur doping effectively shifts the band gap energy towards
the longer wavelengths, thereby enhancing the magnetic properties of the films. We observed a notable increase in Curie
temperature as the sulfur concentration increased. The enhanced hole concentrations facilitate stronger exchange
interactions between magnetic ions.

The Curie temperature was determined for both 10% and 20% sulfur-doped ZnMnON by magnetization
measurements, with hysteresis loops observed at 10 K. Near the Curie temperature, resistivity peaks were observed. The

critical point, marking the ferromagnetic to paramagnetic phase transition temperature, was determined from the
resistivity peak.
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BILIMB KOHIEHTPALIl CIPKA HA MATHITHI TA EJTEKTPUYHI XAPAKTEPUCTUKH TOHKIX ILJIIBOK ZnMnO
Asamar O. Apciaanos?, [llaekar Y. I0agames™P, HMonrxe KBoH¢, AH L1b-Xo0¢
“Hayionanvnuil ynieepcumem Ysoexucmany imeni Mipszo Yayzoexa, Tawxenm, Y30exucman
bIJenmp poseumxy nanomexnonoaiii, Hayionanonuii ynisepcumem Yzbexucmany, Tawxenm, Ysbexucman
“Yuieepcumem [Jomneyx, Ceyn, ITlieoenna Kopes

JlociipkeHO BIUIMB JIETYBAaHHs CIPKOIO Ha CTPYKTYpHi, ONTHYHI, €NEKTPUYHI Ta MarHiTHI BIACTMBOCTI TOHKHMX ILTIBOK ZnMnO,
BHUTOTOBJICHHX METOJIOM YJIBTPa3BYKOBOI'O PO3MMIIIOBAJIBHOIO Mipoiizy. Harte mociimpkeHHs mokasye, Mo 301IbIICHHS] BMICTY CipKU
MIPU3BOAUTH 10 TOMITHOTO 3MIlLICHHsI eHeprii 3a00pOHEHOI 30HU B OiK 4Y€PBOHOTO CIIEKTPY, IHAUKAaTOpa 3MIHEHUX €IEKTPOHHUX CTaHIB
1 MOTeHIiany Uist HOKpalleHnX QyHKIiN crmiHTpoHiky. CHIbHE 3MEHILIeHHs 3a00pOHEHOT 30HH [T JIErOBaHUX CipKoro cruiaiB ZnMnO
€ Pe3yJbTaTOM 3CyBY Bropy Kparo BaJICHTHOI 30HH. Y pe3yNbTaTi MKpUHA 3a00pOHEHOI 30HM MPH KIMHATHIN TeMIlepaTypi CIUIaBiB
ZnMnO1xSx Mo>ke OyTH HanamroBaHa Bix 3,2 eB 1o 2,97 eB mma x < 0,2. CriocTepexxyBaHe BEIMKE BUKPUBIICHHS B 3aJIEKHOCTI Bif
ckirany 3a00poHEHOI 30HM BHHHUKAE Uepe3 aHTHKPOCHHIOBI B3a€MOJIl MiXK BaJICHTHOIO 30HOI0 ZnO Ta JIOKaJIi30BAaHUM PiBHEM CipKH
BUIIE MakcHUMyMy BajeHTHOi 3oHH ZnMnO. IIpomec ieryBaHHS CyTTEBO 3MiHIOE ()EpOMArHITHI BIIACTHUBOCTI, CIHOCTEpIrarodu
migBUIIEHHs TeMneparypu Kropi, 1o Kopemioe 3 BHIIMMH KOHIEHTpauissMu Cipk. Lli 3MiHHM TOSCHIOIOTBCS 301IBLIICHHSM
KOHIIEHTpaLii BUIBHUX JiPOK, IO CIpHsiE OiIbII MillHIl 0OMiHHIH B3aeMoii MiXk MarHITHUMHU ioHaMH. KpiM TOro, CTpyKTypHi OIIIHKH
3a JIOMOMOTIOI0 CKaHyIOuOi €IEeKTPOHHOI MIKPOCKOMIi MiATBEpAXKYIOTh PIBHOMIpHY iHTerpamiro cipku B Mmarpumoo ZnMnO, mio
OPU3BOAUTE A0 UITKMX HAHOKPHUCTATIYHUX YTBOpeHb. lle MOCHi[KeHHS COpHUs€ PO3YMIHHIO MEXaHi3MiB [OIyBaHHS B
HaNIBIPOBIIHUKOBHUX MaTepianax, 0cOOIMBO AJIs CIUIABIB 13 CHIIBHOIO HEY3TOKEHICTIO, [Iec aHIOHH YaCTKOBO 3aMilIeHi 130BaJICHTHUMU
aToMaMd 3HAYHO PI3HOTO PO3Mipy Ta/abo eNeKTPOHETATHBHOCTI, MPOIOHYIOUM PO3YMIHHS PETYIIOBAaHOCTI IXHIX MAarHiTHHX Ta
SJICKTPOHHUX BIACTUBOCTEH IS MOTEHIIiaTy. MalOyTHI 3aCTOCYBaHHS B CIIHTPOHHHUX HMPUCTPOSX.

KunrouoBi ciioBa: posuuneni macnimui nanienpogionuxu, Mn-necosanuii ZnO p-muny, ne2ysanms i3o08aienmuum anionom,; cniag ZnO-
ZnS; necosanuil cipkoio ZnMnQO; anomanis numomozo onopy; 3cye sanenmuoi 30uu (VB); usnauena nemis cicmepe3ucy; KpumuyHa
mouxka; memnepamypa Kiopi
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The paper investigates the photovoltaic properties of the silicon n*-p-p*-structures and photodiodes made on their basis. It was found
that boron diffusion to the reverse side of the substrate, in addition to creating an ohmic contact, generates generation-recombination
centers, which allows to reduce the dark current of photodiodes and increase their responsivity. It was also found that chemical dynamic
polishing of the back side of the substrates before boron diffusion allows to eliminate a significant number of defects and improve the
final parameters of the products. In samples without a p*-layer and samples not polished from the back side, a breakdown of the p-n
junction is observed on the back side, which is caused by the expansion of the space charge region to the entire thickness of the substrate
and the achievement of a defective back side of the crystal.

Keywords: Silicon; Photodetectors; Avalanche Photodiode; Dark Curren; Isovalent Impurity; Sensitivity

PACS: 61.72. Ji, 61.72. Lk, 85.60. Dw

In recent decades, semiconductor photodetectors with one or more p-n junctions have been widely used in
optoelectronics, radioelectronics, automation, telemechanics, and other areas of electronics. The interest in photodetectors
has especially increased due to the emergence and improvement of various types of coherent and incoherent radiation
sources [1, 2]. The development of injection semiconductor LEDs and new types of semiconductor photodetectors based
on one or more p-n junctions in miniature and micro-miniature designs has contributed to the rapid development of the
field of electronic engineering - optoelectronics, which combines two methods of transmitting and processing information
- optical and electrical.

Photodetectors, or photodiodes (PD) with a single p-n junction, are conventional semiconductor diodes with a
reverse-biased p-n junction and the ability to irradiate it with a light flux. This class of solid-state electronics devices
operates on the basis of the internal photoelectric effect: when radiation is absorbed in the p-n junction or in areas at a
distance of the diffusion length of charge carriers from it, nonequilibrium charge carriers are generated, which drift to the
p-n junction under the influence of an external electric field, crossing it to increase the photodiode reverse current - the
photocurrent [3].

Increased photosensitivity and high-speed performance, as well as a wider spectral and frequency range, are possible
with the use of n*-p-p* structures, which form the class of p-i-n PDs. In the p-i-n structure, the i-region is located between
two regions of the opposite type of conductivity and has a resistivity 10%-107 times higher than the doped n"- and p*-
regions. At sufficiently high reverse biases, a strong electric field, the space charge region (SCR), stretches across the
entire high-resistance i-region. The photogenerated holes and electrons are quickly separated by the SCR field. In this
type of photodetectors, the diffusion of charge carriers (as in p-n photodetectors) is replaced by their drift in the electric
field, which creates the basis for a fast, highly sensitive photodetectors [4, 5].

While active n'-regions are usually formed by the diffusion of impurities of elements of Group V
(P, As, Sb, Bi) [6,7], the variability of the formation of an ohmic p*-layer is much wider: it includes epitaxial growth of
a low-resistivity silicon layer [8], grinding or structuring [9], and diffusion of acceptor elements (atoms of Group III - B,
Al, Ga, In) [10,11]. Epitaxial growth of the silicon layer, grinding or structuring of the back side of the substrate can cause
a decrease in the reflection coefficient from the Au-mirror on the back side, which provides double passage of radiation
through the crystal thickness and an increase in the number of photogenerated charge carriers [12]. As for the acceptor
impurities, boron diffusion has become widely used [13-15]. Boron diffusion is also used as one of the methods of silicon
substrates doping in the process of manufacturing photovoltaic elements [16, 17]. Also, [18] reports on the fabrication of
a highly sensitive silicon p*-n-n* PD in the range of 2=200-1000 nm based on black silicon, where the active regions
were doped with boron. In [19], silicon PDs for use as low-energy electron detectors have been fabricated using pure-
boron technology to form the p*-anode region. In [20], the technology of a UV avalanche photodiode based on a silicon
p’-in structure with a nanoscale boron doping profile of the responsive regions is described.

It should be noted that the references mainly describe the cases of fabrication and study of detectors with boron-
doped photosensitive regions based on n-type Si, and there are very few studies of the effect of boron diffusion to the
back side of p-type substrates (as a gettering or ohmic layer) as an isotypic impurity, and, accordingly, the effect of this
operation on the parameters of photodetectors has not been studied sufficiently.
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We are also actively studying boron diffusion and its effect on the parameters of p-i-n PDs based on p-Si. In particular,
in [11], we studied the effect of the concentration of doped boron from solid-state planar sources on the efficiency of gettering
and the improvement of the dark current and photodiode responsivity. In [11] we investigated the effect of boron
concentration on the collection coefficient of nonequilibrium carriers by studying the optical properties of p*-layers of PDs
too. This article describes some of the effects of p-layer formation on the photovoltaic properties of n*-p-p*-structures and
PDs based on them, in particular, the effect of the surface treatment of the back side before diffusion on the final parameters
of photodetectors. The study of the photovoltaic properties of these structures is the aim of this work.

EXPERIMENTAL

The research was carried out on the example of silicon four-element p-i-n PDs with guard ring (GR) using single-
crystal dislocation-free p-type FZ-Si with orientation [111], resistivity at p=16-17 kQ-cm. The structures were prepared
using diffusion planar technology in a single process cycle under the same conditions. Three types of structures were
produced: n*-p-structures (PD,+,) (Fig. 1a), n"-p-p*-structures (without polishing the back side of the substrate,
PD’,+p+), and n'-p-p*-structures (with polishing the back side of the substrate, PD,,+,»+) (Fig. 1b). The samples of type
PD,+., were made according to the following technological route: silicon wafers were oxidized; windows in SiO, were
opened by photolithography for two-stage phosphorus diffusion [7] and formation of n'-layers (Rs=2.7-2.9 Q/m),
phosphorus-doped layers formed responsive elements (REs) and GR; the masking oxide was etched from the back side
of the structures; Cr-Au contacts to the front and back sides were formed by thermal evaporation in vacuum; and to form
the final p-i-n PDs, the crystals were separated by a diamond disk with an external cutting edge and encased. The PD’+_pp+
were fabricated according to the same route, but after phosphorus diffusion, boron was diffused to the back side of the
substrate from solid-state boron sources according to the methodology described in [11] (Rs=34-40 /o). PD,+.pp+ Was
manufactured according to the same route as PD’,+_,.+, but before boron diffusion, a chemical dynamic polishing (CDP)
operation was performed according to the procedure described in [21] The thickness of the PD,, and PD’,_,,+ crystals
was about 510-515 um, and that of PD,+_p.,+ was 495-500 um. The parameters and photovoltaic properties of the obtained
structures were compared.

n*- 'GR n*-RE anti-reflective SiO» masking SiO- n'_,GR n*-RE anti-reflective Si0- masking SiO-»
P _ p ) ) - -
7 mm 0.3mm 7 mm 0.3mm
D < > B <>
SiFZ SiFZ
p-type (B),16-17kQ-cm p-type (B),16-17kQ-cm p*-Si (B)
~Cr [
-~ Au ~ Au
16.5 mm 16.5 mm
< > -+ »>
a) b)

Figure. 1. Schematic cross-section of PD,+., (2) and PD’,+pp+ /PDyipp+ (b).

The [V-characteristics of PDs (dark current (I;), photocurrent (/,,)) were measured using a hardware-software
complex implemented on the basis of the Arduino platform, an Agilent 34410A digital multimeter and a Siglent
SPD3303X programmable power source, which were controlled by a personal computer using software created by the
authors in the LabView environment.

Monitoring of current monochromatic pulse responsitivity (Spuse) was carried out by method of comparing
responsitivity of the investigated PD with a reference photodiode certified by the respective metrological service of the
company. Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1:103 W;
at the reverse bias voltages of | Upis | =2-270 V and pulse duration z; = 500 ns, A=1064 nm. Measurements of current
monochromatic (A=1064 nm) responsivity on modulated flow (S;;) were performed under illumination of the PD with a
modulated radiation flux of f,,,s = 20 kHz and a power of below 11073 W. Load resistance of the responsive element was
R; = 10 kQ and operating voltage | Ubias | = 1-15 V. The spectral characteristics of photodiode responsivity are also
obtained. The measurement was carried out using the KSVU-23 automated spectral complex.

After oxidation and each subsequent thermal operation, the high-frequency volt-farad (CV) characteristics of the
metal-oxide-semiconductor-structures (MOS) were measured at a frequency of 30 kHz and a probe diameter 1 mm, which
made it possible to predict the final parameters of the products.

The capacitance of REs (Cgg) was determined at a | Ubias | =2-120 V.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of the dark currents
When measuring the /V-characteristics of the obtained structures, we observed some differences in the values of the
14: the PD,,+, had the highest dark currents, and the PD,+.,.,+ had the lowest (Fig. 2a). The dark current of PD, .+ at
| Unias | =140-160 V reached saturation (Fig. 2b), which indicated the expansion of the SCR to the entire thickness of the
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crystal, since the volume generation component of the dark current is directly proportional to the width of the SCR [22].
Samples of PD’,:,,+ had a significant spread of dark currents along the RE: in three REs in the range of
Upiss | =180-200 V, the p-n junction breakdown was observed, and the dark current of RE; in the range of
Ubias | =190-200 V reached saturation (Fig. 2c). As for the PD,.,, their /V-characteristics in the range of
Ubias | =2-230 V acquired a linear character, and at | Ubias | =30-260 V, a breakdown of the p-n junction was observed
in all REs (Fig. 2d).
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The difference in the values of the dark currents indicates a different number of generation-recombination centers
(GRCs) in the volume of the PD crystals and a different degree of their gettering in the process of manufacturing
photodetectors. In the case of PD,+.,, the gettering operations were the predeposition and drive-in of phosphorus into the
front side of the PDs, but this gettering process is effective only in the crystal region adjacent to the n*-layer, and the back
side of the and the crystal volume close to it remained saturated with recombination centers, in particular, atoms of
uncontrolled impurities and crystallographic defects introduced or created during high-temperature thermal operations.
Accordingly, these GRCs make a significant contribution to the level of dark currents of the PDs, and at a high reverse
bias voltage (and, accordingly, a high electric field intensity) and when the SCR reaches to the back side of the crystal
with defects, the latter provoke an avalanche breakdown [23-25]. It is also known that the breakdown voltage near the
surface is lower than in the crystal volume, which also explains the avalanche breakdown when the space charge region
of the back side of the crystal is reached [26].

A similar situation applies to the PD’,.,,+, although the backside boron gettering operation is present in the
manufacturing route of these PDs, but still, boron gettering is not so effective as to completely eliminate the GRC of the
crystal region near the backside of the crystal. Therefore, for the same reasons as in the previous case, breakdown of the
p-n junction is possible, and a decrease in the breakdown voltage is possible due to the achievement of the SCR of the
defective backside of PDs at a lower bias voltage.

It should be noted that this thermal operation of boron diffusion is also an annealing for more efficient gettering by
the n*-layer of the front side of the substrate, which allows diffusion of the deepest uncontrolled impurities to the getter
zone. An increase in the annealing time improves the efficiency of GRC elimination. It is worth noting that in [11] we
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described a method of effective additional doping of the back side of the substrate by simultaneous diffusion of
phosphorus into the front and back sides of the crystal, followed by etching the back n*-layer before boron diffusion.

The minimum spread and value of I, were observed in the PD’,+_,,+. This was achieved by etching by CDP method
the silicon layer of the back side of the substrate saturated with GRC.

It should be noted that the dark currents of the GR (/gr) also had different values and did not reach saturation (Fig. 2
inserts). The Igr depend on the density of surface states and the presence of inversion layers at the interface of Si-SiO, at
the periphery of the crystal, since with increasing voltage the SCR of GR shift expands not only into the crystal thickness
but also towards the periphery.

The samples of PD’,+..»+ and PD,+.,.»+ had slightly higher values of the /g, which indicates a higher density of surface
states than in PD,,+,. This is also confirmed by the measurement of the insulation resistance between the GR and the REs
R.on, since this parameter characterizes the presence of conductive inversion channels at the interface of Si-SiO, between
the active elements: PD,spp+ -Reon=1.4 MQ, PD'yipps -Reon==6.2 MQ, PD,+, -R.0»==8.7 MQ. The increase in the
conductivity of inversion channels in the case of PD’,+_,+ and PD,.,,+ is caused by the presence of a larger number of
thermal operations, unlike PD,+.,, since during the initial thermal operations, atoms of uncontrolled impurities (it can be
phosphorus too) diffuse into the surface of silicon oxide, which, during further heat treatments, diffuse to the oxide-silicon
interface, and with a significant total duration of heat treatments, can cause a deterioration in the insulation resistance
between the active elements and an increase in gz [27]. The presence of inversion layers can also be assessed by
measuring the CV-characteristics of MOS structures (Fig. 3), where the curves of PD’,+..»+ and PD,+.p.»+, which have a
longer total duration of thermal operations, can invert.
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Figure 3. CV-characteristics of MOS structures: 1- n*-p-structure
2 —n*-n-p*--structure

B) Study of the responsivity and photocurrent of PDs
When studying the pulse current monochromatic responsivity, it was seen that the photosensitivity of PD,pp+
reaches saturation at approximately the same bias voltage as its dark current (Fig. 4, Fig. 5a). This is due to the same
reason - the achievement of the maximum width of the SCR, at which further growth of the charge carrier collection
coefficient, and, accordingly, responsivity, is impossible (1) [28]. As for the PD’,+.,.,+, the responsivity of all REs reached
saturation around the | Upis | = 180-200 V, as well as the dark current of RE, which did not show breakdown. It should
be noted that all REs of PD’,+_,,+ behaved typically during the responsivity measurement, although some REs showed
breakdown at the /V-characteristic. The saturation of the samples at different reverse bias voltages indicates the expansion
of the SCR to the entire thickness of the crystal at different bias voltages, and, accordingly, the difference in the final
resistivity of the i-region of the structures (2) [29].
Si=(1-RTQLy 2 (1)

1.24

where T is the transmission coefficient of the input window or optical filter; Q is the quantum output of the internal
photoeffect, R is the reflection coefficient, y is the charge carrier collection coefficient.

—Un: 1
Wl — (2880 ((:;’AUblaS))E. (2)

where & & are dielectric constants for silicon and vacuum, respectively; ¢. is contact potential difference, Ny is the
concentration of acceptors in i-region, e is the electron charge.

A different picture was observed when measuring the responsivity of n*-p-structures: at a | Ubias | =120V, a jump-like
increase in responsivity was observed (Fig. 4), although according to Fig. 2, the breakdown of the p-n junction of these
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PDs was observed at a voltage of -230-260 V. The S,us. of PD,+., did not reach saturation, but increased rapidly with
increasing bias voltage (Fig. 5b-f) and the responsivity reached the theoretically possible value (3) [28] at | Ubias | ~230-
250 V. Such an increase in responsivity is caused by avalanche breakdown and a significant increase in nonequilibrium
charge carriers, similar to an avalanche photodiode. Note that formula (3) is valid for photodetectors without amplifiers

or optical concentrators, as well as avalanche photodiodes.
yl

SAmax ~ 124 (3)
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Figure 5. Photodiode pulse waveform: a) PDy+pp+: | Ubias | =160V, Spuise=0.4 A/W; b) a) PDy+p: | Ubias | =120V, Spuise=0.4
A/W; ¢) PDusp: | Ubias | =165 V, Spuise=0.5 A/W;
d) PD11+-11: Uias | =205 V, Spulse:0.6 A/W,
e) PDn+,p: Upias | =220 V, Spulxe:().7 A/W,
) PDusp: | Ubias | =240V, Spuise=0.86 A/W (different scale).

It is worth noting that PD’,+,,+ and PD,+_,,+ had a slightly higher low-voltage Sy than PD,., (Fig. 4 insert). This
indicates that PD’,+.,»+ and PD,.,,+ had a longer diffusion length of minority charge carriers due to more efficient
gettering than PD,+.,, and also indicates that at the same voltage, the SCR of PDs with higher responsivity is greater than
that of the PD with lower responivity due to lower p of i-region.

The behavior of light /V-characteristics in the visible wavelength range was also studied. It was found that in PD,,+
paround a voltage of | Ubias | =120-130V, a jump-like increase in photocurrent is observed when illuminated with a white
light-emitting diode of different illumination (Fig. 6). In the same voltage range, an increase in photocurrent and
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sensitivity at a wavelength of 1064 nm is observed. Taking into account the described avalanche-like growth of
photocurrent and sensitivity in PD,+.,, it is possible that such a structure of photodetectors can be used for avalanche
photodiodes [30]. It should be noted that there was no abrupt increase in photocurrent, similar to breakdown, in PD’,+,.

p+and PDy+pp+ (PD"y15p+ was measured by RE without breakdown) (Fig. 8, 9).
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When studying the light /V/-characteristics with illumination with lasers of different wavelengths (Fig. 7-9), it was
found that the photocurrent at A=405 nm is virtually the same as the dark current, and with increasing wavelengths, the
photocurrent increases sharply . This is due to the fact that the studied photodiodes are sensitive in the range of
A=400-1200 nm, with a maximum of about A=1000 nm, respectively, at A=405 nm the responstivity is
minimal (Fig. 10).
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It should be noted that the formation of a p*-layer in the visible wavelength range does not affect the value of the
charge carrier collection coefficient and responsivity, since in this case there is no reflection of radiation from the gold
mirror on the back side of the substrate due to absorption in the near-surface layers of the substrate. At A = 1064 nm, the
p*-layer absorbs about 2% of the radiation in one pass, with increasing A, the absorption of the p*-layer increases (Fig. 11),
but the described photodetectors are not used to detect longer wavelengths.

C) Study of the barrier capacity of structures and final electrophysical characteristics of the base material

When measuring the dependence of the capacitance (Crr) of the REs on the reverse voltage, it was found that PD,+,.
»+had the lowest capacitance values, and PD,+,had the highest (Fig. 12). The difference in values is caused by the difference
in the final p of the i-region (or Ny), since Cre-1/p and Cre-N4(4) [29]. Accordingly, the capacitance measurements also
indicate the most effective crystal gettering in the case of PD,+.,+, and the least effective in case of PD,+..

N =
Crg = ARE(%Z;;S))Z 4

where Aggis the area of REs.
If we also determine the resistivity and the diffusion length (L,) of the minority charge carriers according to the
methodology given in [31] (Table 1), we obtain:

Table 1. Values of p and L, of PDs

Parameter PDy+pp+ PD s pp+ PDy+p
p, kQ 14.7-15.7 11-11.6 8.5-9.5
Ly, pm 70-80 50-55 -

Note: the voltage at which the SCR reached the entire thickness of the crystal of PD,+., was chosen as the breakdown voltage of | Ubias | =230V.
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Figure 12. The dependence of the Cre on the reverse voltage.

The data from Table 1 show that PD,_,.,+ have the lowest degree of degradation of the electrophysical characteristics
of silicon in the process of manufacturing photodiodes, respectively, the technological route with CDP on the back side
of the substrate before boron diffusion allows to obtain the most efficient PDs with the lowest values of dark currents and
capacitance, as well as the highest resposivity among the studied variants of structures.

CONCLUSIONS

The photovoltaic properties of silicon n*-p-p*-structures and p-i-n photodiodes fabricated on their basis have been
investigated. The following conclusions have been made:

1. Boron doping of the back side of the photodetector substrate significantly improves their parameters. During the
boron diffusion operation, the n*-layer also functions as a getter too.

2. Chemical dynamic polishing of the back side of the wafers before boron diffusion reduces the dark currents of
photodetectors and improves the final electrophysical characteristics of silicon, in particular, the resistivity of the i-region
and the diffusion length of minority charge carriers.

3. Photodiodes made without an p*-layer are characterized by a breakdown of the p-n junction in the reverse voltage
range of 230-260 V, which significantly increases their sensitivity and photocurrent. Presumably, such structures can be
considered as possible for avalanche photodiodes.
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V crarti gocnikeHo GOTOSTEKTPHYHI BIACTHBOCTI KPEMHIEBHX 1" -p-p ™ -CTPYKTYp Ta (OTOMIOAIB BUTOTOBICHUX HA X OCHOBI.
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In this work, the electrical and photoelectric properties of the near-surface and surface layers of silicon doped by diffusion with
chromium atoms were investigated. The formation of an anomalous concentration of charge carriers in these regions, as well as an
anomalously low mobility, was revealed. The specific conductivity of the near-surface layer with a thickness of 1+5 um turned out to
be equal to (1.6+9.9)-10° Ohm™!-cm'. The inhomogeneity of the crystal under study was determined by the light probe method.
Keywords: Silicon;, Chromium, Surface; Subsurface; Conductivity; Hall mobilty; Inhomogeneity; Silicide
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INTRODUCTION

Modern world scientific and technical progress is largely determined by the development of microelectronics and
nanoelectronics, the achievements of which directly depend on the successes of fundamental sciences, primarily solid state
physics and semiconductor physics. The latest achievements in these areas are related to the physics of doped semiconductors
and the creation of technologies for obtaining micro- and nanostructures with fundamentally new functional capabilities for
computer and measuring equipment, communications, etc. In this regard, studies of physical processes occurring both in the
volume and on the surface, and in the near-surface layers of a single-crystal semiconductor, in particular, silicon in the
process of diffusion doping with impurities, creating deep levels and obtaining compensated materials with specified
electrophysical, tensoelectric, photoelectric and optical properties are urgent tasks of today [1-6].

The observed increased interest in the development of new materials with improved thermoelectric properties is due to
the ever-expanding needs for the use of such materials in the national economy as thermal sensors and active elements [7-8].

Traditional materials used as effective thermoelectric converters of thermal energy, in particular solar energy, into
electrical energy are various compounds of bismuth and lead with tellurium and selenium, as well as binary compounds
in the form of alloys and solutions based on isovalent elements of germanium and silicon [9-11]. Along with the existing
materials listed above, manganese silicide can also find an equally important application as a base material for creating
highly effective thermoelectric power sensors.

The thermoelectric properties of a number of silicides have been considered in sufficient detail [12, 13], where, in
particular, the possibility of creating a thermoelectric generator with a semiconductor nature of electrical conductivity
based on manganese silicide was demonstrated. Thermoelectric properties were studied on samples of manganese silicide
obtained by the method [14].

At the global level, the use of diffusion-doped monocrystalline silicon to obtain compensated materials with
specified electrophysical, photoelectric and optical properties in modern microelectronics is an urgent task.
Well-developed technology for growing monocrystalline silicon, planar technology for creating integrated devices based
on it, a fundamentally new technology for creating low-dimensional objects in silicon, modification of properties by
various methods, as well as the discovery of new physical phenomena that are not characteristic of bulk silicon, attracts
the close attention of researchers as an active material for the needs of micro- and nanotechnology [15].

Currently, transition metal silicides are becoming the base material for new, promising technological schemes of
future generations due to their resistance to aggressive environments and high-temperature treatments. Therefore, a
comprehensive study of the mechanism of impurity entry into the crystal volume and their interaction with both the matrix
atoms of the crystal and technological impurities is relevant. From this point of view, the study of the formation of silicides
in the surface region of silicon during diffusion doping and the development of new semiconductor devices based on them
is of particular scientific importance in the context of creating new materials for micro- and nanoelectronics.

The purpose of this work is to study the heterogeneity of the near-surface and surface layer within the formation of
chromium silicides of diffusion-doped silicon with chromium atoms.

EXPERIMENTAL METHODS
Chromium has a high diffusion coefficient in silicon, so we used the diffusion alloying method. This method has
a number of other advantages: 1) relative simplicity of the technology; 2) the ability to study the effect of annealing
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temperature on the initial parameters of the crystal; 3) the ability to regulate the concentration of electrically active
chromium atoms by changing the temperature.

For alloying silicon with chromium, we used ingots of both p-type KDB-10 and n-type KEF-20 silicon monocrystals
grown by the Czochralski method. Their initial parameters are as follows: for n-type silicon, the resistivity is
p =20 Ohm-cm, the electron mobility is u,, = 1430 ¢cm?/V s, the electron concentration is 7=2.2-10'* ¢m™; for p-type
silicon, the resistivity is p=10 Ohm-cm, the hole mobility is p, = 430 cm?/V s, the hole concentration is p = 1.5-10" cm?,
the oxygen concentration is 1 - 10*7cm™3.

Parallelepiped-shaped samples measuring (1+2)x(2+5)x(10+30) mm? were cut out from silicon single-crystal ingots
using a diamond disk. The samples were ground using silicon carbide micropowder M-5, M-10. In order to remove the
surface layer damaged during grinding, the samples were degreased in toluene at a temperature of 40-50°C and chemically
etched in a IHF:5HNOj solution for 1+2 minutes, washed in deionized water and dried at a temperature of no more than
100°C. Silicon samples were placed in a quantity of 3 pcs. in quartz ampoules, pre-washed in a solution of HNO3;+3HCI
and boiled in distilled water.

The mass of the alloying metal atoms was determined from the Mendeleev-Clapeyron equation: pV = mRTu™ 1.
Hence m = pVuR™1T ™1, where p is the metal vapor pressure in the ampoule, which is equal to 1+ 1072 + 2 - 107> mm
Hg at T=1000+1250°C. The mass of the metal determined in this way was 3 mg. The mass of the metal is not limited
upwards, i.e. not less than 3 mg is used. Metal powder of 99.999 purity was placed in the ampoule in an amount of 3+5
mg. The ampoules with samples and diffusant were pumped out to a vacuum of ~10° mmHg (1.33+10"! Pa) and sealed.
Then the ampoules were placed in a horizontal furnace and annealed at a temperature of 950+1070 °C for 20 minutes to
2 hours. Temperature fluctuations in the working area of the furnace did not exceed +5 °C. After annealing, the samples
were quenched by cooling at a rate of 100-150 deg/s by dropping the ampoules into water and kept until the crystal
temperature T=15-20°C. After opening the ampoules, the surface of the samples had p-type conductivity [14,16,17].

Since the samples had a highly conductive surface layer, to eliminate its shunting effect, the samples were ground
on three sides to a depth of about 40-50 um. Electrical contacts were connected to two opposite unground ends, and
measurements were taken on the unground surface lying between them with successive removal of thin layers. It turned
out that the conductivity profiles have two sections - a near-surface section with increased conductivity and a volume
section with conductivity close to the intrinsic one. Parallel measurements of conductivity and the Hall effect at
temperatures T = -196+27°C showed that the surface layer has p-type conductivity with a carrier concentration of
~10% =+ 10?' cm™ and a Hall mobility of uy = 2 — 6cm?/V - s, while the bulk layer has i-type conductivity with a carrier
concentration of 10'° = 10'2 cm™ and a mobility of u; = 300 — 700 cm?/V - s. The same conductivity distribution
(p-type with a concentration of p = 10%° + 10?! cm™) was obtained in the surface layer also when doping the initial n-type
silicon with chromium. However, the bulk carrier concentration in the bulk of the sample remained almost unchanged
(relative to the initial silicon).

The measurement results showed that the near-surface anomalous layer has a current carrier concentration of
~10%+10?' cm™ and a Hall mobility of 1+17 cm?V's. Calculations showed that the near-surface Si<Cr> layers with a
thickness of 1+-5 pm have a specific conductivity of ~(1.6+9.9)x10° Ohm™*xcm™.

RESULT AND DISCUSSION
To analyze the obtained thermoelectric properties of samples with higher chromium silicides (HCS), we will use
generally accepted criteria.
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Figure 1. Temperature dependence of conductivity of HCS

It is known that the total efficiency of the Carnot cycle is determined by the thermoelectric figure of merit, the
value of which for a particular material is determined as [18]
2

=22 4))

"

where a, o and » —electrical conductivity, differential thermoEMF, thermal conductivity, respectively.
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The figure of merit is the only parameter that determines the characteristics of a thermoelectric device, and
therefore it is desirable to have a material with the maximum value of « and, accordingly, the minimum p and . The
parameters that determine the thermoelectric figure of merit are interdependent and, in addition, they depend on the
temperature, since & and p depend on the concentration and mobility of carriers. With some degree of assumption, it can
be assumed that the thermal conductivity of semiconductors x#=xe+xp, where xe is the electron component, and sp is
the phonon component of thermal conductivity.

Photoconductivity and photo-EMF measurements were performed at room temperature on Si<Cr> samples in
which the bulk part of the crystal was overcompensated, i.e. n-type. The sample sizes were as follows: after doping with
metal atoms — 0.3x0.4x0.5 cm® and 0.4x1.6x1.6 cm?, after cutting for photo-EMF studies — 0.15x0.13x0.5 cm® and
0.3x1.5x1.6 cm®.

Fig. 2 shows the results of light scanning for typical Si<Cr> samples, irradiated with light of wavelength 0.63 um,
after removing a layer 3-5 um thick from the surface. It is evident from the figures that the photo signal does not change
monotonically from point to point.
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Figure 2. Results of light scanning for one n-Si<Cr> sample under irradiation with light with A = 0.63 pm

It was found that the density of the photo-EMF spectrum decreases with increasing thickness of the layer being
removed. The results of the study show that a new phase is formed on the surface of silicon diffusion-doped with
chromium in the high-temperature process. Such a phase grows on the orienting substrate taking into account its atoms
and regularly continues the crystal lattice of the substrate.

The formation of chromium mono- and disilicides was proven by X-ray diffraction [7].

Measurements showed that the areas of the photo-EMF spectra depend on the wavelength of light, and the shifts in
the areas and their shape are apparently related to the depth of light penetration depending on A. This shows that when
using infrared radiation in the region of ~0.6 — 3.4 pm, it is possible to determine inhomogeneities inside the crystal.

A study of the dependence of the photo-EMF value on the thickness of the surface layer revealed that the photo-
EMF signal increases as the layer is removed to a depth of ~25 um, and then saturates in a narrow region and gradually
decreases from ~30 um and completely disappears after removal of more than 45+50 pm [8].

To determine the internal electric field of a non-uniform region of a crystal, an external electric field of polarity £,
opposite to the internal electric field £;, was applied to it.

Research has shown that at £,~0.9-1.2 V/cm, the volume photo-EMF current is zero when illuminated with
modulated light. In this case, E; can be determined according to the expression [19]:

)
E =X i @)

2 s

where s is the cross-section of the crystal, b is the ratio of the electron and hole mobilities, i is the compensating direct
current, p is the specific resistance of the crystal.

When substituting the values b = u,,/u, = 3,p = 1.3-10* Ohm - cm, i = 1.39-107% 4,5 = 2+ 1072 cm?, the
value E; = 1.8 V/cm was obtained.

A model of the structure of the near-surface region of diffusion-doped silicon with chromium is proposed. The
near-surface region of compensated silicon is a large number of Schottky diodes (pairs) connected in opposite directions,
with a layer of silicon metal atoms compensated between them, connected in parallel and series. Such a model is
determined by the island character of the second-phase inclusions located at a depth of ~3-45 pm from the surface. This
is confirmed by the maximum photo-EMF value at a depth of ~25-30 pm, where there is apparently an optimal ratio
between the number of islands (inclusions) and their surface, giving the maximum total surface of the silicon-second-
phase inclusions boundary.

CONCLUSIONS
1. The local photo-EMF method was used to study inhomogeneities in the initial, heat-treated, and control silicon
crystals and chromium-diffusion-doped silicon crystals. It was found that in the initial and control silicon samples of both
n-type and p-type conductivity, inhomogeneous areas in photoconductivity and photo-EMF along the crystal and in depth
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were not detected, while in chromium-doped n-type and p-type silicon crystals, photo-EMF and photo-conductivity
signals were detected.

2. It was found that photo-conductivity and photo-EMF signals in chromium-diffusion-doped silicon samples are
detected in the near-surface region with a depth of 3+50 um. It was shown that in these samples, photo-conductivity and
photo-EMF signals are not detected in the near-surface region up to ~3 um thick and in the bulk region more than ~50 um
from the surface.

3. It is shown that the photo signal in the inhomogeneous region of doped crystals changes from point to point non-
monotonically. Measurements of layer-by-layer removal of layers have established that the sizes of the second-phase
inclusions decrease deep into the crystal in the form of a cone.

ORCID
Makhmudkhodja Sh. Isaev, https://orcid.org/0009-0007-9559-5834

REFERENCES

[1] Kh.S. Daliev, and A.A. Lebedev, Properties of doped semiconductor materials, (Moscow, Nauka, 1990). (in Russian)

[2] Sh.B. Utamuradova, Kh.S. Daliev, Sh.Kh. Daliev, abd K.M. Fayzullaev, Applied Physics, (6), 90-95 (2019). (In Russian)

[31 F.Y. Wang, Impurity Doping Processes in Silicon, (North Holland Publishing, North Holland, 2013).

[4] A.A. Lebedev, “Deep level centers in silicon carbide: A review,” Semiconductors, 33(2), 107-130 (1999).
https://doi.org/10.1134/1.1187657

[5] K.P. Abdurakhmanov, Sh.B. Utamuradova, Kh.S. Daliev, S.G. Tadjy-Aglaeva, and R.M. Ergashev, “Defect-formation processes
in silicon doped with manganese and germanium,” Semiconductors, 32(6), 606607 (1998). https://doi.org/10.1134/1.1187448

[6] U.O.Kutliev, M.K. Karimov, F.O. Kuryozov, and K.U. Otabaeva, Journal of Physics: Conference Series, 1889(2), 022063 (2021).
https://doi.org/10.15330/pcss.22.4.742-745

[7] M.K.Karimov, U.O. Kutliev, S.B. Bobojonova, and K.U. Otabaeva. Physics and Chemistry of Solid State, 22(4), 742-745 (2021).
https://doi.org/10.1088/1742-6596/1889/2/022063

[8] Kh.S. Daliev, Sh.B. Utamuradova, O.A. Bozorova, and Sh.Kh. Daliev, “Joint effect of Ni and Gf impurity atoms on the silicon
solar cell photosensitivity,” Applied Solar Energy (English translation of Geliotekhnika), 41(1), 80-81 (2005).
https://www.researchgate.net/publication/294234192 Joint effect of Ni_and Gf impurity atoms on_the silicon solar cell
photosensitivity

[91 K.S. Daliev, S.B. Utamuradova, J.J. Khamdamov, and M.B. Bekmuratov, “Structural properties of silicon doped rare earth
elements ytterbium,” East Eur. J. Phys. (1), 375-379 (2024). https://doi.org/10.26565/2312-4334-2024-1-37

[10] S.B. Utamuradova, S.Kh. Daliev, E.M. Naurzalieva, and X.Yu. Utemuratova, “Investigation of defect formation in silicon doped
with silver and gadolinium impurities by raman scattering spectroscopy,” East European Journal of Physics, (3), 430-433 (2023).
https://doi.org/10.26565/2312-4334-2023-3-47

[11] Kh.S. Daliev, Sh.B. Utamuradova, O.A. Bozorova, and Sh.Kh. Daliev, “Joint influence of impurity atoms of nickel and
hafnium on photosensitivity of silicon solar cells,” Applied Solar Energy (English translation of Geliotekhnika), 1, 85-87
(2005). https://www.researchgate.net/publication/294234192 Joint_effect of Ni_and Gf impurity atoms on -
the silicon solar cell photosensitivity

[12] M.Sh. Isaev, I.T. Bozarov, and A.I. Tursunov, “Investigation of thermally stimulated conductivity of cobalt silicide,” E3S Web
of Conferences, 402, 14019 (2023). https://doi.org/10.1051/e3sconf/202340214019

[13] M.Sh. Isaev, T.U. Atamirzaev, M.N. Mamatkulov, U.T. Asatov, and M.A. Tulametov, “Study of the mobility and electrical
conductivity of chromium silicide,” East European Journal of Physics, (4), 189-192 (2023). https://doi.org/10.26565/2312-4334-
2023-4-22

[14] Sh.B. Utamuradova, Sh.Kh. Daliyev, J.J. Khamdamov, Kh.J. Matchonov, and Kh.Y. Utemuratova, “Research of the Impact of
Silicon Doping with Holmium on its Structure and Properties Using Raman Scattering Spectroscopy Methods,” East Eur. J. Phys.
(2), 274 (2024), https://doi.org/10.26565/2312-4334-2024-2-28.

[15] A.A.Rakhmankulov. E3S Web Conf. 411, 01022 (2023). https://doi.org/10.1051/e3sconf/202341101022

[16] A.T. Mamadalimov, M.Sh. Isaev, T.U. Atamirzaev, S.N. Ernazarov, and M.K. Karimov, “CVC Structure of PtSi - Si<Pt>-M in a
Wide Range of Temperatures,” East Eur. J. Phys. (2), 358-361 (2024). https://doi.org/10.26565/2312-4334-2024-2-43

[17] A.T. Mamadalimov, M.Sh. Isaev, [.T. Bozarov, A.E. Rajabov, and S.K. Vakhabova, “Study of the Thermoelectric Properties of
Chrome Silicides,” East Eur. J. Phys. (2), 362-365 (2024). https://doi.org/10.26565/2312-4334-2024-2-44

[18] A.A. Snarsky, A.K. Sarychev, I.V. Bezsudnov, and A.N. Lagarkov, “Thermoelectric figure of merit of bulk nanostructured
composites with distributed parameters,” Semiconductors, 46(5), 677-683 (2012). http://journals.ioffe.ru/articles/viewPDF/7707
(in Russian)

[19] Semiconductor and Semiconductor Devices Workshop, edited by K.V. Shalimova, (Vyschsz shkola, Moscow, 1968). (in Russian).

MOP®OJIOT' IS TOBEPXHEBOT O IITAPY 3PA3KIB Si<Cr>
MLIIL Icaer?, AL Xynaii6epaiesa®, M.H. Mamatkyaos®, V.T. Acaros®, C.P. Koaupos®
“Hayionanvuuii ynigepcumem Y3bexucmany, Tawkenm, Y36exucman
dTawkenmevkutl XiMiKo-mexHoN02iuHuLl incmumym, Tawikenm, Y30exucman
¢Vpeenucokuil deporcasnuil yHisepcumem, Ypeenu, Yzbexucman

V po6oTi JOCIIHKEHO eneKTpruyHi Ta (POTOSTCKTPUYHI BIACTUBOCTI IPUIIOBEPXHEBOTO Ta IIOBEPXHEBOI'O IIAPiB KPEMHIIO, JISTOBAHOTO
mudysiero atomiB xpomy. BusiBieno ¢opmyBaHHs aHOMalIbHOT KOHLEHTpaLii HOCITB 3apsiay B KX 00JAcCTsX, a TAKOX aHOMAJbHO
HU3BKY pYXJHUBICTh. IlMTOMa eNEKTPONPOBIAHICTE MPUIOBEPXHEBOTO MIapy TOBIIMHOKW 1+5 MKM BHSBWIACS piBHOIO
(1,6+9,9)-103-OM'-cm™'. MeTo10M CBIT/IOBOrO 30HAY BU3HAYAIM HEOAHODIAHICTH HOCIIIKYBAHOTO KPHCTAIA.
KoniouoBi cnoBa: kpemniii; xpom; nosepxus,; nionosepxuesuii; npogionicme, Hall mobinenicms; neoonopionicme, cuniyuo



301

EasT EUROPEAN JOURNAL OF PHYSsICs. 4. 301-304 (2024)
DOI:10.26565/2312-4334-2024-4-33 ISSN 2312-4334

DEFECT FORMATION IN MIS STRUCTURES BASED ON SILICON WITH AN IMPURITY
OF YTTERBIUM

Khodjakbar S. Daliev?®, @ Sharifa B. Utamuradova®, ©®Jonibek J. Khamdamov®,
Mansur B. Bekmuratov®",® Oralbay N. Yusupov®, ©®Shahriyor B. Norkulov®,

Khusniddin J. Matchonov®
“Branch of the Federal State Budgetary Educational Institution of Higher Education “National Research University MPEI”,
1 Yogdu st., Tashkent, Uzbekistan
bInstitute of Semiconductor Physics and Microelectronics at the National University of Uzbekistan,
20 Yangi Almazar st., Tashkent, 100057, Uzbekistan
“Nukus State Pedagogical Institute named after Ajiniyaz, Nukus, Uzbekistan
*Corresponding Author e-mail: mans-bek@mail.ru
Received July 15, 2024; revised October 17, 2024 accepted October 20, 2024

The characteristics of silicon MIS structures with ytterbium impurity are studied using non-stationary capacitance spectroscopy of deep
levels. It is established that the presence of ytterbium atoms in the bulk of the silicon substrate leads to a shift in the capacitance-voltage
characteristics towards positive bias voltages and a decrease in the density Nss of the surface states of the MIS structures. It is shown
that this effect depends on the concentration of ytterbium atoms in the silicon substrate of the studied structures. In MIS structures
based on Si<Yb>, one deep level with an ionization energy Ec-0.32 eV is detected.

Key words: Silicon; Substrate; Impurity; Rare Earth element; Diffusion; Doping; Ytterbium,; MIS structure
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INTRODUCTION

Currently, solid-state electronics devices are used in almost all areas of science and technology throughout the world. The scope
of application of solid-state devices is constantly expanding, fundamentally new devices are created, stimulating the development of
industry in new directions, which requires a significant increase in the perfection of the silicon structure - the main material of modern
solid-state semiconductor electronics. Therefore, research aimed at studying the processes of defect formation in silicon doped with
various impurities and establishing controlled methods for stabilizing the parameters of semiconductor devices are one of the important
problems [1-10]. In connection with the search for semiconductor materials with special properties (increased thermal stability,
radiation resistance, etc.), interest in silicon doped with rare earth elements has recently increased [5-13]. These specially introduced
impurities enter into various interactions with structural defects and various uncontrolled impurities during technological processing,
which is accompanied by almost any method of manufacturing semiconductor devices. Among all the rare earth elements in silicon,
ytterbium is the least studied.

Analysis of the trends in the development of microelectronics worldwide today shows that in the future, the majority of
manufactured microcircuits will be digital logic integrated circuits, the basic element of which is MIS (metal-insulator-semiconductor)
structures. Charge-coupled devices (CCDs) are already widely used in digital and analog signal processing devices, and photosensitive
CCDs, which are also based on MIS structures, are used as solid-state photodetectors [12-16].

However, with an increase in the degree of integration of microcircuits, when creating large and very large integrated circuits,
surface and volume defects in multilayer silicon structures have an increasing impact on the operation of devices. This necessitates a
more in-depth study of defects near the semiconductor-insulator boundary and in the volume of the semiconductor and determining
their contribution to changes in the parameters of manufactured devices. The study of the interaction between impurity particles and
defects in the semiconductor structure, the influence of the heterogeneity of the structure of the MIS structure on the redistribution of
impurities opens up the possibility of increasing the stability of the operating parameters of microcircuits based on MIS
structures [14-20].

It should be noted that the influence of various impurity atoms on the properties of MIS structures was studied using CV methods
in [15-22], and the role of these impurities in the formation of the characteristics of multilayer structures was determined. The use of
the CC-DLTS method allows scanning the DL both in the bulk of Si and SiO: and at the Si-SiO: interface and studying in detail the
properties of each defect separately. There are no data in the literature on the influence of rare-earth element atoms introduced into the
silicon substrate on the parameters of MIS structures. Therefore, this paper attempts to fill this gap and study in detail the properties of
silicon MIS structures with impurities of rare-earth (non-traditional) elements.

EXPERIMENTAL PART
The aim of this work is to study the processes of defect formation in MIS structures with a silicon substrate doped with ytterbium
impurity.
To study the effect of ytterbium atoms on the properties of the bulk and the interface of Si-SiOz, we carried out complex studies
using CC-DLTS and high-frequency capacitance-voltage characteristics (HF CV-characteristics). Doping of silicon with Yb was carried
out by the diffusion method in the temperature range of 900+1250°C for 5+20 hours from a layer of metallic ytterbium deposited on
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the Si surface with different cooling rates of the samples after diffusion. Silicon wafers doped with ytterbium impurity during growth
from the melt were also used. The method for fabricating MIS structures is described in our work [15]. After doping on Si plates with
a specific resistance of p=15 Qxcm, a layer of SiO: with a thickness of 650-700 A was grown thermally at 900°C in an atmosphere of
humid oxygen with the addition of trichloroethylene. Metallic electrodes on SiO: with an area of A=0.03 cm? and a thickness of 7000 A
were created by thermal spraying of aluminum.

The CC-DLTS spectra were measured in the temperature range of 77 - 300 K at different values of Ers in the state of electron
emission from the PS, where Ers is the energy of the quasi-Fermi level for electrons on the Si surface, measured from the lower edge
of the conduction band downwards [19]. Ersis determined from the value of the constant capacitance C of the structure during emission
and the position of the Fermi level in the neutral semiconductor depending on the temperature. The HF CV characteristics were
measured at T =280 K and a frequency of 150 kHz.

Measurements of the capacitance-voltage characteristics of MIS structures based on Si<Yb> showed that in the samples where
the silicon substrate is doped with ytterbium during the Si growth process (Fig. 1, curve 2), they are shifted towards positive bias
voltages compared to the control samples (Fig. 1, curve 1).

550

V,B 2 0 2 4 6 -V.B

Figure 1. High-frequency capacitance-voltage characteristics of control MIS structures (1) and MIS structures based on Si with Yb (2 and 3)

Such a shift in the capacitance-voltage characteristics indicates that the presence of ytterbium impurity in the bulk of silicon leads
to a decrease in the density of surface states of MIS structures and a decrease in the value of the positive charge at the Si-SiO: interface
(relative to the control samples).

Analysis of the capacitance-voltage characteristics of MIS structures, where the silicon substrate is doped with ytterbium by the
diffusion method (Fig. 1, curve 3) showed that an even greater shift towards positive bias voltages is observed compared to structures
whose substrate is doped with ytterbium during melt growth (Fig. 1, curve 2).

Measurements of the CC-DLTS spectra in MIS structures based on Si<Yb> (Fig. 2, curve 2) and control MIS structures (Fig. 2,
curve 1) showed that their spectra differ somewhat, since the value of Nss decreases when ytterbium is introduced into the silicon
substrate of the MIS structures. Analysis of the CC-DLTS spectra showed that this effect depends on the method of introducing the
ytterbium impurity into the silicon substrate of the studied structures (by diffusion or during the growth process. A peak with a
maximum at T=165 K is observed in the CC-DLTS spectra of MIS structures with a silicon substrate doped with ytterbium impurity
by the diffusion method.

10~ AU, rel.unit ~
A

0.5

100 150 200 250 T,K
Figure 2. CC-DLTS spectra in control MIS structures (1) and MIS structures based on Si<Yb>, where Yb is introduced
during growth (2) and diftusion (3)

Figure 2 shows the CC-DLTS spectra of the control MIS structures (curve 1) and MIS structures based on Si doped with Yb
during growth (curve 2), measured at a depletion capacitance such that the quasi-Fermi level for electrons on the silicon surface EFS
is approximately in the middle of the silicon band gap and a filling pulse U=10 V with a duration =1 ms, delay times #;=10 ms,
t2=20 ms. The maximum at T=280 K (peak B) is associated with the recharging of surface states by minority current carriers, which
we observed earlier [15]. Measurements of the CC-DLTS spectra of MIS structures based on Si diffusion-doped with Y (Fig. 2, curve
3) showed that another peak with a maximum at a temperature of Tmax=165 K (peak A) is observed in the spectra of the doped samples.
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To determine the energy parameters of this defect caused by the ytterbium impurity in the studied MIS structures, the oxide layer
was removed and Schottky barriers were fabricated on them. Measurements of the CC-DLTS spectra on the obtained barriers showed
that in these samples, a recharge of one deep level in the upper half of the Si band gap with an ionization energy of Ec-0.32 eV is
observed. The concentration of this level depends on the technological diffusion modes: the higher the diffusion temperature and the
cooling rate of the samples after diffusion, the higher the concentration of the detected level Ec-0.32 eV. Analysis of the obtained results
allows us to conclude that this level is caused by the introduction of an ytterbium impurity.

CONCLUSIONS
Thus, it has been established that the presence of ytterbium atoms in the bulk of the silicon substrate leads to a shift in the
capacitance-voltage characteristics towards positive bias voltages and a decrease in the density of surface states Nss of MIS structures.
Analysis of the CC-DLTS spectra showed that this effect depends on the method of introducing the ytterbium impurity into the
silicon substrate of the studied structures (by diffusion or during the growth process).
From measurements of the CC-DLTS spectra on Si<Yb>-based Schottky barriers, it has been established that peak A at 165 K is
due to a deep level in with an ionization energy of Ec-0.32 eV.
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JE®EKTOYTBOPEHHS B MJII CTPYKTYPAX HA OCHOBI KPEMHIIO 3 JOMIIIKOIO ITEPBIIO
Xomxaxoap C. laxics?, [llapidga b. Yramypanosa®, Ixonioex Ix. Xamgamos®, Mancyp b. Bexmyparos®,
Opaunéaii H. IOcynos, Illaxpiiiop b. Hopkyaos®, Xycninnin [Ix. Maruonos
a@inis @AY «Hayionanenuii 0ocrionuyvkuii ynicepcumem MITELy, Hozoy, 1, Tawxenm, Ys6exucman
bIuemumym ¢hisuxu nanienpoeionuxis ma mikpoenexkmponixu Hayionanvnozo ynisepcumemy Ysoexucmany, Tawxenm,
eyn. Anei Animasapa, 20, Y36exucman
CHykycvkuil 0epacasHuil nedazoziunul incmumym imeni Aoxcuninza, Hykye, Y30exucman

MeronaMu HeCTaI[lOHapPHOI €MHICHOI CIIEKTPOCKOIIT IMTMOOKHUX PIBHIB JIOCHIIKEHO XapakTrepucTHku kpemuieBux MII-cTpykTyp 3
JIOMIIIKOIO iTepbito. BeranosneHo, mo mpuCyTHICTH aToMiB iTepOito B 00’€Mi KPeMHI€BOT MIAKIAIKH IPH3BOJHUTH 1O 3CYBY BOJBT-
(dapagHIX XapaKTepUCTHK y OiK NO3UTMBHUX HAIPYT 3MILICHHS Ta 3MEHIICHHsS I'yCTHHH Nss noBepxHeBux craniB MIII-ctpykryp.
INoka3zaHo, 1m0 ueit edexT 3aneuTh Bil KOHIEHTpALii aTOMIB iTepOiro B KpEeMHI€BIN IiKIaAi JOCTIPKYBaHUX CTPYKTYp. Y MJII-
CTPYKTypax Ha ocHOBI Si<Yb> BUsBIIsIEThCS ONUH TTHOOKUIA piBeHb 3 eHeprieto ioHizalii Ec-0,32 eB.
KurouoBi ciioBa: kpemniil; niokaiaoka,; oomiwika, piokosemenvHull enemenm,; ougysis, oonine, imep6iti; MAII cmpykmypa





