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This work presents theoretical calculations of the diffusion coefficient, solubility, and diffusion distribution of Mn and Cr impurity
atoms in silicon. The results of theoretical studies showed that the distribution of Cr element atoms in silicon is slightly different from
the distribution of Mn element atoms in silicon, while the remaining physical and chemical properties are almost identical. Also, if a
Mn atom is placed at a node in a silicon single crystal, it will have three charge states: neutral — Mn®, one electron lost — Mn*!, and two
electrons lost — Mn*2. Similarly, if a Cr atom is placed at the node of a silicon single crystal, it will have four different charge states:
neutral — Cr°, one electron lost — Cr*!, two electrons lost — Cr*2, and three electrons lost — Cr*3. Therefore, it is relevant to study the
properties of doped silicon with Cr impurity atoms.
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1. INTRODUCTION

It is known that in the Si semiconductor, B, Al, In, and Ga impurities form acceptor energy levels, and P, Sb, and
As impurities form donor energy levels. These inclusions have high solubility (Ny~10'+10*' ¢m™) in Si semiconductor,
but their diffusion coefficients (Dyyv(T)~10"4+10""! cm?/s) are very small [1-4]. Group III and V elements are doped into
the Si semiconductor to form a p-n structure to develop various electronic devices such as solar cells, semiconductor
diodes, and transistors [5-8]. It is very difficult to doped group III and V elements through the entire thickness of a Si
sample by diffusion. Therefore, it is not possible to obtain strongly compensated Si using these impurities. Also, almost
100% of the atoms of elements of groups III and V are located at the crystal lattice node of the Si semiconductor and
participate in sp® hybrid bonding. Therefore, magnetic properties are not observed in Si samples doped with group III and
V elements.

It is known from the authors' work that the magnetic properties of the Si semiconductor are mainly formed as a result
of doping with d and f group elements [9-11]. The use of electron spin in semiconductor devices opens up a new area of
potential applications in high-speed, low-power spintronic devices [12-14]. One of the main research areas in this field is
ferromagnetic semiconductors, which are created by magnetic and electrical doping of classical semiconductor materials
[15,16]. Determining the ferromagnetic properties of Si, the most important material in the electronics industry, is
important. To this end, many scientists are conducting theoretical and practical research. The electronic configuration of
the element Mn is 15?2s*2p®3s23p®3d°4s?, the electronic configuration of the element Cr is 1s22s?2p°®3s?3p®3d>4s!, and
these elements are d group elements, and their physical and chemical properties are very similar to each other. Therefore,
this work is devoted to theoretical calculations of the distribution of charge carriers in silicon doped with Mn and Cr
impurity atoms.

2. THEORETICAL PART
2.1. Charge carrier distribution

It is known that diffusion is divided into diffusion from a finite (1) [17] and an infinite (2) [17] source, depending
on the ratio of the amount of impurity and the solubility in the semiconductor. The diffusion distribution of impurity
atoms is calculated using the following function:

C(T)—Co'exp(4.D't] 1)
x

= - er, 2

C.(T)=¢, efc(2 *Dij (2)

where, x — is the depth of penetration of the impurity atoms into the crystal, D — is the diffusion coefficient, 7 — is the
diffusion time, Cy — is the maximum solubility of the impurity atoms in the crystal at temperature 7, C(7) (from a finite
source) and C(7) (from an infinite source) are the concentrations of the impurity atoms, erfc(yn) — is the Gaussian error
function, and 7 — is the argument of the Gaussian error function.
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Therefore, to calculate the diffusion distribution of impurity atoms in silicon, we need to determine the temperature
dependence of the diffusion coefficient, the temperature dependence of the maximum solubility of impurity atoms, and
the Gaussian error function.

2.2. Diffusion coefficient
The diffusion coefficient is determined using the following expression (3):

D(T)=D, -exp[— ij 3

where F, — is the activation energy, k — is the Boltzmann constant, D — is the diffusion constant at infinite temperature,
and 7 — is the absolute temperature.
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Figure 1. Diffusion coefficient of Mn and Cr impurity atoms in silicon.

From Figure 1, it can be seen that Dc>Dwm up to temperatures 77<1050 °C, Dc~Dwn in the temperature range
1050 °C<T7><1100 °C, and Dcr<Dwn at temperatures above 75>1100 °C.

2.3. Solubility of impurity atoms
The temperature dependence of the maximum solubility of impurity atoms in a crystal is determined by the following
formula:

N() =N, 'exp(— kETj @

where Ny — is a quantity equal to the maximum solubility of the impurity atoms at infinitely high temperature, and Es — is
the solubility energy.
From Figure 2, it can be seen that the solubility of Mn and Cr impurity atoms in silicon is almost equal to each other.
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Figure 2. Solubility of Mn and Cr impurity atoms in silicon
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2.4. Gaussian error function
The Gaussian error function is defined using the following expression:

erfc(n)=1-erf (1), (%)
erf (1) == exp(r' ). ©)
erfc(n)zl—%jexp(—nz)dt. @)

Figure 3 depicts the graph of the relationship erf(y) = f(yy), which can be used in calculations.
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Figure 3. Gaussian error function (erf(y)) as a function of its argument (7)

3. RESULTS OF THEORETICAL CALCULATION
In the works of the authors [18,19], the diffusion process of Mn impurity atoms into Si was carried out in the
temperature range 7~1000+1100 °C. Based on the above data, the diffusion distribution of Mn and Cr impurity atoms in
Si was calculated in the temperature range 7~950+1150 °C (Figure 5 and Figure 6).
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Figure 4. Energy levels of some elements in silicon.

It is known that Mn impurity atoms form two donor energy levels Ec—0.3 eV and Ec—0.5 eV in silicon [20]
(see Figure 4). Cr impurity atoms form three donor energy levels in silicon, Ec—0.11 eV, Ec—0.23 eV, and Ec—0.41 eV
[20] (see Figure 4). As can be seen from figure 4, when a Mn impurity atom is placed at a node of a silicon single crystal,
it will have three charge states: neutral-Mn°, one electron lost-Mn'!, and two electrons lost-Mn*2. Similarly, if Cr
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impurity atoms is placed at the node of a silicon single crystal, it will have four different charge states: neutral — Cr°, one
electron lost — Cr', two electrons lost — Cr*2, and three electrons lost — Cr"3.
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Figure 5. Diffusion distribution of Mn dopant atoms in silicon calculated using equations (2), (3) and (4)
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Figure 6. Diffusion distribution of Cr dopant atoms in silicon calculated using equations (2), (3) and (4)

4. CONCLUSION

Currently, many scientists have studied the magnetic properties of silicon doped with Mn [9-20] impurity atoms,
while the magnetic properties of silicon doped with Cr [21] impurity atoms have been less studied. Theoretical
calculations show that the diffusion coefficients of Mn and Cr impurity atoms in silicon (Figure 1) and maximum
solubility (Figure 2) are very close to each other, but their electronic configurations and distribution in silicon (Figures 5
and 6) are slightly different. Therefore, it requires a lot of theoretical and practical research to study the electrical-physical,
electromagnetic, magnetic, optical, photoelectric, and magneto-photonic properties of a Si sample doped with Cr impurity
atoms.
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JA®Y3IMHUMI PO3MOALT JOMIIIKOBUX ATOMIB Cr TA Mn Y KPEMHII
Tiiiocinain X. Magsonos?, Xypmua X. Ypanbaes?, Booip O. Icakos™?, 3a6apmxan H. Ymapxoakaesa?,
ITax3ox I. Xampokynos?
“Tawxenmcokuil depoicagnuil mexuiunuil ynieepcumem, gyi. Yuisepcumemcoka, 2, 100095, Tawxenm, Y36exucman
bTawenmecuoruii Oepaicagnuii mexuiunuii ynisepcumem Koxanocwka ¢hinis, syn. Yemana Hacipa, 664, 150700, @epeana, Y3bexucman

VY po6oTi HaBeIEHO TEOPETHYHI PO3paxyHKH KoediuieHTa audy3ii, po3unHHOCTI Ta ANQY3iHOr0 PO3NOALTY JOMIIIKOBUX aToMiB Mn
i Cr y kpemHii. Pe3ynbTaTi TEOPETHIHUX JOCIIKEHb I0OKa3aH, 10 PO3MOALT aToMiB enemenTa Cr y KpeMHil [e1lo BiApi3HAEThCS Bif
po3moaiay aToMiB enemeHTa Mn y KpeMHii, a pemra (i3UKo-XiMIYHHX BIACTUBOCTEH Maibke igenTuuHi. Kpim toro, sikuo atom Mn
HOMICTHTH Y By30J] MOHOKPHCTAILy KPEMHI0, BiH MaTHMe TPH 3apsI0Bi CTaHU: HeWTpanbHuil — Mn’, ouH BTpadeHuii eaeKkTpoH — Mn'*!
i 1Ba BTpayeHi enekTponn — Mn*2, ITofiGHUM YMHOM, AKILO aToM Cr IIOMICTUTH y By30J MOHOKPHMCTANIA KPEMHIIO, BiH MaTUMe YOTUPU
pisui cranu 3apsy: Hedrpanshuii — Cr, omun Brpauenwmii enekrpon — Cr'!, mBa Brpaueni enexkrponu — Cr'? i Tpu Brpaueni
enekrponn — Cr'3. ToMy akTyalbHUM € TOCIIKEHHS BJIACTUBOCTEH JIETOBAHOTO KPEMHIIO JIoMilKoBuMY atomamu Cr.

KurouoBi ciioBa: kpemnuitl; domiuikogi amomu, ougysis; mapeaneysb, Xpom, po3nooin
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Cu2.TmiSe (x = 0.1, 0.2, 0.3) system compounds were synthesized and their structural properties were studied. Research was carried
out by X-ray diffraction method at room temperature. It was determined that the crystal structure of these compounds corresponds to
rhombohedral symmetry with R-3m(166) space group. Lattice parameters and atomic coordinates were assigned for each compound.
The difference between the crystallographic parameters of Cui9Tmo.1Se, Cu1.7Tmo3Se and Cui.5Tmo.sSe compounds was explained by
the difference between the ionic radii of Cu and Tm atoms.

Keywords: CuxSe; Rare-earth element; Chalcogenide; X-ray diffraction

PACS: 74.62.bf; 61.05.C—

1. INTRODUCTION

It is very important to study the structure and physical properties of functional materials. Because the results obtained
in the course of these studies determine the possibilities of their application. Therefore, recently, extensive research has been
conducted to obtain, process and study the properties of new functional materials [1-5]. It is known that the physical and
chemical properties of materials can change under the influence of temperature, pressure and ionizing radiation. For this
reason, materials that can maintain their functions in areas exposed to external influences are considered more interesting.
The processes occurring under external influences are studied at the atomic level using modern research methods [6-10].

Copper-containing chalcogenide semiconductors are materials with interesting physicochemical properties.
Therefore, the physical properties of these materials are widely studied. It was determined that interesting thermal, optical
and electrical properties are observed in these compounds [11-15]. When adding rare earth elements to chalcogenide
compounds, changes in optical properties are observed. Therefore, optically active systems have recently been obtained
by introducing Eu, Nd, and Gd into chalcogenide matrices [16-20]. Making these substitutions in copper chalcogenides
can lead to new optical materials. Cu — Se systems can serve as a basis for obtaining such materials.

During the analysis of the crystal structures of the compounds of the Cu-Se system, it was found that the factor that
most affects the crystal structures of these compounds is valence variation. In these compounds, Se chalcogen atoms show
stable valency. It was determined that depending on the valence and concentration of copper atoms in the compound,
CuySe [21-24], CuSe [25], Cuy.78Se [26], Cuos7Se [27], CusSe; [28], CuSe; [29], Cui.95Se [30], Cuy 77Se [24], CuysoSe [24]
and Cu;sS [31] are available. Obtaining these compounds depends on the synthesis conditions, including the
stoichiometric amount of Cu and Se elements during the synthesis process. As a result of the classification of Cu—Se
system compounds, it was found that the Cu,Se compound is the most studied among these compounds. As a result of
the analysis of the X-ray diffraction patterns by the Rietveld method, it was found that single crystals of the Cu,Se
compound have a monoclinic syngonium crystal structure with space group C2/c (15) under normal conditions and at
room temperature. The parameters of the elementary core are: a = 7.1379(4) A, b = 12.3823(7) A, ¢ = 27.3904(9) A,
£ =94.308(5) ° and V = 2414.0(4)8 A>. Apparently, the crystal structure of the Cu,Se compound does not have high
symmetry. Therefore, each of the atoms that make up the crystal lattice stands in different crystallographic positions.
Copper atoms occupy 12 and selenium atoms occupy 6 different positions [32]. The crystal structure of the Cu,Se
compound consists of the arrangement of CuSes tetrahedra formed by selenium atoms along the ¢~ axis. Copper atoms
are located in the centre of these tetrahedra. It is known that the physical properties of materials mainly depend on their
crystal and electronic structures. The fact that these compounds have semiconducting properties mainly depends on the
electronic configurations of the copper and selenium atoms included in their composition.

Different crystal structures can be obtained depending on the stoichiometric amount of metal and chalcogen elements
included in Cu—Se compounds and synthesis conditions. The most widely studied of these compounds is the Cu,Se
compound. Because in this structure, copper atoms are in a monovalent state. Therefore, this system becomes more stable.
Although many physical properties of the Cu,Se compound have been studied, structural changes occurring during
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Cu — Tm cation-cation substitutions have not been studied. In this study, compounds Cu; 9Tmg;Se, Cu; sTmg,Se and
Cu; 7Tmy 3Se were synthesized and their structural properties were studied.

2. EXPERIMENTS

The research objects Cu,.., Tm,Se (x = 0.1, 0.2, 0.3) were synthesized in high-temperature stoves under high vacuum
conditions by the standard method available for synthesizing chalcogenide semiconductors. Stoichiometric amounts of
Cu, Tm and Se were taken according to the compounds. First, the furnace temperature was raised to 7' = 400 K. After
keeping it at that temperature for # = 4-5 hours, it raised to 7= 1400 K. Next keeping it at the specified temperature for
t = 4-5 hours, the oven was cooled at a rate of 60 degrees/hour. Then the mixture is heated to the boiling point for about
t =750 hours at 7=450 K for homogenization of the mixture and further studies were carried out.

XRD (X-ray diffraction) is one of the modern methods for studying the crystal structure of solids. The crystal
structure of the Cu;9Tmg;Se, Cu;sTmp2Se vo Cu;;Tmg3Se compounds at room temperature was studied by X-ray
diffraction. For structural studies, we used a D8 Advance diffractometer (Bruker, Germany) with CuKo radiation,
parameters: 1 = 1.5406 A, 40 kV, 40 mA. The experimental X-ray diffraction spectrum was analyzed by the Rietveld
method in the Fullprof program.

3. RESULTS AND DISCUSSIONS
In order to study the crystal structures of Cu,..Tm,Se (x =0.1, 0.2, 0.3) compounds, crystal studies were carried out.
The X-ray diffraction spectrum obtained for the Cu; ¢Tmg Se compound is given in Figure 1.

6.0x10*
CumemSe

4.0x10% .

Intensity (a.u.)

2.0x10° -

0.0 F | m 11 i min Lou e rnmn mne

20 40 60 80
2 theta (degree)

Figure 1. X-ray diffraction spectrum of compound Cui.9Tmo.1Se.

It was determined from the analysis of the spectrum that the crystal structure of the Cu;9Tmo;Se compound
corresponds to the rhombohedral symmetry R-3m (166) space group structure. The values of the lattice parameters are
setto: a =bh=4.06405(4) A, c=20.32801(7) A, ¥=290.78(5) A3. The coordinates of copper and selenium atoms standing
in different positions were also determined. The obtained values are given in Table 1.

Table 1. Atomic coordinates in the elementary lattice of compound Cui.9Tmo.1Se.

Atom X ¥y b4
Cul 0.666(7) 0.333(3) 0.614(3)
Cu2 0.301(7) 0.488(4) 0.694(6)
Sel 0.666(7) 0.333(3) 0.157(5)
Se2 0.666(7) 0.333(3) 0.650(3)

Analyzing the data obtained on the crystal structure of the Cu; yTmy ;Se compound, it was determined that the crystal
structure of this compound has a higher symmetry compared to the Cu,Se compound. This is due to the fact that when
there are Tm elements inside the crystal, more arrangement occurs. Therefore, the symmetry of the crystal structure
increases. In order to clarify the effect obtained in the crystal structure of Cu;9Tmo.1Se compound and the influence of
Cu—Tm substitutions, the crystal structure of Cu; gTmo2Se compound obtained with higher concentrations of Tm atoms
was studied. The X-ray diffraction spectrum taken at room temperature is shown in Figure 2.

From the analysis of the spectrum given in Figure 2, it was determined that the crystal structure of the Cu; sTmg,Se
compound corresponds to the R-3m (166) space group structure with rhombohedral symmetry, as well as the crystal
structure of the Cu;9Tmg;Se compound. The values of the lattice parameters are set to: a = b = 4.04116(4) A,
¢=20.31306(2) A, V'=287.28(1) A>. The coordinates of Cu and Se atoms are given in Table 2.
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Table 2. Atomic coordinates in the elementary lattice of compound Cuj.sTmo.2Se.

0.0

ot L1V T T 1 A T (Y

Atom X y b4
Cul 0.666(7) 0.333(3) 0.530(7)
Cu2 0.421(7) 0.585(5) 0.654(3)
Sel 0.666(7) 0.333(3) 0.160(2)
Se2 0.666(7) 0.333(3) 0.629(6)
. . Cu,, Tm Se
1.2x10° 2 ) - .
':u? 8.0x10* E
=
£
g
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20 40 60 80
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Figure 2. X-ray diffraction spectrum of compound Cui.sTmo2Se

The analysis of the information obtained about the crystal structure of the Cu; sTmg>Se compound has shown that
compared to the Cu; 9Tmg;Se compound, the volume of the elementary cell of this compound is smaller. It is known that
the ion radius of Cu atoms is Rcy = 0.96 A, and the ion radius of Tm atoms is Rrm = 1.36 A [33]. Therefore, an increase
in the concentration of Tm elements should have led to an increase in the volume of the elementary cell. However, a
decrease has been observed instead. This is related to the fact that as the concentration of Tm elements inside the crystal
increases, it seems as if the vacancies inside the crystal are filled and a more compact arrangement occurs. In order to
clarify this effect, the crystal structure of the Cu;7Tmo3Se compound with higher concentrations of Tm atoms has also
been investigated. The X-ray diffraction spectrum obtained at room temperature is shown in Figure 3.
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Figure 3. X-ray diffraction spectrum of the compound Cu1.7TmoSe.

The analysis of the spectrum given in Figure 3 shows that the crystal structure of the Cu;7Tmg3Se compound
corresponds to the crystal structure of Cu;9Tmg;Se and Cu;gTmg,Se compounds, which is in accordance with the
rhombohedral symmetry R-3m (166) phase group. The lattice parameters are determined as: a = b = 4.01955(2) A,
c=20.26288(1) A, V'=283.51(3) A. The coordinates of Cu and Se atoms are given in Table 3.

Table 3. Atomic coordinates in the elementary lattice of compound Cui.7Tmo3Se.

Atom X y 4
Cul 0.666(7) 0.333(3) 0.459(9)
Cu2 0.452(2) 0.639(9) 0.622(9)
Sel 0.666(7) 0.333(3) 0.167(8)
Se2 0.666(7) 0.333(3) 0.611(7)
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The analysis of the crystal structure of the Cu; 7 Tmo3Se alloy has revealed that compared to the Cu;9Tmo;Se and
Cu;sTmg,Se alloys, this alloy has a smaller volume of the elementary cell. This effect can be explained by the
rearrangement of atoms inside the crystal as the concentration of Tm elements increases. Similar phenomena have been
observed in other structures affected by rare earth elements in previous studies [33]. Figure 4 shows the dependence of
the cell parameters and the volume of the elementary cell on the concentration of Tm atoms.

Lattice parameters of Cu, Tm Se

4.10 — ' T T 20.34 — I T T T T T T T
» 290 | -
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x concentrations of Tm
Figure 4. Dependence of lattice parameters of Cu2xTmySe compounds on the concentration of Tm atoms.

As can be seen from the dependencies shown in Figure 4, as the concentration of Tm atoms increases, both the
values of lattice parameters and the volume of the elementary cell have decreased. The change in parameters has affected
the ¢ parameter the most. The mechanism of the change in the volume of Cu,Tm,Se compounds depending on the

. . 1 av . . .
concentration has occurred according to the law a = P It has been determined that the decrease in volume in the
0

interval x = 0.1-0.3 occurred with the coefficient a =-0.125.

CONCLUSION
In the Cu2Se compound, Cu — Tm cation-cation substitutions have been used to synthesize Cu;oTmo;Se,
Cu; sTmy,Se, and Cu; ;Tmg3Se compounds, and their structures have been investigated. It has been determined that as
the concentration of Tm atoms increases, the symmetry of the crystals increases and a more ordered arrangement occurs.
Depending on the concentration, changes in lattice parameters have been observed, and it has been determined that the
changes mainly occur along the c-axis. The volume change mechanism has been calculated depending on the
concentration, and it has been determined that it occurs with an o = -0.125 coefficient.
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BIIVINB KATUOH-KATIOHHUX 3AMIIIEHb Cu — Tm HA CTPYKTYPHI BJACTUBOCTI Cu2Se
10.1. Anies®”, A.O. Tamaemipos?, T.M. Lnbsicai¢, C.P. Azimoral, MLE. Auies®, I'.Jlx. 'yceiinos?
243epbatioxcancoruil Oepacasnuil nedazociynuil ynieepcumem, baxy, AZ-1000, Azepbatioxcan
b3axiono-Kacniticoxuii ynisepcumem, baxy, AZ-1001, Azepbatioscan
¢baxuncoruil oeporcagruil yHisepcumem, baxy, AZ-1148, Azepbaiioxncan
emumym isuxu, Minicmepemeo nayxu i oceimu, Baxy, AZ-1143, Azepbaiidocan
¢Haxuusancokuil depoicasnuil yunieepcumem, Haxiuesanv, AZ-7012, Azepbaiiosican

CunreszoBano cnonyku cuctemu CuzTm,Se (x = 0.1, 0.2, 0.3) Ta BUBYEHO iX CTPYKTYpHi BiacTHBOCTI. JIOCIIDKEHHS TIPOBOAMIINCS
METOJIOM PEHTIeHIBChKOI audpakiii 3a KIMHATHOI TeMmeparypu. Byno BcTaHOBIEHO, IO KpHCTaJdiYHA CTPYKTypa IHMX CIOJIYK
BiANOBiae pombOoenpuyHiii cumerpii 3 mpocTopoBoio rpymoro R-3m(166). [lns koxHOI crodykd Oyjno BH3HAYEHO MapaMeTpH
KPUCTAIIYHOI PELITKY Ta aTOMHI KoopAuHaTH. Pi3Huus Mix kpuctanorpadivaumu napamerpamu cronyk CuroTmo.1Se, Cur7TmosSe
ta Cui.sTmo.sSe Oyna mosicHeHa pi3HUIEIO MiXK I0HHUMHE paaiycamu atomiB Cu Ta Tm.

Kuarouosi cnoBa: CuzSe; piokicnosemenvhuii enemenm; XanoKo2eHio, peHmeeniecbka ougpaxyis



247

EAsT EUROPEAN JOURNAL OF PHYSICS. 2. 247-251 (2025)
DOI:10.26565/2312-4334-2025-2-29 ISSN 2312-4334

TEMPERATURE AND INFRARED QUENCHING OF EQUILIBRIUM CONDUCTIVITY
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A method for obtaining CdSe, CdSexS:.« films with high photosensitivity has been developed. This method involves thermal treatment of
freshly prepared films in vacuum and air in a specially prepared quasi-hermetic chamber in the presence of CdCl> or CuClz, which ensures
uniform diffusion of sensitizing substances. Experiments have shown that CdSe, CdSexSi» films with stable and reproducible
electrophysical properties are obtained by heating at the following temperatures: in air in the presence of CdCl> —470°C, in the presence
of CuCl> — 300°C; in vacuum — 480°C. Temperature and infrared quenching of equilibrium conductivity are observed only in optimally
photosensitive samples with both fast () and slow (s) recombination centers and efficiently operating intercrystalline barriers. However,
various external influences significantly affect the carrier motion, leading to the loss of high photosensitivity of the sample. Infrared
quenching of equilibrium conductivity is observed at T < 300 K and low infrared light intensities I,z < 10~ 1lx in the entrance spectral
absorption range of 1.0 + 3.0pm, and a pronounced photoconductivity with a clearly defined entrance is observed at I = 1071 1x.
Keywords: Photosensitivity; CdSe, CdSexSi; Quasi-closed camera; Thermal treatment; Temperature and infrared quenching; Spatial
charge field; Drift barriers, Grain size

PACS: 72.20.My, 73.50.Gr, 77.55.-g, 78.55.Et, 81.15.-z

INTRODUCTION

The anomalous temperature dependence of the electrical conductivity of photosensitive CdSe, CdSexSi-x thin films with infrared
quenching of the equilibrium conductivity was determined. The results of measurements and analysis of the kinetic parameters o4, n,
u in the dark for CdSexS1-x:Cd:Cu:Cl samples with different thermal treatment methods in the range 300500 °C were carried out. It
was found that the observed anomalous effects are associated with the excessive charge of bulk deep r-, s-centers in the spatial charge
field and the modulation of this region and drift barriers at the grain boundaries upon heating or under the influence of infrared radiation.
Previously, an anomalous temperature dependence of the electrical conductivity was found in a number of polycrystalline CdSexSi1-x
samples [1-2], which manifests itself in a sharp decrease in the dark current in a certain temperature range when the semiconductor is
heated. In CdSexS1x:Cu:Cl films, the decrease in dark conductivity reached 7 orders of magnitude in the temperature range
200+300 K [2-3]. Various authors attribute the occurrence of this effect to the unbalanced filling of trapping centers, the influence of
humidity [1-5], intercrystal reactions [1], macroscopic barriers [2], diffusion processes and oxygen chemisorption [4], and thermo-field
migration of ions [6]. There is still no single comprehensive opinion about the mechanism of this anomalous phenomenon. Our goal is
to study the temperature dependence of the dark conductivity of photosensitive thin CdSexSix films, depending on the production
technology and under the influence of weak infrared radiation.

TECHNOLOGY AND MEASUREMENT METHODS

To obtain CdSexSix films, we used the method of thermal evaporation in vacuum. A vacuum unit was assembled based on an
automatically controlled vacuum unit VUP-5M and a “VAKMA” 2NVR-5 DM type fore vacuum pump, which provides a pressure
of ~10”2 Pa and a “VAKMA” NVDM-160 vapor-oil diffusion pump (Figure 1). Polycrystalline CdSexSix films with dimensions of
5%25 mm? and a thickness of 5+10 microns were obtained by evaporating a CdSeo.sSo.2 solid solution in a quasi-closed vacuum at a
pressure of 10”2 Pa at a growth rate of 80100 A/s, at an angle of 45, from a crucible heated to 300+500 °C at a height of 9 cm above
a glass substrate. The substrate and crucible temperatures were monitored using a “Chromel-Alumel” thermocouple on a PeakTech
3340 DMM thermometer [15-18]. The obtained films were subjected to thermal treatment in three ways: in a vacuum of 102 Pa at a
temperature of 480 °C, in air in the presence of CdCl: at a temperature of 470 °C, and in the presence of CuClz vapor at a temperature
of 300 °C (Figure 2). The films obtained in this way (dark conductivity oz = 107> + 1076 Q~* - m~1 at 300 K) were strongly
compensated and had high photosensitivity ~102 Ix under natural light intensity).

RESULTS OF THE EXPERIMENT AND THEIR DISCUSSIONS

We were able to observe a sharp decrease in the dark conductivity o, the temperature quenching of the dark conductivity
(TQDC), in high-resistance (Rfim > 10° 2) CdSexS1x (Cd;Cu:Cl) films when the temperature was raised in the range of 150+300 °C.
Unlike the results presented in works [7-9], for the first time in these films, an inverse photoconductivity with an entrance character
and infrared quenching of dark conductivity (IQDC) were identified. It was found that multiple heating-cooling cycles of films obtained
in vacuum of 102 and 107 Torr and in air at T=77+473 K in the dark for t=30 minutes do not affect the dependence of o (T) and the
spectrum (IQDC) g4 (4). Moreover, measurements of g, after a year did not reveal any significant changes in the o4 (T) and o4 (1)
spectra. The reproducibility of the observed effects is indicated by the balance of the re-measured o, value. Figure 3 shows the
temperature dependence of the equilibrium conductivity for three samples: CdSexSix (curve 1) thermally treated in vacuum with a
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residual gas pressure of 102 Pa, CdSexSi-x (CdCI) (2) and CdSexSi-x (CuCl) (3), treated in air in the presence of CdClz and CuClz vapor
molecules, respectively.

It can be seen that all o4 (T) curves have two intervals of thermal quenching I and II. Within the measurement error, the "small"
quenching (I) corresponds to the intervals 150+230 K and the "large" quenching (II) to the intervals 230+300 K for all samples. The
activation energies determined from the slopes of curves 1-3 for section II are the same and equal to E, = 0.5 eV, while for section I
they differ slightly: 0.2 eV for CdSe (CdCl) and 0.3 eV for CdS (CdCl). However, it should be noted that these values do not accurately
reflect the energy depth of the recombination centers responsible for the observed conductivity quenching [10-12]. In the temperature
range T=400 K, a sharp increase in o, occurs with an activation energy of 1.5+1.7 eV, which means that in this case, the dark
conductivity is associated with the thermal generation of carriers characteristic of the intrinsic conductivity region of the semiconductor.
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Figure 1. Schematic diagram of the vacuum chamber for Figure 2. Schematic diagram of the chamber for
obtaining CdSexS1x films increasing the sensitivity of CdSexSix films
1-crucible (evaporator); 2-shield; 3-furnace and substrate; 4- 1-crucibles; 2-slit for the entry of CdCl2 or CuClz
thermocouple; 6-metal cover vapors; 3-freshly prepared samples.
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Figure 3. Temperature dependence of the equilibrium Figure 4. Infrared quenching spectra of the equilibrium conductivity
conductivity for three samples: CdSexSix (curve 1) TI'r of CdSexSix (CuCl) films thermally treated in air at temperatures T:
thermally treated in vacuum with a residual gas pressure of 1-150 K, 2-200 K, 3-250 K. For comparison, the temperature
102 Pa, CdSexSix (CdCl) (2) and CdSexSix (CuCl) (3), dependence of the quenching magnitude of the equilibrium
treated in air in the presence of CdClz and CuClz vapor conductivity I't (curve 4) and the infrared quenching spectrum of the
molecules, respectively. photoconductivity ' (curve 1', T=150 K) are shown.

Figure 4 shows the infrared quenching spectra of the equilibrium conductivity of the films for three temperatures (curves 1-3). It
is convenient to describe the quenching of the dark current (i.e. conductivity) by the relative value I' = %, where jo and j are the

current densities without and with infrared radiation thermal quenching. As can be seen from the figure, with increasing temperature,
the amplitude and half-width of the IQDC spectrum decrease and its red edge shifts significantly towards shorter wavelengths. At
T=150 K, the IQDC spectrum, as well as the quenching spectrum of the infrared photoconductivity (curve 1'), reveals a doublet structure
with red edges at A,» = 2.8 pm. This indicates that at a certain temperature, the equilibrium conductivity in the film is determined by
the presence of two recombination centers, one of which has an activation energy of E,, = 0.44 ¢V. If we assume, as in the case of
single crystals [13], that the E,., level is located close to the edge of the valence band and effectively exchanges carriers with this band,
then the "small" TQDC (interval I in Figure 3) and the long-wavelength line of IQDC at low temperatures are associated with the
generation or transfer of heat by the infrared radiation of carriers from the r’-center to the valence band. As the temperature increases,
the r’-centers become filled and the equilibrium recombination current is captured by deeper centers. These deeper centers now
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determine the capture time of electrons in the sample, and therefore define the larger quenching intervals of TQDC and the shorter
wavelength line of TQDC. From the red edge of this line at T=250 K, we find A,, = 2 um (E,. = 0.62 eV). For comparison, Figure 4
shows the temperature dependence of the quenching magnitude of the equilibrium conductivity I't (curve 4). It can also be seen from
the figure that infrared quenching was not observed at T=300 K.

To clarify the nature of the observed TQDC and IQDC phenomena, Hall measurements were performed on the studied CdSe, .S, _,
films to determine the average mobility uy and electron concentration # in the dark (T). The temperature dependence of uy (T) and
n(T) is shown in Figure 5, where curves 1-3 are experimental curves corresponding to curves 1-3 in Figure 4, and curves 1'-3' are
calculated using uy = Ryo0,4, where Ry is the Hall coefficient. It is evident that all dependencies g (T), n(T), 04(T) are similar at
temperatures close to T=300 K. In the range T=100+150 K, n, uy, and therefore o, are practically independent of temperature, which
seems to correspond to the decrease in the donor and the tunnel mechanism of electrical conductivity in polycrystalline semiconductors.

100 L 3 410
5
It
) H, ™ Ji, exp| = AE
10 | 321 w o € T J1
w
° 2
A (U S 100 %
= S
=
1014 | - 102
108 L =103
1 1 1 1
2 4 6 8
10T, K

Figure 5. Temperature dependence of the Hall concentration of equilibrium electrons n (1-3) and mobility g (1'-3").
Curves 1-3 and 1'-3' correspond to the description of the sample heating conditions in (Figure 3).

If the Hall mobility of equilibrium electrons py is related to the average height of the drift barriers AE,,

Hu = Ho€Xp (_ %),

Here, uy is the Hall mobility in a homogeneous sample, equal to 200 sm?(V s). Then, in the regions of curves 1'-3' in the
temperature range 150300 K, there is a temperature quenching (1) (i.e., we have an anomalous dependence), and at T>300 K,
(dAE, /dT > 0). Interestingly, for the sample CdSexSi-x (CuCl) in the quenching region, the mobility changes with temperature as
u~T~3/2 and after quenching, it increases exponentially according to the activation energy AE, = 0.11 eV. Furthermore, in all
samples, small quenches in the puy~T~%/2 and uy ~T =7 regions and large quenches in the uy~T ~%/2 and uy~T =7 temperature ranges
correspond to the CdSexSix (CdCI) and samples, respectively. For the second one, the Hall mobility at temperatures above 300 K first
increases according to the laws uy~T3 and py~T5, and then exponentially with activation energies of 0.13 and 10 eV. The complex
temperature dependence of g (T) around the temperature quenching naturally reflects the scattering mechanism of electrons at drift
barriers. As the temperature increases, the significant decrease in electron concentration leads to the expansion, overlapping, and
increase in height of neighboring potential barriers, as well as the emergence of new drift barriers. The sharp difference in temperature
dependence of uy (T) in different samples is related to the different crystalline structures of the films, the impurities in them, and the
specific defects. The effect of TQDC and IQDC studied cannot be explained using the model of photoconductivity of the same
semiconductor containing two or more types of recombination centers [14]. The obtained experimental results also do not fit within
the framework of the model in [3], where the negative temperature dependence of the equilibrium carrier concentration is calculated
when there is a heterojunction between a low-resistance surface-near region and a high bulk resistance semiconductor. Although the
above experimental results clearly indicate the role of volume recombination r-, r'-, s-centers and surface states in the correlation
processes, as well as the thermal modulation of drift barriers associated with them, the mechanism of manifestation of these processes
in TQDC and IQDC phenomena, at first glance, is not entirely clear within the framework of known models of photoconductivity
quenching. Nevertheless, the observed effect can be qualitatively described as follows.

Let's consider a physical model of a bicrystal, corresponding to two adjacent grain boundary regions of a polycrystalline
compensated semiconductor with n-type conductivity, containing fast (s) and slow (r) recombination volume centers (Figure 6). In
equilibrium, due to the upward bending of energy levels near the interface of adjacent crystallites. Under the effective influence of
surface acceptor levels, the recombination r-centers in the space charge region, unlike the quasineutral bulk, are partially filled, and the
s-centers associated with doubly charged cadmium vacancies V; become vacant and transform into a singly charged state V¢,
(r-center), leading to an increase in the concentration of r-centers at the interface. In the space charge region, the absorption of phonons
in TQDC or IQDC quanta can lead to the transition of IQDC electrons from the valence band to empty levels at r-centers. In this case,
the generated free hole participates in recombination processes with free electrons of the conduction band either through r- and s-
centers or through surface levels, resulting in a decrease in the average concentration of conduction band electrons and dark
conductivity.
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Figure 6. Schematic of a bicrystal model with volume r- and s-recombination centers, showing electron transitions that lead to
quenching of dark conductivity with temperature or infrared irradiation.

CONCLUSION

The temperature and infrared quenching of equilibrium conductivity o, is observed only in optimally photosensitive samples
with r and s recombination centers and effectively working inter-crystallite barriers. They are not observed in freshly evaporated films
with a thin fine-grained structure and a thickness of less than 1 micron. It's interesting to note that the quenching of both equilibrium
conductivity and photoconductivity occurs within almost identical temperature (150300 K) and spectral (1.0+3.0 um) ranges. The
dependence 04(T), as well as g, (T), consists of two parts: 1) a slow decrease with an activation energy E,,~0.14 — 0.4 eV (150+230
K); 2) a sharp decrease with E,,~0.6 — 1.0 eV (230+300 K).

The infrared quenching of equilibrium conductivity is observed at T<300 K and low infrared light intensities I;z < 107! [x in
the input spectral absorption range of 1.0+3.0 um. However, with higher intensities I;z > 10~ Ix, a clear induced photoconductivity
is observed.

It's interesting that no significant residual conductivity was found in the temperature quenching of dark conductivity within the
samples. This could be attributed to the specific thermal treatment technology used, which might lead to a uniform spatial distribution
of inter-crystal point barriers.

It's noteworthy that there was no significant decrease in the influence of TQDC and IQDC throughout the year. However, various
external factors significantly impact the movement of charge carriers, leading to the loss of the sample's high photosensitivity. These
factors include prolonged high-temperature, laser or ultrasonic treatment in different environments; mechanical deformations with
sufficiently large amplitudes £ > 1072 and a large number of cycles N>500.

It's worth noting that the studied polycrystalline CdSexS1-x(Cd:Cu:Cl) samples can be used as thermal switches in the temperature
range T=150+300 K and as weak 1Q radiation detectors in the A = 1 + 3 um range at T<300 K.
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TEMIOEPATYPA TA THOPAUEPBOHE F'ACIHHS PIBHOBAJKHOI ITPOBITHOCTI B ILTIBIII CdSe.S;.«
Banimkon T. Mip3ae, bo3op0oii Ixx. Axmananies, Idprixopmkon 1. FOnuieB, Myminasxon M. Maapakcumos,
Toxip6ek I. Paxmonos
Depearncokuti depoicasHull mexHiunuil yHisepcumem, Depeana, Yzbexucman
Po3pobaeno merox orpumanus CdSe, CdSexSi« NIBOK 3 BUCOKOIO CBITIIOWyTIHBICTIO. Lle# MeTon mependadae TepMidHy 0OpoOKy
CBIKOIIPUTOTOBAHUX IUTIBOK Y BaKyyMi Ta Ha MOBITpi B CIeLiajibHO MiArOTOBICHIN KBa3irepMeTHuHiii kamepi B npucytHocti CdCl,
abo CuCl,, mo 3abe3neuye piBHOMIpHY nudy3ito ceHcnOiTi3yrounx pedoBut. Exciepumentu mokasainu, uio CdSe, CdSexSi.x miBku 3i
cTaOlTbHUMH Ta BiITBOPIOBAHUMH EJIEKTPO(I3SMYHUMH BIACTUBOCTAMH OTPHMYIOTH IIUIIXOM HarpiBaHHS 3a TaKUX TEMIIEPATyp: Ha
noBiTpi B mpucytHocTi CdCl2 — 470°C; y npucytHocti CuClz — 300°C; y Bakyymi — 480°C. TemmneparypHe Ta iHppadepBoHE TaciHHSI
PIBHOBaXXHOI IIPOBITHOCTI CIIOCTEPIra€THCS JIMIIE B ONTUMAIBHO CBITIIOUYTIMBUX. 3pa3KH SIK 3 MIBUAKUMH (T), TaK 1 3 HOBUIBHUMH (S)
LIEHTpaMy pekoMOiHanii Ta eeKTHBHO MPAIIOI0Th MKKpHUCTaIiuHi 6ap'epu. OnHAK pi3Hi 30BHIMIHI BIUIMBY iCTOTHO BIUIMBAIOTH Ha
pyX HOCIs, IO TPHU3BOMUTH 1O BTPATH BHCOKOi CBITJIOYYTJIMBOCTI 3pa3ka. IH(ppauepBoHE raciHHsA PIBHOBaXHOI MPOBIIHOCTI
croctepiraetscaa T < 300 K i HU3BKil iHTeHCHBHOCTI iH(bpadepBoHOTO cBiTna ;) < 10~ 1lx y BXiZHOMY Hiama3oHi CIIEKTPaIBHOTO

normuaanis 1.0 + 3.0 wm, a Bupaskena pOTONPOBIMHICTE 3 YiTKO BU3HAYEHUM BXOJIOM CriocTepiraeThest Ha Iz = 107 1x.
KurouoBi cnoBa: gpomouymausicms; CdSe, CdSexS1x, keasizakpuma xamepa;, mepmoobpodka, memnepamyphe ma iHgpaiepgone
2ACIHHA, NOJIe NPOCOPO8020 3apady, opetihosi bap ‘epu, po3mip 3epeH
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In this study, we analyze and model the recombination mechanisms in radial p-n junction structures composed of Si and GaAs over a
temperature range of 250 K to 500 K, in 50 K increments. Using both analytical and computational modeling techniques, we examine
the effects of doping concentration, core and shell radius, and external voltage on charge carrier behavior and recombination
mechanisms. Our analysis focuses on core radii of 0.5 um and 1 um, with a total structure height of 4 um. The external voltage varies
from 0 to 2 V, and the doping levels are set to p =2x10' cm™ and n = 2x10'” cm . A comparative analysis of Si and GaAs highlights
their respective advantages in semiconductor applications: Si offers cost-effectiveness and stability, while GaAs exhibits superior
electron mobility and radiative recombination efficiency. Additionally, we investigate the influence of external voltage on
recombination mechanisms, revealing that GaAs has a higher rate of surface and radiative recombination compared to Si, which is
more affected by Auger recombination at high doping levels. These findings provide valuable insights into optimizing material selection
for high-performance optoelectronic and photovoltaic devices.

Keywords: Radial p-n junction; Light trap,; External factors;, Recombination; Doping concentration; Temperature

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

In recent decades, significant research efforts have focused on developing advanced photovoltaic (PV) architectures
to enhance energy conversion efficiency while minimizing fabrication costs. Among the various strategies employed, the
integration of micro- and nanostructured materials in radial p-n junction configurations has emerged as a promising
approach [1-2]. Compared to conventional planar structures, radial p-n junctions offer several advantages [3-5], including
an increased junction area for charge separation [6,7], improved carrier transport due to shorter diffusion lengths [8,9],
and enhanced internal and external quantum efficiency [10-12]. Additionally, the orthogonal alignment of light absorption
and carrier transport in radial p-n junctions supports high-frequency operation [13,14], making them highly suitable for
high-speed electronics [15,16] and wireless communication systems [17].

As a result, radial p-n junctions have been widely adopted in cutting-edge semiconductor technologies, including
two-dimensional transistors [18], nanowires, and particularly radial p-n and p-i-n junction structures [19]. Over the past
two decades, these junctions have gained increasing attention due to their superior optical and electronic properties,
positioning them as ideal candidates for various applications such as photodiodes [20], optical sensors [21], thermal and
photovoltaic detectors, and high-efficiency solar cells [22].

Despite their numerous advantages, the efficiency of radial p-n junctions is fundamentally constrained by
recombination mechanisms, which play a pivotal role in charge carrier dynamics and overall device performance.
However, while recombination processes have been extensively studied in planar and bulk semiconductor structures, their
impact in radial p-n junctions remains relatively underexplored. A comprehensive understanding of these recombination
pathways is essential for optimizing device efficiency and unlocking the full potential of radial p-n junction-based
technologies.

METHODS AND MATERIAL
2.1 Materials and geometric parameters
In this study, we focus on core radii of 0.5 um and 1 um within the structure. The height of the structure, as shown
in Figure 1, z is 4 um. The temperature range is considered from 50 K to 500 K in increments of 50 K. An external voltage
ranging from 0 to 2 V is applied, and the doping concentrations are set to p =2 x 10’ cm™ and n =2 x 10" cm™. We
selected Si and GaAs as the materials for this analysis due to their well-established use in semiconductor devices, this
structure has been previously used in our research papers [31]. Si is widely utilized in microelectronics and solar cells
because of its abundance, cost-effectiveness, and stable material properties. In contrast, GaAs offers superior electron
mobility, direct bandgap properties, and high efficiency in optoelectronic applications such as LEDs, laser diodes, and
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high-speed electronics. By comparing these two materials, we aim to evaluate their performance under different structural
and temperature conditions. Where r denotes the radial dimension, + and — represents the densities of ionized N donor

and N acceptor atoms respectively, at the interface of the radial p-n junction within the depletion region. If full ionization
case N, =N,, N, =N,. InFigure 1 b), the interval 0 <r <r, represents the p-type quasi-neutral region (QNR), the
interval 7, <r <r, represents the depletion region in the radial p-n junction, the interval r > r, represents the n-type quasi-
neutral region (QNR).

Figure 1. Schematic representation of the radial p-n junction: (a) 3D structure and (b) 2D cross-sectional view

2.2 Recombination models

The radial p-n junction structure has the potential to surpass the Shockley-Queisser limit due to its unique geometric
configuration, which enhances charge carrier collection and light absorption compared to conventional planar p-n
junctions. However, despite this theoretical advantage, efficiency can be significantly constrained by various
recombination mechanisms. These recombination processes, such as Shockley-Read-Hall (SRH) recombination, surface
recombination, radiative recombination, and Auger recombination, lead to carrier losses, thereby reducing the actual
device performance below the theoretical maximum. A thorough understanding of these recombination pathways is
crucial for optimizing the efficiency of radial p-n junction-based optoelectronic and photovoltaic devices.

In this work, we studied the main recombination effects, namely Auger recombination, Shockley-Read-Hall (SRH)
recombination in the bulk, surface recombination, and optical generation/radiative recombination. These different
recombination effects, along with total recombination, are related as follows (1):

R +R,,+R

Total = RSRH + RAugz’r Rad Sur * (1)

If we consider R ~ 1/7, equation (1) can be expressed in terms of the lifetime ( 7 ), obtaining a total effective lifetime
( 7y, ) as follows (2):
1 1 1 1 1 1 1

= + + +—= +—. 2)
TTmal TSRH TAuger TRad TSur Tbu/k TSur

bulk

The carrier lifetime varies depending on the recombination mechanism. Radiative recombination lifetime is
inversely proportional to carrier concentration and governed by the radiative recombination coefficient. SRH
recombination depends on defect density and carrier capture cross-sections. Auger recombination lifetime decreases with
increasing carrier concentration due to carrier-carrier interactions. Surface recombination is influenced by surface
recombination velocity and material thickness. Understanding these mechanisms is crucial for optimizing semiconductor
device performance. The band gap diagram of a semiconductor, illustrating different recombination mechanisms
involving electrons and holes, is shown in Figure 2. Each recombination mechanism is explored in the following
subsections. Additionally, the next subsection presents a brief overview of the recombination effects examined in this
study, aiming to enhance the comprehension of the obtained results.

Table 1. Comparative Analysis of Si and GaAs in Radial p-n Junctions

Property Si Radial p-n Junctions GaAs Radial p-n Junctions
. Moderate . e
SRH Recombination (depends on defects) High (due to sensitivity to defects)
Auger Recombination Significant at high doping More dominant at high injection levels
Radiative Recombination Negligible Strong (due to direct bandgap)
Surface Recombination Moderate High (due_ to h igher su.rface
recombination velocity)
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Figure 2. Possible recombination mechanisms in semiconductors include: (a) band-to-band radiative recombination, (b) nonradiative
recombination through defect states (SRH recombination), (c) nonradiative Auger recombination, and (d) surface recombination

2.2.1 Shocley-Read-Hall and Surface recombination

In Shockley-Read-Hall (SRH) recombination, a charge carrier transitioning between energy bands is captured by a
trap—an energy state introduced by a defect or a dopant. The trapped carrier then releases energy through phonon
interactions. This process is predominant in indirect bandgap materials but can also become significant in direct bandgap
semiconductors when a high density of traps is present.

For our simulations, we employed the SRH lifetime model, which accounts for concentration-dependent carrier
lifetimes since it is also influenced by impurity concentration (Roulston et al., 1982; Law et al., 1991; Fossum and Lee,
1982). Based on this, SRH recombination is described by the following equation (Hall, n.d.):

RSRH — p n- 7/" ’ }/P ) nl%"ff’ (33)
" Tp'(”+}/n'n1)+7n'(p+7p'p1)
2
p-n—n;
RSRH ieff )
Sur,net (I’l +n1) N (p+ pl) (3b)
S S

p n

Where, 7, =4.4-10™ s and 7, =2.2-10™" s life time for carrier charge, S, and S, surface recombination velocity.

2.2.2 Auger recombination
In this recombination process, an electron and a hole recombine without emitting a photon. Instead, the released energy
is transferred to another electron, which is excited to a higher energy level. This excited electron subsequently relaxes
back to the conduction band through thermal dissipation (Selberherr, 1984). This model becomes significant at high
current densities and elevated carrier concentrations, such as those observed at UH levels. The standard Auger
recombination is described by the following equation (Dziewor and Schmid, 1977):

Ry =(C,on+C,p)p-n—nly). “

net

Where n and p represent the electron and hole concentrations, respectively, n, . is the intrinsic concentration, C,

ieff

and C, are the Auger coefficients for electrons and holes, respectively.

2.2.3 Optical generation/radiative recombination

In this mechanism, photon transitions must be considered for generation and recombination processes. It is a direct
process because it occurs in a single step. During radiative recombination, an electron loses energy and transitions from
the conduction band to the valence band, emitting a photon with energy similar to the bandgap. In optical generation, an
electron moves from the valence band to the conduction band. Radiative recombination is the dominant recombination
mechanism in direct bandgap materials, such as GaAs, and in narrow-bandgap semiconductors. However, in indirect
bandgap materials, this process is very weak and can often be neglected. This model, also known as band-to-band
recombination, can be described by equation (5), where the total band-to-band generation/recombination is determined

by the difference between the capture rate and the emission rate processes.
RR”d=CRad-(p-n—nlquf). )

net

Where, Cy,, =1.5-10"" cm’ /s means the capturerate. The analysis results for each of these recombination effects are

=1.5-10cm™ for Si, n,,, =1.5-10cm™ for GaAs.

presented in Table 1. In all recombinations , .
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RESULTS AND DISCUSSION
The distribution of recombination rate in the radial direction obtained from the model developed for radial p-n
junction structures made of Si and GaAs is presented and analyzed in Figure 3 and Figure 4 in this section. In Figure 3,
for R = 0.5 um, the external voltage is set to 0.2 V and 0.4 V, while the temperature is varied from 250K to 500K in steps
of 50K. Thus, the model indicates that in Si material, the recombination process occurs both in the depletion region and
the electrically neutral regions, but it is shown to proceed at a higher rate in the depletion region. In contrast, in GaAs

material, the recombination rate remains low in the electrically neutral regions 0 <7 <r, and r>r,. For radial p-n

junctions made of Si and GaAs, the recombination rate is higher in the depletion region 7, <r <7, for both materials.
However, GaAs exhibits a higher maximum recombination rate compared to Si.
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Figure 3. Recombination rate distributions as a function of radial dimension over a temperature range from 250 K to 500 K for (a)
Si and (b) GaAs at R=0.5 pm

As the radius decreases, the core region becomes fully depleted, leading to a disruption of internal neutrality. As a
result, the recombination rate increases due to the enhanced depletion effect in smaller-radius structures.

In this case, the performance of radial p-n junction structures can vary depending on their application field, as the
recombination behavior is strongly influenced by the radius reduction. Figure 4 compares the recombination rates for
R =1 pm in two cases: (a) for Si, (b) for GaAs

The results show that in both materials, the maximum recombination rate decreases as the radius decreases. This

suggests that smaller-radius structures exhibit higher recombination rates, while larger-radius structures tend to have
lower recombination peak values.
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Figure 4. Recombination rate distributions as a function of radial dimension over a temperature range from 250 K to 500 K for (a)
Si and (b) GaAs at R=1 pm

The analysis of recombination rate distribution in radial Si and GaAs p-n junction structures reveals the following
key points. In Si material, recombination occurs in both the depletion and electrically neutral regions, but it is more
dominant in the depletion region. In GaAs material, the recombination rate in the electrically neutral region is lower
compared to the depletion region. The depletion region exhibits high recombination rates for both materials, but GaAs
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shows a higher peak recombination rate than Si. As the radius decreases, the core region becomes fully depleted, leading
to a loss of internal neutrality and an increase in the recombination rate. In Figure 4, for R = 1 um, the recombination
rates for Si and GaAs are compared, showing that as the radius decreases, the maximum recombination rate also decreases.
These findings suggest that the performance of radial p-n junction structures depends on the application, as the
recombination behavior varies with radius and material properties.

CONCLUSIONS

This study presents a detailed analysis of radial p-n junction structures based on Si and GaAs, emphasizing their
distinct electrical and recombination characteristics. The temperature increase from 250 K to 500 K significantly
influences charge storage and recombination dynamics, with GaAs exhibiting higher radiative and surface recombination
rates due to its direct bandgap and elevated surface recombination velocity. In contrast, Si is more susceptible to Auger
recombination at high doping levels. Furthermore, the effects of external voltage on recombination mechanisms
underscore the necessity of carefully selecting material and structural parameters for specific semiconductor applications.
These findings provide valuable insights for optimizing high-performance optoelectronic and photovoltaic devices,
paving the way for advancements in material engineering and device design to enhance efficiency and reliability.
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POJIb TUIIIB PEKOMBIHAIII Y MEXKAX EGEKTUBHOCTI PAJIIAJIBHUX p-n IIEPEXO/IB HA OCHOBI Si TA GaAs
Txomkin 1. A6aysnaes?, Iopoxiv B. Canaes®>%f, Capnop P. Kaaupos®
“Hayionanenuii docnionuyvkuil ynieepcumem TIIAME, kagpedpa izuxu ma ximii, Tawxenm, Y30exucman
b3axiono-Kacniticoxuii ynisepcumem, baxy, Asepbatiodcan
¢Vpeenucwruil deporcasnuil ynisepcumem, Ypeenu, Ysbexucman
4Baxuncwruii €epasiticokuil ynieepcumem, baxy, Apuzona 1073, Azepbaiiocan
¢lJenmpanvroasziamcokuil ynigepcumem y Tawxenmi, Y36exucman

VY 1boMy JOCTIPKEHHI MU aHAITI3yEMO Ta MOZACIIOEMO MEXaHi3MH peKOMOIHaLIT B paiajbHUX P-N Mepexoax, o CKIaAalThes 3 Si Ta
GaAs, y temneparyprHoMy nianasosi Bix 250 K mo 500 K 3 kpokom 50 K. BukopHCTOBYIOUH SIK aHAJIITHYHE, TaK i KOMITIOTEpHE
MOJICTIFOBaHHS, MU BHBYa€MO BIUTUB KOHLIEHTpPALii JOMIIIOK, paaiycy siapa Ta 000JOHKH, a TAKOXK 30BHIIIHBOT HAMIPYTH HA TOBEIIHKY
HOCI{B 3apsmy Ta MexaHi3Mu pexoMOinarii. Ham anamiz ¢okycyeTbes Ha pamiycax sapa 0,5 MkM i 1 MKM, MpH 3araibHiil BHCOTI
CTPYKTypH 4 MKM. 30BHIIIHS Hanpyra BapitoeTbes Bix 0 mo 2 B, a piBHI JeryBaHHs BCTaHOBIEHI K p = 2x10' cMm > in = 2x10" cm>.
IopiBusmbHUE anami3 Si Ta GaAs BUCBITIIOE IXHI BINIOBIZHI IlepeBard B HAIIBIIPOBIJTHUKOBHX 3aCTOCYBaHHSX: Si 3abe3medye
EKOHOMIYHICTh 1 cTabiibHIiCTh, ToAi sk GaAs NEMOHCTpye Kpally PYXJIMBICTH €JIEKTPOHIB i BHCOKY €(EeKTHBHICTH pamiariifHOl
pexomGinarii. JoaaTkoBo, MU TOCIIIXKYEMO BILUTUB 30BHINIHLOT HATIPYTH HA MEXaHI3MHU peKoMOiHaIlii, BUSBIIAIOUH, 0 GaAs Mae BUIILY
LIBUKICTh ITOBEPXHEBOI Ta pajiauiiiHol pexomOiHauii, Tomi sk Si Ginmbuie cxmibHUA 10 Osxe-peKoMOiHaLii MPU BUCOKHUX PIBHIX
neryBanHs. OTpuMaHi pe3yibTaTH HaaloOTh LiHHY iH(opMamio a1 onTuMisamii BHOOpPY MaTepianiB y BHCOKOS(HEKTHBHHX
ONTOETEKTPOHHUX 1 (POTOCIEKTPUIHHIX MPHCTPOSX.

KurouoBi cioBa: padianvuutl p-n nepexio; c6imaioéa nacmkd, 306HIWHI (akmopu, pexomOiHayis, KOHYeHmpayis OOMIUOK,
memnepamypa
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The effect of layer defects as well as interface defects in copper tin sulphide quantum dot sensitized solar cells were investigated
using SCAPS-1D software. Layer defects in the sensitizer and hole transporting layer were found to have no effect on the cell
efficiency except at very high densities of 10'° cm™. The interface defect at CTS/ETL was also found to have no effect on the cell
efficiency. Defects at the HTL/CTS interface decreased the cell efficiency significantly and so a buffer layer was introduced at this
interface. Both i-ZnO and CdS buffer layer materials were found to have energy levels in alignment with the HTL enhancing charge
transport. The cell efficiency increased from 17.86% to 18.37% with i-ZnO buffer layer while the cell efficiency rose to 18.61%
when CdS was used as the buffer layer. Absorption of the solar spectrum in the blue-green region was enhanced when buffer layers
were used in the cell.

Keywords: Quantum dot sensitized solar cells; Buffer layer; SCAPS-1D; Charge carrier recombination; Quantum efficiency; Defects
PACS: 61.46.+w., 61.72.Ww., 73.21.La., 73.50.Pz

1. INTRODUCTION

Quantum dot sensitized solar cells are being extensively researched now-a-days due to several characteristic
phenomena in quantum dots such as quantum confinement, multiple electron generation, high absorption coefficient and
cost effectiveness [1-3]. Quantum confinement is a quantum phenomenon in which the bandgap of the material can be
tuned according to its size. This fine tuning of bandgap is possible only if the size of the particle is less than the Bohr
radius of charge carriers, i.e., the average distance between the electron and a hole in an exciton [4-6]. Multiple electron
generation is another quantum phenomenon in which a high energy photon can excite more than one electron. Quantum
dots naturally have high absorption coefficients which make them potential candidates in solar cells [7-9]. Quantum dots
are now being prepared by simple deposition techniques such as colloidal synthesis [10] and successive ionic layer
adsorption and reaction techniques and that too at room temperature [11,12], which can bring down the cost of making a
solar cell. This work is on copper tin sulphide (CTS) quantum dots sensitized solar cells where CTS is a ternary
semiconductor with high absorption coefficient of 10* cm™!. Quantum dots of CTS have been prepared by solvothermal,
hydrothermal and ball milling techniques and cost effective and room temperature techniques too such as colloidal
synthesis and SILAR techniques [13-18].

Quantum dot sensitized solar cells are similar to dye sensitized solar cells where the dye has been replaced by the
sensitizer which are quantum dots. The quantum dots are usually coated onto a porous electron transporting layer (ETL)
and transparent conducting oxides are the electrical contacts for taking the charge carriers out of the solar cell. The hole
transporting layer (HTL) allows the extraction of holes from the sensitizer to the electrical contacts [19, 20].

Similar to the various types of defects present in solar cells leading to charge carrier recombination, QDSSCs also
have various types of defects [21, 22]. There can be defects within the layers of sensitizer, affecting photon absorption,
defects in the HTL, affecting hole transport and also interface defects where the recombination happens between different
layers. Investigation on the effect of various defects in the solar cell is very important for improving the efficiency of the
solar cell. Buffer layers are inserted between the layers where interface recombination is more and the cell efficiency is
enhanced. Commonly used buffer layers are ZnS, ZnO, i-ZnO, CdS and CdSe. Buffer layers are so chosen that their
valence band is in alignment with that of the HTL, facilitating the hole transport [23- 25].

ZnS buffer when used in CTS thin film solar cells, decreased the interface recombination and enhanced the cell
efficiency by 1% compared to the CdS buffer layer [26]. Ag>S quantum dots and also that in bulk were found to be good
buffer layers in CIGS solar cells. It was found that not only the band alignment but also the opto-electrical properties of
the buffer layer affect the efficiency of the solar cell. Higher bandgap and higher carrier concentration buffer layers
improve the power conversion efficiency of the device [27]. Decrease in charge carrier recombination at the CdTe
quantum dots absorber layer and the metal oxide layer were observed when ZnS buffer layer was used and the cell
efficiency was found to improve by 2% [28].

In this work, the effect of layer as well interface defects in CTS QDSSCs are investigated and then a comparison
between i-ZnO and CdS buffer layers have been made. This is a first approach made in the study of the effect of the buffer
layer in CTS QDSSCs.
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2. DESIGN AND SIMULATION
Copper Tin sulphide quantum dot sensitized solar cell having the structure ITO/TiO,/CTS/CuSbS,/Au was simulated
where, ITO is the transparent conducting oxide, TiO is the electron transporting layer, CTS quantum dots of bandgap
2.5 eV is the sensitizer layer, CuSbS; is the hole transporting layer and Au is the metal back contact with a workfunction
of 5.1 eV. The schematic diagram of the solar cell as well as its band structure has been shown in Figures 1 and 2
respectively.

A 42ev 42ev
4.5eV
4.6 eV
CuSbs2
CuSbS2
crs
TiO2 CTS
TiO2
1To 5.78 eV
ITO 7 eV
7.46 eV
I I 8.1 eV

Figure 2. Band structure for the solar cell
ITO/TiO2/CTS/CuSbS2/Au

Figure 1. Solar cell structure used for simulation

This QDSSC was optimized previously for all the layer parameters and accordingly the layer thicknesses, doping
densities and defect densities were taken. The layer parameters have been tabulated in Table 1.

Table 1. Layer parameters used in simulation of the solar cell structure

Parameters ITO TiO2 CTS CuSbS:
Thickness (um) 0.0 0.3 0.01 1
Bandgap Eg (eV) 3.5 3.26 2.5 1.58
Electron affinity (eV) 4.6 4.2 4.5 4.2
Dielectric constant (&/€o) 8.9 10 10 14.6
Density of state conduction band (cm™) 2.2x10'8 2.0x10" 1x10" 2x10'8
Density of state valence band (cm™) 1.8x10" 6x10"7 1x101° 1x108
Thermal velocity of electron V. (cms™) 1x107 1x107 1x107 1x107
Thermal velocity of holes Vi (cms™!) 1x107 1x107 1x107 1x107
electron mobility pe (cm?/Vs) 10 100 100 49
hole mobility pn (cm?/Vs) 10 250 25 49
Density of donor atom Np (cm™) 1x10?! 1x102° 1x101° 0
Density of acceptor atom Na (cm™) 0 0 0 1x10'8
Defect density (cm™) 0 0 100 1010

Other than these parameters, the rest have been taken from literature [29-31]. Defect densities in the HTL and
sensitizer were taken as amphoteric type with defect density of 10'° cm™, at an energy level of 0.6 €V with respect to the
highest valence band. Interface defect densities are also added at the HTL/CTS and TiO,/CTS interfaces which are neutral
type with defect density of 10'° cm?, at an energy level of 0.6 ¢V with respect to the highest valence band. All the
simulations were performed at 300 K and under standard illumination of AM 1.5G (1 Sun).

The simulations were performed using SCAPS-1D software which was developed by Prof. Marc Burglemann and
his team at Gent University. The software was initially developed for the simulation of CulnGaSe (Copper Indium
Gallium Selenide) and CdTe (Cadmium Telluride) thin film solar cells but it is widely used for simulation of all types of
solar cells including dye sensitized and quantum dot sensitized solar cells. The simulation works by solving the Poisson’s
and continuity equations for electrons and holes [30]. The continuity equations for electrons and holes are as follows:

dfn _ ~

w6 R M
dp _

—2=G-R 2)

Where, Jn and Jp are the current densities of electrons and holes, G is the generation rate and R is recombination rate.
The Poisson’s equation is given by:
da? -
a2 @) = - (p() = () + NF () = Ny () +pe = nel: 3)
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Where x indicates the distance in the solar cell, ¢ is the electrostatic potential, q is the electric charge, &y is the
permittivity of free space, &, is the relative permittivity, p(x) is the concentration of free holes, n(x) is the concentration

of free electrons, N E (x) is the density of donor type charge impurities, N4 (x) is the density of acceptor type charge
impurities, p, is the hole distribution and 11 is the electron distribution.

The simulation is done by first setting the layers of the solar cells using the “Set Problem” button where the layer
parameters are given and then saved. Then “single shot calculation” is done for single simulation and “Calculate batch”
for simulating a range of data. Current- Voltage curve, energy band diagram, graph of current densities, generation-
recombination curves and quantum efficiency curve can be obtained after each simulation. Data on cell parameters such
as the open circuit voltage (Voc), short circuit current density (Jsc), fill factor and efficiency can be obtained [32].

In the current work, an extensive evaluation is made on the defect densities of the sensitizer and hole transporting
layer and their effects on the cell efficiency. Also, the effect of interface defect densities at TiO»/CTS and CTS/HTL
interfaces were also investigated. Cell efficiency was improved with the use of buffer layers of i-ZnO and CdS and the
mechanism in which the cell efficiency is enhanced has also been discussed. The layer parameters of the buffer layers [27]
have been tabulated in Table 2.

Table 2. Layer parameters of the buffer layers used

Buffer layer i-ZnO CdS
Thickness (nm) 1000 1000
Dielectric constant (&/€o) 10 9
Electron mobility pe (cm?/Vs) 50 100
Hole mobility pncm?/Vy) 20 25
Acceptor concentration Na (cm™) 0 0
Donor concentration Np (cm™) 5x10'7 108
Bandgap Eg (eV) 34 24
Electron affinity (eV) 4.55 4.2
Density of state conduction band (cm) 4x10'8 1.8x10"8
Density of state valence band (cm™ 9x10'® 2.4x10"
Electron thermal velocity Ve (cms™) 107 107
Hole thermal velocity Vi (cms™) 107 107

3. RESULTS AND DISCUSSION
3.1. Effect of sensitizer defect density
The sensitizer defect density was varied from 10'°- 10'* cm™ and the variation in efficiency has been tabulated in
Table 3. There is no significant change in the efficiency of the cell except at very high defect density of 10" cm™, at
which the efficiency drops by 0.39%.

Table 3. Variation of efficiency with sensitizer defect density

Sensitizer defect density (cm2) Voc (V) Js¢ (mA/cm?) FF (%) Efficiency (%)
1010 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
1012 1.034 21.04 82.14 17.86
101 1.034 21.04 82.14 17.86
10 1.034 21.04 82.14 17.86
101 1.034 21.04 82.14 17.86
10'° 1.034 21.04 82.14 17.86
10"7 1.034 21.04 82.14 17.86
1018 1.034 21.04 82.14 17.85
10" 1.034 21.02 81.99 17.46

The lower thickness of the sensitizer (10 nm) is one reason for the unchanged efficiency as the diffusion length of
charge carriers is very less, decreasing the chance for recombination. The donor doping density of CTS is taken as
10" cm™, the optimized density, which also overcomes the effect of defect levels in the sensitizer. At very high defect
density, the fill factor is found to decrease which indicates the increase in series resistance in the cell, owing to more
recombinations leading to comparatively lower cell efficiency. The recombination rates of charge carriers in the solar cell
at various defect densities were investigated as shown in Figure 3 and it can be seen that upto defect densities of 10!* cm™2,
the recombination rate in the sensitizer is minimal, of the order of 10'%/cm?’s, generation rate being 10%%/cm’s. At very
high defect densities, the recombination rate in the HTL is found to decrease and that at the sensitizer is found to increase.
Higher defect densities cause recombination in the sensitizer and only a few holes manage to reach the HTL, decreasing
the power conversion efficiency.



261

i-ZnO and CdS Buffer Layers for Improving the Efficiency of Copper Tin Sulphide Quantum Dot... EEJP. 2 (2025)

2 3.00E+021
S 150E+021 q .
0.00E+000
F
- 2.00E+020
o 1.00E+020 q l
= 0.00E+000 1
S 2.00E+018
= 1.00E+018 q l
= 000E+000 }
e 2.00E+018
S 1.00E+018 a [ ]
0.00E+000 1
@ 2.00E+017
"o 1.00E+017 q [
=  0.00E+000 } ) |
- 1.00E+017
"o  5.00E+016 q 1§
= 0.00E+000
. 1.00E+017
= 0.00E+000 ]
" 1.00E+017
o 5.00E+016 q \
= 0.00E+000 }
_ 1.00E+017
"o 5.00E+016 1/—___‘
~ 0.00E+000 }
B 1.00E+017
S 5.00E+016 q \
0.00E+000
T L3 T ¥ T % 1
0.0 0.5 1.0 1.5

Distance (pm)

Figure 3. Recombination rates (cms™) of charge carriers at different defect densities of sensitiser

3.2. Effect of HTL defect density

Keeping the defect density of sensitizer at 10'° cm™, the defect density of CuSbS,, the hole transporting layer was
varied from 10'° to 10'° cm™ and the data has been tabulated in Table 4. Here the cell efficiency is found to be independent
of the defect densities except at high values of 107 cm™ and above. High doping density of CuSbS; is the main reason
for the constancy in cell efficiency at low to moderate defect densities. At higher defect densities, Jsc is found to decrease
due to increased recombination. The fill factor is also found to decrease due to increased series cell resistance owing to

recombination of charge carriers and by equation 4, the cell efficiency also decreases.

Voc]scFF

n= Pin “)
Where, Voc is the open circuit voltage, Jsc is the short circuit current density, FF is the fill factor, Pin is the input power

and 7 is the solar cell efficiency.

Table 4. Variation of cell parameters at different HTL defect densities

CuSbS: HTL defect density (cm™) Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
10'0 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
10"2 1.034 21.04 82.14 17.86
1013 1.034 21.04 82.14 17.86
104 1.034 21.04 82.14 17.86
101 1.034 20.996 82.20 17.84
10'° 1.035 20.594 81.17 17.30
10Y7 1.045 18.073 74.85 14.13
10'8 0.742 16.091 59.73 7.13
10" 0.205 0.254 25.9 0.01

3.3. Effect of interface defect density at CTS/TiO: interface
The interface defect density at CTS/TiO, interface was varied from 10'° to 10!° cm and the data showing the
variation is tabulated in Table 5. Cell efficiency was found to be independent of the defects at the CTS/TiO> interface.

Table 5. Variation of cell parameters at different interface defect density for CTS/TiOz interface

CTS/TiO: interface defect density (cm?) Voc (V) Js¢ (mA/cm?) FF (%) Efficiency (%)
1010 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
10'2 1.034 21.04 82.14 17.86
1013 1.034 21.04 82.14 17.86
10 1.034 21.04 82.14 17.86
103 1.034 21.04 82.14 17.86
10'° 1.034 21.04 82.14 17.86
107 1.0335 21.006 82.02 17.81
10'8 1.0334 20.814 81.72 17.58
10" 1.033 20.581 81.79 17.39
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Figure 4 shows the band structure of the solar cell at thermodynamic equilibrium and it can be seen that there is a
positive band offset between the electron transporting layer (ETL) and the sensitizer, creating a spike at the interface. The
electron fermi level is seen to be close to the conduction band minimum of the sensitizer due to which there is more band
bending at the interface. This spike formation at the interface acts as a barrier to the free flow of electrons hence reducing
the recombination rate. Lower recombination rates at this interface unaffected the cell efficiency. At very high defect
densities, the recombination rate is comparatively higher, leading to a slight drop in cell efficiency. This phenomenon is
evident from the short circuit current and fill factor values which remain unchanged.
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Figure 4. Band diagram of the solar cell structure at thermodynamic equilibrium

3.4. Effect of interface defect density at CuSbS2/CTS interface

The defect densities at the CuSbS,/CTS interface were varied from 10'° to 10'* cm™ and Table 6 shows the variation
in cell parameters. The cell efficiency was found to be considerably affected by the defects at this interface. The
recombination rate of charge carriers of the cell at this interface has been plotted in Figure 5. The band offsets for the
solar cell are conducive for the holes formed at the sensitizer to easily diffuse into the HTL. At 10'° and 10! cm defect
densities, there is more recombination in the HTL indicating a greater number of holes reaching the HTL from the
sensitizer which indicates that lesser recombinations are happening at the interface. As the defect density at the interface
increases from 10'? to 10! cm?, the recombination rate in the HTL drastically decreases signifying the drop in number
of holes reaching the HTL which also signifies that more recombinations are taking place in the interface. So, at higher
interface defect density at CuSbS,/CTS interface, more recombinations take place at the interface, decreasing the number
of holes at the electrical contacts causing the cell efficiency to significantly drop.

Table 6. Variation of cell parameters for different interface defect density at CuSbS2/CTS interface

Interface defect density (cm™?) Voc Jse FF Efficiency
10'° 1.034 21.04 82.14 17.86
o1 1.0312 21.043 80.91 17.56
1012 1.0078 21.043 78.34 16.61
1013 0.9458 21.043 77.37 15.40
10 0.8764 21.043 76.75 14.15
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Figure 5. Recombination rate (/cm’s) of charge carriers in the cell at varying defect densities at the CuSbS2/CTS interface
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3.5. Effect of buffer layer i-ZnO on the performance of CTS QDSSC

Owing to the decrease in cell efficiency due to defect densities at the CTS/HTL interface, buffer layer was used to
improve the efficiency. Buffer layer of i-ZnO was inserted between the HTL and CTS sensitizer and simulations were
run with different thickness of the buffer layer inorder to optimize the thickness of the buffer layer. Thickness of the
buffer layer was varied from 100 nm to 1000 nm and their cell parameters were plotted as shown in Figures 6 and 7. With
increasing thickness, all the cell parameters were found to increase and then saturate at 1000 nm and so the optimized
thickness of i-ZnO buffer layer was taken as 1000 nm. Cell efficiency increased from 17.86% to 18.37% when this buffer
layer was used.
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Figure 6. Variation of Voc and Jsc with increasing thickness of
buffer layer

Figure 7. Variation of fill factor and efficiency with increasing
thickness of buffer layer

Figure 8 shows the graph of recombination rates in the solar cell with and without the buffer layer. The
recombination of charge carriers in the HTL increases by one order of magnitude when the buffer layer is used which
indicates that a greater number of holes reach the HTL and there is lesser recombination at the interface. So i-ZnO is a
good buffer layer which reduces the recombination at the HTL/CTS interface. The band structure of the solar cell with
buffer layer has been shown in Figure 9; smooth transition of holes is possible with minimum recombination at the
interfaces due to the favourable band offsets. Band structure at thermodynamic equilibrium has also been shown in
Figure 10. The fermi level of electrons is found to be along the conduction band signifying higher electron density at the
conduction band and higher electrical conductivity, enhancing the cell efficiency.
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Figure 8. Recombination rates of solar cell with and without the
i-ZnO buffer layer

Figure 9. Band structure of the CTS QDSSC with buffer layer
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3.6. Effect of CdS as buffer layer on the performance of CTS QDSSC

Inorder to optimise the material for buffer layer, CdS was also used in CTS QDSSC. Here too the band offsets are
suitable for unhindered flow of holes and the band diagram at thermodynamic equilibrium (Figure 11) shows that the
fermi level of electrons is along the conduction band facilitating electron transport and better electrical conductivity. The
cell efficiency improved to 18.61% when CdS was used as a buffer layer in place of i-ZnO, the cell structure being
ITO/TiO,/CTS/CdS/CuSbS,/Au. Higher fill factor was obtained as shown in Table 7, due to lower series resistance owing
to lower recombination of charge carriers. The recombination rate of the solar cell with CdS buffer has been shown in
Figure 12. The graph follows a gaussian curve indicating more recombination at the middle of the HTL rather than at the
edges. Also, the recombination rate was found to be lower, 10"3(cm™ s!), compared to that when i-ZnO was used.

Generation of charge carriers is higher here owing to increased absorption of the solar spectrum in the high energy blue-
green regime.
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Figure 12. Recombination rate curve of solar cell when CdS is
equilibrium- with CdS buffer

used as buffer

Table 7. Cell Parameters with CdS buffer layer

Buffer layer used

Voc (V)

Jse (mA/cm?)

FF (%)

Efficiency (%)

CdS

1.035

21.485

83.73

18.61

The quantum efficiency curves were plotted in all three cases, without buffer, with i-ZnO buffer and that with CdS
buffer as shown in Figure 13. Absorption in the 350 nm to 500 nm is enhanced when the buffer layers are used. Solar
cells with CdS buffer layer yielded higher quantum efficiency than i-ZnO, thus enhancing the cell efficiency.
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Figure 13. Quantum efficiency curves

CONCLUSIONS
Here simulation of CTS quantum dot sensitized solar cells were performed using SCAPS-1D software and an
investigation was made on the effect of defects. HTL/CTS interface was found to have defects which affected the cell
efficiency considerably and so buffer layers were introduced at this interface. CdS buffer layer was found to be better in
performance compared to i-ZnO yielding cell efficiency of 18.61%.
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BY®EPHI IIAPH i-ZnO 1 CdS IJISI MIABUINEHHSA E@EKTUBHOCTI COHSIYHUX EJIEMEHTIB,
CEHCUBUII3OBAHUX KBAHTOBUMHU TOUKAMMU CYJIb®IAY MIAI TA OJIOBA
Maiis Metb10
Daxynemem ¢izuxu, Kapmen xonedxc, (asmonomnuii), Mana, Tpiccyp, Kepana, Inois

Bruue pedekriB mapy, a Takox nedekriB intepdeiicy B COHSYHUX elleMEHTaX, YyTJIHBUX 0 KBAHTOBUX TOYOK i3 cynbdiny miai Ta
0JIOBa, AOCIIIKYBAIU 3a JONOMOroio nporpamuaoro 3abesneuennss SCAPS-1D. Byno BusiBieHo, mo aedexTn mapy ceHcudinizaropa
Ta apy TPAHCIIOPTYBAHHS [ipPOK HE BILIMBAIOTH HA €(PEKTHBHICT KIIITHHH, 32 BUHATKOM Jy’e BUCOKMX miinbHocteit 10'° cm2. Byno
TaKoXX BHSBIEHO, 10 nedekt intepdeiicy B CTS/ETL He BrmBae Ha edexTuBHicTh KmiTHHKH. Jledektn Ha inTepdeiici HTL/CTS
3HAYHO 3HU3WIN €()EeKTHBHICTH KOMIPKH, TOMY Ha IIboMy iHTep(elici Oymno BBeneHo Oydepuuii map. byino BusBieHo, mo i Marepianu
oydepHoro mapy i-ZnO, i CdS marote piBHI eHeprii, y3romkeni 3 HTL, mo nocumoe TpaHcmopTyBaHHs 3apsiny. EdexTHBHICTH
enemenTa 3pocia 3 17,86% no 18,37% 3 Oydepuum mapom i-ZnO, Tomi sk eeKTHBHICTH enemeHTta 3pocia 10 18,61% mpu
BukopuctranHi CdS sk Oydepnoro mapy. IlornuHaHHS COHSYHOIO CHEKTPY B CHHBO-3€NIeHI 007acTi MOCHIIIOBANOCS IIpH
BHUKOPUCTaHHI B KOMipLi Oy(hepHuX mapis.

KurouoBi cioBa: cencubinizosani keaHmosumu mouxkamu cousauyHi enemenmu, 0ygepnuii wap;, SCAPS-1D; pexombinayis Hociig
3apady, K8AHMo8a epexmusHicms, deghexmu
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This work investigates the effect of the ruthenium dye (Ru -dye) layer on electrical properties of solar cells based on the nc-TiO-
semiconducting polymer heterojunction. In TLSCs (P3HT/Ru-dye/nc-TiOz solar cells), when the measurement frequency is decreased
from 10 Hz to 0.1 Hz, a three-orders-of-magnitude increase in capacitance is observed. It is attributed to the dominance of diffusion
capacitance the measurements, which indicates enhanced charge carrier dynamics and contribute to better performance and improved
efficiency. In contrast, in the same frequency range, DLSCs (P3HT/nc-TiOz solar cells) exhibits a one-order-of-magnitude increase in
capacitance, ascribed to the dominance of depletion capacitance. Thus, DLSCs likely suffer from low carrier injection, high
recombination losses, and ultimately lower efficiency. The Cole-Cole curves are plotted for applied voltages ranging from 0 to 1.5 V
and frequencies from 20 Hz to 1 MHz. At zero bias, while there is evidence of a relaxation process in TLSCs, this is not as clear for
DLSCs. This is related to the effect of the Ru-dye inserted between the P3HT and nc-TiO: layers (TLSC), which facilitates better
charge carrier generation and transport.

Keywords: Solar Cells, Diffusion capacitance; Charge carreris; Efficiency, Interfaces

PACS: 84.60.Jt,73.40.kp , 84.37.q.42.60.Lh. 72.20.Jv

1. INTRODUCTION

The performance of solar cells based on electron and hole transport materials is influenced by many factors [1-3].
One of the main factors is the quality of the interfacial layer formed between the components of solar cells. This interface
plays a very important role in solar cells. In the case of inorganic solar cell semiconductors, extensive studies on this
interface have provided valuable knowledge, leading the electronics industry to improve fabrication techniques and
develop better-performing, longer-lasting integrated circuits [3]. For inorganic/organic solar cells, the interface is
especially important as well, since it is commonly found that in organic devices, the same semiconductor behaves very
differently depending on the dielectric material used and the interface thus formed, such as TiO. and P3HT [4,5].
Therefore, various organic and inorganic interface modifiers have been used to enhance the efficiency of hybrid
TiO2/P3HT solar cells in order to improve charge separation and molecular arrangement. Some of these modifiers include
optimized fabrication, dopants, and tailored interfacial interactions, which further enhance charge transport and light
absorption, advancing organic photovoltaics [6,7]. The interface between these components of solar cells influences solar
cell efficiency, stability, and resilience in harsh weather conditions, such as heavy rain or snowstorms.

In this study, we present an investigation into the frequency and voltage dependence of the admittance in solar cells
based on the nc-TiO: semiconducting polymer heterojunction. Section II outlines the theoretical framework of the
conductance technique applied to solar cells. Section III details the experimental procedures for device fabrication and
characterization. In Section IV, we analyze and discuss the experimental results in relation to the theoretical concepts
introduced earlier. Our data analysis highlights the role of interface states and the impact of dye layers on device performance.

2. THEORTCAL SECTION
To understand the behavior of a heterojunction solar cell it is useful to consider the behavior of polar dielectric in
an alternating electric field using these references (8-11). If a small sinusoidal voltage of angular frequency o is applied
to a parallel plate capacitor filled with such a material, then the capacitance, C, is given by

_&¢,4
d

C 1)
where £, is the relative permittivity of the dielectric, £, the permittivity of free space, A the place area and d the plate

separation.
When measured over a wide range of frequencies from 10% to 10'° Hz, ¢, shows a strong frequency dependence,

see Figure 1.
At low frequencies ¢, is essentially constant and equal to &, the static or low-frequency dielectric constant. As the

frequency increase and permanent dipoles in the dielectric cease to be able to follow the voltage, then dispersion occurs
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and ¢, decrease to ¢_, the high frequency dielectric constant, which reflects induced polarization corresponding to

atomic and electron displacements in the alternating electric field. Also shown dotted at low frequency is a possible
contribution from interfacial polarization. In our solar cells, this is an important contribution for interfaces formed
between the components of devices.

Interfacial Polarization

dipole relaxation

v

] Il
T T

10? Log f (Hz) 10%°

Figure 1. Frequency dependence of €, for a polar dielectric. The dotted curve shows the effect of interfacial polarization

® Interfacial polarization (Maxwell -Wagner Effect)
In a homogenous dielectric with conductivity ¢ and permittivity €, the current density of the system is determined
using Maxwell’s equation

T=oB+s9E )
dt

t

, V
where E is the electric field. For an alternating applied voltage V=V e’ and since E= E , equation (2) may be written

as
. oV
J=jo (e-j—)—. 3)
o d
Hence the capacitor may be represented by a complex capacitance per unit area, C*, where
N
e—j—
Cc' = @
d
“4)

If the capacitor consists of two different materials, they may be characterized by their thickness (di.d>), conductivity
(0,,0,) and permittivity (&, &, ) (Figure 2).

€ &2

o, o, =0

dx dz
«— | —>

Figure 2. An inhomogenous capacitor formed from two different dielectrics
The two materials will have capacitances C; and C; in series and if ¢, =0, then
.0
& —J

C[ZTQ (5)
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and
C- 2 6)
d2
so that the total capacitance Cris given by
Cr = e, _ & @
C,+C, d +d,
where &, is the apparent complex permittivity.
The apparent permittivity £, is given by
.O
. (&—-J)&
g'= —— ®)
(‘91 _]E)fz +82f1
where f, 4 and f, = a,
d, +d, d +d,
When @ — 0, & — &,, the apparent value of the static permittivity
€2
£ =2, (€))
2
When @ — o, €, — €_, the apparent value of the high frequency permittivity
e = L_ (10)
&ty + &,
By substitution it can be shown that
_;g
& T8 "o (1)
& —E N
§ - 51f2 + ngl —-J fz
w
or
& -, _ 1 (12)
&—€, 1+ jor
where 7 = Lf%fl . Here 7 is the relaxation time of the double-layer capacitor structure. Rearranging equation ( 12)
o 2
then yields
g =6+ (13)
1+ jor
or
. & —E., Jor(e, —E.)
g =&+ - : 14
R R A A E (19
Equation (14) may be simplified to
g =¢—je (15)
where the real part
’ 85 B goo
g =& + 16
l1+@&’7? (16)
And the imaginary part
, OT(E,—E.)
= =r (17)
I+t

These represent exactly the format of the Debye equation for a single relaxation time process and show that £’ and
g” are frequency dependent (Figure 3).
The Debye equation can be rearranged to eliminate @, yielding

€@ 225y + (e (@) =i<e”—ew)2 . (18)
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This is an equation for a circle when £”(w) is plotted against £'(w) . Such a plot (Figure 4) is known as a Cole-Cole plot.

Eg +Ey
ot =1
&
e"(w)
ot =0
x
0.1 10 L g'(m)
Figure 3. Relaxation spectrum of the Figure 4. A Cole-Cole plot of £”(@) versus €' (w) of a single relaxation
inhomogeneous capacitor time process

If there are two semicircles in the Cole —Cole plot, then this provides evidence of two process occurring in the device
(Figure 5).

&"(w)

&'(w)

T

Figure 5. Cole-Cole plot of £”(@) versus £'(w) with two processes occurring in the device

In an interpenetrating system such as a bulk heterojunction solar cell, then the simple two-layer model breaks down
and the device is likely to be characterized by a distribution of relaxation times. By analogy with polar dielectrics with a

distribution of relation times we may now write the complex permittivity &, as

* £ _800
& =€w+ls'—(l_a) (19)
+ jot

where ¢« is a parameter describing the distribution. When ¢ =0 the single relaxation time response is recovered. When
0<a <1, the effect of the distribution of relaxation times is to broaden and flatten the Cole-Cole plot as shown in Figure 6.

&"(o)

|
/'\I\O/< &'(o)

/2 AN /2

a(l-a)

Figure 6. The effect of the distribution of relaxation time on the Cole-Cole plot

3. EXPERIMENTAL METHOD
Figure 7 shows the molecular structure of the materials used in our solar cells. The devices were made using fluorine-
doped tin oxide (SnO::F) electrodes with a compact TiO. layer added by spray pyrolysis according to [ 7 ]. A
nanocrystalline 7 / 2 TiO: (nc-TiO2) paste acted as the active layer, sensitized with ruthenium dye (RuL2(NCS).:2 TBA)
from Solaronix Co., Switzerland. The p-type semiconductor, P3HT, was from Sigma-Aldrich Ltd. Similar devices without
the ruthenium dye were also fabricated for comparison. To fabricate the cells, the SnO2:F/TiO: substrates were cleaned
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thoroughly with Decon 90 soap, rinsed with tap, hot, and ultrapure water, and dried. The nc-TiO: paste was spread on the
surface, dried in air, and heated to 450°C for 30 minutes to form a porous anatase layer about 2 pm thick. This layer was
soaked in a ruthenium dye solution for 48 hours, then rinsed with ethanol and dried under nitrogen. The P3HT layer was
applied on top by spin-coating a chloroform solution of P3HT at 1000 rpm. A gold layer (~50 nm thick) was deposited
as the top electrode with a device area of 3 mm?. Electrical testing was done using a Solartron 1260 Frequency analyzer.
Capacitance and conductance were measured across frequencies from 100 Hz to 1 MHz at room temperature.
Capacitance-voltage measurements were taken in the range of +2.5 V to —2.5 V at 0.1 V steps and a fixed frequency of
100 Hz. Voltage bias was applied to the SnO::F electrode, with forward bias from 0 V to —2.5 V and reverse bias from
+25Vto0V.

Keithly
4200

ShkAall

P3HT

nc-TiOz  covered with
dye
|

Compact TiOy layere—— | __I.|

Light «—

L/ Sn0z:Fn

Mlask

Figure 7. Schematic representation of the solar cell structure tested under illumination

4. RESULTS AND DISCUSSION
Figure 8 shows the difference in DC characteristics of TLSCs and DLSCs in both dark and illuminated conditions.
In the dark, TLSCs have a strong rectification ratio of about 3000 at +1V, with a low reverse current, while DLSCs show
a much lower rectification ratio of 10 at -0.8V.
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1E+HI1 A
1.E+00 4
1EHID A
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- —s—dark
'E 1 E-02 4 —=— light 'E‘ +d_ark
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- w
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Figure 8. J -V characteristics of (a) DLSC and (b) TLSC device under illumination and dark conditions

Both types of devices turn on at around 0.65V, but TLSCs start conducting strongly at 0.65V, whereas DLSCs reach
a high current (~10mA/cm?) at 0.8V. Under illumination with a halogen lamp, TLSCs produce a higher open-circuit
voltage (Voc) of 0.73V, a much greater short-circuit current density (Jsc) of 2.3mA/cm?, a fill factor (FF) of 49%, and a
power conversion efficiency (PCE) of 1.1%. In contrast, DLSCs achieve a Voc of 0.68V, a significantly lower Jsc of
0.22mA/cm?, an FF 0f 46%, and a PCE of just 0.09%. The higher Jsc in TLSCs suggests better charge collection efficiency.
The DLSCs show some variation in Voc (0.65V-0.68V), likely due to an electric field at the nc-TiO2/P3HT interface, as
previously reported for similar cells. Both device types show increased current under illumination at high forward bias,
indicating photoconductivity. Overall, TLSCs outperform DLSCs in Voc, Jsc, and PCE, making them a stronger choice
for solar cell applications.

The capacitance versus frequency characteristics of DLSCs as a function of the applied voltage were presented in
Figure 9. At high frequency (0.1MHz), the capacitance was ~188 pF and almost constant as the applied voltage increased.
At low frequency, the loss appears to become almost constant capacitance was over 3 orders of magnitude greater and
dependent on the voltage applied to the device. For an applied voltage of 0V, the capacitance measured at 1Hz was 156nF
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and increased to 448 nF at -0.4V therefore remaining constant for further increases in forward bias. Figure 9-b shows the
loss-frequency relationship for a DLSC with different voltages applied to the SnO,:F electrode. With -0.8V applied, the
loss at 0.1MHz was ~290pF, but increasing, following a law of the form o™**, to ~1300nF at 1Hz. Similar behavior was
observed for ~ 0.4V and OV.
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Figure 9. a) Logarithmic plot of capacitance and b) loss versus frequency characteristics of DLSC under different voltages
applied to the SnO2:F electrode

In Figures 10, the results presented in Figure 9 are replotted as Cole-Cole plot. Figure 10 shows the Cole-Cole plot
of DLSC. In this figure, the curves show clear dispersion between about 1Hz and 100 Hz, corresponding to the region of
almost constant loss in figure 9. At low frequency, a second process is observed which suggest additional dispersion
although the almost constant capacitance in this region suggests that it arises from a DC loss in the device. This view is
reinforced in Figure 10-b and 10-c where application of a forward voltage increases this component significantly. At the
highest frequencies (100Hz TO 10kHz), there is a tendency for the plots to converge at a capacitance of 188pF, which
corresponds to the device thickness.
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The capacitance-voltage (C-V) characteristics of DLSCs were also measured at two different frequencies, namely
10 KHz and 1 Hz. The results are shown in Figures 11-a and 11-b respectively. As can be seen, capacitance was virtually
independent of the applied voltage when the device was under reverse bias, but increased rapidly at -0.6V at high
frequency and at -0.2V for the lower frequency. In both cases, this capacitance passes through a maximum and decreases
rapidly for further increase in forward bias.
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Figure 11. Capacitance-voltage characteristics of DLSC at (a) 10KHz and (b) 1Hz

Figure 12 shows capacitance versus frequency characterization of a TLSC as a function of the voltage applied to the
SnO,:F electrode. For an applied voltage of 0V, the high frequency capacitance was ~189 pF for a frequency of 0.1 MHz
which is similar to the high frequency capacitance of a DLSC. However, comparing Figure 9 and Figure 12-a, the high
frequency capacitance of the TLSC was more strongly dependent on the applied voltage, especially at frequencies below
0.1 MHz. However, there was an increase in the low frequency capacitance compared to DLSCs as follows:

1. For an applied voltage of 0V, the capacitance of DLSC at 1Hz was ~157 nF in contrast to 42nF for TLSC.
2. For an applied voltage of -0.8V, the low frequency capacitance of TLSCs at 1Hz was ~3340nF and hence
significantly greater than ~471 nF for DLSCs.

Figure 12-b shows the loss—frequency characteristics of the TLSCs with different bias voltages applied to the SnO,:F
electrode. At 0.1 MHz, the loss showed stronger voltage dependence in the TLSC compared with the DLSC. At 1Hz, this
dependence was much more marked. The loss in the TLSCs increased by more than 3 orders of magnitude to ~2.2x10* nF
for an applied voltage of -0.8V.
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Figure 12. a) Logarithmic plot of (a) capacitance and b) loss versus frequency characteristics of TLSC versus frequency
characteristics under different voltages applied to the SnOx:F electrode
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Figures 13 show the Cole-Cole plots for the TLSCs with a different applied voltage. At zero bias, while there is
evidence for a relaxation process, this is not so clear as for the DLSC. Here the DC loss is already beginning to dominate
the dispersion and clearly does so when the voltage applied was increased from 0V to -0.4V and -0.8V.Figure 14 shows
the C-V characteristic of a TLSC at at two different frequencies, namely 10 KHz and 1 Hz. The capacitance was
independent of the applied voltage when the device was in reverse bias, but increased rapidly to a maximum value in
forward bias as seen in the DLSCs (figure 11). Interestingly in the TLSC, the maximum capacitance reached was lower
than in DLSCs (~4 nF compared to 13 nF) and occurred at a lower voltage -0.85V. On other hand , Figure 14 shows
capacitance-voltage measurements on a TLSC at 1Hz . The result behave a steadily increasing capacitance for increasing
forward bias, reaching 1600nF at 0.5V and much higher, therefore, than observed in DLSC under corresponding
conditions.

57 1800 -
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Figure 14. Capacitance-voltage characteristics of TLSC at (a) 10KHz and (b) 1Hz

5. DISCUSSION

The J-V characteristics (Figure 8) clearly show that TLSCs show better performance in comparison with DLSCs.
Under illumination, TLSCs produce a Voc of 0.73V, a Jsc of 2.3 mA/cm?, and a PCE of 1.1%, while DLSCs produce a
Voc of 0.68V, a Jsc of 0.22 mA/cm?, and a PCE of just 0.09%. The higher efficiency in TLSCs is attributed to the presence
of the Ru-dye layer, which acts as a sensitizer and facilitates better charge carrier generation and transport. That is
accompanied by higher Jsc and Voc in TLSCs, indicating improved charge collection efficiency and reduced
recombination losses at the interface [11-14]. In contrast, DLSCs suffer from poor charge separation and high
recombination, leading to lower efficiency.

The AC results, including capacitance-frequency (C-f) measurements, loss-frequency characteristics, and Cole-Cole
plots, provide further insights into the charge transport mechanisms and the role of the Ru-dye layer. At high frequencies
(0.1 MHz), the capacitance is nearly constant (~188 pF for DLSCs and ~189 pF for TLSCs) and represents the geometric
capacitance of the device, dominated by the bulk regions of P3HT and nc-TiO.. However, at low frequencies (1 Hz), the
capacitance behavior diverges significantly between DLSCs and TLSCs. In DLSCs, the capacitance increases with
applied voltage, reflecting the dominance of depletion capacitance, which is associated with charge accumulation and
recombination at the P3HT/nc-TiO: interface. This behavior is consistent with the poor charge separation and high
recombination losses observed in the DC results. In contrast, TLSCs exhibit a much larger increase in capacitance at low
frequencies, which is attributed to diffusion capacitance, indicating efficient charge carrier dynamics and reduced
recombination. This is consistent with the improved charge collection efficiency and higher Jsc observed in the DC results.
The capacitance-voltage (C-V) characteristics at different frequencies further support these findings. At 10 kHz, the
capacitance in TLSCs reaches a maximum of ~4 nF at -0.85V, which is lower than the maximum capacitance observed
in DLSCs (~13 nF). This indicates better charge control in TLSCs, consistent with the improved charge transport and
reduced recombination observed in the DC results. At 1 Hz, the capacitance in TLSCs increases steadily with forward
bias, reaching 1600 nF at 0.5V, which is significantly higher than in DLSCs. This reflects the dominance of diffusion
capacitance in TLSCs due to improved charge carrier dynamics.

6. CONCLUSIONS

The DC and AC results are closely interrelated and provide complementary insights into the performance and charge
transport mechanisms of the solar cells. The DC results demonstrate that TLSCs have better steady-state performance,
with higher Voc, Jsc, and PCE, while the AC results reveal that this improvement is due to better charge separation,
reduced recombination, and more efficient charge transport facilitated by the Ru-dye layer. The Ru-dye acts as a sensitizer,
enhancing charge injection into nc-TiO. and reducing recombination losses, which leads to superior charge carrier
dynamics and overall device efficiency. The combination of DC and AC analysis provides a comprehensive understanding
of the charge transport mechanisms and highlights the critical role of the Ru-dye layer in improving the performance of
TLSCs. This integrated approach underscores the importance of interfacial modifications, such as the incorporation of a
Ru-dye layer, in optimizing the performance of organic-inorganic hybrid solar cells.
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AHAJII3 BIAI'YKY 3MIHHOI'O CTPYMY I MEXAHI3MIB IEPEHOCY 3APSIAY B IBOIIAPOBHUX I
TPUITAPOBUX APXITEKTYPAX COHSIYHUX EJIEMEHTIB
Xmyn Aas JImyp
Kageopa izuxu, gaxynemem npupodnuyux nayk, Yuisepcumem Myma, Myma 6170, Hopoanis

VY wiii po6GOTi TOCTIIKYETHCS BIUIUB IIapy pyTeHieBoro 6apBHuKa (Ru-0apBHHK) Ha CIEKTPUYHI BIACTUBOCTI COHSYHUX CIIEMCHTIB Ha
OCHOBI HaIIBIIPOBIIHUKOBOTO mojiMepHoro rereponepexoay nc-TiO2. ¥ TLSC (comnstuni enementu P3HT/Ru-6apBuuk/nc-TiO2) mpu
3MEHIIeHHI JacToTH BuMipioBanb 3 10 I'm qo 0,1 I'p cocTepiraerhcst 30UIBIICHHS €MHOCTI Ha TP MOpsAAKU. Lle mosicHIoeThCs
JIOMiHYBaHHAM IU(]y3iiHOT €MHOCTI y BHUMIPIOBAHHSAX, IO BKa3y€e Ha MOKpALICHY AWHAMIKY HOCIIB 3apsily Ta CHOpuUs€ Kpariid
MIPOJYKTHBHOCTI Ta MiABUINEHHIO edekThBHOCTI. Ha mporuBary mpoMy, B ToMy X mianmazoni gactoT, DLSC (comsuni enemeHTH
P3HT/nc-TiO2) neMOHCTPYIOTH 30UIBIICHHS €MHOCTI Ha OJWH HOPSIOK, IO MOSICHIOETHCS JOMIHYBAaHHSM BHUCHAXKIJIMBOI €MHOCTI.
Takum unrom, DLSC, #iMOBiIpHO, CTPaXIaI0Th BiJl HU3bKOT 1HXKEKIIIT HOCIiB 3apsiTy, BUCOKHX BTpAT Ha PEKOMOIHAIIIIO Ta, 3PEIITOLO,
Hwk4oi edextuBHocTi. Kpusi Koyna-Koyna noOynoBani 1uist npukiiaeHuX Hanpyr B aianasosi Big 0 go 1,5 B Ta wacror Bix 20 'y no
1 MI'n. Ilpu Hynms0BOMY 3MillleHHI, X04a € 03Haku mporecy penakcainii B TLSC, ne ne Tak oueBuaHo mist DLSC. Ile mos's3ano 3
edexkrom Ru-6apBuuka, Bcrapinenoro Mk mapamu P3HT ta nc-TiO: (TLSC), mio crpusie KpaiomMy reHepyBaHHIO Ta TPAHCIIOPTY
HOCIIB 3apsy.

KurouoBi ciioBa: conauni enemenmu,; oughysitina emHicms, HOCHi 3apsa0y,; eghexkmuenicms, inmepgheiicu
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This study introduces a symmetry-adapted Lie algebraic framework, a highly efficient tool for calculating vibrational frequencies in
dichlorodifluoromethane (CClzF2). With its Czy point group symmetry, the molecule under consideration is particularly suited for this
approach. By formulating carbon-hydrogen(C-H) and carbon-chlorine (C-Cl) bond structures in unitary Lie algebras, the determination
of the vibrational quantum states of the molecule becomes remarkably straightforward. The Hamiltonian, including Casimir and
Majorana invariant operators and fitted parameters, accurately reproduces the desired vibrational modes using fundamental and higher
overtone frequencies. This approach, which compares modern and classical models, underscores the Lie algebraic techniques as
efficient tools for modelling anharmonic interactions and transition dynamics on a molecular scale. Beyond its theoretical relevance,
the model constructed provides a deep understanding of the vibrational aspects of molecules, a knowledge crucial for practical
applications such as spectroscopic data interpretation, the design of materials with desired vibrational characteristics, or the study of
molecules in complex environments. These practical applications enhance the versatility of the methodology and have enabled its
successful application to molecular spectroscopy, chemical kinetics, and the design of energy-efficient materials and sensors, among
other areas. This study provides experimentalists with confidence in the Lie algebraic approach and paves the way for further
polyatomic molecule experiments. By significantly contributing to reducing the error margin in computational molecular physics, this
methodology opens exciting possibilities for future research and development.

Keywords: Lie Algebraic Approach; Vibrational Hamiltonian; Casimir and Majorana Operators; Dichlorodifluoromethane;
Anharmonic Vibrational Modes

PACS: 02.20.Qs, 31.15.Xf, 03.65.Fd, 33.20.Tp, 33.20.Ea

1. INTRODUCTION

Vibrational spectra are of great importance as they form the basis of molecular spectroscopy and are a valuable resource
for depicting a molecule's structural, dynamic, and chemical aspects. The spectra are the result of the quantization of
vibrational modes of molecular bonds and are valuable in understanding molecular behaviour, such as bond strength,
structure, and energy interactions. These natural frequencies are associated with the vibrational spectra of molecules and
serve as the basis for understanding inter and intra-molecular interaction and stability. Their accurate determination is
important for various applications in science and industry, including the characterization of materials, monitoring of the
environment, analysis of chemicals, and even drug design. Their prediction and analysis enable scientists to envisage the
molecular properties under varied physical and chemical circumstances, which enhances the growth of both theoretical and
experimental chemistry [1-3].

For a long time now, various means of computational geometry have existed to compute vibrational frequencies,
each applying to scenarios and having flaws of their own. For example, the first approximation treats vibrations of
molecules as harmonic oscillators, with the only caveat being a quadratic potential energy surface. This leads to having
multiple overtones at one time; thus, considering anharmonic oscillations masks this model for a better chance of
correctness while being overly simplistic when adjusting for vertical strength. As long as we narrow our scope to smaller
molecules, there are quantum equations that allow such non-harmonics to work as expected, yet as the size of the molecule
increases, so does the cost. Because of this, Ab initio seems infeasible, which leaves us with the now classical Density
Functional Theory, which does have good scaling while providing correct values but does depend on the set basis chosen
for the function, which raises their accuracy depending on the interactions at hand. A brute method and exact method are
a popular combination because half the work done on the molecule allows for the rest to be narrowed down, so while
being computationally less in demand, they still are limited [4-9].

To begin with, it must be pointed out that even though they are helpful, conventional strategies are faced with great
difficulties when applying them to complex molecular systems. Such limitations encompass the difficulties in handling
anharmonic vibrations, especially in excited states, and large computationally expensive molecules. In addition, too many
conventional methods have the opportunity to account for transitions between the localized and delocalized vibrational
modes, which is crucial for an adequate description of the molecular dynamics. All these disadvantages justify using
different approaches, which have to specify molecular vibrations at specific but not-so-high computational
expenses [10-14].
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The Lie algebraic approach is a viable way to cope with such shortcomings. This method applies the mathematics of
Lie algebras to the task of defining molecular vibrations in a symmetry-adapted form, which has certain benefits over the
standard approach. The vibrational Hamiltonian, which encapsulates the energy of the molecules in terms of their vibrations,
is written in the form of operators that include the system's characteristics regarding its vibrational aspects. These operators
include Casimir operators that explain symmetry relations between the states of vibration and Majorana operators that
describe an anharmonic relation between the vibration modes. The parameters connected with these operators are fitted to
the experimental data, and the results obtained are used to predict the molecular vibrational characteristics. Unlike the
conventional approaches, the Lie Algebraic approach automatically includes some anharmonicity and, therefore, is much
more applicable when predicting higher overtones and the detail of molecular vibrations is required. In this case, the method
primarily benefits from using the symmetry of molecules to substantially simplify and reduce the number of variables and
operations required to perform a deep analysis of the Hamiltonian vibrational function. Lie algebraic model provides
accurate, efficient calculations of molecular spectroscopic information that account for vibrational modes that are localized
and delocalized. This model has applications that range from complex systems to diatomic molecules and encompasses all
in between, thus proving to be quite versatile. Furthermore, this model alleviates the problems faced by traditional models
that are primarily computational, such as dealing with nuclear and computational costs, which enhances its use for molecular
spectroscopy [15-19].

This study calculates the vibrational frequencies of dichlorodifluoromethane using an integrated Lie algebraic
approach. The vibrational spectrum of dichlorodifluoromethane helps assess computational methods due to its frequency
range, making the molecule of both industrial and environmental significance. The molecule possesses overlapping
stretching and bending vibrational modes and belongs to the C,, symmetry point group, which validates the use of the Lie
algebraic framework. The parameters of symmetry-adapted operators used in a molecule's vibrational Hamiltonian are
adjusted to reduce the difference between theoretical predictions and experimental observations. This study has displayed
that the system can accurately forecast the fundamental and higher over-tone frequencies while dealing with non-linear
interactions.

The results of this research point out the benefits of utilizing the Lie algebraic approach compared to typical approaches.
The approach's capability of accounting for anharmonic effects, cutting down the computation required, and conforming to
the symmetry properties of molecules indicates that it has prospects for broader use in molecular spectroscopy. Apart from
providing a thorough treatment of dichlorodifluoromethane's vibrational characteristics, this study also demonstrates the
ability of the theory to deal with sophisticated molecular systems. The results demonstrate how the Lie algebraic approach
fills in the important voids in vibrational analysis and provides an inexpensive and efficient substitute for the conventional
computational methods.

The main goals of this study are to assess the shortcomings of the available approaches in estimating vibrational
frequencies and display the inherent advantages of this Lie algebraic framework. Using dichlorodifluoromethane as an
illustration, the present work seeks to validate the relevance of the method in dealing with problems on anharmonicity and
offering further savings on computation time. It also targets bringing the foundations towards using the Lie algebraic technique
on a larger scale and more complicated molecular structures, which can further enhance molecular spectroscopy methods.
This study's results improve the vibrational dynamics of the molecule under investigation, dichlorodifluoromethane, and foster
the use of such symmetry-adapted methods in studying molecular vibrations in other fields.

2. LIE ALGEBRAIC HAMILTONIAN FOR VIBRATIONAL ANALYSIS OF CCLF:

The tetrahedral molecule known as Freon-12 or Dichlorodifluoromethane has a carbon atom which is bonded two
each of two atoms, chlorine and two atoms of fluorine. It possesses C,, symmetry which enables the vibrational modes
to be divided into four unique symmetry species (Ai, Az, Bi, By). The components of A; include symmetric stretching
and bending, the component of B, is asymmetric stretching whereas the component of B; is asymmetric bending that is
oriented perpendicular to the molecular plane. Such symmetry classification aids in conducting vibrational analysis by
estimating IR and Raman activity, besides classifying the molecular into other spectroscopic properties. Employing the
Lie algebraic framework, this symmetry is applied to derive the vibrational Hamiltonian which describes in a good
approximation both harmonic and anharmonic molecular interactions.

The vibrational Hamiltonian for CCL,F, is expressed as [20-22]:

H =Ey + XL AiC + X5 4Gy + X0 A M (D

i<

where E, represents the zero-point energy, 4;, 4;;, A;; are algebraic parameters, C; are Casimir operators for individual
vibrational modes, C;; represent coupled vibrational modes, and M;; are Majorana operators capturing cross-mode
interactions.

Casimir operators C; quantify the anharmonicity of single vibrational modes with eigenvalues given by:
—4(Nyv; = v{) 2

where N; is the vibron number, and v; is the vibrational quantum number. For coupled modes, the operator C;; has diagonal
matrix elements:
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<Ni' Vi, IVJ"Vj|Cij|Ni'Vi; 1Vj,Vj> =4 [(Vi + Vj)z — (Vi + Vj)(Ni + IVJ)] (3)

The Majorana operator M;; includes both diagonal and off-diagonal terms, representing energy exchange between coupled
vibrational modes:

(Ni’ Vi, Ivj, leMij|Ni,Vi; 1Vj,Vj> = (NiVj + IVjVi— 2ViVj). (4)
Off-diagonal elements for vibrational transitions are given by:

]1/2

N;,v; +1; N;,v; — 1M,
( i Vi jrVj | Ll (5)

N vis N, v) = =[v;(vi + DW= v) (N-v; + 1)
<Ni' vi—1 N,v; + 1|Mij|Ni:Vi; Nj’Vj> = _[Vi(vj + 1)(1\[]'_Vf)(Ni_Vi T 1)]

The vibron numbers N;, which quantify the anharmonicity of each bond, are calculated as:

N; =29 1 i=1,2,3,4, (6)

N (wexe)i

where w,, is the harmonic frequency, and w,x, is the anharmonic constant obtained from spectroscopic data [23].
The initial estimates for algebraic parameters A;, Ay, 4;; are derived using fundamental vibrational energy relations.
For the symmetric and asymmetric stretching modes:

EC_F(V =1)=-4A,(N; - 1) )
ECY(v=1)=—44,(N, — 1))
The coupling parameters are estimated as:
/1(;_ F _|E C-F (Symmetric Stretch)—E C-F (Asymmetric Stretch)|
L " ®)
AC—CI _ |EC_C1(Symmetric Stretch)—Ec_Cl(Asymmetric Stretch) |
i 3N,

Applying the least square numerical regression improves the parameters, in this way reducing the difference between
computed and experimental frequencies. The Hamiltonian includes both the C-Cl bond and C-F bond contributions:

H = HCF 4 ge-c, 9

where:
HE=C = E§~C + A1Cy + A,C, + A5Cpp + A5 My, (10)
HEF = E§7F + A3C3 + AyCy 4 A3yCay + A3 My )

This model considers the bending and stretching vibrations of C-Cl and C-F bonds, and it portrays the vibration
spectrum of CCl,F, even more accurately. From the invariance group C,, and the symmetry adapted operator’s aid, the
Lie algebraic model provides close estimates of the resonant and harmonic frequencies which makes it highly effective
in analysing the molecular dynamics and the spectroscopic characteristics of the halogenated hydrocarbons.

3. RESULTS AND DISCUSSIONS
The vibrational Hamiltonian parameters were obtained by fitting to the fundamental vibrational frequency data of CCl2F>,
in order to determine a set of parameters such that the U(2) Lie algebraic approach for predicting the vibrational
frequencies of CCL:F: could be applied []. The fitted parameters are as follows:

Ne_p = 118,N¢_¢; = 160, AF™F = —2.35, 477! = —1.04, A7 = 6.38, A7 = 3.26,A7" = —0.16, 277! = —0.48

Table 1 below provides a comprehensive summary of the vibrational frequencies, symmetry species, and the

corresponding vibrational modes within the molecule. These results highlight the distribution of vibrational energy across
different modes, offering a detailed understanding of the molecular dynamics.
Further, these quantities are expressed graphically in the Figure which depicts the vibrational frequencies alongside
specific symmetry species and modes graphs. This bi-presentation both integrates and enhances an analysis of the CCIL2F2
vibrational behavior and deepens the understanding of the U(2) Lie algebraic framework effectiveness in capturing the
molecular vibrational characteristics.
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Table 1. Vibrational frequencies (in cm™) for CC1LF,

Vibrational Mode Symmetry Fundamental I I

Species Experimental [24] | Calculated | overtone | overtone

vi (CF; s-str) A 1101 1092.27 1822.31 2761.22
v2 (CCl2 s-str) A 667 669.14 1086.80 1561.11
v3 (CF scis) A 458 451.03 867.67 1109.37

v4 (CCl: scis) A 262 255.61 527.83 783.99
vs (CF2 twist) A 322 334.00 681.88 997.94
ve (CF a-str) Bi 1159 1136.38 2005.03 2900.55
v7 (CF2 rock) B 446 432.77 753.32 1087.07
vs ((CCl2 a-str)) Bi 902 900.29 1683.37 2446.42
vo (CF2 wag) B2 437 424.20 769.53 1033.30
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Figure. Vibrational Frequencies Representation for CCL,F»

4. CONCLUSIONS

The findings of this paper demonstrate that the Lie algebraic framework applied in this research is a precise and
accurate method for estimating the vibrational frequencies of CCLF.. The framework succeeds in calculating the
fundamental frequencies close to the experimental value, resulting in a Root Mean Square (RMS) of 11.39 cm™, further
illustrating the model’s efficiency in accounting for anharmonic interactions. Both computational savings and flexibility
substantiate it, and it works well for vibrational fundamental and overtone modes. The vibrational dynamics of the system
have been successfully captured, which opens up new possibilities for using the framework and the associated techniques
for broader applications like molecular dynamics and spectroscopy. This will be done by applying the developed method
to more complex systems while ensuring that this work focuses on developing procedural integration with modern
computational approaches.
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KOJIMBAJIBHI YACTOTH TAXJIOPITAPTOPMETAHY 3 BUKOPUCTAHHAM AJITEBPATUHOT O MIAXOAY JII
I1. Cynira?, 5.B.C.H. Xapi IIpacaa®, x. Bimkascexap®
“Kagheopa mamemamuxu, SAHE-Axademisn euwoi oceimu Ciooxapmxu-Beascaemuvcs Yuisepcumemom, Bioscassaoa, Inois
bKagpeopa mamemamuxu, Texnonoziunuii incmumym Bacipedoi Benxamadpi, Hambyp, oxpye ['yumyp, Anoxpa-Tlpadew, Inois
‘Kagpeopa mamemamuxu, GITAM (séasxcacmovcs Yuisepcumemon), Xaioapabao, Inois

VY 1upoMy JOCHIDKEHHI HPENCTaBICHO CUMETpiliHO-amanToBaHMi miaxix Jli, BHCOKOE(EKTHBHHMI IHCTPYMEHT IUISI PO3PaxyHKY
KonmuBanbHUX uactoT y auxinopaudropmerani (CCLF:). 3aBasku cBoiif ToukoBiii rpymnoBiii cumerpii C2v, Monekyna, LIO
PO3TIIsIIAETHCs, 0COOIMBO MiAXOAUTH UTS HOTO Hinxoay. @opMyror0Uun CTPYKTYpH 3B'I3KiB Byrielb-BoaeHb (C-H) ta Byries-xiop
(C-Cl) B yHiTapHux anre6pax Jli, Bu3HaUCHHS KOJIMBAIbHUX KBAHTOBHUX CTaHIB MOJICKYJIH CTAa€ HAI3BUYaiHO MPOCTUM. ['amMinbTOHIaH,
BKITIOYAIOYH iHBapiaHTHI onepatopu Kasumupa Ta Maiiopanu Ta miniOpani mapaMeTpy, TOYHO BiATBOPIOE OakaHi KONWBAIBHI MOJH,
BUKOPHCTOBYIOUM ()yHAAMEHTaIbHI Ta BHINI 00epTOHHI wactoTd. Llel minxinm, sKWil MOPIBHIOE Cy4acHi Ta KIACH4YHI MOZENI,
nigkpecioe anredpaitni Mmeroan Jli ik epeKTHBHI IHCTPYMEHTH ISt MOJICTIOBAHHS aHTaPMOHIYHHX B3a€MO/IIH Ta TMHAMIKU IIEPeX0/IiB
Ha MOJICKYJISIpHOMY piBHi. OKpiM CBO€ET TEOPETHYHOT 3HAYYIIIOCTI, TOOYI0BaHa MOJICNb 3a0e3Meuye TMOO0KEe PO3YMiHHS KOJTHUBAIBHUX
ACIIEKTiB MOJIEKYJI, 3HAHHSI, IO € KPUTHYHO BAKIMBHUM JUISl IPAKTUYHUX 3aCTOCYBaHb, TAKUX SIK IHTEPIPETALisl CIIEKTPOCKOIMIUYHHUX
JaHKX, IPOCKTYBAHHS MaTepialiB 3 0aKaHUMM KOJIMBAJIbHUMHU XapaKTEPUCTUKAMK 200 BUBYEHHS MOJICKYJI Y CKIAAHUX CePEIOBUILAX.
Ii mpakTH4HI 3aCTOCYBaHHS MiABUINYIOTh YHIBEPCAIbHICTh METOMOJOTII Ta TO3BOJIMIM I YCIIIIHO 3aCTOCYBATH 1O MOJEKYIISPHOT
CHEKTPOCKOITi, XiMi4HOi KIHETHKH Ta NPOEKTYyBaHHS CHEProe(eKTHBHUX MaTepialiB Ta CEHCOpiB, cepel iHmMMX Tamyseil. Lle
JIOCHIDKEHHS HA/a€ EKCIIEpUMEHTaTopaM BIIEBHEHICTh y anreOpaiuHomy migxoni Jli Ta mpokiamae OUIAX Uil MOJAIbIINX
SKCTICPHUMEHTIB 3 ITOJIIaTOMHUMH MOJICKYJIaMH. PoOuisian 3HaUHMH BHECOK y 3MEHIICHHS JOIMYCTUMOI NMOXHOKH B OOYHCITIOBAJIBHIH
MOJIEKYJISIpHiH (i3umi, Il METONOJIOTIs BIIKPHBAE 3aXOIUINBI MOXKIIMBOCTI ISt MOy THIX OCIII/DKEHb Ta pO3pOOOK.

Kurwuosi ciioBa: ancebpaiunuii nioxio JIi; konusanenutl caminemonian, onepamopu Kasumipa ma Matiopanu, ouxiopougpmopmeman,
AH2APMOHIYHI KOIUBATILHI MOOU
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The article analyzes X- and y-ray detectors based on the ionizing and scintillation principles of operation. The effectiveness of using
silicon p-i-n and p-n photodiodes in scintillation sensors for detecting visible photoluminescent radiation is investigated. The p-i-n
detector was fabricated on the basis of p-type single crystal silicon with orientation [111] and resistivity 8-10 kQ-cm. The p-n
photodiode was fabricated on the basis of n-type single crystalline silicon with orientation [111] and resistivity 200-300 Q-cm. It was
found that p-n photodiodes have a much lower dark current than p-i-n photodiodes (although somewhat inferior in sensitivity), which
provides their advantage in detectivity. However, if it is necessary to register short pulses of luminescent radiation, p-i-n photodiodes
should be used, since they have a higher response speed. The increase in response speed is due to the fact that the process of diffusion
of charge carriers in a p-n structure of a photodiode is replaced in the p-i-n structure by the drift of charge carriers through the i-region
in a strong electric field.

Keywords: Photoluminescence; Zinc Selenide; Silicon; CdTe; Electrical Properties,; Detectivity, Photodiodes

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

Continuous scientific and technological progress will make it increasingly important to monitor and measure doses
of ionizing radiation, in particular X-rays and y-rays. These are high-energy types of radiation that can cause damage to
cells and tissues of the body [1]. Therefore, controlling the level of these radiations is necessary to ensure the safety of
people working in environments where these radiations may be present (e.g., medical facilities, nuclear power plants,
industrial enterprises) [2]. Measurement of X-ray and gamma radiation levels is necessary to ensure the safe use of these
methods in medical diagnostic procedures (radiography, computed tomography) and therapy (radiotherapy) [3]. When
radioactive materials are used in industry, energy, or research, it is important to monitor the environment to detect and
prevent radiation contamination in a timely manner. Measurements of X-rays and gamma rays are important in
astrophysics, nuclear physics, and the study of cosmic phenomena, as these types of radiation are important indicators of
various processes in the Universe, such as interaction with high energies.

Meeting these monitoring needs requires the development of new and improvement of existing approaches to the
manufacture of ionizing radiation detectors. These approaches can be focused on improving sensitivity, accuracy,
measurement speed, and ability to operate in difficult conditions.

The most common methods for detecting X- and y-radiation that are being developed and improved are ionization
and scintillation methods. The ionization method [4, 5] is based on measuring the ionization effect. It occurs in the sensitive
volume of the detector when ionizing radiation interacts with it. Three types of ionization detectors are mainly used: a
semiconductor detector, a pulsed ionization chamber with a grid, and a proportional counter [6]. However, semiconductor
detectors are the most widely used. In a semiconductor detector, a sensitive region is created in which there are no free
charge carriers. Once in this area, a charged particle causes ionization. Accordingly, holes appear in the valence band and
electrons in the conduction band. Under the action of a voltage supplied to the electrodes deposited on the surface of the
sensitive zone, the movement of holes and electrons occurs, which leads to the appearance of a current pulse. Devices for
registering ionizing radiation are made both on the basis of elementary semiconductors and complex ones, including solid
solutions. For example, spectrometers with silicon diffusion-drift detectors measure B-spectra, as well as X-ray and low-
energy y-ray spectra. Germanium detectors made it possible to create y-spectrometers with high technical parameters.
However, among the many complex semiconductors used for X- and y-ray detectors at room temperature, such as halide
perovskite semiconductors [7], thallium bromide [8], cadmium telluride-based detectors have been the most promising and
studied compounds for many years [9-12]. At the same time, the most successful of the latter is CdZnTe [13-15]. However,
due to the strict requirements for the properties of materials needed to operate at room temperature, they all have several
critical problems. In particular, thallium bromide (TiBr) exhibits unresolved problems of contact deterioration and device
polarization, although various solution approaches are being investigated [16]. The use of halide perovskite materials
(CsPbBr3) shows poor performance stability over time due to ion migration and defects under the influence of an electric
field [17]. CdZnTe has some problems with Te inclusions, subgrain boundaries, and zinc segregation coefficient [18, 19].
Thus, the development of a nuclear detector based on a semiconductor that would have high performance and low cost at
room temperature remains a significant challenge. An interesting fact is that the addition of impurities in the form of Mn
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and Se results in the formation of solid solutions of the composition CdZnTeSe and CdMnTeSe, which exhibit improved
electrophysical properties compared to CdTe [20, 21]. In particular, the addition of selenium leads to a sharp decrease in
the density of dislocations and grain boundaries, and better compositional homogeneity [22]. The addition of manganese
to CdTe can solve the problem of zinc segregation factor due to the more stable segregation property of manganese [23].
In [24], the suitability of CdMnTe and CdMnTeSe as materials for room temperature X-ray and y-ray detectors was
investigated and their crystal structures, mechanical and optical properties were studied.

However, the above are complex physical and technological problems that can be avoided by using scintillation
detectors. These detectors use scintillation materials, materials that emit light when they absorb ionizing radiation. This
light is converted into an electrical signal using photodiodes or photomultipliers [25].

The variety of scintillation materials is wide. For example, scintillation crystals based on ZnSe exhibit luminescence
at A = 460-590 nm when irradiated with X-rays [26, 27], scintillators based on polystyrene - A = 425-530 nm [28, 29],
bismuth germanate BisGe;O,, has a maximum luminescence at A = 480 nm [30], yttrium aluminum garnet Y3AlsOi2: Ce
(YAG:Ce), lutetium aluminum garnet (Lu3zAlsO12:Ce, LuAG:Ce), and yttrium lutetium aluminum garnet mixed crystals
((Y,Lu)3Al5012) have a scintillation wavelength of 2=530-550 nm, which is ideal for matching with photodiodes and
avalanche photodiodes [31,32].

As can be seen from the above list of scintillation materials, detectors sensitive to the visible spectral range are
required to detect their luminescent radiation. The development and improvement of these detectors is an urgent scientific
and technical task. These can be avalanche photodiodes [33], photomultipliers [34], or p-i-n photodiodes [35,36], as well
as p-n photodiodes [37]. The most widespread are scintillation detectors based on silicon p-i-n and p-n photodiodes.

The market leader in the production of silicon photodetectors is Humamatsu (Japan). The manufacturer offers a series
of visible and near-infrared detectors for scintillators: S2744-08 [38], S2744-09 [39], S3204-08 [40], S3584-08 [41],
S3590-18 [42] - p-i-n photodiodes of different areas are sensitive in the range of A = 340-1100 nm with a maximum at A =
960 nm and photosensitivity S=0.2-0. 4 A/W in the visible range; as well as S12497 [43] and S12498 [44] - p-n photodiodes
are sensitive in the range of A =400-1100 nm with a maximum at A = 920 nm and a photosensitivity of S =0.32-0.36 A/W
at A = 540 nm.

As can be seen from the analysis of the detectors, their spectral maximum is shifted towards the near-infrared region,
respectively, shifting the maximum towards shorter wavelengths may increase the sensitivity of the detectors in a given
range. No less urgent is the need to reduce the dark currents of the detectors to ensure their significant detectivity.
Accordingly, the aim of this work is to develop silicon p-i-n and p-n photodiodes for the visible range, to characterize them
comparatively and to study the possibilities of increasing their detectivity and reducing the dark current (/) for effective
use in scintillation detectors.

EXPERIMENTAL

Two types of single-element PDs of the same area, p-i-n and p-n, were fabricated for the detection of
photoluminescent radiation in the visible range. The p-i-n detector was fabricated on the basis of p-type single crystal
silicon with orientation [111] and resistivity p=8-10 kQ-cm according to the technical regimes given in [45]. The structure
of the PD crystal with a guard ring (GR) was used to prevent the influence of inversion layers at the Si-SiO; interface on
the parameters of the PD and surface breakdown (Fig. 1a). The n*-type responsive element (RE) and GR were formed by
phosphorus diffusion. The depth of the phosphorus impurity reached x,+.,=2-2.5 um. The p*-type ohmic contact on the
reverse side of the crystal was formed by boron diffusion. The antireflective SiO; on the surface of the RE was formed
by oxidation in a dry oxygen atmosphere and met the condition of minimum reflection [46]:
% = ndsipz (D

where A is the working wavelength; n the refractive index of SiO»; dsio> is the thickness of the antireflective film.

Considering that the fabricated PDs are planned to be used for detecting wavelengths in the range of A = 400-780
nm, in which the thickness of the antireflection oxide reaches ds;o; = 70-140 nm, we formed an intermediate thickness of
the oxide film dsi02 = 100-110 nm.

n*-GR n-RE  anti-reflective SiO, masking SiO: p*-RE  anti-eflective SiO, masklng Si02

g N

Si p-type (B) Sin-type
p*-Si (B) n*-Si
ey Cr e T
-~ Au — Au
a) b)

Figure 1. Schematic cross-section of p-i-n PD (a) and p-n PD (b)
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The p-n PD was fabricated on the basis of n-type single crystalline silicon with orientation [111] and resistivity
p~200-300 Q-cm (Fig. 1b). The topology without GR was used. The p*-type RE was formed by boron diffusion (x,+.
»=2-2.5 um). The n*-type ohmic contact on the back side of the crystal was formed by phosphorus diffusion.

The parameters of the obtained PDs were compared.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
From the dark I-V-characteristics of the studied samples, it can be seen (Fig. 2) that the p-n PD has a significantly
lower dark current than the p-i-n PD. This can be explained by considering the components of the dark current. The dark
current of the PD is determined by the sum of the diffusion current in the neutral region (/) (1) and the generation current

in the depleted region (/) (2) [47].
Dy D
lair=e (np : /;4' Pn - /i) 2

where e is the electron charge, n, and p, are the concentrations of electrons and holes in the p- and n-layers, respectively,
D, and D, are the diffusion coefficients of electrons and holes, respectively, 1, and 1, are the lifetimes of electrons and
holes as minor charge carriers, respectively.

Ig = et WiAgg 3)

where n; is intrinsic concentration of charge carriers in the substrate; W¥; is width of the space charge region, Azg is the
area of RE, 1 is the effective lifetime of minor charge carriers.

The main contribution to the value of the PD dark current is made by the generation component, which is
proportional to the width of the spatial charge region (SCR), which in turn is directly proportional to the reverse bias
voltage [48]:

1
W, = (2550 (f;AUbtas))E @
where g &are dielectric constants for silicon and vacuum, respectively; @. is contact potential difference.

If we calculate W; for p-i-n PD and p-n PD, for example, at | (VY | , we obtain W; = 95-105 pm in p-i-n PD and
W;=15-20 pm in p-n PD. Accordingly, the generation dark current of p-i-n PD is much higher than that of p-n PD. Also,
we note that the dependence of the dark current on the voltage in the p-i-n structure is stronger.

It is worth noting that in the case of manufacturing p-Si-based PDs (especially high-resistance ones), a surface
component of the dark current (/) is added (5), which characterizes the generation of charge carriers on the silicon-
silicon oxide interface and in the region of the p-n junction exit to the crystal surface. It is the GR that is the element of
the PD crystal that limits the surface component of the dark current, since in the presence of inversion layers at the Si-
Si0; interface, the p-n junction area increases, and, accordingly, /; increases (Fig. 2 inset) [49].

eNssV0s5Ap—n
") == )
where o is the cross section of the capture, Ny is the density of surface states, v — is the average relative velocity of
thermal charge carriers, 4., is the area of the p-# junction.

The use of the GR in the design of the PD crystal requires control of the insulation resistance between the GR and
the RE [49]. In the investigated case, it reached about 1-2 MQ.

The light /-V-characteristic of the PDs at A = 405 nm, A = 646 nm, A = 780 nm (Fig. 3) were obtained and their
sensitivity (S) was determined by formula (6) [50].

S = (Ipn — 12)/Pope Q)

where I, is the light current of the PD, P, is the power of the radiation.
. .
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Figure 2. Reverse dark /-V-characteristics of PDs (insert is the  Figure 3. Reverse light /-V-characteristics of PDs (Pop=5 mW)
dark /-V-characteristics of p-i-n PD without the connected GR)
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In both cases, with an increase in the radiation wavelength, the photocurrent and sensitivity of the PDs increased,
since the maximum of their spectral characteristics was shifted to longer wavelengths.

The absorption coefficient of the wave A = 405 nm in silicon is a = 103 cm™! [51], respectively, the intensity of
radiation with this wavelength, according to the Bouguer-Lambert-Beer law [52], decreases by a factor of e in the
thickness of silicon about 1 um (we assume that it is absorbed). Accordingly, in both studied samples, this radiation is
absorbed in the doped layer, so the expansion of the SCR does not affect the collection of photogenerated charge carriers.
Photogenerated charge carriers, in the described case, reach the p-n junction by diffusion due to the concentration gradient.

From the light I-V-characteristics of the PDs and the dependence of S(Upius) (Fig. 4) at A = 646 nm, A = 780 nm,
it is clear that the photocurrent and sensitivity of the p-n PD depend on the reverse voltage applied minimally, since its
SCR changes minimally when the voltage is changed due to the low resistivity of the base material. It is known [53] that
the p-n junction is reached only by those charge carriers that are photogenerated at a distance of the sum of the SCR width
and the diffusion length of minor charge carriers from the p-n junction. Given that the SCR in this case changes minimally,
and the diffusion length of the charge carriers is constant, the increase in photosensitivity with an increase in the reverse
voltage is minimal.

In the case of p-i-n PDs, a slightly higher value of the photocurrent and sensitivity and a stronger dependence on
voltage (at A = 646 nm, A = 780 nm) were observed due to an increase in W, At a reverse bias of 20-25 V, the
photosensitivity of the PD reaches quasi-saturation, which indicates the complete collection of photogenerated charge
carriers at this voltage.

In order to evaluate the photodetectors, their detectivity (D*) was quantified using formula (7) [50], and the

dependence D* (Upiqs) Was obtained (Fig. 5).
« _ |4RE
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Figure 4. Dependence of the S(Upias) of PDs Figure 5. Dependence of the D* (Upias) of PDs (insert

dependence of the D* (Ubias) of p-i-n PD)

As can be seen from Fig. 5, p-n PD have much higher detectivity than p-i-n PD due to much lower dark currents,
and thus this class of PD can be effectively used in scintillators where there is a need to detect weak optical signals.
However, it should be noted that sometimes there is a need to register short pulses of photoluminescent radiation [54], in
which case p-i-n PDs, although inferior in detectivity, are superior in response speed. The increase in speed is due to the
fact that the process of diffusion of charge carriers in a conventional p-n structure of a photodiode is replaced in the p-i-
n structure by the drift of carriers through the i-region in a strong electric field [55]. The drift time of electrons #;- through
the i-region with a width ; and electric field intensity E is [48]:

w; _ Wi

Un UnE

tar = ®)
were v,=i,E s the speed of electron drift in an electric field, u, is the mobility of electrons.

The ratio of the electron drift time through the i-region to the diffusion time through the base of the p-n PD (#4y) can
be represented as:

2
tar — Wi/unE — Wi /unUbias — 2¢ (9)
taif WiZ/ZDn WiZ/ZDn Ubias

Since D,/u,=kT/q=¢, where k is the Boltzmann constant and 7' is the temperature.

CONCLUSIONS
The analysis of ionizing radiation detectors based on semiconductor structures and scintillators is carried out. It is
possible to avoid the technological difficulties of obtaining perfect semiconductor detectors based on CdTe compounds
by using scintillators. The possibilities of using silicon p-i-n and p-n photodiodes to register the visible luminescent
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radiation of scintillation detectors are investigated. It was found that the p-n photodiodes have a significantly lower dark
current than p-i-n photodiodes (by about an order of magnitude), which ensures their higher detectivity. However, p-i-n
photodiodes have an advantage in response speed.
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In this paper the results of the development of a semi-analytical model of the temperature response curve of silicon temperature diode
sensors for the case of an arbitrary current transport mechanism, and a physical model that allows for high-precision determination of
the temperature response curve for the case of diffusion-dominated current transport are presented. The results obtained using
calculations based on this model were compared with experimental data, which showed their correspondence over the entire
temperature range.

Keywords: Diode temperature sensor; Temperature response curve; Silicon; p — n junction; Saturation Current,; Built-in potential
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INTRODUCTION

Currently, temperature sensors are effectively used in various fields of technology, such as personal computers,
mobile phones, vehicles, medical devices, industrial installations, power plants, and many others. In recent years, with
the widespread adoption of concepts such as the "Internet of Things" and "smart technologies," various sensors, including
temperature sensors, have been utilized even more actively [1]-[6]. Additionally, temperature sensors are also used as a
key component of other types of sensors, such as pressure sensors, humidity sensors, mass flow gas sensors, bolometers,
and many others [7]-[9].

To meet the new demands arising from all these applications, research is being conducted on the development of
new temperature sensors based on various principles and made from different materials [10]-[16]. However, in order to
take temperature sensor technology to the next level and establish large-scale production, it is necessary to study the
impact of technological and structural parameters on their working principles. In other words, it is essential to answer the
question of how sensitive sensor parameters are to processes at each stage of their manufacturing technology. The most
effective way to achieve this is through modeling.

First and foremost, for the correct interpretation of the sensor’s working principle, it is crucial to create a model that
closely reflects reality. That is, such a model should not require precise data on material properties but should accurately
reflect the primary physical characteristics of the sensor. During the design phase, it is more important to correctly
describe how relative changes in input variables affect the sensor’s operation than to precisely calculate absolute values.

Thus, the main objective of this work is to develop an optimal physical model for silicon diode temperature sensors.

RESEARCH METHODOLOGY
In this section, a physical model of silicon diode temperature sensors is proposed, allowing the determination of the
temperature dependence of sensitivity for any current transport mechanism through the sensor.
As is well known, the process of current flow in diodes based on a p — n junction can generally be expressed as
follows:

I=1I [exp (%) - 1], (1

where: I is the saturation current, q is the charge of an electron, V is the voltage applied to the diode’s p — n junction, k
is Boltzmann’s constant, T is the absolute temperature, and n is the ideality factor.
We introduce the following notation:

I} = Iexp (%) (2

where: V}, is the built-in potential.
Considering equation (2), equation (1) can be rewritten as:

1= 5 forp (22 exp (-2 o
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, since V;,~0.6 -~ 0.8V and — = 0.026V, so the second term in equation (3) can be

At room temperature, Vj, » X
neglected. Under forward bias and with the voltage equal to Vj, the first term inside the brackets in equation (3) will be
equal to 1, and the current through the diode will be I5. Thus, the physical meaning of I is the saturation current under
forward bias, while I represents the saturation current under reverse bias. These cases are graphically illustrated in Fig.

1, showing tl,le dynanslics of charge carrier movement in the p — n junction
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Figure 1. Dynamics of charge carrier movement in a p — n junction
a) drift and diffusion currents under reverse bias, and b) forward bias

From Figure 1a, under reverse bias, the electron concentration in the p —region is equal to n?/N,, where N, is the
acceptor concentration, which, in the first approximation, does not depend on temperature, while n; (the intrinsic carrier
concentration) is temperature-dependent. As the temperature increases, the concentration of minority charge carriers rises,
indicating that the reverse saturation current /s depends on temperature. From Fig. 1b, under forward bias, the electron
concentration in the n —region depends on the doping level N, and does not change with temperature. Therefore, it can

be concluded that I3, in the first approximation, is temperature-independent for any current transport mechanism.
Thus, I; defines the saturation current under forward bias and does not depend on temperature, while I is the

> 'S
saturation current under reverse bias and is highly temperature-dependent
From equation (1), the voltage across the p — n junction can be determined as:
KT Iy | mkT Is
V=V, - 4 2 l(1+1) (4)
To eliminate the term I3, which depends on technological parameters, we can use the voltage V(T,) determined at
a reference temperature T,:
V(To) = Vil(To) =2 1nS 4 200 n (1 4- 5C2) )
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Substituting the term In 175’ determined from equation (5), into equation (4), we can derive the following equation:

VT) = V1) = £ (V(Ty) = V(T 1) + 2 1 (2250 ©

This expression, being a semi-empirical model, allows for the determination of the temperature response curve of
diode sensors for any current transport mechanism.

To construct a complete analytical model in this work, we consider the diffusion mechanism (n = 1), which is
typically the dominant current transport mechanism in diode temperature sensors. It is known that for the diffusion
mechanism, the saturation current I, the contact potential difference V;, and the effective saturation current I; are
expressed as follows:

o () | () ,
s = qan; LyNp + LnN 4 ( )

E kT NyN
Ve =2 - (F1E) 8
k q q NaNp ®)

. LyNg  LnN
II=q (P_A + n_D> )

Tp n

Considering expressions (7)-(9), equation (4) can be represented as:
Lp(DNAT) | Ln(DNp(T) K (T) k_’r# (T)
= EM _ kT (Ny(DNe(D)) _ kT q( ™ () ) kT qAnf(T) (‘1”” a"

v ==-3 n(NA<T)ND(T)) i T I L omm T o (10)

From this expression, it is clear that the voltage-temperature dependence in a forward-biased diode is determined by
many variables. In particular, the primary temperature-dependent parameters are the lifetime of minority carriers 7, carrier
mobility u, and the bandgap E,. Typically, in the first approximation, the temperature dependence of 7, u and Ej is
considered negligible, and only the temperature dependence of the intrinsic carrier concentration n; in semiconductors is
considered [17]-[19].

In this work, we aim to develop an analytical model of diode temperature sensors that considers the temperature
dependence of all physical quantities (n;, 7, 4, Eg, Np). To achieve this, we used models from studies [20], [21] to
determine carrier mobility and lifetime. It is known that in this model, the lifetime changes due to additional deep levels
are not considered, and for such cases, the lifetime is assumed to be independent of or weakly dependent on temperature.
For the temperature and doping dependence of the bandgap width, we used the model from study [22]. The proposed
model also considers the temperature dependence of the ionized impurity concentration.

RESULTS AND DISCUSSION

This section presents the calculations performed based on the proposed model, their comparison with experimental
results, and general conclusions. Figure 2 shows a comparison of the voltage dependence on temperature, calculated using
the developed analytical model, with experimental data. From the figure, it can be seen that there is good agreement
between the experimental data and the analytical calculations across almost the entire temperature range. However, it
should be noted that this analytical model is applicable only when the diffusion mechanism of current transport is
dominant. In cases where the experimental results do not align with the analytical model’s predictions, it is recommended
to use a semi-empirical model based on formula (5).

u v uyv

18 1.2 4 n*p N, = 10" cm?® Ny=10%cm?,
— Analitical 2 J=10%Acem? t=2510"%s,
16 s 2 1.0 RN w(n) = 1500, p(p)=450,cm? v's™
14 ] ¥
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1.2 0.8 4
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08
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0.4
0.2
0.2
0.0 T T T T T T 0.0 T T T T - *r 1
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Figure 2. Temperature response curves for silicon diodes: Figure 3. Temperature response curves for Cases 4, B, C, and D.

1 — analytical model (9); experimental data: 2, 3 —[23], 4 —[24].
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Thus, using the analytical model that describes the temperature dependence of the voltage across a forward-biased
diode, calculations were performed for the following cases: when only the temperature dependence of n;, was considered,
while the temperature dependence of the parameters Ny, T, 4, and E; was not considered (Case 4); when the temperature
dependences of n;, N, and E,; were considered, but the temperature dependences of 7 and u were not (Case B); when the
temperature dependences of n;, Np,, E; and u, were considered, but the temperature dependence of T was not (Case C);
and when the temperature dependences of all parameters were considered (Case D) (Figure 3).

Figure 3 illustrates the differences between these cases, showing that ignoring parameters such as the concentration
of partially ionized impurities, bandgap width, carrier mobility, and carrier lifetime is not always appropriate.
Furthermore, it can be observed that in Case D, the temperature sensitivity curve is steeper compared to the other cases.
This indicates higher temperature sensitivity for this case.

CONCLUSIONS

In this work, a semi-empirical model of the operation of a p* — n diode was developed, showing the behavior of
the structure without considering the ideality factor, i.e., assuming independence of the processes in the diode from current
transport effects in the structure. Additionally, a complete model of a working diode was built, which considers the effects
of incomplete impurity ionization, narrowing of the bandgap, total mobility of free carriers and lattice mobility, as well
as the deviation of carrier lifetime depending on temperature. The consideration of the models mentioned above allowed
for the graphical determination of the electro-physical and structural parameters in the form of temperature response
curves.

Considering all parameters that play a crucial role in determining the diode’s performance limits, the proposed
complete model was studied based on four cases (4, B, C, D). Depending on the application areas, the optimal cases were
identified. Determining the optimal variant by selecting materials and technological parameters during the production
process is important for improving product quality and ensuring the reliability of manufacturing processes. The smaller
the model error, the faster and more reliably the optimal variant can be determined and the correct operation of the diode
evaluated.
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This study investigates the formation of low-dimensional defect states in monocrystalline silicon involving oxygen, focusing on
structural inhomogeneities and their impact on material properties. Monocrystalline silicon, a cornerstone of modern nanoelectronics,
is primarily produced using the Czochralski method, which often introduces oxygen impurities. These impurities form oxide inclusions
(SiOy) and complexes (Si—On) during thermal treatments at 400-800°C, leading to defects that affect electrical and structural properties.
The research employs X-ray diffraction to analyze p-type silicon samples grown by the Czochralski method, with thermal treatments
at 950°C, 1050°C, and 1150°C. Results reveal that thermal processing redistributes atoms and defects, increasing lattice parameters
and crystallinity, peaking at 1050°C. Subcrystalline sizes vary with temperature, reaching maximum stability at 1050°C. Oxygen and
boron interactions form SiO, and B,O3 crystallites, with sizes ranging from 21-25 nm and 55 nm, respectively. Additionally, small
clusters (1.6-2 nm) of SiOy form in surface regions, indicating unsaturated silicon bonds and localized microdefects. The study also
identifies SiBg crystallites (71-95 nm) on the surface, growing through Ostwald ripening at higher temperatures. These findings
highlight the complex interplay between oxygen impurities, thermal treatments, and defect formation in silicon crystals. The research
provides insights into optimizing silicon production processes to minimize defects and enhance material performance for advanced
electronic applications. The results underscore the importance of controlling oxygen content and thermal processing conditions to
achieve high-quality monocrystalline silicon with tailored properties. This work contributes to a deeper understanding of defect
dynamics in silicon, offering practical implications for improving semiconductor manufacturing techniques. By addressing the
challenges posed by oxygen impurities, the study paves the way for developing more efficient and reliable silicon-based devices in the
nanoelectronics industry.

Keywords: Monocrystalline silicon; Czochralski method; Defect states; X-ray diffraction; Crystallographic orientation;
Subcrystalline structures; Microdefects; Cluster formation

PACS: 78.30.Am

INTRODUCTION

Modern nanoelectronics requires high-purity and perfect semiconductor crystals, among which monocrystalline
silicon occupies one of the leading positions due to mature technologies and low cost [1-3]. The main methods of
industrial production of Si are the Czochralski method and crucible-free zone melting, with the Czochralski method being
used in about 80% of cases. When growing single crystal silicon, it is important to minimise the amount of uncontrolled
impurities, as their excess leads to distortion of the crystal lattice and the formation of defects that affect the properties of
the material. One of such impurities is oxygen, which during crystallisation from the melt passes into silicon, partially
dissolving in it and forming oxide inclusions SiOx with the size from 1 to 50 microns [4]. During heat treatment of silicon
in the temperature range of 400-800°C, supersaturated oxygen forms various complexes of Si-O, type (n = 1-4). Part of
these complexes decomposes with the release of SiO, or is deposited in the interstitial spaces of the Si crystal lattice in
electrically neutral states. This causes the formation of defect states that affect the electrical properties of silicon [5].

The shape, type and size of such microformations depend on the technological conditions of single crystal growth
and subsequent heat treatment. This problem remains unsolved until now, as it affects not only the electrophysical
characteristics, but also the structural parameters of the crystal. Analysis of literature data shows that oxygen can form
non-stoichiometric layers of SiOy, microunits of precipitate type and amorphous SiO, particles, which significantly
complicates the study of the structure and behaviour of oxygen in a silicon crystal [6-8]. The main method to investigate
such characteristics of oxygen in single crystal silicon is X-ray diffraction analysis. In connection with the above, the aim
of the present work is to investigate the structural inhomogeneities formed by the participation of oxygen in single-crystal
silicon grown by the Czochralskii method [8].

MATERIALS AND METHODS
The object of the study was p-type single-crystalline silicon grown by the Czochralskii method with resistivity
p=3-10 Q-cm, boron impurity concentration N,~2-10'> cm?, dislocation density Ng>10'* cm and oxygen concentration
No=2-10"7 ¢cm=. Samples with dimensions of 1.4x4x22 mm? were fabricated from cut wafers of single-crystalline silicon.
Control of structural and phase states, O in Si of the studied samples was carried out on the third generation X-ray
diffractometer types Empyrean Malvern PANalytical L.T.D. The OriginPro2022 programme was used to determine the
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peak maximum [9]. X-ray diffraction measurements were carried out in Bragg - Brentano beam geometry in the range
20 = 15° to 140° continuously at a scanning speed of 0.33 deg/min and an angular step of 0.0200 (deg).

RESULTS AND DISCUSSION

Thermal treatments of single-crystalline p-Si<B> (control samples) were carried out at temperatures of 950°C,
1050°C and 1150°C for 5 hours. Figure 1 shows the X-ray diffraction patterns of these samples. It can be seen from the
X-ray radiographs that diffraction reflections corresponding to the (111)s; crystallographic orientation are observed at
scattering angles 20 = 28.53°, 28.5° and 28.45°, possessing high intensity (sios0°cy = 3%10° imp/s, Isi10s0°c) =
4.7x10° imp/s and Is;,1150°c) = 1.4x10° imp/s) and a pronounced selective character. This indicates that the surface of the
control silicon samples has a crystallographic orientation (111). Also note that with increasing processing temperature,
the diffraction peaks shift towards smaller angles (from 28.53° to 28.45°) and their intensity first increases by a factor of
1.6 (at 1050°C) and then decreases by a factor of 2.1 (at 1150°C). This indicates that the heat treatment for 5 hours results
in the redistribution of atoms and a decrease in the number of defects in the crystal and an increase in the silicon lattice
parameter: asioso°cy = 0.534 nm, as;os0°cy = 0.535 nm and as;1150°c) = 0.536 nm. Thus, the maximum degree of
crystallinity is reached at 1050°C and a decrease is observed at 1150°C. In addition, diffraction reflections corresponding
to (333)s; crystallographic orientation were recorded at scattering angles 260 = 94.95°, 94.94° and 94.98°, with intensities
Isiosoec) = 2.3x10* imp/s, Isi(ios0°c) = 8.9%10* imp/s and Isi(11s0°c) = 4.5x10° imp/s. In the range of scattering angles
10°+60°, a non-monotonic character of the inelastic background level can be observed. The structural reflections of (111)g;
are weakly separated into a; and o, components, whereas (333)s; shows a marked separation of these components. This
indicates that the heat treatment at 950°C, 1050°C and 1150°C results in the formation of microstresses (dislocations or
other defects) in the surface regions of the samples, whereas in the inner volume of the crystal lattice their stabilisation
occurs[10]. In addition, at scattering angles 20 = 25.7° and 206 = 83.3°, f components of the first-order (111)s; and third-
order (333)s; reflections are observed (see Figs. 2 a and 2 c).
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Figure 1. X-ray images of p-Si<B> samples subjected to heat treatment at 950°C, 1050°C, and 1150°C

According to experimental results on the diffraction reflections of (111)sg;, it was found that the subcrystallite sizes
in silicon control samples, subjected to thermal treatment for 5 hours at 950°C, 1050°C, and 1150°C, were 59.7 nm,
61.1 nm, and 57.4 nm, respectively. This suggests that at 950°C, due to the relatively low diffusion temperature, the state
of the subcrystallites did not undergo significant changes. At 1050°C, the size of the peak increased due to the process of
recrystallization, through the attachment of subcrystallites. At 1150°C, the intensity of the peak decreased due to the
activation of processes involving the removal and subsequent formation of subcrystallites. Additionally, X-ray diffraction
patterns at scattering angles of 26 = 63.2° and 105.1° reveal structural reflections corresponding to (220)s; and (440)s;,
indicating the presence of polycrystalline regions of various sizes (ranging from 11 nm to 87 nm) distributed on the
surface and within the samples.

In addition, structural reflections corresponding to the (222)s; crystallographic orientation are observed at scattering
angles 20 = 58.8°, 59.0° and 58.9° in the X-ray diffraction patterns of silicon control samples heat treated for 5 h at
temperatures of 950°C, 1050°C and 1150°C (see Fig. 2c). As a rule, such structural reflections are not observed in the X-
ray radiograph of silicon with a crystal lattice free from various microdistortions. That is, their appearance indicates the
presence of micro-distortions in the crystal lattice. There is a possibility of quantitative determination of such micro-
distortions, for which the ratio of the intensity of structural reflection (222)s; to the intensity of the main structural
reflection (111)g;, i.e. Ia2y/I111), is used. In our case, these values are: 3.8x10* at 950°C, 5.4x10** at 1050°C, and 6.5x10*
at 1150°C. These values exceed 10, which is characteristic of crystal lattices with a diamond-like structure in which the
atoms are uniformly distributed. This, in turn, indicates that mechanical stresses in localised regions of the silicon crystal
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lattice increase with increasing heat treatment temperature. This effect is due to the non-uniform distribution of oxygen
entering the crystal from background impurities. This is most likely due to the difference in ionic radii of silicon and
oxygen, as well as to small stresses arising during crystal growth due to the temperature gradient. Due to the difference
in ionic radius, oxygen atoms are located near crystal lattice boundaries, at the interfaces of silicon subcrystallites, and in
displaced lattice nodes. In doing so, they compensate for the unsaturated silicon bonds [11,12]. This, in turn, shows that
silicon atoms are predominantly located in the crystal volume and this structure has high symmetry, while oxygen atoms
can spontaneously form asymmetric crystallites at subcrystallite interfaces.

The X-ray diffraction analysis of the p-Si sample revealed the presence of structural reflections corresponding to
SiO, and B,0O5 phases. For SiO,, the reflections were observed at scattering angles 26 = 20.2°, 39.1°, 42.6°, 90.8°, and
91.9°, corresponding to the crystallographic orientations (100), (102), (200), (400), and (401). The analysis of the full
width at half maximum (FWHM) values indicated the formation of SiO, crystallites with sizes ranging from 21 to 25 nm.
The crystalline parameters for SiO, were determined to be aexp = bexp = 0.5031 nm and cexp = 0.5527 nm, with a
trigonal unit cell of space group P3221. Additionally, for B,O3, a structural reflection was observed at scattering angles
26 =23.0° to 23.6°, indicating the presence of B,O3 crystallites with a size of 55 nm and a trigonal unit cell with lattice
parameters dexp = bexp = 0.4415 nm and ce,p, = 0.8812 nm. These findings suggest the coexistence of SiO, and B,O3 phases
in the p-Si sample.
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Figure 2. Variation in the inelastic background level of the X-ray image for the p-Si<B> sample at small, medium, and large
scattering angles, along with the shapes of the observed structural reflections.

Moreover, in the X-ray images of silicon control samples subjected to thermal treatment for 5 hours at temperatures
of 950°C, 1050°C, and 1150°C, diffuse reflections associated with the SiOx phase are observed in the small-angle
scattering region (20 = 13°) (see Fig. 2a). An analysis of the full width at half maximum (FWHM) values reveals the
following: FWHM(950°C) = 7,2x1072 rad, FWHM(1050°C) = 8,7x10"2 rad FWHM(1150°C) = 8,4x10% rad. Based on
these values, it is established that these structures are not crystallites but rather small fragments with sizes of 2 nm at
950°C, 1.6 nm at 1050°C, and 1.7 nm at 1150°C. These fragments primarily form in the near-surface regions of silicon
and indicate the presence of unsaturated bonds between silicon atoms. Additionally, their small size suggests the absence
of long-range order in the arrangement of silicon and oxygen atoms. Therefore, these formations are not nanocrystallites
but rather clusters [13]. Since similar clusters partially form in different regions of the silicon control samples at 950°C,
1050°C, and 1150°C, variations in the inelastic background of the X-ray images are observed across small, medium, and
large scattering angles. This, in turn, indicates the formation of additional microdefects in the silicon crystal lattice.

In the X-ray radiographs of silicon control samples heat treated for 5 h at temperatures of 950°C, 1050°C and
1150°C, a structural reflection is observed at a scattering angle of 20 = 30.8° referring to the SiBs (silicon hexaboride)
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phase with crystallographic orientation (110) at a scattering angle of 20 = 30.8° (see Fig. 2 b). This phase is formed by
cubic unit cells with lattice parameters: aexp = 0.4156 nm. The crystallite size corresponding to this phase is: 75 nm at
950°C, 71 nm at 1050°C and 95 nm at 1150°C. This, in turn, indicates the following processes: at 950°C, crystallite
formation and growth occur; at 1050°C, reorganization and fragmentation are observed, which leads to a temporary
decrease in their size; at 1150°C, atomic mobility increases and crystallite enlargement occurs due to the intensification
of the Ostwald Ripening mechanism.

CONCLUSION

Based on the X-ray structural analysis of single-crystal p-Si samples, the following conclusions have been drawn:

It has been established that the surface of the p-Si single-crystal samples corresponds to the crystallographic
orientation (111). Through thermal treatment at 950°C, 1050°C, and 1150°C, there is a redistribution of atoms and defects,
leading to an increase in the lattice parameter: asi9socc) = 0,534 nm as;10s0°c) = 0,535nm and as;1150°c) = 0,536 nm.
Furthermore, the crystal perfection is increased at 1050°C and decreased at 1150°C.

During the thermal treatment at 950°C, 1050°C, and 1150°C, micro-stresses (dislocations and other defects) are
formed in the surface areas of the samples, while their stabilization occurs within the bulk of the samples.

It has been found that at 950°C, due to the relatively low diffusion temperature, sub-crystals (59.7 nm) do not
undergo significant changes. At 1050°C, a recrystallization process takes place, resulting in their enlargement to 61.1 nm.
At 1150°C, due to the destruction and subsequent reformation of sub-crystals, their size is reduced to 57.4 nm.

The interaction of silicon, boron, and oxygen atoms results in the formation of crystallites SiO- and B20Os, belonging
to the trigonal elementary cell with spatial group P3,21. The dimensions of the SiO- crystallites are dexp = bexp = 0,5031 nm
and cexp = 0,5527 nm, with a size of 21-25 nm. The B:0; crystallites have dimensions dexp = bexp = 0.4415 nm,
Cexp = 0.8812 nm, and a size of 55 nm.

After thermal treatment at 950°C, 1050°C, and 1150°C, clusters with sizes of 2 nm, 1.6 nm, and 1.7 nm are formed
in the surface regions of monocrystalline p-Si samples. These clusters are formed due to unsaturated silicon-oxygen (SiOx)
bonds, leading to the formation of additional microdefects in the crystal lattice.

Furthermore, thermal treatment at the same temperatures leads to the formation of nanocrystallites with sizes of
75 nm, 71 nm, and 95 nm on the surface of p-Si samples. These nanocrystallites consist of cubic elementary cells with
lattice parameters dep = 0.4156 nm.
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JOCJIIKEHHSA ®OPMYBAHHS HU3bKOBUMIPHUX TE®EKTHUX CTAHIB B MOHOKPUCTAJITYHOMY
KPEMHII 3A YYACTIO KHCHIO
Axpam:xon FO. bo6oes, bistoaignin M. Eprames, Hypitain FO. FOnycanieB, Mypoainb:kon M. Xoramon
Anousrcancokuii deporcasnuil ynigepcumem imeni 3.M. Babypa, Anouscan, Y3bexucman

B wiii poboti mocmimxyerbest GopMyBaHHST HU3bKOBHUMIPHHX Ie()EKTHUX CTaHIB y MOHOKPHCTAJIIYHOMY KPEMHII 32 y4acTIO KHCHIO,
30CepeKYIOUUCh Ha CTPYKTYPHHUX HEOTHOPIAHOCTSAX Ta IXHHOMY BIUTMBI Ha BJIACTHBOCTI Marepianmy. MOHOKPUCTATIYHHNA KPEMHIMH,
HapDKHAN KaMiHb Cy4acHOi HAHOEJEKTPOHIKH, BUPOOIISETHCS MEPEBAKHO METOIOM Y0XpaabChKOTO, SIKUH 9aCTO BBOAUTH JOMIIIKA
kucHio. L1i nomimku yTBoproroTs okcuaHi BkirodeHHs (SiOy) Ta komiurekcu (Si—On) mig gac Tepmidnoi 06pobku mpu 400-800°C, mo
NIPU3BOAUTE 10 MAE(EKTiB, SKi BIUIMBAIOTh Ha EJIEKTPHYHI Ta CTPYKTYPHI BIACTHBOCTL. Y JOCIHI/UKEHHI BUKOPHUCTOBYETHCS
peHTTeHIBChKa U(paKIis 11t aHaNi3y 3pa3KiB KPEMHIIO P-THILY, BUPOIIECHUX METO10M Y0XpalibCbKOT0, 3 TEPMIUYHOI0 00pOOKOI0 IIPH
950°C, 1050°C Tta 1150°C. PesynpraTH moOKa3yloTh, L0 TepMiyHa OOpoOKa Nepepo3noainse aToMu Ta JedexTH, 301IbLIyIouH
napaMeTpu peLIiTKH Ta KpUcTaliuHicTh, fgocsraioun miky npu 1050°C. Po3mipu cyOKpHCTaTiYHUX CTPYKTYP 3MIHIOIOTHCS 3
TEeMIepaTyporo, J0CAraloul MakcuMaibHOi crabinbpHocTi pu 1050°C. B3aemonis kucHio Ta 60py yrBOproe kpuctaniti SiO:z ta B20s
po3mipamu Bix 21 10 25 HM Ta 55 HM BinnoigHo. KpiM TOro, B MIOBEpXHEBUX 00JACTAX YTBOPIOIOTHCS HEBENUKi KinacTep (1,62 HM)
SiOx, o BKa3ye Ha HEHACHYCHI KPEMHI€BI 3B'SI3KH Ta JIOKANIi30BaHi MiKpoaeheKTH. Y IOCIHIiIKEeHHI TaKOXK BUSBICHO KpucTaiitu SiBs
(71-95 HM) Ha TOBEPXHI, IO POCTYTH NIIIXOM A03piBaHHS OCTBANIB/A 32 BUIMX TeMIepaTyp. Lli pe3ynbTaTH miaKpecIo0Th CKIaIHy
B33a€EMOJIII0 MK JOMIIIKaMH KHCHIO, TEPMIYHOI0 OOpOOKOIO Ta yTBOpPEHHSM JeeKTiB y KpHcTamax KpeMHilo. J{OCTi/DKCHHS Tae
ySIBJIGHHS TIPO ONITHMI3alilo MpolieciB BUPOOHUITBA KPEMHIIO JUIsl MiHiMi3auii JedeKkTiB Ta MiABUIEHHS XapaKTEPUCTUK Martepiaity
JUISL TIEPE/IOBUX EJISKTPOHHUX 3aCTOCYBaHb. Pe3ybTaTh MiJKPECITIOIOTh BaXKIMBICTE KOHTPOJIIO BMICTY KHCHIO Ta YMOB TE€PMiuHOT
00pOOKH AJIsI JOCSATHEHHS! BUCOKOSIKICHOTO MOHOKPHCTJIIYHOTO KPEMHI0 3 IHIUBIgyaJbHUMHU BracTUBOCTSAMHU. L[ poGoTa crpuse
rIUOIIOMY PO3yMIHHIO JAWHaMiKM Ae(peKTiB y KpeMHil, MPOMOHYIOUM MPAaKTHYHI HACHIiAKWA Ui BIOCKOHAJCHHS TEXHOJOTIN
BHPOOHUIITBA HAIBIIPOBIAHUKIB. Bupinrytoun npodieMu, 110 BUHUKAIOTE Yepe3 JOMIIIKH KHCHIO, TOCTIHKEHHS IPOKIIAIa€ MUTIX IS
PO3pOOKH OUITBII €PEKTUBHUX Ta HATIMHUX IPUCTPOIB HA OCHOBI KPEMHIIO B HAHOETICKTPOHHIH IPOMHUCIOBOCTI.

KuwouoBi cioBa: moxoxkpucmaniynuii  kpemuii, memoo Hoxpanbcvkoeo, OepekmHi CMAaHU, PeHmeHiBCbKa  OUppakyis;
Kpucmanoepagiuua opicumayis, cyoOKpuCmaniuui Cmpykmypu; Mikpooeghexmu, ymeopenHs Kiacmepie
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This study investigates the structural and compositional evolution of monolayer WNbN and multilayer WNbN/WNbC coatings
deposited by the cathodic arc evaporation. The effects of substrate bias voltage (—50 V to —200 V) and cathode arc current (130 — 150 A
for W, 110 — 120 A for Nb) were systematically studied to tailor coating morphology, phase formation, and elemental distribution.
Cross-sectional microstructural analysis revealed pseudo-multilayer structures within monolayers due to substrate rotation and limited
interdiffusion. Increasing bias voltage promoted densification, grain refinement, and improved adhesion, but also enhanced the re-
sputtering of nitrogen, affecting stoichiometry and deposition rates. Multilayer coatings showed well-defined alternations between
nitride and carbide layers, with morphology and crystallinity strongly influenced by ion energy and metal ion flux. The structural
analysis confirmed the dominance of cubic solid solutions based on WNbN and WNbC, with minor hexagonal W2N and NbaN detected.
Grain sizes ranged from 6 to 15 nm, depending on deposition parameters. Optimal structure was achieved at moderate bias (-120 V)
and high W arc current, yielding uniform layers, balanced composition, and enhanced crystallinity. The results demonstrate how
controlled process parameters enable the design of high-performance nanocomposite coatings with tunable microstructure and phase
composition, suitable for protective applications.

Keywords: Multilayer coatings; Nitrides; Carbides,; Niobium,; Tungsten; Microstructure; Composition

PACS: 68.55.Jk, 68.65.Ac

INTRODUCTION

To improve the quality, durability, and performance of metal products, various options are employed to alter their bulk
structure and phase state while also modifying the surface for strengthening, enhancing thermal stability, and mitigating
corrosion or friction. One of the most common and advanced methods for ensuring the desired operational properties of
metal product surfaces is the application of functional films and coatings. Utilizing coatings increases the chemical stability
of products and enhances mechanical and other properties, which significantly impacts their performance and service life,
particularly under challenging conditions (thermobaric loads, friction, chemically active environments, etc.).

Among the various functional coatings, a distinct category consists of those designed to protect and enhance the
operational qualities of cutting tools. Numerous cutting operations are prevalent in metalworking technologies across
various sectors of mechanical engineering and other industries. The wear and premature failure of cutting tools pose a
significant challenge, as they directly influence the efficiency and cost-effectiveness of their use, service life, and
machining accuracy.

Among several methods for forming functional coatings, physical and chemical deposition technologies hold a
significant position, particularly plasma technologies, which include processes like vacuum-arc evaporation or magnetron
sputtering of metal targets and the deposition of condensate films. By adjusting the technological parameters of deposition
(such as the composition of cathodes-evaporators, vacuum or gas environment, displacement potential on the substrate,
geometry of the evaporators and substrates, and dynamic or static modes), it is possible to regulate the structural and
phase state as well as the structure and architecture of coatings.

Protective two-element (binary) coatings of the first generation based on nitrides and carbides of titanium and
zirconium (or those containing these compounds) have found widespread application due to properties such as high
hardness, strong adhesion to the base, and resistance to wear, oxidation, and corrosion. Thus, coatings with TiC particles
protect various components of mechanical systems [1], significantly increasing the wear resistance and hardness of parts.
Coatings with TiN nitride are employed to modify and strengthen steel products [2, 3]. Zirconium nitride films are
characterized by extraordinary overall stability, with excellent thermal and mechanical properties, high chemical
inertness, and wear resistance, making them attractive for protecting a wide range of materials [4-6]. Alongside high
hardness, toughness, and Young's modulus, niobium carbide (NbC) possesses an extremely high melting point, enabling
the creation of coatings that provide material protection in high-temperature environments [7-10].
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The aforementioned coatings have also found application in protecting cutting tools [11, 12], yet it became evident
that binary nitride and carbide coatings have significant disadvantages, specifically low fracture toughness, high
brittleness, and a tendency for microcrack formation [13]. This prompted the search for new methods to develop wear-
resistant coatings that meet high standards of both hardness and strength.

One of these methods involves adding specific metals to binary compounds based on Ti, Nb, and Zr, resulting in the
formation of ternary coatings with enhanced performance characteristics [14]. For instance, in [15], calculations of the
microproperties of carbides (NbM)C, where M = V, Mo, W, and Cr (stability, mechanical parameters, and bonding
structures) were conducted, demonstrating that the incorporation of V, Mo, W, and Cr atoms increases the hardness of
carbides and reduces the mismatch between them and the matrix. The addition of TiC to WC [16] produces a significant
hardness increase (> 3500 VHN) with nearly zero porosity, and its high melting point enables the use of such material in
developing high-temperature resistant thermal protective coatings. The impact of molybdenum alloying on the
microstructure and mechanical properties of transition metal carbides and nitrides for further enhancing the characteristics
of these hard but brittle materials is illustrated by the examples of the compounds (NbyMoi«)C [17] and M3MosN and
M;MosN (M = Fe, Co, Ni) [18]. Triple thin films based on nitrides, particularly TiMN, where M=V, Al, Mo, Cu, Mg, Zr,
provide a combination of high hardness and wear resistance in coatings, a low coefficient of friction, and adequate corrosion
protection compared to binary nitride compounds [19] [20]. The requirements of modern technology and industry for coating
strength have led to the development of a new stage in improving coating quality: the creation of multilayer coatings, whose
hardness often exceeds the individual hardness of the materials involved [21-23]. Many theoretical works are dedicated to
explaining this phenomenon [24-26], which explore various mechanisms that lead to a significant increase in the hardness
and strength of multilayer coatings compared to monolayer ones. Generally, hardness increases with a greater number of
layers and a decreased thickness until reaching a maximum value in the nanometer range. For example, multilayer
TiCN/TiNbCN coatings exhibit a direct relationship between an increase in the number of bilayers and a decrease in residual
stress, along with changes in mechanical properties and fracture toughness [27]. In addition to improved strength, hardness,
and wear resistance, the use of multilayer coatings addresses the issue of compatibility — meeting fundamentally different
requirements for the part on one hand and for the coating/substrate on the other. It is challenging to satisfy these conflicting
requirements with a single-layer coating, unlike a multilayer coating system [28].

The combination of carbide and nitride compounds in nanoscale multilayer coatings represents a scientifically
compelling and practically valuable research direction. Previous studies, such as those involving TiN/SiC multilayers,
have demonstrated that alternating nanoscale layers of two distinct ceramic phases can achieve superior hardness and
wear resistance compared to their monolithic counterparts of equal total thickness [29]. This performance enhancement
stems from the superlattice effect, interface strengthening, and restricted dislocation motion across compositional
boundaries. Extending this concept to tungsten-based systems, which are less explored yet highly promising, introduces
a new level of novelty. Tungsten nitride (WN) offers excellent thermal stability and hardness, while tungsten carbide
(WC) is renowned for its wear resistance and oxidation tolerance at elevated temperatures. The integration of these two
phases into a multilayer architecture could result in a universal protective material applicable across diverse industrial
domains, including aerospace, energy, cutting tools, and electronics. Evidence from related systems supports this
potential. In [30], Ti-WN/Ti-WC multilayers exhibited the lowest corrosion rate and the highest dielectric response when
structured as high-period (n = 40) multilayers, confirming that finely tuned layer stacking significantly enhances
performance. Furthermore, the synthesis of superlattice nc-TiN/a-(W,Ti)Cog3 nanocomposites demonstrated
superhardness, reduced friction, and outstanding high-temperature wear resistance [31].

Given these insights, multilayer coatings that combine tungsten-based nitrides and carbides present a novel and
underexplored class of materials [32]. Their potential for tailoring mechanical, tribological, and electrochemical properties
through structural engineering, such as alloying with elements from the group IV-VI, on a nanoscale, makes them an exciting
frontier in advanced coating technologies. Investigating such systems will fill a knowledge gap in current materials science
and open pathways to designing next-generation coatings for extreme environments. Utilizing the vacuum-arc PVD
technique with a recently developed two-channel control device — “evaporator-injector,” we have successfully synthesized
carbide/nitride multilayer coatings based on W and Nb in a dynamically changing atmosphere of nitrogen and acetylene
gases [33]. We reported on the deposition strategy of the multilayer with nanometer layer thicknesses and preliminarily
assessed the microstructure, proving the formation of nanoscale multilayer coatings on a stainless-steel substrate.

This study investigated the structural and compositional evolution of monolayer WNbN and multilayer
WNbN/WNDBC coatings, deposited using cathodic arc evaporation (CAE-PVD). The influence of key deposition
parameters — specifically the substrate bias voltage (50 V to —200 V) and cathode arc current (130 — 150 A for W and
110 — 120 A for Nb) — was systematically explored. This work emphasized how controlled process tuning can be used to
tailor the microstructure, phase constitution, and elemental distribution of these coatings, paving the way for
multifunctional applications in demanding environments such as cutting tools or plasma-facing components.

EXPERIMENTAL DETAILS
Substrate Preparation
The main goal of preparing the substrate is to enhance its receptiveness to the coating layer, which is crucial for
effective interfacial bonding. This process includes steps to remove contaminants from substrate preprocessing and
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address surface defects through proper profiling. Figure 1 vividly depicts the sequence of these essential processes,
highlighting their importance in achieving a superior finish.

Removal of
visible Profiling
contaminants

Fixation on
the holder

Substrate preparation

Assessment of
the initial
conditions

O |

Figure 1. Steps for preparing substrates for coating deposition via the CAE-PVD method

Final cleaning

Decontamination .
and drying

Initially, an evaluation of the surface condition of the substrate was conducted to identify the presence of visible
loose oxide layers, such as metallic rust species commonly found in tool steels, as well as dust particles and organic
contaminants. Any accumulated dust was effectively eliminated using air blowing techniques. Subsequently, the substrate
underwent a decontamination procedure, which is specifically designed to eliminate various contaminants, including
grease, oils, chlorides, oxides, and hydrocarbons, from the substrate's surface. The presence of these contaminants, even
in trace amounts, can significantly impair both the adhesion of coatings and the resultant properties of the substrate. The
decontamination of the substrate was performed utilizing ultrasonic cleaning processes with alcohol. It is pertinent to note
that even with the use of high-purity decontaminants, it remains impossible to achieve a completely contaminant-free
substrate, primarily due to the existence of oxygen-containing species within the atmosphere. These oxide contaminants
possess elevated surface energy and have a tendency to absorb additional contaminants with lower energy levels,
particularly hydrocarbons, as a mechanism to reduce their surface energy. Nevertheless, these contaminants were
subsequently removed through an etching process prior to the deposition of the coating. Figure 2 illustrates a typical
decontamination process of the substrate surface prior to its fixation on the holder inside the deposition chamber.

O dust particles @8 organic dirt Ve oxides

» SUBSTRATE
SUBSTRATE

Figure 2. Decontamination process of the substrate surface for coating deposition via the CAE-PVD method

The subsequent step involves profiling the decontaminated substrate. This phase is critical in determining the degree
of mechanical interlocking and chemical bonding of the coating to the substrate. The profiling of the substrate was
accomplished through mechanical grinding and polishing methodologies. It utilized SiC grinding papers and polishing
with a suitable medium, such as diamond suspensions with different particle sizes. Consequently, the resulting substrate
profile was contingent upon the grit size of the SiC papers and the particle size of the polishing media. Mechanical
profiling primarily focuses on achieving a face profile with minimal surface defects, including micro-cracks. Furthermore,
it is imperative to exercise caution to prevent the induction of additional residual stresses in the substrate, as these can
adversely affect the adhesion of the coating. Upon completion of substrate profiling, it is necessary to perform an
additional cleaning of the substrates to remove any contaminants from the profiling process. The ultrasonic cleaning with
a detergent, followed by thorough rinsing with deionized water, were applied. Finally, ensuring the substrate was dried
before coating deposition is of utmost importance to mitigate the formation of pinholes.

Deposition Process

The series of operations involved in the deposition of coatings via the CAE-PVD method is illustrated in Figure 3.
A comprehensive understanding of the sequence of processes and the principles underlying the deposition technique is
crucial for enhancing coating quality and optimizing the resultant tribological performance. The process was initiated by
loading appropriately prepared substrates into the deposition chamber. The distance maintained between the cathodes and
substrates was 250 mm, thereby minimizing the impact of radiant heating during the evaporation process. Subsequently,
the ramp-up stage commenced. It involved the preparation of the vacuum chamber for the cleaning process, elevating the
temperature, and ultimately proceeding to the deposition stage. The chamber evacuation is imperative to inhibit gaseous
contamination during the coating deposition. Consequently, a vacuum range of (1073 -+ 10™*) Pa was established within
the chamber. This stage was succeeded by heating to temperatures reaching 500 °C, serving as a precursor to the etching
process.

The pre-treatment stage involved the removal of substrates’ contaminants, which may be present, through a process
known as plasma etching, where ions are utilized for bombardment. During the etching and subsequent coating deposition
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stages, it is imperative to rotate the substrates to ensure uniformity in these processes. The primary objective of the etching
procedure is to eliminate residue contaminants resulting from the decontamination process. This etching was executed
using metal ion plasma. In this context, a high-speed plasma comprising metal ions from the targets was directed towards
a highly negatively biased substrate (1000 V) for 5 minutes. This procedure induced the sputtering of surface contaminants
and activated a superficial layer on the substrates’ surfaces. The heating applied during this process is intended to facilitate
the transport of etching species. At the same time, the high substrate biasing promoted the sputtering of surface
contaminants and prevented the incorporation of the etching species within the substrate. In addition to decontamination,
this process also led to roughening the substrate’s surface, thereby enhancing the interlocking between the coating and
the substrate. Following the etching process, the evacuation of gaseous contaminants occurred, and the vacuum conditions
were re-established in preparation for the deposition of the coatings.

Deposition ° Ramp-down °

Prepared
substrate . v evacuation . treatment « v technological © v cooling
fixation b heating ¥ etching ! parameters ' v venting i removal
' y (bias voltage, . v unloading !
arc current, N
etc)

substrate

Figure 3. Operations in coating deposition via the CAE-PVD method.

Figure 4 illustrates the configuration of the CAE-PVD unit employed for deposition the coatings in this study. The
monolayer and multilayer coatings were deposited by alternating technological parameters, as shown in Table 1. The
deposition process was initiated with the evaporation of coating atoms from the target, achieved by initiating an arc on
the cathode. The arc initiation was facilitated through a trigger arc generated by applying high voltage to an auxiliary
electrode, which is typically positioned near the cathode surface. The behavior of the arc was influenced by various
properties of the cathode, including its geometry, material composition, and purity level. Concentrated on the surface of
the cathode, the generated arc gave rise to non-stationary micro-spots, referred to as cathode spots, on the target.
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Figure 4. Schematic representation of the CAE-PVD unit used for coating deposition

Table 1. Deposition parameters of the experimental coatings.

Cathodes . . Arc Bias Gas Gas
material Substrate material Coating current voltage composition pressure
L, A Up, V P, Pa
W 99.97 1-WNbN/WNbC 130/120 200
wt. % 2-WNbN/WNbC 150/110 N2/C2H2
12X18HOT 3-WNbN/WNbC 150/115 -120
Nb 982 (15 % 15 x 2.5 mm) 1-WNDN 120190 200 o4
’ 2-WNDbN 130/130 -100 N2
3-WNbN 130/120 -50

The elevated current density observed at the cathode spot induces erosion, resulting in localized melting, ionization,
and evaporation of the cathode materials. The reactive gases, namely nitrogen and acetylene, introduced into the
deposition chamber, underwent activation by the plasma, leading to their dissociation into ions and additional electrons.
Subsequently, the plasma was transported to the substrate. The particles within the plasma traversed at varying velocities,
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contingent upon their atomic mass and energy. Upon reaching the surface of the substrate, the plasma volume adjacent to
the substrate experienced a depletion of plasma species. Due to the superior mobility of electrons, they were lost at a
comparatively accelerated rate, consequently establishing a potential difference between the substrate and the plasma.
This phenomenon necessitated the implementation of a negative substrate bias to expedite the acceleration of positive
coating ions toward the substrate, thereby enhancing the deposition rate. Following this process, the plasma species
condensed onto the surface of the substrate. The ramp-down stage followed this. It entailed cooling and the safe unloading
of the machine, ensuring that neither the film nor the desired substrate hardness was compromised. Furthermore, the
chamber required cooling facilitated by cold water. Ultimately, the coated substrates were removed from the deposition
chamber, and venting was employed to restore the vacuum chamber to ambient pressure.

RESULTS
Microstructural Evolution

Understanding the microstructural evolution processes in coatings deposited by the CAE-PVD method is crucial for
enhancing tribological performance. This process begins with mobile coating atom species, known as adatoms,
condensing on the substrate surface, leading to nucleation, nuclei growth, the establishment of the "coating—substrate"
interface, and ongoing film growth. Figure 5 illustrates these stages. Initially, adatoms condense on the substrate surface.
During this condensation, the adatoms lose energy from colliding with others, forming chemical bonds with the substrate's
surface atoms, or impacting adatoms already bonded to the substrate. Preferential sites for incoming adatoms typically
include surface defects or impurities. At this phase, the movement of adatoms is primarily influenced by bond strength.
After condensation, nucleation occurs, with each condensing adatom acting as a site for further coating growth. The
nucleation of coating atoms is significantly affected by the substrate's crystal structure, binding energy of adatoms,
contaminants, and surface profile. Following nucleation, the growth of nuclei involves bonding between formed nuclei
and incoming adatoms or pre-existing condensed adatoms via surface diffusion. This growth results in the creation of
randomly oriented islands, which subsequently coalesce to form the interfacial region.
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Figure 5. Schematic diagram depicting the microstructural evolution during the formation of the coatings via CAE-PVD method:
adatom condensation — nucleation — nucleus growth — interface development — continuous film formation

Subsequent to the formation of the interface, the phase of continuous film growth commenced. This phase is
characterized by the ongoing nucleation of the condensing adatoms at the interface, accompanied by perpetual growth,
wherein previously deposited coating species are consistently enveloped by incoming ones. Throughout this process,
grain coarsening occurs, as evidenced by the coalescence of the islands. The primary impetus for the migration of island
boundaries is the imperative to minimize edge and surface energies, whereby islands with lower energy densities
assimilate those with higher densities. This process is highly competitive, as crystallographic planes exhibiting higher
densities are favored, resulting in accelerated growth compared to less dense planes. The disparity in growth rates among
various crystallographic planes engenders a nonuniform coating surface morphology, thereby contributing to the
increased surface roughness of the deposited coating. This phenomenon is particularly pronounced when the flux of
incoming adatoms is oblique or when the adatoms possess low energy. Under these specific conditions, the influence of
geometric shadowing becomes significantly pronounced, with the peaks of the rapidly growing planes capturing the
entirety of the incoming adatoms, consequently overshadowing the valleys of the slower-growing planes. The resultant
microstructure of the experimental coatings is illustrated in Figure 6 and Figure 7.

Figure 6 showcases the cross-sectional views of the monolayer WNDbN coatings. The high-resolution images reveal
a periodic nanostructure, which may arise from several contributing factors. The first factor pertains to the substrate
rotation mode occurring in front of the two cathodes (W and Nb), resulting in alternating W and Nb fluxes during the
deposition process. This behavior engenders periodic variations in composition (W-rich <> Nb-rich), even within a single
monolayer deposition run. The second factor relates to limited interdiffusion, which is attributed to the low substrate
temperature. Cathodic arc deposition typically transpires at moderate substrate temperatures. The restricted thermal
diffusion inhibits the complete mixing of W and Nb layers during deposition, thereby preserving the compositional
modulations resulting from the rotation cycles. This phenomenon further enhances the appearance of a
“pseudo-multilayer” structure, despite the deposition being technically classified as monolayer. The third factor involves
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high ionization and directionality. During CAE-PVD process, metal ions impinge upon the substrate with high energies
and directed patterns. This characteristic can amplify the effects of angular flux discrepancies caused by rotation,
contributing to the oscillating composition as deposition progresses. Conversely, SEM observations disclosed noticeable
alterations in the microstructure of the WNDbN coatings corresponding to decreases in substrate bias voltage. At the lowest
applied bias of =50 V, the coating exhibits a distinctly layered structure characterized by sharp and well-defined interfaces,
which remain discernible even at relatively low magnification. Columnar features are not prominent, and there is an
absence of macroparticles or defects. At this reduced bias voltage, ion bombardment is minimized, resulting in decreased
damage and intermixing. This environment facilitates the development of a highly ordered and periodic nanostructure,
albeit with reduced density, culminating in a total thickness of 4.4 microns. As the bias voltage was elevated to —100 V,
the coating exhibited moderate density accompanied by a smoother periodic nanostructure devoid of visible defects. The
emergence of columnar growth was not observed. Re-sputtering effects began to affect the net deposition rate, culminating
in a coating thickness of 2.3 microns. At the highest applied bias of —200 V, the morphology of the coating revealed a
relatively dense and compact structure with fine, featureless contrast in the low-magnification image, indicative of high
atomic packing density. The intense ion bombardment at this bias supplied sufficient energy to facilitate continuous re-
nucleation and surface reorganization, resulting in enhanced packing density and superior structural cohesion. However,
this energetic environment also induced significant re-sputtering of lighter elements, such as nitrogen, which diminished
the overall deposition rate. Consequently, the final observed coating thickness was 3.2 microns. The interface between
the coating and the substrate appeared sharply defined due to enhanced surface activation and improved adhesion under
conditions of high-energy ion irradiation.

1- WNbN (-200V)

2- WNbN (-100V)

3- WNDbN (-50V)

Figure 6. The cross-section structures of the monolayer WNbN coatings

Figure 7 illustrates the images depicting the surface morphology and cross-sectional architecture of the multilayer
WNbN/WNDBC coatings. All coatings demonstrate well-defined multilayer structures, which indicate successful
modulation between the WNbN and WNbC layers. The periodicity and continuity of the layers were maintained under
all deposition conditions, despite variations in arc current and bias voltage. The implementation of substrate rotation
facilitated consistent deposition coverage and minimized shadowing effects. In the case of the multilayer 1-WNbN/WNbC
coating, the surface reveals a relatively rough texture. The presence of structural defects such as cracks or delamination
is not prominent, suggesting acceptable coating adhesion. While the multilayer architecture is discernible, it is less regular
compared to alternative coatings. The total thickness of the multilayer region is approximately 423 nanometers. Some
localized intermixing at the interfaces may be attributed to the lower W cathode current and the elevated Nb content. The
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application of a higher bias voltage (—200 V) results in a denser structure but an increase in surface roughness due to
intense ion bombardment and re-sputtering effects. In contrast, the multilayer 2-WNbN/WNbLC coating exhibits a
smoother surface than the previous coating, with fewer surface defects. This may be ascribed to the higher W cathode
current, which promotes ionization and deposition uniformity. A highly regular multilayer structure is observed, with
distinctly defined alternating layers and a total measured thickness of approximately 855 nanometers. The interfaces
between the layers are sharper, indicating enhanced phase separation between nitride and carbide phases. The elevated W
current of 150 A, in conjunction with intense ion bombardment, encourages a columnar, compact structure characterized
by well-formed layer periodicity. This implies improved kinetic energy and momentum transfer during the alternating
deposition cycles. The multilayer 3-WNbN/WNbC coating exhibits a refined structure characterized by large polygonal
salients observable across the surface. The formation of droplets is less conspicuous, and the surface presents a more
compact and smooth appearance, signifying diminished ion-induced surface damage attributed to the reduced bias voltage
of =100 V. A distinctly ordered multilayer structure is apparent, with well-defined layer boundaries and a total measured
thickness of approximately 583.5 nm. The layers appear thinner and more uniform, indicating controlled deposition
occurring under moderate ion energies. The reduction in bias voltage from —200 V to —100 V leads to diminished re-
sputtering and more precise layer formation. The elevated tungsten content, resulting from the 150 A arc current, is
anticipated to slightly exceed that of niobium, while the structural modulation remains periodic and stable.

Figure 7. The surface and cross-section structures of the multilayer WNbN/WNDbC coatings

These observations emphasize the critical importance of substrate bias in modulating the microstructural evolution
of monolayer WNDbN and multilayer WNbN/WNbC coatings during the CAE-PVD deposition. Adjusting the ion energy
makes it feasible to attain an optimal equilibrium between coating density, grain refinement, and stoichiometry, achieving
targeted functional performance.

Elemental Composition
The elemental composition of the multilayer WNbN/WNDC coatings is significantly influenced by the deposition
parameters utilized during the CAE-PVD process. Comparative diagrams illustrating the elemental concentration in the
multilayer WNbN/WNbLC coatings are presented in Figure 8. It is apparent that the relative abundance of nitrogen in
relation to carbon within the multilayer structure is primarily dictated by the ion bombardment energy, which is influenced
by the substrate bias voltage.
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Figure 8. Elemental concentration diagrams of the multilayer WNbN/WNbC coatings

At an elevated bias voltage of —200 V, the increased ion energy facilitates the re-sputtering of lighter elements such
as nitrogen and carbon. Although nitrogen atoms possess a lower atomic mass and higher volatility compared to carbon,
rendering them more prone to re-sputtering, the deposition duration for the nitride layer was substantially longer than that
for the carbide layers (N2 = (55 = 90) s, C,H, = (5 + 10) s). Consequently, under these conditions, it is anticipated that
nitrogen will dominate over carbon in the multilayer structure. Upon the reduction of the bias voltage to —120 V, there is
a notable decrease in the intensity of ion bombardment, which facilitates an enhanced retention of nitrogen, especially
within the WNbN layers. Consequently, although carbon is anticipated to be more predominant overall, the relative
nitrogen content is expected to rise as the bias voltage decreases as a result of diminished re-sputtering losses.

The relative concentrations of tungsten (W) and niobium (Nb) are significantly affected by both their respective arc
current settings and inherent properties, including atomic mass and ionization efficiency. At an elevated arc current of
150 A for the W cathode, as opposed to 130 A, the W ion flux exhibits a substantial increase, facilitating elevated tungsten
deposition rates. Concurrently, the arc current applied to the Nb cathode is comparatively lower, either 110 A or 120 A,
which diminishes the niobium ion density within the plasma. Notably, the observed Nb concentration is remarkably high,
ranging from 30.76 to 31.65 at. %, in relation to W (16.31 and 19.09 at. %). This phenomenon can be explicated by two
principal factors: increased macroparticle emission and the interplay of tungsten's ionization energy and ion charge states.
The first factor posits that the W cathode is recognized for its propensity to emit a greater volume of macroparticles
(i.e., droplets) owing to its higher melting point and unique vaporization behavior. These macroparticles typically fail to
integrate into the developing coating and may adhere to the chamber walls or accumulate within the system, consequently
resulting in a net depletion of W content in the deposited coating when juxtaposed with Nb. The second factor underscores
that tungsten possesses a higher ionization energy than niobium; in cathodic arc scenarios, this disparity can lead to a
reduced fraction of multiply charged W ions. Consequently, Nb ions, being less heavy and more readily ionized, may
prevail in the plasma and reach the substrate with greater efficiency, particularly when the substrate bias applied is
insufficient to attract the heavier, less mobile W ions.

A trade-off outcome is observed for the multilayer 2-WNbN/WNDbC coating. The tungsten ions possess greater mass
and momentum, resulting in a higher probability of incorporation into the film, particularly under elevated substrate bias
conditions of —200 V, which increases ion impact energy. This advantage is further enhanced by the higher arc current
applied to the tungsten cathode. Consequently, under both bias conditions, especially at =200 V and an arc current of
150 A, tungsten (33.49 atomic percent) predominates over niobium (30.76 atomic percent) in the coating composition.

The elemental composition of monolayer WNbN coatings was found to be significantly affected by the applied
substrate bias voltage. Monocoatings were deposited in a rotational substrate mode using dual metallic cathodes (tungsten
and niobium) in the presence of nitrogen as the reactive gas. The substrate bias voltage was varied
between -200 V, -100 V, and -50 V to examine its influence on the resulting coating composition. Comparative diagrams
illustrating the elemental concentration in the monolayer WNbN coatings are shown in Figure 9.

At a higher bias voltage of —200 V, the intensified ion bombardment led to substantial re-sputtering of lighter
elements such as nitrogen and carbon from the coating surface. This phenomenon resulted in metal-rich coatings with a
potential shift toward sub-stoichiometric compositions, particularly in nitrogen-deficient WNbN phases. Although a
higher substrate bias (—200 V) is typically associated with enhanced incorporation of heavier elements like tungsten due
to increased ion momentum, the observed composition of the WNbN coating shows a higher Nb content. This discrepancy
is likely attributed to a combination of factors, including the higher ion flux and better ionization efficiency of Nb under
cathodic arc conditions, greater erosion rate of Nb cathodes, and possibly less efficient incorporation or greater re-
sputtering of tungsten ions. Additionally, geometric factors such as substrate positioning and the relative plasma exposure
during rotation may have further favored Nb accumulation. These effects, taken together, resulted in the Nb-rich WNbN
coating despite the applied high bias voltage.

Upon the reduction of the bias voltage to —100 V, the re-sputtering effect diminished significantly, thereby enhancing
the retention of nitrogen within the developing coating. This condition facilitated the formation of coatings that are closer
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to stoichiometric compositions, characterized by a more balanced ratio of metal to nonmetal. The relative incorporation
of niobium increased as the disparity in ion kinetic energies between tungsten (W) and niobium (Nb) decreased.
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3-WNbN 37.76

Figure 9. Elemental concentration diagrams of the monolayer WNbN coatings

At the minimal bias voltage of =50 V, the bombardment of ions was reduced, leading to the highest levels of nitrogen
incorporation across all examined technological conditions. Although this promoted nearly ideal stoichiometry, it
concurrently heightened the risks associated with the over-saturation of the non-metallic element. In the case of WNbN
coatings, this may result in the development of nitrogen-rich amorphous regions or secondary nitride phases. Furthermore,
a decrease in the incorporation of tungsten was noted, attributed to the diminished contribution of heavy metal ions within
this lower ion energy regime.

In summary, increasing the substrate bias voltage leads to metal-enriched coatings with higher Nb content and
reduced nitrogen concentration, while lower bias values promote more stoichiometric compositions and higher niobium
content. These compositional variations are expected to strongly influence the resulting structural properties of the
coatings, as discussed in the abovementioned sections.

Phase Evolution
Figure 10 presents the X-ray diffraction patterns of the monolayer WNbN coatings. All diffraction patterns exhibit
broad peaks in the 20 range of 30° — 80°, indicating nanocrystalline or fine-grained structures.
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Figure 10. Diffraction patterns of the monolayer WNbN coatings
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The most intense peaks are located around ~36.5 — 37° (20), ~42.5 — 43° (20), ~62.5 — 63° (20), and ~70 — 80° (20)
(see Table 2). These peaks can be attributed to the face-centered cubic WNbN phase (NaCl-type structure), which is
consistent with 6-WN (PDF #25-1257) and 6-NbN (PDF #38-1155). The presence of peaks in the range ~31.6 — 33.6°
(26), ~46.8 — 47.4° (20), and ~60.38° (260) suggests the formation of minor hexagonal nitride phase W>N and/or Nb:N,
which is consistent with hexagonal WaN (PDF #25-1256) and hexagonal Nb2N (PDF #17-0381).

Table 2. Peak list and identification for the monolayer WNbN coatings.

Position Plane .
Peak no. 20 (%) Phase Crystal System (hkl), d-spacing
_ 1 3177 WN / NboN hex (100) 2.8136
> 2 33.63 WoN / NboN hex (101) 2.6622
& 3 37.01 WNbN 501;;10}51‘)’1““"‘1 (W- cubic (111) 2.4266
Z 4 39.90 W>N or NboN hex (102) 2.2574
2 4 42.50 WNbN S"l;ilsf)’l““on (W- cubic (200) 2.1252
B 5 46.80 WaN / NboN hex (103) 1.9388
1 31.64 WoN / NboN hex (100) 2.8250
2 34.95 WNbN S"l‘r‘iic;o)'““"“ (Nb- cubic (111 2.5650
2 3637 WNbN S"l;ilsf)’l““on (W- cubic i) 2.4680
> 3 40.15 WNBN solid solution (Nb- cubic (200) 2.2436
= rich)
z 3 42.60 WNbN 501;;16;‘)’1““011 (W- cubic (200) 2.1204
z
= 3 44.37 WNDN solid solution cubic (210) 2.0395
£ 4 47.45 NbaN / WoN hex (104) 1.9144
& 5 60.38 NbaN / WoN hex (110) 1.5316
5 62.01 WNbN cubic (220) 1.4955
6 70.78 WNbN S"l‘r‘iicilo)'““"“ (Nb- cubic (311) 1.3298
6 74.00 WNbN S"l;i}sf)’l““on (W- cubic (311) 1.2798
34.75 NbN cubic (111) 2.5793
1 35.65 NbaN / WoN hex (101) 2.5162
1 36.90 WNbN s"l;ilslg’lut“’n (W- cubic (111) 2.4338
S 2 40.04 WNBN solid solution (Nb- cubic (200) 2.2496
. rich)
w . N
< 2 42.40 WNbN solid solution (W- cubic (200) 2.1299
Z rich)
g 3 47.73 NboN / WoN hex (104) 1.9036
. 4 60.35 NbaN / WoN hex (110) 1.5323
‘“ 4 62.23 WNbN (solid solution) cubic (220 1.4904
5 70.32 WNbN s"l‘r‘iicil‘;l““o“ (Nb- cubic 311 13375
5 73.75 WNbN S"l;i}sgl““‘m (W- cubic 311) 1.2836

The substrate bias voltage is crucial in determining the crystalline quality and grain size of monolayer WNbN
coatings obtained using CAE-PVD. The low bias of =50 V results in lower energy ion bombardment, leading to lower
adatom mobility and less recrystallization, producing a fine-grained (nanocrystalline) structure of the monolayer 3-WNbN
coating. The first broad peak with overlapping contributions in the region of 34.75°, 35.65°, and 36.9° (20) suggests the
presence of multiple overlapping crystallographic planes from different phases or orientations. This is very common in
nanocrystalline and multiphase nitride coatings, especially those produced by CAE-PVD. The peak at 34.75° (26) is
assigned to the (111) plane of cubic NbN. It suggests the presence of Nb-rich cubic domains within the WNbN solid
solution or a segregated cubic NbN phase forming at Nb-dominant growth points (due to arc rotation or target flux
variation). The main peak at 35.65° (20) refers to hexagonal NboN or W2N with (100) reflection. The peak at 36.9° (20)
corresponds to the (111) plane of cubic WN and suggests the W-rich domain in the WNDN solid solution. Another broad
but less intensive peak centered around 40.04° and 42.4° (20) is a superposition of (200) reflections from both W-rich
and Nb-rich regions in the cubic WNbN solid solution. The peak at ~40.04° (20) strongly refers to (200) reflection of
cubic NbN or a region of the WNDbN solid solution that is locally enriched in Nb. The peak at ~42.4° (20) is strongly
assigned to the (200) reflection of cubic WN or W-rich region within the cubic WNbN solid solution. The peak at
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47.73° (20) refers to minor hexagonal NbaN or W2N (104), which may form in N-deficient regions. A broad and least
intensive peak in the 60.3° to 62.2° (20) range is a key signature of overlapping reflections from cubic WNbN and
potentially minor hexagonal nitride phases. The peak at 60.35° (20) is most likely hexagonal W2N or Nb2N (110). The
peak at 62.23° (20) is strongly assigned to the cubic WNbN solid solution with (220) reflection. The broad peak between
70.32° and 73.75° (20) is a composite peak, most likely originating from overlapping reflections of cubic and hexagonal
phases. The peak at 70.32° (20) refers to cubic NbN (311) or a Nb-rich region in the WNbN solid solution. The peak at
73.75° (20) corresponds to cubic WN (311) or a W-rich region in the WNbN solid solution.

The increase of bias voltage to —100 V causes a slightly higher ion bombardment, enhancing surface diffusion,
promoting crystal growth, and increasing grain size. Therefore, the monolayer 2-WNbN coating formed with improved
crystallinity with more defined peaks. The small peak positioned at 31.64° (26) indicates the formation of minor hexagonal
W:2N or Nb2N phases with (100) reflection. The main broad peak consists of two overlapping contributions in the region
of 34.95° and 36.97° (20). The peak at 34.95° (20) strongly corresponds to cubic (111) WNbN solid solution enriched
with Nb. The peak at 36.97° (20) refers to cubic (111) WNDbN solid solution enriched with W. Another broad but less
intensive peak centered around 40.15° and 42.60° (20) is a superposition of (200) reflections from both W-rich and Nb-
rich regions in the cubic WNDN solid solution. The peak at 44.37° (20) is the (210) reflection of cubic WNbN solid
solution, typical in highly oriented or dense coatings. The peak at 47.45° (20) refers to minor hexagonal NboN or WaN
phases with (104) reflection. Its presence supports the presence of small amounts of secondary phases or that finer
structural details are being resolved. A broad peak in the 60.38° to 62.01° (20) range is composed of the overlapping
reflections from cubic and potentially minor hexagonal nitride phases. The peak at 60.38° (20) refers to the hexagonal
W2N or NbaN (110). The peak at 62.01° (20) is strongly assigned with cubic WNbN (220). The broad peak between
70.78° — 74.0° (20) refers to WNbN solid solution with (311) reflection, which is consistent with other major reflections
(111), (200), (220), and broaden by the composition (Nb- and W-rich regions).

At high bias voltage of —200 V, the intense ion bombardment may cause the densification and possibly stress-induced
recrystallization. It results in larger grains and sharper diffraction peaks. The extremely high intensity may also be
influenced by preferred orientation effects (texture). The diffraction peak at ~31.77° (20) indicates the formation of
hexagonal W2N (or Nb2N) as a minor phase in the monolayer 1-WNbN coating. These phases can both exhibit peaks in
the 31 — 32° (20) range, specifically, W2N (100) — ~31.6 —31.8° (20) and Nb2N (100) — ~31.5 —31.7° (20), and may
form as secondary or surface-stabilized phases in nitrogen-deficient regions, especially under high-energy deposition
conditions typical for CAE-PVD process. The peak at 33.63° (20) also supports the earlier assumption of minor hexagonal
phase presence with (101) reflection. The peak at 37.01° (20) is highly consistent with the (111) reflection of a cubic
WNDN solid solution phase, where W and Nb are substitutional, and the lattice parameter lies between that of WN and
NbN. The peak at 39.9° (260) refers to the presence of the hexagonal phase with (102) reflection. The main peak between
at 42.5° (20) is the (200) peak of the cubic WNbN solid solution. The peak at 46.8° (20) assigned to hexagonal nitride
with (103) reflection, supporting the presence of minor WoN/Nb:N phases.

Based on the (111)/(200) reflections at ~36.5° — 43° (20), a qualitative trend in grain size was estimated as follows.
The monolayer 3-WNDN coating has the smallest grain size in the range of ~5 — 7 nm, the monolayer 2-WNbN coating
has moderate grain growth with sizes of ~10 — 12 nm and the monolayer 1-WNbN coating has the largest grain size
ranging between ~15-20 nm.

Thus, the monolayer 3-WNbN and 2-WNDbN coatings strongly supports the presence of a cubic NaCl-type WNbN
structure, with minor hexagonal contributions that may reflect local composition variation or grain boundary effects. The
deposition of the coatings at low (—50 V) and moderate (—100 V) bias voltage results in nanocomposite structures of the
coatings with nanocrystalline nitride grains (~5 — 12 nm). The monolayer 1-WNDbN coating is dominantly cubic WNbN
with bigger contributions from hexagonal phases, indicating possible formation of WoN or Nb:N in local regions —
potentially from N-deficient zones, or interfacial effects during high-energy deposition. The increase of bias voltage
to -200 V produce the grains growth to larger sizes of ~20 nm and formation of the strong texture.

Figure 11 presents the X-ray diffraction patterns of the multilayer WNbN/WNDC coatings. All diffraction patterns
exhibit distinct broadening and overlapping peaks in the 26 range of 30° — 80°, indicating the presence of nanocrystalline
and multiphase structures. The most intense peaks are located at ~36 — 38° (20), 43 —44.5° (26), 62—64° (20), and 70—
80° (20) (see Table 3). The observed peaks can be ascribed to the cubic WNbN phase (NaCl-type structure), which aligns
with cubic WN (PDF #25-1257) and cubic NbN (PDF #38-1155), along with the WNbC phase, which likely exhibits a
cubic B1-type structure (cubic WC - PDF #89-2868 and cubic NbC - PDF #38-1364). Additionally, low-intensity or broad
peaks located near 31.6°, 33.6°, and 37.0° (20) may suggest the existence of hexagonal W>N and Nb:N as secondary
phases, corresponding with hexagonal W2N (PDF #25-1256) and hexagonal Nb>N (PDF #17-0381). This phenomenon is
particularly pronounced for the 3-WNbN/WNbC coating obtained under reduced bias conditions, where diminished ion
energy is conducive to mixed-phase formation.

Lower arc currents (130/120 A) and a high bias voltage (—200 V) facilitate the formation of fine grains through
enhanced re-sputtering and densification processes for the multilayer 1-WNbN/WNbC coating. The peak occurring at
31.55° (20) is ascribed to the (100) reflection of hexagonal W2N or Nb:N, indicating the existence of under-stoichiometric
nitride phases at specific interfaces or resulting from localized nitrogen deficiency during the deposition cycle. The peak
observed at 35.69° (20) corresponds to the (111) reflection of cubic NbC or cubic WC, suggesting the development of
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carbides during the acetylene-assisted segments of the deposition. Given the slightly lower W arc current in this sample,
it is anticipated that the NbC contribution will predominate. A broad peak at 39.70° (20) is associated with the (111) plane
of a cubic WNDN solid solution with a high Nb content, which embodies the predominant structure of the nitride layers.
This NaCl-type phase is indicative of transition metal nitrides formed under energetic deposition conditions. The weak
reflection at 42.95° (20) likely encompasses contributions from (200) reflection of cubic WNDbN solid solution with a high
W content, reinforcing the existence of the cubic nitride phase in conjunction with the (111) reflection. The broadness of
the peak is attributed to nanocrystallinity. The peak at 44.75° (20) aligns with the (200) reflection of cubic NbC or WC
phases, further supporting the formation of well-structured carbide layers. At 47.63° (20), the (200) reflection of minor
hexagonal NbaN or WoN phases with (104) reflection.
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Figure 11. Diffraction patterns of the multilayer WNbN/WNDbBC coatings

The overall peak broadness indicates a nanocrystalline structure, with crystallite sizes estimated to be in the 6-8 nm
range using the Scherrer equation. The relatively lower W arc current (130 A) may have contributed to a slightly reduced
metal flux, which limits adatom mobility and suppresses grain growth. Meanwhile, the high substrate bias (-200 V)
enhances surface densification and re-sputtering, promoting finer grain sizes and more uniform layer interfaces, albeit at
the cost of increased compressive stress and peak broadening.

Table 3. Peak list and identification for the multilayer WNbN/WNbC coatings.

Peak Position Plane .
o, 20 (%) Phase Crystal System (hkI) d-spacing

1 31.55 Nb2N / WaN hex (100) 2.8332

O 2 35.69 NbC /WC cubic (111 2.5135
WNDBN solid solution .

g 3 39.70 (Nb-rich) cubic (111) 2.2683
Z WNDN solid solution .

g 4 42.95 (W-rich) cubic (200) 2.1041

, 5 44.75 NbC /WC cubic (200) 2.0234

- 6 47.63 Nb2N / WaN hex (104) 1.9074

7 74.42 WNDN solid solution cubic (220) 1.2731
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Peak Position Plane .
o 20 (%) Phase Crystal System (hKl) d-spacing
1 3145 NbaN / WaN hex (100) 2.8420
2 34.50 NbC/WC cubic (111) 2.5973
é 2 36.80 NbaN / WaN hex (101) 2.4402
40.60 WNDN solid solution . 2.2201
z 3 (Nb-rich) cubic (111)
i) 3 42.65 WNDN solid solution cubic (200) 2.1180
g (W-rich)
S 4 47.64 NboN / WoN hex (104) 1.9071
4 49.80 NboN / WoN hex (110) 1.8292
5 74.47 WNDN solid solution cubic (220) 1.2729
1 31.75 W2N / NbaN hex (100) 2.8150
2 34.65 NbC/WC cubic (111) 2.5865
2 36.65 NboN / WoN hex (101) 2.4498
40.19 WNDBN solid solution . 2.2415
Q
g 3 (Nb-rich) cubic (111)
42.55 WNDBN solid solution . 2.1228
% 3 (W-rich) cubic (200)
§ 4 47.52 NboN / WoN hex (104) 1.9115
. 5 61.63 WNbDBN cubic (220) 1.5034
con . .
70.28 WNDBN solid solution . 1.3382
6 (Nb-rich) cubic (311)
74.15 WNDBN solid solution . 1.2776
7 (W-rich) cubic (311)

An increase in tungsten arc current to 150 A coupled with a reduction in niobium arc current to 110 A for the
multilayer 2-WNbN/WNDbC coating results in the diffraction peaks becoming sharper and more intense. The peak
observed at 31.45° (20) corresponds to the (100) reflection of hexagonal W2N or Nb2N. This peak is indicative of under-
stoichiometric or early-stage nitride phases and suggests localized nitrogen-deficient growth, potentially occurring at
nitride-carbide interfaces. The reflection located at 34.50° (20) likely arises from overlapping contributions from cubic
WC or cubic NbC, corresponding to the (111) plane. The formation of these carbides is associated with the acetylene-
assisted deposition stages and is enhanced by the elevated W arc current. The prominent peak centered around 36.80°
(20) is attributed to the (101) reflection of hexagonal W2N/Nb2N, although contributions from W2C cannot be dismissed.
This region typically reflects overlapping nitride and carbide signals, particularly within nanostructured multilayers. A
weak reflection at 40.60° (20) is ascribed to the (111) plane of the cubic WNbN solid solution enriched with Nb,
representing the primary signature of a cubic NaCl-type structure, which is common to transition metal nitrides deposited
by arc evaporation. The adjacent peak at 42.65° (20) can be indexed to the (200) reflection of the cubic WNbN solid
solution, thereby confirming the continuity of the cubic nitride structure across multiple stack layers. The peak at 47.64°
(20) corresponds to the minor hexagonal NbaN or WaN (104), which may form in N-deficient regions. A reflection at
49.80° (20) is attributed to the (110) plane of hexagonal Nb2N or W:N, further corroborating the presence of hexagonal
domains within the coating. These may develop in regions where nitrogen incorporation is kinetically limited or disrupted
during gas switching. Lastly, the high-angle reflection at 74.47° (20) aligns with the (220) plane of the cubic WNDbN solid
solution. The discernibility of this peak, despite its typically low intensity, indicates a well-aligned and crystalline cubic
nitride phase within specific domains of the multilayer.

The observed peak widths suggest a significant broadening characteristic of nanocrystalline materials. This
broadening likely results from a combination of small grain sizes (estimated to be in the range of 10 — 12 nm according
to the Scherrer equation), internal microstrain, and the complex chemical modulation intrinsic to multilayer architectures.
The elevated arc current on the W cathode (150 A) enhances the flux of metal ions, facilitating denser and more crystalline
growth, particularly within the carbide layers. Concurrently, the implementation of a high substrate bias (200 V)
promotes densification and restricts adatom mobility, thus suppressing excessive grain growth while simultaneously
increasing compressive stress, which may induce a slight shift in peak positions.

The reduction of the bias voltage to —120 V results in a decrease in ion bombardment intensity, which subsequently
limits re-sputtering and fosters grain growth, culminating in an enhancement of crystallinity within both nitride and
carbide phases. A series of pronounced yet comparatively broad peaks were detected for the multilayer 3-WNbN/WNbC
coating. Specifically, the peak positioned at 31.75° (20) is attributed to the (100) reflection of hexagonal W2N or Nb:N.
This phase indicates under-stoichiometric nitride domains, which may develop during the initial stages of nitride layer
formation or within areas of diminished nitrogen activity occurring between gas switching intervals. The reflection
observed at 34.65° (20) correlates with the (111) or (101) planes of cubic NbC or WC, respectively. These phases typically
emerge during the acetylene-assisted deposition phases, particularly under elevated metal ion flux conditions, as
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facilitated by the increased W arc current. The peak recorded at 36.65° (20) corresponds to the (101) plane of hexagonal
W:2N or Nb:N, potentially overlapping with faint reflections originating from W-C. Its presence further reinforces the
coexistence of minor hexagonal phases, often more stable at lower ion energies. A prominent peak at 40.19° (20) aligns
with the (111) reflection of the cubic WNbN phase, which characterizes a NaCl-type solid solution comprising WN and
NbN. This peak signifies the primary orientation of the nitride phase within the multilayer stack. The peak at 42.55° (20)
correlates with the (200) reflection of the cubic WNbN solid solution, thereby confirming the existence of a continuous
and well-crystallized Bl-type structure across the multilayers. The peak at 47.52° (20) is interpreted as the minor
hexagonal Nb2N or W2N phase exhibiting a (104) reflection. The peak at 61.63° (20) constitutes a continuation of the
cubic series, aligning with the (220) reflection of cubic WNbN (with minor contributions from WNbC), thereby
reinforcing the observation of a predominant NaCl-type structure throughout the multilayer stack. The reflection noted at
70.28° (20) is attributed to the (311) plane of cubic NbN, suggesting the presence of Nb-rich domains within the WNbN
solid solution layers or localized segregation resulting from slight fluctuations in plasma composition. Finally, the peak
at 74.15° (20) corresponds to the (311) plane of cubic WN or WNDN, thereby further substantiating the establishment of
a well-defined cubic structure and the existence of W-rich zones, potentially influenced by the relatively high W arc
current.

The observed diffraction peaks exhibit greater breadth compared to those of bulk materials, while remaining sharper
than those present in coatings deposited at increased bias voltages (e.g., 1-WNbN/WNbC and 2-WNbN/WNbC). This
observation suggests a nanocrystalline structure characterized by enhanced grain growth, which is facilitated by the
moderately diminished bias voltage (—120 V). The decrease in ion bombardment energy has permitted increased adatom
mobility, subsequently leading to larger crystallite sizes and more distinct phase separation. The average crystallite size,
as estimated utilizing the Scherrer equation, falls within the range of 10 — 15 nm.

The multilayer 1-WNbN/WNbDC coating features a mixed-phase nanocrystalline structure primarily composed of
cubic WNbN and NbC phases, with smaller amounts of hexagonal W2N/NbaN. The deposition conditions lead to a dense,
fine-grained multilayer with overlapping phase domains, resulting in a broad and diffuse XRD profile. The high bias
voltage results in densification and stress-induced peak shifts, while moderate arc currents facilitate balanced phase
formation throughout the multilayer stack. There is a minor presence of hexagonal phases. The multilayer
2-WNbN/WNbC multilayer coating combines cubic and hexagonal nitride phases. The dominant cubic WNbN and
WNDBC/NbC forms are substantiated by distinct (111), (200), and (220) reflections, while weaker peaks associated with
hexagonal W,N, and NboN indicate minor phase segregation or localized composition variations. These findings highlight
the intricate nature of phase formation in reactive arc-deposited multilayer systems and demonstrate how deposition
parameters like arc current, reactive gas switching, and bias voltage affect structural evolution. An increased occurrence
of hexagonal phase peaks suggests a reduced energy barrier for non-cubic phases. The multilayer 3-WNbN/WNbC
coating displays a well-defined nanocrystalline multilayer structure, dominated by cubic WNbN and WNbC phases
(NaCl-type structure), with minor hexagonal W>N/Nb,N phases. A moderate bias voltage (—120 V) and high W arc current
enhanced grain growth, crystallinity, and phase stability while limiting excessive re-sputtering and decreasing structural
defects. There is a minor presence of hexagonal phases. These properties render this coating the most crystalline and
structurally coherent among the three WNbN/WNbC multilayer systems studied.

CONCLUSIONS

This study explores the microstructural, compositional, and phase evolution characteristics of both monolayer
WNDBN and multilayer WNbN/WNDbC coatings, which were deposited via cathodic arc evaporation under different process
conditions. Three distinct monolayer WNbN coatings and three multilayer WNbN/WNbDbC coatings were synthesized
utilizing dual-metallic cathodes (W and Nb), with nitrogen and acetylene serving as reactive gases. The essential
deposition parameters, namely substrate bias voltage and cathode arc current, were methodically altered to investigate
their impact on the coating structure, morphology, elemental distribution, and phase composition.

The microstructural analysis of monolayer WNbN coatings demonstrates a significant effect of substrate bias voltage
on their evolution during cathodic arc evaporation. A clear pseudo-multilayer structure was observed in all samples,
resulting from the interactions between substrate rotation, angular deposition flux from dual cathodes, and limited
interdiffusion at moderate deposition temperatures. With low bias (-50 V), the coatings showcased distinct periodic
layering, exhibiting minimal columnar growth and high structural order, although with lower density. As the bias
increased to —100 V and —200 V, the morphology transitioned to denser, more compact structures, with the highest bias
facilitating continuous re-nucleation, enhanced atomic packing, and improved interfacial adhesion. However, higher ion
energies led to marked re-sputtering effects, which diminished net deposition rates and slightly affected stoichiometry.
These findings underscore the pivotal role of bias voltage in balancing coating morphology, density, and composition —
a vital element for optimizing monolayer WNbN coatings for advanced functional uses.

The characterization of multilayer WNbN/WNbLC coatings at the morphological and microstructural levels
confirmed the effective creation of periodic multilayer structures. The coatings displayed clear alternations between
nitride and carbide layers, achieved through substrate rotation and precise gas pulsing. Factors such as arc current and
bias voltage impacted layer definition, thickness uniformity, and the sharpness of interfaces. With a —200 V bias, the
multilayer 1-WNbN/WNbC and 2-WNbN/WNbC coatings exhibited denser microstructures, though the multilayer
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1-WNbN/WNDBC had increased surface roughness and interfacial intermixing attributed to a lower W arc current (130 A).
Conversely, the multilayer 2-WNbN/WNbC coating, which utilized a higher W arc current (150 A), demonstrated
improved phase separation and structural order. On the other hand, the multilayer 3-WNbN/WNbC coating deposited at
—120 V showed a smoother surface with well-defined, thinner multilayers, thanks to reduced re-sputtering and enhanced
adatom incorporation. Elemental analysis supported these observations, indicating that tungsten content rose with arc
current, while nitrogen retention was better at lower bias voltages. Notably, the Nb content consistently surpassed W at
lower W arc currents due to greater ionization efficiency and effective plasma transport of Nb atoms.

The structural analysis of monolayer WNDN coatings indicated that the substrate bias voltage significantly
influences grain size, phase formation, and the coatings' chemical composition. A low bias voltage of —50 V encouraged
the development of nanocrystalline, fine-grained structures, minimizing re-sputtering and enhancing nitrogen
incorporation. Consequently, the resulting monolayer WNbN coatings had nearly stoichiometric compositions with slight
contributions from hexagonal secondary phases. Increasing the substrate bias to —100 V led to improved crystallinity in
the monolayer WNDN coating, as evidenced by sharper, more distinct XRD peaks. The increased surface diffusion from
moderate ion bombardment fostered grain growth, revealing a more defined cubic NaCl-type structure, along with
recognizable phase separation between W-rich and Nb-rich areas. Although minor hexagonal phase peaks remained, they
were less obvious than those observed at lower bias levels. At the extreme bias voltage of —200 V, the intense ion
bombardment greatly enhanced film densification, increased re-nucleation frequency, and contributed to surface
reorganization. This resulted in the formation of larger grains (15 — 20 nm), a well-textured cubic WNbN phase, and a
noticeable reduction in nitrogen content due to re-sputtering effects. The occurrence of hexagonal W,N/Nb,N became
more apparent under these conditions, indicating nitrogen deficiency at elevated ion energies. Furthermore, despite
tungsten's substantial atomic mass, Nb-rich compositions were commonly identified, attributed to superior ionization
efficiency of Nb, mobility, and angular plasma exposure.

The structural analysis of the multilayer WNbN/WNDbBC coatings revealed that all coatings predominantly consisted
of cubic phases (WNbN and WNbC/NbC), exhibiting NaCl-type B1 structures. Major reflections at (111), (200), (220),
and (311) confirmed the formation of well-crystallized cubic domains. The presence of overlapping or broad peaks was
attributed to grain size reduction, stress effects, and minor contributions from the hexagonal phase. In the multilayer 1-
WNDbN/WNDBC coating, the high bias and lower W arc current led to the formation of fine-grained, nanocrystalline
structures with significant peak broadening and a noticeable hexagonal phase presence. The multilayer 2-WNbN/WNbC
coating benefited from increased W ion flux, yielding improved crystalline quality and stronger cubic phase reflections.
The multilayer 3-WNbN/WNbC coating demonstrated the most refined multilayer architecture, marked by enhanced
crystallinity, reduced stress, and diminished hexagonal phase content, owing to the optimal combination of high W arc
current and moderate bias voltage.

This comprehensive investigation highlights the versatility of cathodic arc evaporation for engineering high-
performance WNbN/WNbC nanocomposite coatings. The ability to fine-tune bias voltage and arc current provides a
powerful mechanism to control morphology, grain size, phase formation, and elemental distribution. These insights
establish a solid foundation for optimizing multilayer coating architectures for advanced applications, including
protective, diffusion barrier, or thermal shielding layers in extreme environments.
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BIIJIUB YMOB OCAI’KEHHSI HA MIKPOCTPYKTYPY TA CKIIAL MOHOITAPOBUX HITPUIHUX
TA KAPBITHO-HITPUIHUX MYJIbTUITAPOBHUX ITOKPUTTIB HA OCHOBI W TA Nb
0.B. Makcakosa®?, B.M. Bepecnes®, C.B. JlutoBuenxo®, /I.B. F'opox®, 5.0. Masixin®, 1.0. Apanacnena™d,
M. YamiosuyoBa®, M. Caxya?®
Incmumym mamepianoznascmea, Cnoeaybkuli mexnono2iunuil ynisepcumem y bpamucnasi,
eyn Ana bommy 25, 917 24, Tpuasa, Crosauuuna
bB.H. Xapxiscvkuii nayionanvnuii ynieepcumem imeni Kapasina, ni. Ceoboou, 4, 61000 Xapxis, Yrpaina
¢Llenmp nanodiaenocmuxu mamepianis, Crosayvkuii mexnonoziunui ynisepcumem y bpamucnasi,
Basososa 5, 812 43, Bpamucaasa, Cnogayuuna

Y poboTi AOCHIIHKEHO CTPYKTYpHY Ta KOMIIO3MLIIHY €BOJIOLi0 MOHOMmApoBuX MOKpUTTiB WNDN Ta GaratomapoBHX MOKPHTTIB
WNbN/WNDbC, ocamxeHnX METOZOM KaTOJHOTO JyrOBOI0 BUIIApOBYBaHHS. BrumB Hanpyru 3Mimenss migiagxy (Bix -50 B no -200 B)
i ctpymy karomHoi ayru (130 - 150 A st W, 110 - 120 A s Nb) cucreMaTndHO BUBYABCS 3 METOIO afanTarlii Mopgosorii HOKpHTTIB,
(ha30yTBOPEHHS Ta PO3MOALLY eleMeHTIB. MiKpOCTPYKTYpHHI aHaJIi3 HOIEPEYHOro Iepepi3y BHSBHB IICEBI00AraToapoBi CTPYKTYpH
BCEpeIMHI MOHOLIApiB 4epe3 oOepTaHHS MiAKIaAKA Ta OOMexeHy B3aeMonaudysito. 30UIbIICHHS HANpPyrH 3MIIIEHHS CIPHUSIIO
YUIUTbHEHHIO, HOJAPIOHEHHIO 3epeH 1 IMOKPAIICHHIO ajaresii, aje TakoXk MOCHIIIOBAIO IOBTOPHE PO3IMJICHHS a30Ty, BIUIMBAIOYH HA
CTeXIOMETPIIO 1 LIBUIKICTh OCa/DKEHHS. baraTomaposi MOKPUTTS JEMOHCTPYBAITH YiTKE YepryBaHHs LIAPIB HITPHIIB i KapOiaiB, IpuuoMy
Ha MOP(OJIOTIIO 1 KPUCTATIYHICT CHJIBHO BIUTHBAIA €HEPris 10HIB 1 yTBOpEHHH MOTIK i0HIB MeTaimy. CTpYKTYpHHI aHaJi3 MiATBEpANB
JOMiHYBaHHS KyOi4HHX TBepAux po3urHiB Ha ocHOBI WNbN i WNbDC 3 He3HauHOO KinbKicTio rekcaroHadbHUX W2N 1 Nb2N. Posmip
3epeH KOJMBABCS BiJ 6 70 15 HM B 3aIeXHOCTI BiJ] MapaMeTpiB ocamkeHHs . ONTHMaIbHa CTPYKTypa Oyiia JOCATHYTa IPH IOMIpHOMY
3mimenHi (-120 B) i BucoxoMy crpymi ayru W, o J03BOJMIO OTPHMATH OJHOPIAHI IIapy, 30aaHCOBAHMH CKJIAl 1 MiABUIECHY
KpUCTAIIYHICTh. Pe3ynbTaTi AEMOHCTPYIOTH, SIK KOHTPOJBbOBAHI IapaMeTpH HPOLECY 03BOJSIIOTH CTBOPIOBATH BHCOKOE(EKTHBHI
HAaHOKOMITO3HUTHI IIOKPUTTSI 3 PEryJIbOBAHOIO MIKPOCTPYKTYPOIO i pa30BHM CKIIaZ0M, IPUAATHI I 3aXUCHHUX 3aCTOCYBaHb.

KuarouoBi ciioBa: baecamowaposi nokpummsi; Himpuou, kap6iou, Hiobiti; 6onbppam; MiKpocmpyKmypa, cKiao



313

EAsT EUROPEAN JOURNAL OF PHYSICS. 2. 313-319 (2025)
DOI:10.26565/2312-4334-2025-2-38 ISSN 2312-4334

A NEW APPROACH OF OBTAINING SODIUM METASILICATE FROM DEALUMINATED
KAOLIN FOR THE SYNTHESIS OF AMORPHOUS SILICON DIOXIDE NANOPARTICLES
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Silicon Dioxide nanoparticles of high purity were synthesized using a novel technique of obtaining sodium metasilicate from
dealuminated metakaolin. The process involved taking the dealuminated metakaolin through several recrystallization steps to form
sodium metasilicate. This was then converted into silicon dioxide nanoparticles using the sol-gel technique. The nanoparticles were
studied by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis, thermogravimetric analysis, Fourier
transform infrared spectroscopy and UV-visible optical absorption spectroscopy. The results from all the characterization techniques
confirmed that the synthesized product was amorphous silicon dioxide nanoparticles with a high level of purity. This study gives an
alternate pathway for obtaining sodium metasilicate from dealuminated metakaolin to synthesize amorphous silicon dioxide
nanoparticles for industrial applications.

Keywords: Amorphous silica; Sol-gel synthesis; Nanoparticles; Characterization, Metakaolin; Sodium metasilicate

PACS: 61.43.Dq, 81.15.-z, 68.55.-a, 81.07.-b

INTRODUCTION

Silicon dioxide (SiO,) can be found in nature in both crystalline and amorphous forms. Silica in its crystalline form
occurs naturally in three polymorphic phases namely tridymite, quartz, and cristobalite [1-2]. Silica is the primary
component of sand and the second most abundant mineral compound on the earth crust [3-4]. Several research works
have proven interesting properties associated with nano silica, from their high porosity, thermal stability, tunable size,
low toxicity to their higher specific surface area (500-700 m?/g) [3, 5]. The economic importance of silica nanoparticles
is evidenced by its widespread inclusion in various industrial applications such as anti-reflection coatings, photovoltaics,
thermal energy storage, sensors, piezoelectric devices, photocatalysis and mixture of concrete [6-9]. As a result of these
applications, amorphous silica has been projected to hold a significant share in silica production and is expected to
increase in 20222030, due to its rising demand from the aforementioned industries [7, 10].

A cursory review of available literature shows that there are several techniques available for the synthesis of silicon
dioxide (Si0,) nanoparticles for a range of industrial applications [11-12]. These include, hydrothermal processes [13],
vapor-phase reactions [14] chemical precipitation [15], hydrolysis and condensation reactions [16] and the sol-gel
process [17-18]. The conventional industrial method involves a fusing reaction between soda ash and quartz at high
temperatures (1700 to 2000 °C) for sodium silicate production, which is then precipitated with sulfuric acid to recover
silicon dioxide. This process releases a large amount of greenhouse gases into the atmosphere, notably carbon dioxide
contributing to greenhouse gas emissions [19]. It is evident that the conventional processes are environmentally
unsustainable and energy-intensive [20-21].

Precursors employed for the production of silicon dioxide may either be synthetic silica from inorganic alkaline
silicates or organic silicates such as tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) [4, 22].
However, these precursors are neither cost-effective nor ecologically friendly due to their high cost and toxicity [23].
Consequently, scholars are currently investigating substitute green precursor sources for synthetic silicon dioxide due to
the environmental issues and substantial energy usage linked with these techniques [24-25]. Many researchers have
produced silica synthetically using green precursors such as biomass including rice husk, sugarcane bagasse, palm kernel
shell, sorghum bagasse, maize leaves and bamboo leaves [18, 26-29].

Meanwhile, the use of inorganic materials like kaolinite clay as a raw material to make sodium silicate as silica
precursor has, rarely been reported in literature [24, 25]. Kaolin is an aluminosilicate soft powder clayed mineral
containing mainly kaolinite with some trace minerals and impurities. Kaolin, when taken through a dehydroxylation
reaction at temperatures between 650 — 800°C results in formation of amorphous product known as metakaolin [30] .
When the metakaolin is completely dealuminated, the resultant residue contains > 95 % amorphous silica and quartz with
relatively low impurities of metal oxides [31-32]. Sodium silicate solution (SSS) obtained from metakaolin offers typical
advantages including refined and uniform particle size along with the high concentration of silica nanoparticles [33].
In our view, this makes it a likely starting material for the production of synthetic silica.
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Hence this research work examines for the first time the synthesis of amorphous silica nanoparticles (AS — NPs)
from de-aluminated metakaolin which is converted into sodium metasilicate and taken through a multi-step
recrystallization process before acid hydrolysis and precipitation. The precipitated silica is then further purified through
hydrothermal acid purification into amorphous silicon dioxide.

MATERIALS AND METHODS
Materials
Kaolin was obtained from the Ghana Bauxite Company located at Awaso in the western north part of Ghana. Sodium
hydroxide (NaOH) pellets (99 wt% purity) and ethanol (98 wt%) were purchased from Analar Normapur, UK, whilst
Sulphuric acid (H,SO4 95 wt%) and Hydrochloric acid (HCI, 35 wt% and Whatman filter paper (No 1) were purchased
from Sigma-Aldrich, Germany. Deionized water (WES laboratory, KNUST) served as solvent and used in the solution
preparations. Without additional purification, all of the reagents were employed in their original form.

Methods
Preparation of de-aluminated Metakaolin
The metakaolin was obtained by thermal treatment of kaolinite clay. First, the kaolin clay was physically
beneficiated using water to remove unwanted particles including quartz, then decanted and centrifuged to further remove
residual quartz particles, dried and calcined at 850 °C for 60 minutes to obtain a more reactive phase of kaolin known as
metakaolin; which was then leached using 2 M HCl at 105 °C for 2 hours to obtain de-aluminated metakaolin.

Preparation of Sodium Metasilicate

Sodium metasilicate solution was prepared by weighing 133.14 g of NaOH and adding it to 100.00 g of dealuminated
metakaolin in a 1-litre Teflon beaker and mixed thoroughly. 500 g of H,O was then gently added to the mixture which
results in a spontaneous exothermic reaction thereby causing up to 80 % dissolution of the dealuminated metakaolin. The
resultant solution was boiled for a while and then gradually cooled down and subsequently transferred into a Teflon bottle
placed in an electric oven at 150 °C for approximately 90 minutes to allow for the reaction to complete. The reaction
product was recovered at the end of the predetermined time, filtered to separate any unreacted residue from the sodium
silicate solution. The sodium silicate solution was kept under normal ambient conditions for 24 hours to crystallize into
sodium metasilicate after which it was recovered and filtered to separate it from the mother liquor. The chemical reactions
occurring in the synthesis process is stated in Equation 1.

Si0y¢sy + 2NaOH4q) = Na,SiOs5) + H, 0y )

Conversion of Sodium Metasilicate to Sodium silicate solution

After the recrystallization process, the sodium metasilicate was then converted to precipitated silica via acid base
neutralization and precipitation reactions. This was done by preparing 2 M of H,SO4 solution and used to neutralize and
precipitate silica from an aliquot of a solution of the crystallized sodium metasilicate in a 1000 ml borosilicate glass
beaker. The whole process was done under continuous stirring using a magnetic stirrer at 120 rpm at ambient temperature.
The acid was added dropwise while the stirring continued and the pH of the mixture monitored until the pH reached a
neutral point where a white precipitate of silica was obtained and at this point the temperature of the mixture reached
95°C, the stirring was then halted and the beaker covered to allow the mixture of the precipitate and the mother liquor to
cool to near ambient temperature.

Obtaining Silicon Dioxide from Sodium Silicate Solution
The precipitated silica was recovered by filtration, washed with aqueous ethanol solution then copiously with
distilled water. The sample was subsequently dried at 105 °C in an electric oven overnight; recovered, then ground into
fine powder using agate mortar and pestle and then stored in zip lock bag for characterizations. The chemical reactions
occurring in the synthesis process is stated in Equations 2.

Na25i03(5) + H2504(aq) d SlOz(s) + Na2504(aq) + HZO(I) (2)

RESULTS AND DISCUSSION
Chemical composition of De-aluminated metakaolin and as-prepared Sodium silicate

The chemical composition of the de-aluminated kaolin has shown clearly that, it is a suitable precursor for the
synthesis of silica due to the fact that it contains over 93 % silicon oxides which readily solubilized in caustic soda solution
at relatively low temperature. The precursor according to the XRF analysis contains some impurities of metallic oxides
with some significant weight percent as shown in Table 1.

The chemical compositions of the sodium metasilicate obtained from the de-aluminated metakaolin is also shown
in Table 1. The data in Table 1 shows that sodium metasilicate contains silicon and sodium oxides as the major chemical
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constituents and impurities of metallic oxides derived from the de-aluminated metakaolin. It further shows that the yield
of Na,SiO; contained high concentrations of silicon dioxide (63 %) which makes it a good precursor for the synthesis of
high purity silica nanoparticles. The recrystallized Na,SiOs inherently exhibited impurities such as oxides of sodium,
calcium, aluminum and iron which are characteristics of its precursor, and obviously emanated from the de-aluminated
kaolin. The level of purity observed in the sodium silicate obtained in this study are much higher than those obtained in
works by [34,16, 35, 36] who synthesised sodium silicate from quartz sand.

Table 1. XRF analysis showing the oxides present in De-aluminated metakaolin and Sodium metasilicate hydrate with their percentage
weights

SAMPLES Oxides/(wt%)

Si0, Na,O CaO Fe,03 Others
DE-ALMTK 93.573 0.854 0.112 0.235 5.226
S-SLCT 63.000 35.300 0.235 0.198 1.267

DE-ALMTK — De-aluminate metakaolin, S — SLCT — Sodium metasilicate

Structural characteristics of AS — NPs
The structure of the synthesised product was studied by Powder X-Ray Diffraction measurements using a Shimadzu
XRD-6000 diffractometer, with Cu-Ka radiation (A = 0.15408 nm), The equipment was operated at 40 mA and 45 kV for
phase analysis using the Bragg-Brentano geometry in the 26 range 10 to 70 °, scan step of 0.05°. The X-ray diffraction
pattern of amorphous silicon dioxide nano particles synthesised from kaolin-based metasilicate is illustrated in Figure 1.
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Figure 1. XRD patterns of amorphous SiO> nanoparticles (a) as-synthesised (b) purified

The XRD pattern of the as-synthesised and purified silicon dioxide nanoparticles are shown in Figures la and 1b.
The pattern in Figure 1a shows a broad peak in the 20 from 22.3 ° to 28.0° which is distinctive of amorphous solid,
confirms the formation of amorphous silica [26, 37]. This observation is also in direct accordance with JCPDS 47-0715.
The pattern of prominent peaks at positions 31.667, 45.412, 56.404 and 75.175° are indexed to reflections from the (002),
(022), (222) and (024) planes of NaCl halite structure (Ref. COD 9008678), which is present as a contaminant. These
peaks disappear completely after repeated washings as shown in Figure 1b, leaving behind what appears to be a pure
phase of amorphous silicon dioxide. Figure 1b shows a pure phase of amorphous silica with no discernable peaks indexed
to impurities.

Morphological and compeositional analysis of amorphous SiO2 nanoparticles
The morphology and elemental composition of synthesised product was studied using a Phenom Pro Desktop FEI
Quanta FEG 200 High Resolution Scanning Electron Microscope, integrated with EDS.

SEM and EDX analysis

The micrograph from the SEM analysis of the as-synthesised silicon dioxide is displayed in Figure 2(d) and the
corresponding EDS spectrum is depicted in 2(c). As exhibited in Figure 2, it is evident that the morphology shows that,
sample consists of a rough surface composed of agglomerates of extremely tiny particles which exhibit irregular shapes
and sizes with angular and sharp edges. The EDX spectrum presented in Figure 2 (c) shows that the silicon dioxide
contains silicon at 40.63 % and oxygen at 59.37 % with traces of Na, Cl and C elements as impurities for the as-synthesised
silica, while Figure 2(b) confirms the purity of the purified silica as it reveals the presence of only Si and O elements
having significant intensities. This supports the observations made in the XRD analysis.
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Figure 2. SEM micrograph (d and a) and EDS spectrum (c and b) of the as-synthesised silica and as-purified silica respectively

Thermal Analysis of the synthesised amorphous SiO: nanoparticles
To evaluate the thermal stability and phase transition temperature of the prepared SiO, nanoparticles, a
thermogravimetric study (TGA) was conducted with a TA instrument (SDT Q600 V20.9 Build 20), under the following
experimental conditions: temperature ranging from 25 to 1200 °C; speed of heating 10 °C/min; sample mass 4.0 mg;
under an argon environment; material carrier — ceramic pot. The TGA profile of as-synthesised Si0, nanoparticles are
depicted in Figure 3.
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Figure 3. TG/DTA curves of the synthesised pure amorphous silicon dioxide nanoparticles

The thermogravimetric analysis conducted in a temperature range of 25 — 1200 °C, produced two curves that showed
mass lost (in pink) and heat flow (in blue) over time as functions of temperature. The noticeable mass loss from 30 — 150
°C may be attributable to the evaporation of the absorbed moisture including water of crystallization which gets
evaporated and volatile organic compounds present on the surface of the produced nano-silicon dioxide [38]. This initial
mass loss indicates the presence of physically absorbed water on the open pore structure and possibly some loosely bound
water molecules, which occurs on the silica particle’s surface [39]. This suggests quite well that the synthesised silica
nanoparticles are stronger absorbers of the surrounding moisture. Some reports have suggested that mass loss due to the
presence of physical water is an indication of the porous nature of the material [38, 40]. At temperatures above 1000 °C,
the mass loss curve flattens out, indicating no significant further loss in mass. This suggests that all volatile components
have been removed, and the remaining material is thermally stable silicon dioxide [34]. Distinct exothermic peaks are
also observed at around 800 — 1000 °C, which may indicate phase transitions or crystallization process within the silicon

dioxide nanoparticles. El-didamony et al. (2019) explained that these peaks suggest structural rearrangements that release
heat.
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Optical analysis of the synthesised amorphous SiO: nanoparticles
FTIR Analysis
Fourier transform infrared (FTIR) spectra for the as-synthesised nanoparticles were evaluated via PerkinElmer
Spectrum Two photometer (PerkinElmer, USA). The synthesized samples were prepared and placed in a holder
constructed of KBr ionic materials and the spectrum is obtained in the wave number range of 400 — 4000 cm™'. A
background spectrum was run and subtracted from the compound spectrum. Structural functional group characteristics of
the synthesised silica is presented in Figure 4.
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Figure 4. FTIR spectrum of the synthesised silicon dioxide nanoparticles using sodium metasilicate as precursor

The characteristic vibrational functional groups observed in the analyzed spectrum are Si — O — Si, Si — OH and
O —Si- 0. The synthesized silicon dioxide nanoparticles also exhibited H — O — H groups showing the presence of
absorbed molecular water within the sample. The intensities of the peaks in the spectrum characterize the phase purity of
the silicon dioxide, thereby corroborating with the EDS data and the XRD results which demonstrated that the silicon
dioxide is composed of 100 % quartz low. The asymmetric vibrational mode due to Si — O in the SiO; groups occurred at
1050 cm™ while symmetric stretching mode due to Si— Si or Si — O — Si occurred at 790 cm™!. The band at 450 cm™ was
due to the bending mode of Si— O — Si or O — Si — O. The observed functional groups in this research are consistent with
the reported results in literature [35, 37]. From the FTIR graphs, all peaks relevant to silicon dioxide nanoparticles are
observed, thus, further confirming the synthesis of silicon dioxide nanoparticles.

Optical analysis of the synthesised amorphous SiO: nanoparticles
UV-Vis absorption spectroscopy
The optical absorption characteristics of the synthesised silicon dioxide nanoparticles at room temperature were
studied by UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan). 5.0 mg of each sample was measured into 1:1 ethanol
solution to form a colloid. For the measurement of absorbance, the colloid sample was placed in a cuvette with a fixed 1
mm path-length. NaOH solution was utilised as reference to prepare a blank. An illuminated visible light source from the
monochromator of constant intensity and low noise over the 200 — 700 nm wavelength range was employed to run through
the colloid samples contained in the cuvette.
UV-Vis absorbance spectra of the amorphous SiO, were analyzed by plotting (a¢hv)? as a function of photon energy
(hv) based on Tauc’s relation in the wavelength range of 200 — 700 nm. It can be observed from Figure 5 that the
absorbance value was around 385 nm indicating the onset of the fundamental absorption edge.
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Figure 5. Absorbance spectra of as-synthesized amorphous silicon dioxide nanoparticles.

Figure 5, shows the optical absorbance spectra of the as-synthesised amorphous SiO, nanoparticles. It can be
observed that the nanoparticles have very low absorbance in the visible range making them almost transparent to visible
light. This is an inherent characteristic of amorphous silicon dioxide.



318
EEJP. 2 (2025) D.B. Puzer, et al.

Optical Energy Band Gap (E ) of the synthesized amorphous SiO: nanoparticles
The optical band gap shown inset of Figure 5 is obtained from the absorbance spectra by plotting (ahv)? against
photon energy (hv). The band gap is obtained by drawing a line of best fit, and extrapolating that line to intersect the hv
axis where (ahv)? tends to zero [41]. The point of intersection gives the band gap. From the inset of Figure 5, the energy
band gap is 3.85 eV. This high energy band gap is consistent with values reported in previous studies [42, 34]. This
observed high band gap energy value shows that the absorption of the silicon dioxide sample is near UV-Vis region,
clearly confirming the transparent nature of the synthesised amorphous silicon dioxide nanoparticles.

CONCLUSION
An alternate route for obtaining sodium metasilicate from de-aluminated Kaolin for the synthesis of amorphous
silicon dioxide nanoparticles has been established. The physical, structural and thermal characteristics of the synthesized
nanoparticles were all authenticated by the XRD, FTIR, SEM, TG/DTA results which were largely congruous with results
reported in literature. The findings of the current work show that kaolinite-based clays are prospective alternative
precursor for high purity synthesis of amorphous silicon dioxide nanoparticles for potential industrial applications.
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HOBHUM NIIXIJT OTPUMAHHS METACHJIIKATY HATPIIO 3 JEAJIFIOMIHICHOBAHOI'O KAOJIIHY JIJIS
CHUHTE3Y HAHOYACTHHOK AMOP®HOI'O JIOKCHUAY KPEMHIIO
J.B. Iy3ep, A.U.K. Amy3y, A. Adanpo, I. Hkpyma, b. KBaxi-ABya, ®.K. Amnonr, P.K. Hxkym, ®@. Boak'e
Daxynemem @izuku, Ynieepcumem nayku i mexvoaoeiu Keame Hxpyma, Kymaci, I'ana

HaHowacTHHKH NIOKCHAY KPEMHII0 BUCOKOI YHCTOTH OyJIM CHHTE30BaHI 32 JOMOMOTOI0 HOBOi METOAMKH OTPUMAaHHS METACHIIIKATY
HATpiIO 3 JeaIOMIHOBaHOTO MeTakaoiiny. [Iponec nepenbavyaB NpoXoHKEHHS IEATIOMIHOBAHOTO METAKaoJIiHy Yepe3 KijbKa eTamiB
MIepeKpHCTATI3aIil 3 YTBOPEHHSAM MeTacwiikary Harpito. IloTiM me Oysio mepeTBOpeHO B HAHOYACTHHKH JIOKCHAY KPEMHII0 3a
JIOTIOMOTO0 30JI1b-T'eJIb TeXHiKH. HanoyacTrHKY Oyin JOCIIKEH] 3a JOIIOMOTOF0 PEHTIeHIBChKOT An(paKiii, CKaHyI04o1 eeKTPOHHOT
MIKPOCKOIIil, €HeproANUCIIEPCIHHOrO PEHTIeHIBCHKOTO aHaji3y, TepMOrpaBIMETPUYHOrO aHalizy, iH(padepBoHOI creKkTpockomil 3
nepetBopeHHsIM Dyp'e Ta CHEKTPOCKOIT ONTHYHOrO NOruHaHHs B Y O-BUIMMOMY Aiana3oHi. Pe3ynbraTé BCiX METO/IB BU3HAUCHHS
XapaKTePUCTHK i ATBEP M, [0 CHHTE30BaHHI IPOAYKT SBJISAB 00010 aMOp(hHI HAHOYACTHHKH JIOKCHIY KPEMHIIO 3 BUCOKUM PiBHEM
yrcToTH. Lle mociimKkeHHs IPOIIOHy€ albTepPHATUBHIN IUIAX OTPUMAHHS METACUITIKATy HATPIIO 3 A€ATIOMIHOBAHOTO METAKAOHY UL
CHHTE3y HAaHOYACTHHOK aMOP(HOTO TIOKCHIY KPEMHIO ISl IPOMHCIOBOTO 3aCTOCYBAaHHSI.

Kuto4oBi ciioBa: amopdruii kpemHesem; 301b-2efb CUHME3, HAHOYACMUNKI, XAPAKMepu3ayis, Memaxkaonin, Memacuiikam Hampiro
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We have studied the process of ion implantation at small-angle ion bombardment of SiO2 (001) film at low values of initial energy (up
to 5 keV). Along with scattered O ions' ion implantation is observed. It has shown that the geometric parameters of the surface
semichannel affect the bombardment angle, which initiates the implantation process. It was found that in the case of a shallow
semichannel, the implantation process is observed more than a deep semichannel at one value of the angle of incidence of ions. The
dependence of implanted ions on the angle of their bombardment is obtained. It is found that few bombarding ions were implanted into
the deep surface semichannel. This is explained by the influence of the second atomic row of the semichannel. The results obtained are
of great interest in studying the ion implantation process.

Keywords: Implantation; lon bombardment; Computer modeling; lon scattering, Focusing

PACS: 34.50.-s

INTRODUCTION

During ion bombardment of a solid surface, many processes are observed that can be described both experimentally
and theoretically [1-5]. Along with these processes, there is also the process of ion scattering and their implantation on
surface areas. It is known that ion scattering spectroscopy (ISS) is an analytical method based on the study of the
interaction of ions with the surface of materials. The main focus is on the analysis of the surface composition, structure
and properties of thin layers and nanomaterials [6-8]. This method allows one to study the atomic composition, chemical
state and surface topography with high sensitivity to the outer atomic layers. This method is successfully used along with
many other methods for studying processes occurring on and near the surface. With this method, one can also study the
ion implantation process and the characteristic trajectories of implanted ions [9-11].

Silicon dioxide (SiO2), also known as silica, is widely used in various industries due to its unique properties, such
as high chemical inertness, hardness and heat resistance. It is used to create insulating layers in microcircuits and other
electronic devices, and is also used to obtain high-purity silicon required for solar panels. Therefore, the study of its
structure and composition is of great interest. Artificial oxidation (implantation) of silicon is usually carried out in
oxidizing furnaces similar to those used for diffusion in a carrier gas flow at high temperature (1000-1200°C). The basis
of such furnaces, as in diffusion, is a quartz tube with silicon plates, heated either by high-frequency currents or in some
other way [12-13]. In this work, the implantation of oxygen ions under small-angle bombardment with small values of
initial energy was calculated using computer modeling. Trajectories were plotted and the number of implanted oxygen
ions was calculated.

METHOD AND DISCUSSION OF RESULTS

In this work, the binary collision approximation method was used to describe the ion-atom interaction. For further
development of mathematical modeling of the scattering process of medium and low energy ions in a wide range of incidence
and scattering angles, we used the collision patterns of two heavy particles. Thus, we will consider the scattering of an ion
beam from the surface of a monocrystal sample based on the model of paired single, double, etc. multiple collisions [14-15].

The pair collision approximation is the basis of two basic programs, with the help of which a wide range of processes
caused by the bombardment of solids by accelerated particles are modeled: the program MARLOWE and the program
TRIM [16, 17]. Both programs are based on practically the same formalism. The difference between these programs is
that the first initially operates with crystalline targets, while the second with amorphous ones. To estimate the inelastic
energy loss in an elementary collision act, we used the modified Kishinevski potential [18]:
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where, ar= 0.468A, v and E; -are the relative velocity and energy of the atom, Z; and Z, are the charge of the colliding
ions and atoms, v -cm/s, E; -V, Imi, in angstroms.
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In our calculations, we considered 200 trajectories of bombarding oxygen ions separately for the <110> and <110>
directions of the SiO, (001) film surface. The structure of the surface semichannels formed by Si0,(001)<110> and SiO,
(001)<110> is shown in Fig. 1a and Fig. 1b, respectively. The width of the semichannel formed in the <110> direction is
5.063 A and the depth is 1.64 A. And the width and depth of the semichannel formed in the <110> direction are 5.063 A
and 2.46 A |, respectively.

It is known that some of the ions are reflected from the film, and some of them remain inside the film (implanted).
To study this issue, we obtained the dependence of the reflected particles on the angle of incidence of the bombarding O*
ions to find out what part of the ions remains inside the SiO»(001) film at low values of the initial energy (up to 5 keV).
This dependence makes it possible to determine the percentage of implanted ions in the film. We calculated the scattering
and implanted ions with low-angle ion bombardment. This work presents calculations exclusively of implanted ions. It
should be noted that the width of the semichannel in SiO,(001)<110>is 5.063 A, and the depth is 1.64 A. In the direction
of Si0,(001)<110>, the width of the semichannel is also 5.063 A, and the depth is 2.46 A.
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Figure 1. Structure of the surface semichannel of the Si02(001) film in the directions <110> (a) and <110> (b)

Figure 2 shows the dependence of the number of implanted O ions in SiO, (001) <110> films on the angle of
incidence. We selected the values of the angle of incidence in the range of 1-30°. This is due to the fact that small-angle
implantation of ions on thin films. From the dependence it is evident that ions with an initial energy of Eo=1 keV to the
value of the angle of incidence at Y > 9° begin to penetrate into the film (black line). In this case, a small number of O*
ions penetrate into the film and a large number of ions reflecting from the film was observed. At the initial energy value
Eo= 2 keV, the ions penetrate into the film in y=6 °(red line). Our calculations showed that at Eg= 3 keV, ions penetrate
into the film at y>5° (pink line). And Eo=4 keV, ions penetrate into the film at y>4° (blue line). At values of Eg= 5 keV,
ions penetrate into the film at y>4° (violet line).

At the next increase in the value of the angle of incidence of ions in all values of the initial energy, the number of
implanted ions begin to increase. After the growth of the number of implanted particles, a small decline in the dependence
is observed, which is located in the range Wy=12°-17°. Analysis of the particle trajectory showed that the decrease in the
number of implanted ions is explained by the fact that in this value of the initial energy and angle of incidence of particles,
the effect of ion focusing is observed. That is, what part of the ions are focused in the surface semichannels. After this
decline, an increase in the number of implanted particles is observed and again the number of these particles decreases,
which is explained by a decrease in the collision of ions with the surface atomic row and the wall of the semichannel.

Fig.3. shows the dependence of the number of implanted O* ions in Si0,(001)<110> films on the angle of incidence.
It is evident from the dependence that the process of implantation of ions with an initial energy of Eo=1 keV begins to
penetrate into the film y >2° (black line). Moreover, at other values of the initial energy, the ions penetrate with y>1°,
This is because the geometric parameters semichannels are large. For this semichannel, a two-peak structure is also
observed. And a decrease in the number of implanted ions is observed with the ion focusing effect. Comparison of these
two dependencies presented in Fig.2 and Fig.3. shows that with an increase in the number of atomic rows of the surface
semichannel, the number of implanted ions increases. Our calculations showed that there is a decrease in the number of
implanted ions when bombarded at the y =12°-15%in the direction of SiO2(001)<i10>. The process of ion focusing
explains this decrease in the number of implanted ions.
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Figure 2. Dependence of the number of implanted O ions in Figure 3. Dependence of the number of implanted O ions in
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For the study, we will consider two trajectories obtained for the SiO»(001) film in the <110> and <110> directions.
Fig. 4 and Fig. 5 show several trajectories of implanted ions for the <110> and <110> directions, respectively, at an
incidence angle y= 10° and with an initial energy of Eo= 1keV. It is evident from the trajectory shown in Fig. 4 that two
trajectories (1 and 2) penetrated into adjacent semichannels and remain in the film as an implanted particle. And trajectory
3 shows that this ion is scattered from the surface semichannel. When bombarded in the <i10> direction by O™ ions,
straight and zigzag trajectories are also observed before implantation of ions (Fig. 5).
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Figure 4. Characteristic trajectories of implanted O" ionsin the =~ Figure 5. Characteristic trajectories of implanted O" ions in the
Si02(001)<110> film at E¢=3 keV and y=10° Si02(001)<110> film at E¢=3 keV and y=10°

Our calculations showed that the trajectories of the ions that remained (were implanted) in the films have different
types. These trajectories were formed due to multiple scattering from the atomic chains under the surface layers, and they
have a zigzag and linear shape in general.

CONCLUSION
We have studied the process of implantation of O ions into SiO»(001) films using computer modeling. The dependence
of the number of implanted O" ions into SiO»(001) films on the incidence angle has been obtained. It has been shown that
the geometric parameters of the surface semichannels affect the process of ion implantation. The characteristic trajectories
of the implanted ions on the films have been studied and the parameters of the implanted particles have been calculated. The
obtained results make it possible to apply the ion implantation process to obtain materials with new parameters.
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JOCIIIKEHHS IMILTAHTAILI IOHIB O+ Y IIIBKH Si02(001) ITPU MAJIOKYTOBOMY
IOHHOMY BOMBAPJAYBAHHI
¥.0. Kyraies?, A.C. Amnpos?, I'.X. Ainasipoa®, A. Cainosa?
4V peenucvruil Oeparcasuuil yHisepcumem, Ypeenu, Yzbexucman
bKapuwwncoruii depocasnuii ynisepcumem, m. Kapwi, eyn. Vzbexucmar

JocnipkeHo mporec i0HHOI IMITIaHTaIil pH MaJoKyToBOMY ioHHOMY GomOapmyBanHi rutiBka SiO2 (001) mpu mManmx 3HaYeHHSIX
moyatkoBoi eHeprii (10 5 keB). [Mopsia 3 poscisaumu ionamu O+ criocTepiraeThesl iMILIaHTaIlisl i0HIB. [Toka3aHo, 1110 TEOMETPUYHI
rapaMeTpy MOBEPXHEBOTO IiBKaHATY BIUIMBAIOTH HA KyT OoMOapIyBaHHs, SIKMH iHIIiIO€ mpolec iMIUIaHTalii. BcranoBneHo, mo y
BHUIAAKY HErJMOOKOro HaliBKaHaJIy HPOLeC iMIUTaHTallii criocTepiracThes Oijblie, HiXk TMOOKOro HaMiBKaHATY IPU OJHOMY 3HaYeHHI
KyTa najaiHHs ioHiB. OTpUMaHO 3aJe)KHICTh IMIUITAHTOBAaHUX 10HIB BiJ KyTa ix 6oMOapayBanHs. BusisieHo, 1110 Kibka 00MOapayrounx
i0HIB OynM IMIIAaHTOBaHI B TIMOOKWI MOBEpXHEBUH MiBKaHaN. lle MOSCHIOEThCS BIUIMBOM OPYroro aTOMHOTO PsIy IMiBKaHAIY.
OTpumaHi pe3ynbTaTH MPEACTABIAIOTh BEIUKAHN 1HTEpeC U1l BUBYCHHS MPOIIECY 10HHOT IMIUTAHTAII].

Kuarouosi cnoBa: ivnnanmayis, ionne 6ombapoysanms,; KOMR'tomepne MoOenio8ants; po3cito8anHs ionis;, Goxycysanis
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We report the synthesis and time-dependent photoluminescence evolution of colloidal CdTe quantum dots (QDs), demonstrating that
reaction duration can be used as an effective lever to tune their emission characteristics. By varying the synthesis time from 3 to 16
minutes, we observed a pronounced red-shift in the fluorescence maxima—spanning from near-UV (~348 nm) to visible-red (~646 nm)
when excited at ~200 nm-and a corresponding increase in emission intensity. These trends, consistent with classical quantum
confinement theory, suggest larger nanocrystal diameters and improved surface passivation emerge over the course of the reaction.
Such behavior is crucial for optoelectronic and bioimaging applications, which often rely on precise emission wavelength control and
high photoluminescence quantum yields. While the substantial rise in fluorescence intensity points to enhanced quantum yields,
definitive quantification would require comparisons against well-characterized standards. Nonetheless, these findings highlight the
relative ease with which CdTe QD emission properties can be modulated by adjusting key synthesis parameters. Future work targeting
extended reaction protocols and advanced capping strategies may further refine emission profiles and long-term stability for
applications in nano-optoelectronics, sensing, and biomedical imaging.

Keywords: CdTe quantum dots; Fluorescence; Quantum confinement; Reaction time; Surface passivation, Photoluminescence
PACS: 78.67.Hc, 78.55.-m, 81.07.Ta

INTRODUCTION

The study of CdTe quantum dots (QDs) has evolved considerably as researchers strive to understand and harness
their unique size-dependent optical properties for diverse applications in bioimaging, optoelectronics, and solar energy
conversion. Central to these properties is the quantum confinement effect, which arises when the QD radius approaches
or falls below the exciton Bohr radius. Under these conditions, the electronic states become quantized, causing the band
gap to widen as QD size decreases, and leading to corresponding shifts in absorption and photoluminescence (PL) spectra.
Investigations have consistently shown that smaller QDs exhibit larger band gaps and therefore display blue-shifted
emission, whereas larger QDs feature smaller band gaps and red-shifted photoluminescence [1,2,3]. Experimental work
has linked these color variations directly to synthesis parameters, particularly reaction time and temperature. For instance,
preparing CdTe QDs over extended periods or at higher temperatures results in larger crystallite sizes and a red-shift in
both absorption and emission spectra [3,4,5,6]. These findings collectively illustrate how even minor adjustments to the
synthesis process can dramatically alter the optical profile of CdTe QDs.

Complementing these experimental efforts, theoretical models like the Brus equation and the effective mass
approximation (EMA) have guided interpretations of how QD size correlates with optical band gaps. The Brus equation
modifies the standard Schrédinger equation to reflect quantum confinement in semiconductor nanocrystals, successfully
reproducing the size-dependent band gap shifts observed in CdTe, CdS, ZnS, and similar materials [7,8]. However, its
assumption of an idealized parabolic band structure sometimes conflicts with real systems that display nonparabolicity or
multiple crystal phases [9,10]. The EMA provides an alternative perspective, simplifying complex electron-hole
interactions by using effective carrier masses; although it is often accurate for relatively large QDs, the approximation
may break down when quantum dots are too small, or when detailed surface states and local strain effects come into play
[11,12]. These theoretical frameworks remain critical tools for designing experiments that target a specific spectral range—
spanning from ultraviolet (~200 nm) to near-infrared (~800 nm)—and for identifying trends in absorption cross-sections
and band-edge shifts [8,13].

A key factor in achieving high PL QYs and stable emission under various operating conditions is the deliberate
passivation of surface traps, since unpassivated or defect-rich surfaces facilitate non-radiative recombination. Strategies
involve either depositing inorganic salts or using chelating agents to seal undercoordinated sites and thereby suppress
non-radiative decay [14,15]. In some cases, hybrid approaches incorporate multiple passivating species, which reduces
hydroxyl traps, improves QD coupling in device films, and can even enhance solar cell efficiencies by a significant margin
[16]. Solvent environments further influence QD stability; binary or ternary solvent systems can offer better dispersibility
or more controlled QD growth compared to single-solvent protocols [17,18]. Nonetheless, even the best passivation
strategies must account for photochemical degradation, a notable challenge in CdTe QDs. Under prolonged irradiation or
certain buffer conditions, thiol ligands can detach, exposing fresh defect sites that precipitate QD aggregation and
diminish PL [19,20]. Elevated synthesis temperatures, around 180°C in some protocols, can alleviate some of these
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concerns by promoting better crystallinity and stoichiometry [21], yet controlling long-term photo-stability remains a
fundamental obstacle. Parallel efforts thus explore cadmium-free alternatives (for example, AgInZnS QDs) to reduce
toxicity and circumvent instability issues, though these materials often require distinct capping and passivation
chemistries to match CdTe’s optical performance [22].

In parallel, understanding the balance between radiative and non-radiative recombination pathways is crucial to
optimizing QD devices in areas like optoelectronics. Radiative processes yield photon emission that underpins QD
fluorescence, whereas non-radiative processes dissipate energy via phonons or defect-assisted transitions, thereby
lowering PL QY [23,24]. Intrinsic defects such as cadmium vacancies represent efficient non-radiative centers, and their
presence can degrade device performance by several percentage points [25]. In addition, more subtle processes like two-
level recombination, where carriers first occupy a metastable intermediate before rapidly transitioning to a stable state,
can raise the recombination rate significantly [26]. The external environment, including the dielectric medium and capping
ligand coverage, can alter these dynamics by influencing exciton-phonon coupling and trap state energies [27,28].

Because of the inherent complexity of QD materials, researchers often employ a suite of complementary
characterization methods. UV-Vis absorption and PL spectroscopy, which reveal excitonic features and relative band-gap
changes, are the cornerstone tools [29]. Further methods like Fourier transform infrared (FTIR) spectroscopy or Raman
spectroscopy capture vibrational information about ligands, as well as doping-induced changes in the lattice. Likewise,
scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDX) or inductively coupled
plasma atomic emission spectrometry (ICP-OES) can confirm elemental composition and the ratio of precursors in final
QD samples. Using multiple characterization techniques in tandem not only validates size and shape measurements but
also helps disentangle the influences of surface functionalization and doping, ensuring that improvements in QD optical
output can be reliably traced back to specific synthesis protocols or passivation steps.

Collectively, these studies suggest that continued advances in synthesis, passivation, and theoretical modeling will
further expand the practical potential of CdTe QDs. Despite substantial headway in producing highly luminescent and
stable QDs, persistent challenges include maintaining uniform quality across large-scale production, preventing
photochemical degradation in demanding environments, and reducing the ecological risks posed by cadmium. Future
research directions will likely incorporate additional in situ techniques for monitoring QD growth, develop refined
theoretical tools that incorporate strain and surface complexities, and leverage machine learning algorithms to optimize
synthesis in real-time. Such multidisciplinary efforts can substantially raise the performance benchmarks for CdTe QDs
in next-generation devices, all while encouraging safer, more cost-effective, and environmentally responsible protocols
that secure QDs’ position as critical building blocks in modern nanotechnology.

METHODS

All experiments were performed under laboratory conditions that ensured cleanliness, safety, and reproducibility.
Prior to any manipulations, all work surfaces and equipment were cleaned with ethanol, and personnel wore laboratory
coats and protective gloves throughout. Inert conditions were maintained by purging glassware and reaction vessels with
argon gas to remove atmospheric oxygen and moisture. Cadmium acetate dihydrate (CsHsCdO4:2H-0) and tellurium
(99% purity) were gently ground in separate mortar-and-pestle sets to obtain fine powders. Masses of these reagents were
measured on an analytical balance, using small squares of aluminum foil to minimize loss of material and ensure accurate
weighing. For the tellurium precursor, 24 mg of finely ground tellurium powder was transferred into a sealable glass vial,
followed by the addition of 1.5 ml of tri-n-octylphosphine (TOP) via syringe. A small magnetic stir bar was placed inside
the vial, which was then tightly sealed, purged with argon, and stirred under an inert atmosphere.

In a separate setup, 108 mg of cadmium acetate dihydrate was placed into a three-necked flask. Oleic acid (0.5 ml)
and 20 ml of octadecene were then added to the same flask, along with a magnetic stir bar. One neck of the flask was
equipped with an argon inlet, another contained the temperature probe that interfaced with the magnetic stirring hotplate,
and the third was fitted with a sealed syringe port to allow reagent additions. The mixture was heated at 120°C for 1 hour
under continuous argon flow, after which both this flask and the vial containing the tellurium—TOP solution were kept
stirring on separate magnetic stirrers. After 2 hours, the tellurium—TOP mixture was taken off the stirrer; the three-necked
flask containing cadmium acetate dihydrate, oleic acid, and octadecene was then heated under argon until the internal
temperature reached 180°C. A 1.5 ml aliquot of the tellurium—TOP solution was withdrawn by syringe and quickly
injected into the hot cadmium mixture. After 1 minute, an additional 0.5 ml portion of a cadmium acetate dihydrate/oleic
acid/octadecene pre-mix (similarly prepared) was introduced, and its reaction time was carefully recorded. Further
additions of 0.5 ml portions were made at 20-minute intervals, with a total of four injections. Once the desired reaction
times had elapsed and the targeted synthesis stages were completed, the mixture was allowed to cool to room temperature
under an argon blanket.

RESULTS
The fluorescence measurements obtained from the SHIMADZU RF-6000 spectrofluorophotometer for quantum dots
synthesized at 3, 7,9, and 16 minutes reveal clear time-dependent shifts in emission maxima and intensities under different
excitation wavelengths, consistent with established quantum confinement phenomena in colloidal semiconductor
nanocrystals. Examination of the emission profiles excited at approximately 200 nm indicates that the sample harvested
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at 3 minutes exhibits its dominant emission feature near 348 nm with a peak intensity of about 5.88 X 10> arbitrary units,
whereas the 7-minute sample shows an emission maximum at around 528 nm, displaying an intensity of roughly
5.08 x 10°. Notably, the 9-minute sample under the same excitation conditions red-shifts further to around 614 nm with
an increased maximum intensity of approximately 9.87 x 10°, and by 16 minutes, the emission maximum extends to
about 646 nm with a substantially higher peak intensity of around 3.06 X 10°. In parallel, measurements collected with
an excitation near 400 nm unveil a similar pattern of progressive red-shifting: from ~410 nm (peak intensity ~1.35 X 10°)
at 3 minutes, to ~546 nm (~3.41 X 10°) at 7 minutes, ~628 nm (~9.84 x 10°) at 9 minutes, and ~668 nm (~1.33 x 107)
at 16 minutes (fig.1-fig.4). The consistent displacement of the emission maximum to longer wavelengths (higher
nanometer values) over prolonged reaction times confirms that these cadmium tellurides (CdTe) quantum dots undergo
size growth or increased crystallinity, aligning with the well-documented notion that larger quantum dots emit at lower
energies (longer wavelengths) due to a reduction in the quantum confinement effect.
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pronounced red-shift and higher intensity suggest further most prominent red-shift and highest emission intensity of all

growth of the nanocrystals and improved surface passivation. samples underscore the largest average nanocrystal size
reached within the studied reaction times.

Such marked red-shifts in fluorescence, coupled with the intensification of emission over time, are characteristic of
colloidal quantum dot systems and can be understood in the context of exciton confinement: early in synthesis, smaller
nanocrystals possess wider band gaps and thus fluoresce at higher energies. As reaction duration increases, dots grow and
coalesce into larger crystalline domains, narrowing their band gap and shifting their emission toward the red region. This
process is widely described in prior studies of CdTe and related systems, where an evolution from blue-green to orange-
red emission is commonly reported and is frequently harnessed to tune optical properties for various applications. The
progressive increase in emission intensity is similarly indicative of improved crystallinity or more efficient passivation
of surface trap states, both of which can elevate the probability of radiative recombination. Although distinguishing
between improvements in surface chemistry and pure particle growth requires complementary analytical methods (such
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as transmission electron microscopy or X-ray diffraction), the growing intensities here are strongly suggestive of quantum
dot surfaces becoming better stabilized or less defect-prone over time.

In some quantum dot experiments, fluorescence quantum yields can be approximated from relative integrated
emission areas when measured against a reference fluorophore or when an absolute photoluminescence quantum yield
setup is available. Given the data presented here, which comprise only emission intensities as a function of wavelength
for the as-prepared quantum dots, it is not feasible to derive absolute quantum yields without additional information on
the instrument’s geometry, the incident photon flux, and either a well-characterized standard sample or integrating sphere
measurements. The substantial increases in fluorescence intensity do suggest that quantum yields might be improving
with longer synthesis times, but any numerical yield determination requires calibration against known standards under
matched conditions. Literature on CdTe quantum dots generally indicates that proper surface passivation through thiol
ligands and prolonged reflux can heighten quantum yields significantly, often from less than 10% to well over 50%,
depending on the reaction environment, capping agents, and post-synthetic treatments. In the current context, the dramatic
rise in raw fluorescence signal from 3 to 16 minutes is qualitatively aligned with such improvements, though exact
quantification would demand additional experimental calibrations.

From a mechanistic standpoint, the correlation between reaction duration and progressive red-shifting is consistent
with a diffusional growth model, wherein initial nuclei form during the early stages of reaction and subsequently ripen
into larger nanocrystals. This ripening often follows an Ostwald-type process, with smaller, less stable crystallites
dissolving and redepositing onto larger, more energetically favored particles. The net effect is a broadening of size
distribution and an overall shift of the average crystal size toward larger diameters, translating to the observed movement
of emission to the red. Parallel improvements in the structural order or surface coverage by capping ligands can ameliorate
nonradiative decay pathways. Numerous studies of CdTe quantum dots synthesized in aqueous media under thiol
stabilization attest to this dynamic, reinforcing that reaction control-whether by time, temperature, or reagent
concentrations—offers a direct handle over emitted color and quantum yield.
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Figure 5. Three-dimensional plot illustrating how the estimated CdTe quantum dot diameter (<i>D</i>, in nm) depends on synthesis
time (t, in minutes) and emission wavelength (A, in nm). Warmer (red) regions correspond to larger particle sizes, corroborating the
progressive red-shift observed in Figures 1-4.

In light of these findings, the results strongly encourage further optimization of reaction duration as a
straightforward lever to tailor the optical properties of CdTe quantum dots. Specifically, a 16-minute synthesis delivers
the highest emission intensity and the greatest red-shift among the tested conditions, which could be especially
advantageous for applications requiring long-wavelength emission with robust brightness, such as near-infrared
bioimaging. The novelty and relevance of these observations reside in verifying that within a relatively short interval, one
can systematically modulate fluorescence behavior to align with various technological demands—be it sensing, labeling,
or incorporation into light-emitting diodes. Such tunability underscores the broader utility of quantum dots across
nanoelectronics, photonics, and biomedical imaging. As future work, quantitative comparisons of quantum yield could
be introduced by employing established reference fluorophores or absolute yield measurement protocols, thereby enabling
a more precise link between particle size, crystallinity, and photoluminescence efficiency. The demonstrated capacity to
alter emission maxima by nearly 300 nm over a quarter-hour reaction window highlights the potent versatility of solution-
processed CdTe nanocrystals, substantiating their place at the forefront of ongoing research in functional nanomaterials.

CONCLUSIONS
This study confirms the strong influence of synthesis time on the optical characteristics of colloidal CdTe quantum
dots, showing a systematic red-shift and enhanced fluorescence intensity as reaction duration increases. By comparing
emission spectra at different time points (3, 7, 9, and 16 minutes) and excitation wavelengths (~200 nm and ~400 nm),
we demonstrate that prolonged reaction times yield larger nanocrystals with narrower band gaps, as expected from
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established quantum confinement principles. Concurrently, the increasing emission intensities across samples point to
improved crystallinity or more efficient passivation of surface trap states over time. These observations emphasize the
utility of relatively simple synthesis modifications—such as adjusting reaction duration—to finely tune the
photoluminescence of CdTe QDs for diverse technological applications, from bioimaging to optoelectronics.
Nonetheless, while the significant rise in fluorescence suggests improved quantum yields, accurately determining
absolute values would require further experiments with standard references or integrating-sphere measurements.
Characterization methods such as transmission electron microscopy or X-ray diffraction could also provide direct
confirmation of size evolution and crystallinity. Future work might investigate additional passivation agents and explore
more precise temperature controls to further stabilize the QDs and minimize non-radiative losses. Broader adoption of these
refined protocols could ultimately expand the range of wavelengths accessible to CdTe QDs and enhance their operational
stability, fueling continued research and development in next-generation nano-optoelectronic and biophotonic devices.
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KEPOBAHHUM Y YACI CHHTE3 KBAHTOBUX TOUOK CdTe JJ151 PETYJIbOBAHOI ®OTOJTIOMIHECIEHIIIT
Anxam:koH L. 3okipos, Baxonip b. Axmenos
Depeancokuii depocasnuii ynieepcumem, Pepeana, Ysbexucman

Mu moBizomiIsieMO HpO CHHTE3 1 3aleXHy Bif yacy eBommouio Qotomominecnennii konoinaux kBaHToBHX To4ok (KT) CdTe,
JEMOHCTPYIOUH, IO TPUBANICTh PEaKIii MOKHA BHKOPHUCTOBYBATH SIK €(DEKTUBHUIA BaXXUJIb ISl HAJIAIITYBAHHS iXHIX XapaKTEPUCTUK
BUIIPOMIHIOBAaHHS. 3MIHIOIOUM 4Yac CHHTe3y Bif 3 70 16 XBWJIMH, MM CIIOCTEpirajy BHUpPa)KCeHE UCPBOHE 3MIICHHS MaKCHMYMIB
¢uryopecrenii — Bifg 6mmxabOr0 YO (~348 HM) 10 BHAMMOTO 4epBOHOTO (~646 HM) mmpu 30ymxeHHi pu ~200 HM — 1 BinoBixHE
301IBIICHHS] 1HTEHCHBHOCTI BHUIpOMiHIOBaHHA. LIi TEHACHIIT, 10 BiANOBIAAIOTh KJIACHYHIN TeOpii KBAHTOBOTO OOMEKCHHS,
MIPUITYCKaIOTh, 10 B X0/ peakuii 3’sBIsI0THCS OLIBIII JliaMeTpy HAHOKPUCTAIIB 1 MMOKpalieHa nacuBanis IoBepxHi. Taka moBemiHka
Mae BHUpIlIagbHE 3HAYEHHS AJIs ONTOSNCKTPOHHHX 1 OioBi3yamizaliiHUX Mporpam, sIKi 4acTO MOKJIAAaloThCsl HA TOYHUI KOHTPOIb
JOBKMHU XBHJII BHUIPOMIHIOBaHHS Ta BHCOKI KBaHTOBI BuUXoAM (oroiromiHecueHuii. Xoya 3Ha4HE IMiJBHIICHHS IHTEHCHBHOCTI
¢nyopecueniii Bkadye Ha IiJBHIICHI KBaHTOBI BHXOJAM, OCTaTOYHE KUIbKICHE BH3HAYCHHsS BUMaraTHMe IOPIiBHSHHS 3 100pe
OXapaKTepH30BAaHUMHU CTaHAApTaMH. THM HE MEHII, Ii BHUCHOBKM IiJKPECIIOIOTH BiAHOCHY JIETKICTh, 3 SIKOIO BIIACTUBOCTI
punpomiHioBaHHI KT CdTe Mo)kHa MOIYNIOBAaTH LUISXOM PETYIIOBAHHS KIIOYOBHX ITapaMeTpiB CHHTE3y. MaiOyTHs poboTa,
CHpsIMOBaHa Ha PO3MIMPEHI IMPOTOKOJIM PEaKIlii Ta MepeaoBi cTpaTerii 0OMeKeHHs, MOXKe ¢ OLTbIIe BIOCKOHAIUTH PO iyl BUKUAIIB
1 IOBFOCTPOKOBY CTaOUIBHICTD JUIS 32aCTOCYBaHb y HAHOONTOCNIEKTPOHIIIi, 30H/yBaHHI Ta 610MEINYIHIX 300pakeHHSX.

Kawuosi caoBa: xeawmosi mouxu CdTe; ryopecyenyis;, keanmoge oOMedxnceHHs, wac peakyii; nacueayis NOGEPXHI;
omonominecyenyis
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We studied the silicon carbide semiconductor compound, which is widely used as the most characteristic material in the preparation of
semiconductors. In the radio frequency (RF) mode of the magnetron sputtering device, 300-400 nm thick SiC thin films were formed in
an Ar environment as a reactive gas in a vacuum of 10 Torr. In the radio frequency mode, a power of 240 W with a frequency of 100
kHz and D=70% were used. The maximum sputtering speed of the magnetron was 50 AJs. A circular silicon carbide (SiC) target with a
diameter of 76.2 mm and a compound content of (99.9%) was used. X-ray analysis of the obtained films was performed on an XRD-
6100 device and the Miller indices were determined. In addition, the optical parameters of the thin films were determined. FTIR
spectroscopic analysis showed a relative decrease in the transmission spectrum in the far-IR region from 13.1% to 8.9% with increasing
SiC film thickness in the range of 480-400 cm'. Characteristic peaks associated with Si-C and C=C vibrations were also detected. A
characteristic Si-C stretching absorption was observed at a wave number of 780 cm™!, where the IR absorption was 88.7%. At a wave
number of 2180 cm™!, it corresponds to a triple covalent bond of C=C. The results showed that the optical and electrical properties of SiC
films can be easily tuned by changing the Si and C concentrations in the coating for the same film thickness.

Keywords: Magnetron sputtering; Silicon carbide; X-ray phase analysis,; Transmission spectrum; Refractive index; FTIR

PACS: 81.15.Jj, 78.66.Sq, 78.20.Bh

INTRODUCTION

Silicon carbide is the most effective material for the production of semiconductors. Silicon carbide powder is also
used as a nuclear fuel for fusion reactors [1-2]. SiC mainly exhibits strong chemical bonding, strength, and at the same
time, better electrical, optical, and thermal properties than other materials, which is the basis for its effective use in
many electronic devices [3-5]. Since silicon carbide thin films have a wide optical energy gap, it can be used in the
production of UV detectors. The study of the properties of nanoscale materials is one of the important problems facing
modern solid-state physics. The properties of such materials can differ significantly from the properties of both bulk
materials and individual nanoparticles that make up the composition [16]. Thus, nanocomposite materials are the basis
for the creation of new materials with specific structural, electronic, and optical properties, which are determined by the
size, shape, and arrangement of the nanoparticles in their composition.

Recent research results show that silicon carbide is one of the materials that can replace traditional materials in the
preparation of semiconductor materials. Due to the electronic properties of silicon carbide thin films, it is one of the
main materials in the preparation of new-age optoelectronic and photoelectronic devices. Silicon carbide thin films are
used for energy storage in LEDs, nanoelectronics, optoelectronics and photoelectronics, and various other sensors.

Silicon carbide thin films can be deposited by various methods, such as plasma-enhanced chemical vapor
deposition (PE-CVD), molecular beam epitaxy (MBE), laser-assisted deposition (PLD), and radio-frequency magnetron
sputtering (RF-PVD). Of the various options, reactive magnetron sputtering is the most widely used due to its relative
simplicity, high deposition rate, good adhesion, and low production cost [6]. In this work, the optical and X-ray
structural properties of SiC films grown by radio frequency RF magnetron sputtering were studied.

EXPERIMENTAL TECHNIQUE

In this study, SiC thin films were deposited on the surface of a silicon monocrystalline substrate using a radio
frequency magnetron sputtering device. The deposition process was performed at a temperature of 400 °C using an
automatically controlled vacuum furnace. The sputtering rate during the deposition of silicon carbide thin films in an
argon atmosphere at a vacuum of 10 Torr was 50 A/s, and a power of 240 W at a frequency of 100 kHz and D=70%
were used for 6-8 minutes in the reactive radio frequency mode. The maximum sputtering rate of the magnetron was
50 A/s. A circular silicon carbide (SiC) target with a diameter of 76.2 mm and a compound composition of (99.9%) was
used [7,8].

Powder X-ray diffraction is a method for studying the structural properties of a material using X-ray diffraction
(X-ray diffraction) from a powder or polycrystalline sample of the material under study [9,10]. The results of the study
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are manifested in the dependence of the radiation intensity on the angle of incidence. The advantage of this method is
that it is very convenient for determining the structural composition of each substance, even if its structure is unknown.
A thin film of silicon carbide was studied by X-ray diffraction and elemental analysis. The identification of the samples
was carried out based on the diffraction patterns recorded on a computer-controlled XRD-6100 (Shimadzu, Japan)
apparatus.

SiC Coating SiC Coating
940.6nm

Figure 1. Cross-sectional SEM micrographs of SiC films deposited at a methane flow rate of 35% (a) without external
heating at — 50 °C (b) with external heating at — 250 °C [13]

Si (100) Substrate Si1(100) Substrate

The deposition parameters of thin silicon carbide films deposited by reactive DC magnetron sputtering were
studied. According to SEM results, the coating thickness decreased significantly with increasing gas (methane) flow
rate and temperature. It is also clear from microstructural examinations that denser coatings were formed with
increasing deposition temperature. Figure 1 shows the observed changes in coating thickness and morphology [13].

RESULTS AND THEIR DISCUSSION
X-ray diffraction analysis
Figure 2 shows the X-ray diffraction (XRD) patterns for a silicon carbide thin film grown by radio frequency (RF)
magnetron sputtering. The X-ray diffraction patterns of a silicon carbide thin film with a thickness of 300 nm show five
peaks at diffraction angles. These peaks correspond to angles of 35, 41, 59, 71, and 75. The Miller indices correspond to
the (111), (020), (202), (311), and (222) planes, respectively [14].
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Figure 2. XRD analysis and Miller indices of a silicon carbide thin film grown on a silicon monocrystalline substrate are presented.

Figure 3 shows the crystal structure of SiC. It was found that the silicon carbide crystal lattice is cubic
(pr. gr. Pbnm) and consists of two chemical elements: Si, C. This result was obtained by using the Profix software to
obtain the “cif” results of the X-ray spectrum data obtained using the XRD-6100 measuring device, and our results were
compared with the results of SiC films grown by other methods [15].

Figure 3. Crystal structure (cubic structure pr. gr. Pbnm)

Figure 4 shows the transmission spectra of SiC thin films of different thicknesses measured using the Qatr-10
(diamond crystal) attachment of the FTIR device. Magnetron sputtering has a strong and direct effect on the optical
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properties of the films obtained in different modes. In general, according to the results obtained in the infrared
transmission spectrum in the range of 400-3000 cm™!, a significant transmission spectrum was obtained for films with a
thickness of 300 nm and 400 nm. With increasing thickness, the transmission spectrum in the range of 400-480 cm™ in
the far-IR region showed a relative decrease from 13.1% to 8.9%. The low value of the transmission in the IR region is
part of the optical properties of SiC, where its values are associated with the value of the optical band gap in the UV
region.

Infrared spectroscopy analysis
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Figure 4. Transmission spectrum of 300-400 nm thick SiC thin films
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Figure 5. Double FFT method and Maclaurin’s spectra based on the processing of the FTIR spectrum of SiC thin films.

The refractive index of the film was calculated based on the processing of the infrared transmission spectrum of
SiC thin films, and the refractive index was found to be 2.62 by the Double FFT method according to the Kremers-
Kroing function [17]. Based on the Maclaurin formula [18], the infrared absorption corresponding to the wave number
of 490 cm™' is confirmed to be n=2.6. The absorption spectra of SiC films with a thickness of 300 nm and 400 nm at
infrared wavelengths are presented in Figure 6. The absorption (A) values were estimated based on the transmission
values. It was observed that the optical absorption values decreased. This makes such a film suitable for use in the
production of optoelectronic devices. According to the results of the ultraviolet absorption spectrum of silicon carbide,
the refractive index at 632.8 nm is 2.63.
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Figure 6. Infrared absorption spectra of SiC thin films with a thickness of 300 nm and 400 nm.

The results of the analysis of SiC thin films were carried out using a Fourier transform infrared spectrophotometer
to determine the molecular vibrations. This analysis allows us to assess the quality of the material. As can be seen from
the FTIR spectrum, since there are no excessive vibrations, we conclude that there are no impurities or defects in the
film. Also, characteristic peaks associated with Si-C and C=C vibrations were detected. At a wave number of 780 cm™!,
where the IR absorption was 88.7%, a characteristic Si-C stretching absorption was observed. At a wave number of
2180 cm’!, it corresponds to a triple covalent bond of C=C. The covalent characters of Si-C-Si and C-Si-C bonds are
characterized by three base potentials [11]. By analyzing the FTIR spectra, the dependence of the photon energy on the
Kubelka-Munk [7] function (ahv)? for SiC was obtained. Based on the obtained results, the band gap for the SiC film
was calculated. According to the calculation results, the band gap for SiC is 3.2 eV, which is an extrapolated straight
line of the curve between (hv) and (ahv)?. SiC thin films can be widely used in electronic and optical engineering,
optoelectronics, solar selective coatings, blue light-emitting diodes, and phototransistors due to their unique properties
as a result of the formation of a radio frequency magnetron sputtering device.

CONCLUSIONS

In a radio frequency (100 kHz, D=70%) magnetron sputtering device, 320 nm thick and well-adhered SiC thin
films were successfully grown on Si (111) and glass substrates. According to the results of XRD analysis, it was
found that the silicon carbide crystal lattice is cubic (pr. gr. Pbnm) and is a compound of two chemical elements: Si,
C. FTIR spectroscopic analysis showed a relative decrease in the transmission spectrum in the far-IR region from
13.1% to 8.9% with an increase in the thickness of the SiC film. Also, characteristic peaks associated with Si-C and
C=C vibrations were detected. A characteristic Si-C stretching absorption was observed at a wave number of
780 cm’!, where the IR absorption was 88.7%. At a wavenumber of 2180 cm’!, it corresponds to a triple covalent
bond of C=C. The study is promising for the future study of the formation mechanism of SiC films and the
improvement of their optical properties.
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CTPYKTYPHI XAPAKTEPUCTUKMU TA OIITUYHI BJACTUBOCTI TOHKHUX IJIIBOK SiC,
OTPUMAHUX METOJOM RF-PVD
M.A. dasaaros*’, K.T. Jlaspanos?, X.T. Jospanos?, C.H. Xy3zanog®, A.P. Koxipos®, C. Xouikynosa®
“Kapwuncokuii depocasnuii ynisepcumem, Kapwi, 180100, Y36exucman
bKapwuncoxuii inoicenepno-exonomiunuti incmumym. Kapwi, 180100, Vzbexucman

[IpoBeneHo mocHiKEHHS HAMIBIPOBIOHUKOBOI CIIONYKH KapOily KpeMHilo, SKa IIUPOKO BHKOPHUCTOBYETHCS SK HaWOUIBII
XapakTepHUH MaTepial Ui BUTOTOBJICHHS HaIMiBOPOBIHHKIB. Y pamiogactoTHOMY (RF) pekumi mpucTporo MarHETpOHHOTO
posmmnenns ToHki mwiiBky SiC TommHO0 300-400 HM Oynu chopMOBaHi B CepefOBHINI Ar y BHUTTISII peakifHO3MaTHOTO Ta3y y
Bakyymi 10* Topp. VY pamiouacToTHOMy peXMMi BUKOPUCTOBYBajacs notyxuicts 240 Br 3 wactororo 100 k[ i D=70%.
MakcuManbHa MBUIKICTh PO3MMICHHS MarHeTpoHa craHoBuiia 50 A/c. BukopucTOBYBanu Kpyriy MillieHb 3 Kap0iny kpemHiro (SiC)
niamerpom 76,2 MM i BMicToM crioiyku (99,9%). Pentrenorpadiunuii aHaii3 oTpUMaHKX IUTIBOK NMPOBOAMIM Ha npmitaai XRD-6100
i Bu3Hauanu ingexcu Mimtepa. Kpim Toro, Oynu Bu3HA4YeHI ONTHYHI mapaMeTpu TOHKUX IUTiBOK. Cnekrpockomiunuii ananiz FTIR
TMI0Ka3aB BiZIHOCHE 3HIKEHHS CIIEKTPa MpOoIycKaHHs B nanbHiit [U-06macti 3 13,1% no 8,9% 3i 36inbenHsM ToBumHy mwiiBku SiC B
nianasoni 480-400 cm™!. Takox Oyiu BUSABIEHI XapaKTepHi Mk, moB's3aHi 3 konuBanHamu Si-C i C=C. XapakTepHe NOIIMHAHHS
npu posrarysanni Si-C crocrepiranocs mpu xeuinboBoMy umcii 780 cm™!, ne [U-mornuuanus cranosmio 88,7%. [Tpu XBUIEOBOMY
guci 2180 cm! me Bianosimae motpiliHOMy KoBameHTHOMY 3B 3Ky C=C. Pe3ynbTaTn IMOKasaiy, IO ONTHYHI Ta EIEKTPUYHI
BIACTUBOCTI IIiBOK SiC MOJKHA JIETKO HANAIITYBaTH, 3MiHIOIOUN KOHIeHTpanii Si Ta C y HOKPUTTI JUIs OXHAKOBOI TOBIIMHH ILTiBKH.
KnarouoBi cnoBa: macnemponne posnunenns; kapbio kpemuilo, penmeeno@azoeuil ananiz; Cnekmp HPONYCKAHHA; NOKA3ZHUK
sanomnennsi; FTIR
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In this study, (Zn,Sn)O thin films were synthesized and characterized for potential application as buffer layers in photovoltaic devices.
The films were deposited using thermal evaporation in a high-vacuum chamber, followed by a controlled oxidation process in a pure
oxygen atmosphere to achieve a ZnO-based oxide layer. Post-deposition annealing was conducted at various temperatures
(400°C-550°C) to enhance crystallinity and phase composition. X-ray diffraction (XRD) analysis confirmed the formation of a highly
crystalline Zn2SnOs phase, with the optimal structure obtained at 550°C. Optical characterization revealed a temperature-dependent
bandgap narrowing effect, significantly influencing transmittance and reflectance spectra. Electrical properties were assessed via Hall
effect and current-voltage (I-V) measurements, indicating an increase in carrier mobility and conductivity at higher annealing
temperatures. The charge transport mechanism in Ni~(Zn,Sn)O-pSi-Ni heterostructures was analyzed using the space-charge-limited
current (SCLC) model, revealing that carrier injection is the dominant transport process. The results demonstrate that (Zn,Sn)O thin
films exhibit superior optoelectronic properties, making them promising candidates for photovoltaic and optoelectronic applications.
Keywords: (Zn,Sn)O thin films; Photovoltaic applications; Thermal evaporation; X-ray diffraction; Optical properties; Electrical
transport; Hall effect; Charge carrier mobility; Heterostructures

PACS: 78.20.-¢, 73.61.Ga, 85.60.-q, 68.55.-a

INTRODUCTION

The continuous advancement in photovoltaic (PV) technology demands the development of highly efficient and
stable materials for next-generation solar cells. Among various oxide semiconductors, Zn,SnOa4 (zinc stannate) thin films
have emerged as promising candidates due to their wide bandgap, excellent optical transmittance, and superior charge
transport properties [1]. These characteristics make Zn2SnQOj4 an attractive alternative to conventional buffer layers in PV
devices, potentially improving light absorption and charge carrier dynamics at the heterojunction interface. The
performance of Zn,SnO4 thin films is heavily influenced by deposition techniques, annealing processes, and
compositional tuning [2]. Thermal evaporation followed by controlled oxidation in an oxygen-rich environment enables
precise structural and electronic tailoring, enhancing their suitability for optoelectronic applications. Notably, post-
deposition annealing plays a crucial role in modifying crystallinity, phase composition, and defect states - factors that
significantly impact electrical conductivity and band alignment. Despite its potential, optimizing the electronic and optical
behavior of Zn2SnO4 remains a challenge, primarily due to the complex interplay between defect formation, charge carrier
mobility, and bandgap engineering [3]. This study systematically investigates the structural, optical, and electrical
properties of (Zn,Sn)O thin films, deposited via high-vacuum thermal evaporation and subjected to post-deposition
annealing at various temperatures (400°C-550°C). By employing X-ray diffraction (XRD), UV-Vis spectrophotometry,
Hall effect measurements, and current-voltage (I-V) analysis, we explore the impact of annealing on phase purity, carrier
transport, and optoelectronic performance. Additionally, the charge transport mechanisms in Ni-(Zn,Sn)O-pSi-Ni
heterostructures are analyzed using the space-charge-limited current (SCLC) model, providing deeper insights into carrier
injection and conduction behavior.

The findings presented in this work contribute to the ongoing efforts in semiconductor material optimization for
photovoltaic applications. By understanding the role of annealing and charge transport dynamics, we aim to establish
Zn2Sn04 as a viable buffer layer material, paving the way for enhanced light conversion efficiency and long-term stability
in solar cell architectures [2].

EXPERIMENTAL METHODOLOGY
The deposition of (Zn, Sn)O thin films was carried out in a high-vacuum chamber, where a controlled atmosphere
was maintained by evacuating air and subsequently introducing a precise mixture of argon and oxygen gases. In our
previous studies [4-6], we have employed this method to investigate the electro-physical and optical properties of both
pure zinc oxide and doped zinc oxide thin films. In this regard, various techniques, including physical methods such as
RF sputtering [7,8] and chemical approaches like spray pyrolysis [9,10], have been reported for the fabrication of ZTO
thin films. This study focuses on the thermal oxidation process, in which Zn-Sn thin films, deposited via thermal
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evaporation, undergo oxidation in a pure oxygen atmosphere, forming a ZnO-based oxide layer. The method was applied
to different substrates, including silicon, sapphire, and glass to evaluate the feasibility of fabricating heterostructures for
optoelectronic and photovoltaic applications.

The deposition parameters were optimized to ensure the formation of nanocrystalline ZnO thin films with a
preferential c-axis orientation, an essential factor in enhancing their optoelectronic and electrical properties. The substrate
temperature was maintained at 200°C and the working pressure of the Ar+O2 gas mixture was regulated at 2.3x10-2 Pa.
The thickness of the ZnO films, ranging from 1.5-2 pum, was precisely controlled using a quartz crystal thickness monitor
IC5) [5].

Following deposition, the films underwent post-deposition thermal annealing in air at different temperatures (400°C,
450°C, 500°C, and 550°C) for 2 hours to promote oxidation and improve crystallinity. The annealing process facilitated
the transformation of the Sn/Zn bilayer into a well-defined Zn2SnO4 phase while optimizing its structural, electrical, and
optical properties. The structural characterization of the annealed films was conducted using X-ray diffraction (XRD)
with Cu Ko radiation (A = 1.5406 A) to analyze the phase composition, crystallinity, and preferential orientation. The
average crystallite size was determined using the Debye-Scherrer equation. The optical properties were investigated
through UV-Vis spectrophotometry over a wavelength range of 200-1500 nm, measuring optical transmittance and
reflectance to determine the bandgap energy [11].

Electrical properties were characterized using Hall effect measurements and current-voltage (I-V) characterization.
The carrier concentration, resistivity, and Hall mobility were determined using a four-probe setup. The I-V characteristics
of Ni-(Zn, Sn)O-pSi-Ni heterostructures were recorded at temperatures ranging from 350°C to 550°C to evaluate the
diode behavior and charge transport mechanism [12]. The space-charge-limited current (SCLC) model was applied to
analyze carrier transport under high-field conditions.

These optimized fabrication and characterization methods ensure a comprehensive evaluation of (Zn, Sn)O thin
films for their potential use as buffer layers in photovoltaic and optoelectronic applications.

RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Analysis of Sn/Zn Annealed at Different Temperatures
Figure 1 shows the X-ray diffraction (XRD) patterns of Sn/Zn bilayers annealed at 400°C, 450°C, 500°C, and 550°C
reveal significant changes in crystallinity, phase composition, and oxidation state as a function of annealing temperature.
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Figure 1. X-ray diffraction (XRD) patterns of (Zn,Sn)O thin films annealed at different temperatures (400°C—550°C)

The diffraction peaks correspond to key crystallographic planes of the hexagonal wurtzite ZnO phase, indexed as
(100), (002), (101), (102), and (110). At lower annealing temperatures (400°C and 450°C), the XRD spectra exhibit broad
diffraction peaks with lower intensity, indicating a lower degree of crystallinity and incomplete oxidation of the Sn/Zn
bilayer. The presence of metallic Zn and Sn peaks suggests that the oxidation process is still in progress. Similar results
were reported by R. Ramarajan et al. [13], where Zn, Sn, ZnO, and SnO phases were identified in as-deposited ZTO thin
films prepared using a comparable approach. However, the findings of our study demonstrate a distinct advantage due to
the simplicity and efficiency of the selected deposition methods, offering a more practical and scalable route for thin-film
fabrication. As the annealing temperature increases, the peaks become sharper and more intense, confirming an
improvement in crystallinity. At 500°C, most of the metallic Zn and Sn phases disappear, and at 550°C, a well-defined
ZnO phase is obtained with strong preferential orientation along the (101) plane.

This trend indicates that increasing the annealing temperature enhances the oxidation process and promotes the formation
of a stable ZnO phase. Using the Debye-Scherrer equation:

D = 0% )

~ Bcos®’
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where D is the crystallite size, A is the X-ray wavelength (~1.5406 A for Cu K « radiation), P is the full width at half
maximum (FWHM), and 0 is the Bragg angle, an increase in crystallite size with higher annealing temperatures can be
inferred [14,15]. This suggests that thermal activation enhances grain growth, reducing microstrain and defect density
within the crystal lattice.

The transition from a mixed Sn/Zn phase to a highly crystalline ZnO phase at 500°C and 550°C has direct
implications for electrical and optical properties. At lower annealing temperatures, the residual metallic Zn and Sn phases
contribute to electrical conductivity, potentially leading to a mixed metallic-semiconducting behavior [16]. However, at
500°C and 550°C, the formation of a well-ordered ZnO phase with improved crystallinity enhances its semiconductor
properties, including a widening of the optical band gap (~3.2 eV) and reduced charge carrier scattering.

In summary, the XRD analysis confirms that annealing plays a crucial role in determining the structural and phase
composition of ZnO-based thin films. The optimal annealing temperature for obtaining a pure, highly crystalline ZnO
phase is 550°C, where a well-ordered wurtzite structure is achieved. This finding is essential for applications in
optoelectronics and photovoltaics, where high structural purity and crystallinity are required for efficient charge transport
and light absorption.

Figures 2 and 3 illustrate the transmittance and reflectance spectra of Sn/Zn thin films annealed at 400°C, 450°C,
500°C, and 550°C in air for 2 hours. Optical measurements were conducted in the 200—1500 nm wavelength range to
analyze how annealing influences the films light absorption, transmission, and reflection characteristics. Similar results
were obtained by Acharya et al. [17] for ZTO thin films fabricated using the co-evaporation technique. However, our
study highlights the effectiveness of vacuum thermal evaporation followed by annealing, providing a simpler and more
controlled approach for achieving high-quality (Zn,Sn)O thin films.

The transmittance spectra (Figure 2) demonstrate a systematic decrease in optical transmission with increasing
annealing temperature. At 400°C, the transmittance reaches a peak of ~85% in the near-infrared region (900—1500 nm),
but as the annealing temperature rises to 550°C, transmittance declines to ~65% in the same spectral range. This reduction
can be attributed to multiple factors: (i) a redshift in the absorption edge from ~370 nm at 400°C to ~410 nm at 550°C,
indicative of bandgap narrowing caused by increased carrier concentration and defect incorporation; (ii) enhanced optical
absorption due to improved crystallinity and the formation of Sn-rich secondary phases, which introduce localized
electronic states acting as additional absorption centers; and (iii) interference fringes in the spectra, suggesting variations
in film thickness and refractive index modifications as a function of annealing temperature. At shorter wavelengths
(200-500 nm), transmittance is significantly reduced, particularly for films annealed at 550°C, where it falls below 10%
at 250 nm, due to strong interband transitions.

The reflectance spectra (Figure 3) indicate a progressive increase in reflectance as the annealing temperature rises,
especially in the visible and near-infrared regions (500-1500 nm).
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Figure 2. Effect of annealing temperature on the optical Figure 3. Effect of annealing temperature on the optical
transmittance of Zn2SnO4 thin films reflectance of Zn2SnOs thin films

Reflectance values increase from ~10% at 400°C to ~25% at 550°C, with a more pronounced difference beyond
1000 nm. The observed reflectance enhancement is primarily driven by (i) increased surface roughness, which promotes
more diffuse scattering and reflection; (ii) higher free carrier concentration, leading to modifications in the dielectric
function and an increase in infrared reflectance due to free carrier absorption; and (iii) structural phase evolution, where
a transition from ZnO-dominated films to SnO»-rich compositions influences the refractive index and light interaction
properties. Notably, the reflectance spectra exhibit intersections at ~700 nm and ~1200 nm, indicative of transitions in
optical behavior correlated with phase evolution and carrier dynamics.

These findings confirm that annealing temperature plays a crucial role in tailoring the optical properties of Sn/Zn
thin films. Increasing the annealing temperature results in decreased transmittance and increased reflectance, primarily
due to bandgap narrowing, defect-induced absorption, and carrier concentration variations.



338
EEJP. 2 (2025) Fakhriddin T. Yusupov, et al.

Figure 4 illustrates the dependence of resistivity, carrier concentration, and Hall mobility on doping concentration
in (Zn,Sn)O thin films.
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Figure 4. Effect of Sn doping on electrical transport properties of Zn2SnO4 thin films

The electrical transport properties of Zn2SnO4 thin films, synthesized via vacuum thermal evaporation followed
by controlled annealing, were analyzed to understand the dependence of resistivity (€:cm), carrier concentration (cm™),
and Hall mobility (cm?/Vs) on Sn doping concentration (0-25 at.%).

The resistivity (p) variation follows the classical conductivity relation in semiconductors:

o = qnu, (2)

where o = 1/p is the electrical conductivity, q is the elementary charge, n is the carrier concentration, and u is the Hall
mobility [18]. The experimental data show a strong inverse correlation between resistivity and doping concentration up
to 10 at.%, indicating an increase in free carrier density. Beyond this, resistivity stabilizes, which suggests the onset of
ionized impurity scattering and compensation effects, as described by the Matthiessen’s rule, where multiple scattering
mechanisms contribute additively to the total resistivity.

The carrier concentration (n) increases with Sn doping up to 20 at.%, consistent with the Shockley-Read-Hall
(SRH) recombination model, where additional doping introduces donor levels that contribute free electrons to the
conduction band. However, at higher doping concentrations, a slight decline in carrier density suggests the formation of
compensating defects, such as Sn interstitials (Sn?*) or oxygen vacancies (V,), which act as deep-level traps, reducing
the effective carrier density. This behavior is characteristic of heavily doped semiconductors, where self-compensation
limits the maximum achievable carrier concentration [19].

The Hall mobility (i) initially decreases with increasing doping concentration due to ionized impurity scattering,
following the Brooks-Herring and Conwell-Weisskopf models [20], where mobility is given by:

T3/2
px Ngln(1+C/Ng)’ (3)
where N, is the ionized donor concentration, T is the absolute temperature, and C is a constant related to screening effects.

The decrease in mobility up to 15 at.% suggests that increased doping introduces Coulombic scattering centers,
degrading transport properties. However, at higher Sn concentrations (=15 at.%), mobility increases, which indicates a
transition to grain boundary-limited conduction, where improved crystallinity reduces carrier scattering at interfaces,
enhancing transport pathways. This phenomenon aligns with the Seto model, where grain boundary potential barriers are
mitigated at higher doping levels.

Impedance spectroscopy and hot probe measurements confirm that Zn,SnO4 remains an n-type semiconductor
across all doping levels, with a conduction mechanism primarily governed by ionized impurity and grain boundary
scattering. The observed trends highlight the role of doping-induced defect states, band edge modifications, and charge
compensation effects in determining the electrical transport properties of Zn,SnOy thin films.

Electrical Behavior and Transport Mechanisms in Ni-Zn2SnQ4-pSi-Ni Heterostructures

Figure 5 presents the temperature-dependent I-V characteristics of Ni- Zn,SnO4-Si-Ni heterostructures measured at
different annealing temperatures (350°C, 400°C, 450°C, 500°C, and 550°C). The logarithmic scale indicates variations
in current conduction behavior as a function of applied voltage, highlighting the influence of annealing temperature on
electrical properties. In heterostructures, a direct current (DC) flow occurs when the nickel electrode is connected to the
positive terminal, with the current being influenced by monopolar injection of charge carriers. This behavior is observed
in the logarithmic coordinate system of the volt-ampere characteristics (VAC), where the current-voltage curve displays
distinct linear, quadratic, and sharp increases in current, suggesting different conduction regimes. The presence of
monopolar injection indicates that charge transport is facilitated by electrons injected from the silicon side, with the flow
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being restricted by spatial charge traps within the dielectric material and at the dielectric-semiconductor interface. This
implies that in the Ni-Zn,SnO4-pSi-Ni heterostructures, the current is likely carried by electrons injected from silicon.
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Figure S. Temperature-dependent I-V characteristics of Ni-Zn2SnO4-Si-Ni heterostructures at the following temperatures:
1- 350 °C; 2- 400 °C; 3- 450 °C; 4- 500 °C; 5- 550 °C

The VAC of these structures reveals a three-part behavior: ohmic (I(U)), quadratic (I(U?)), and exponential increase
in current (I(U™+1)), where m > 2. The current flow from silicon is mainly attributed to the injection of electrons from
the silicon side into the Ni-Zn,SnO4 layer. The quadratic region in the VAC is expressed by the following relation for
monopolar injection [21]:

_ 9eudUu?

j =2 , (4)
where ¢ is the dielectric constant, p is the drift mobility, U is the applied voltage, d is the thickness of the layer, and 0 is
the injection factor.

With values of € = 8.3, 0= 12.0 cm?V-s,d=1 x 104 cm, J = 1.9 x 10-2 A/cm?, and U = 30 V, the injection factor
0 can be estimated as:

__ 8jad
T geuu?

=33x1075 . (5)

This low injection factor suggests the presence of high trap concentrations within the Zn2SnO4 layer and at the
Zn2SnO4-pSi interface. The trap concentration is calculated using the formula:

2eU

N, =2 : ©6)

which results in a value of Ny=3.82 x 10'® cm™ . Additionally, the trap depth can be estimated as:

_ le]"lNo
T = 50N, s @)

where N _r is the trap concentration. Based on this calculation, the trap depth is found to be E, = 0.45 eV.

When the nickel electrode is connected to the negative terminal, electrons are injected into the Zn2SnO4 layer, which
exhibits a high resistance. The VAC in this case shows linear characteristics on a In I and VU coordinate system, which
strengthens with increased temperature. This behavior can be explained by the Schottky barrier mechanism. To determine
the potential barrier height between Zn2SnO4 and Ni, the temperature dependence of VAC was studied. The potential
barrier height is calculated using the formula:

Io

¢p = —kTIn =% . ®)

The value of @3 is found to be 0.75 + 0.085 eV. Notably, the VAC shows Schottky characteristics up to 10 V, but
the current growth slows with increasing voltage, which might be related to tunneling effects or mixed conduction.

In the Ni-Zn2SnOs-Si-Ni heterostructures, when the aluminum electrode is connected to the positive terminal, the
current is determined by monoenergetic traps (with E, = 0.45 eV, N, = 3.82 x 10'® cm™). When the aluminum electrode
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is connected to the negative terminal, the main role is played by the Ni-Zn2SnOs4 interface, with the VAC explained by
the Schottky mechanism. This behavior is linked to the p-n junction formed between the Zn2SnO4 and p-Si layers, where
charge carrier motion is enhanced in the forward direction and significantly limited in the reverse direction. These
characteristics ensure the effective use of the heterostructure as a rectifier in electronic circuits, optoelectronic devices,
and photovoltaic systems [22].

CONCLUSIONS

In this study, the structural, optical, and electrical properties of (Zn,Sn)O thin films were systematically investigated
for their potential application as buffer layers in photovoltaic devices. The films were synthesized via thermal evaporation
followed by a controlled oxidation process in an oxygen-rich environment. Post-deposition annealing at varying
temperatures (400°C—550°C) played a crucial role in enhancing crystallinity and phase stability. X-ray diffraction (XRD)
analysis confirmed the successful formation of a Zn,SnO4 phase, with the optimal crystalline quality observed at 550°C.

Optical characterization revealed a bandgap narrowing effect with increasing annealing temperature, attributed to
enhanced carrier concentration and defect states. The transmittance spectra indicated a systematic decrease in
transparency, while reflectance measurements demonstrated an increase in optical scattering at higher annealing
temperatures, affecting the film’s light absorption properties — an essential factor in photovoltaic applications.

Electrical measurements, including Hall effect and I-V characterization, highlighted the impact of annealing on
charge transport properties. The carrier mobility and conductivity exhibited significant improvements at optimized
annealing conditions, with the space-charge-limited current (SCLC) model supports the conclusion that carrier injection
is the dominant conduction mechanism in Ni-(Zn,Sn)O-pSi-Ni heterostructures. Additionally, impedance spectroscopy
and hot probe measurements established the n-type conductivity of the Zn,SnO4 films across all doping levels, with
transport mechanisms primarily governed by ionized impurity and grain boundary scattering.

The findings demonstrate that (Zn,Sn)O thin films exhibit excellent optoelectronic properties, making them viable
candidates for integration as buffer layers in photovoltaic devices. The ability to tailor crystallinity, bandgap energy, and
charge transport characteristics through annealing and doping provides an avenue for optimizing their performance in
next-generation solar cells and optoelectronic applications. Further research should focus on doping-induced
modifications to refine defect engineering strategies and enhance charge carrier mobility for improved device efficiency.

ORCID
Fakhriddin T. Yusupov, https://orcid.org/0000-0001-8937-7944
Tokhirbek I. Rakhmonov, https://orcid.org/0000-0002-6080-6159
Dadakhon Sh. Khidirov, https://orcid.org/0000-0003-1391-4250
Shakhnoza Sh. Akhmadjanova, https://orcid.org/0009-0002-1568-3281
Javoxirbek A. Axmadaliyev, https://orcid.org/0009-0001-7753-1462

REFERENCES

[1] M.K. Pham, P.H. Dang, and T.V. Huynh, “Studying the structural, optical, and electrical characteristics of Zn2SnO4 films using
a direct current magnetron  sputtering method,” Ceramics International, 50(4), 6824-6835 (2023).
https://doi.org/10.1016/j.ceramint.2023.12.026

[2] N.M. Martin, T. Térndahl, M. Babucci, F. Larsson, K.A. Simonov, D. Gajdek, L.R. Merte, et al., “Atomic Layer Grown Zinc-Tin
Oxide as an Alternative Buffer Layer for Cu2ZnSnS4-Based Thin Film Solar Cells: Influence of Absorber Surface Treatment on
Buffer Layer Growth,” ACS Applied Energy Materials, 5(11), 13971-13980 (2022). https://doi.org/10.1021/acsaem.2¢02579

[3] E. Gnenna, N. Khemiri, and M. Kanzari, “Development and characterization of (Zn,Sn)O thin films for photovoltaic application
as buffer layers,” SN Appl. Sci. 2(2), 1-9 (2020). https://doi.org/10.1007/S42452-020-1971-5

[4] Z.X.Mirzajonov, K.A. Sulaymonov, T.I. Rakhmonov, F.T. Yusupov, D.Sh. Khidirov, and J.S. Rakhimjonov, “Advancements in
Zinc Oxide (ZnO) thin films for photonic and optoelectronic applications: a focus on doping and annealing processes,” E3S Web
of Conferences, 549, 03013 (2024). https://doi.org/10.1051/e3sconf/202454903013

[5] N.A. Sultanov, Z.X. Mirzajonov, F.T. Yusupov, and T.I. Rakhmonov, “Nanocrystalline ZnO Films on Various Substrates: A
Study on Their Structural, Optical, and Electrical Characteristics,” East European Journal of Physics, (2), 309-314 (2024).
https://doi.org/10.26565/2312-4334-2024-2-35

[6] F.T. Yusupov, T.I. Rakhmonov, M.F. Akhmadjonov, M.M. Madrahimov, and S.S. Abdullayev, “Enhancing ZnO/Si
Heterojunction Solar Cells: A Combined Experimental and Simulation Approach,” East European Journal of Physics, (3),
425-434 (2024). https://doi.org/10.26565/2312-4334-2024-3-51

[71 N.E. Sung, HK. Lee, K.H. Chae, J.P. Singh, and I.J. Lee, “Correlation of oxygen vacancies to various properties of amorphous
zinc tin oxide films,” J. Appl. Phys. 122, 085304 (2017). https://doi.org/10.1063/1.5000138

[8] Shajan, Nirmal and Dhanasingh, Bharathi Mohan, “RF magnetron sputtering of Zn2SnO4 thin films: optimising microstructure,
optical and electrical properties for photovoltaics,” Journal of Materials Science: Materials in Electronics, 35, 882 (2024).
https://doi.org/10.1007/s10854-024-12648-8

[9] V.V. Ganbavle, M.A. Patil, H.P. Deshmukh, and K.Y. Rajpure, “Development of Zn2SnO4 thin films deposited by spray
pyrolysis method and their utility for NO2 gas sensors at moderate operating temperature,” J. Anal. Appl. Pyrolysis, 107, 233-241
(2014). https://doi.org/10.1016/j.jaap.2014.03.006

[10] B. Zaidi, N. Houaidji, A. Khadraoui, S. Gagui, C. Shekhar, Y. Ozen, K. Kamli, et al., “Structural, Optical and Electrical Properties
of ZnxSnl-xS Thin Films Deposited by Chemical Spray Pyrolysis,” Journal of Nano Research, 61, 72-77 (2020).
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/JNANOR.61.72



341
Zn,SnO, Thin Films for Photovoltaics: Structural Optimization and Charge Transport Analysis EEJP. 2 (2025)

[11] X.Li, Z. Su, S. Venkataraj, S.K. Batabyal, and L.H. Wong, “8.6% Efficiency CZTSSe solar cell with atomic layer deposited Zn—
Sn—O buffer layer,” Sol. Energy Mater. Sol. Cells, 157, 101-107 (2016). https://doi.org/10.1016/j.solmat.2016.05.032

[12] M.K. Jayaraj, K.J. Saji, K. Nomura, T. Kamiya, and H. Hosono, “Optical and electrical properties of amorphous zinc tin oxide
thin films examined for thin film transistor application,” J. Vac. Sci. Technol. B, 26, 495 (2008).
https://doi.org/10.1116/1.2839860

[13] R.Ramarajan, M. Kovendhan, D.T. Phan, K. Thangaraju, R.R. Babu, K.J. Jeon, and D.P. Joseph, “Optimization of Zn2SnO4 thin
film by post oxidation of thermally evaporated alternate Sn and Zn metallic multi-layers,” Appl. Surf. Sci. 449, 68-76 (2018).
https://doi.org/10.1016/j.apsusc.2018.01.029

[14] M.S. Abd Aziz, M.S. Salleh, G. Krishnan, N. Mufti, M.F. Bin Omar, and S.W. Harun, “Structural, Morphological and Optical
Properties of Zinc Oxide Nanorods prepared by ZnO seed layer Annealed at Different Oxidation Temperature,” Malaysian Journal
of Fundamental and Applied Sciences, 18(3), 383—392 (2022). https://doi.org/10.11113/mjfas.v18n3.2538

[15] S.W. Chang, K. Ishikawa, and M. Sugiyama, “RF magnetron sputtering deposition of amorphous Zn—Sn—O thin films as a buffer
layer for CIS solar cells,” Phys Status Solidi C, 12, 688—691 (2015). https://doi.org/10.1002/pssc.201400255

[16] J.Y. Hwang, and S.Y. Lee, “Effect of Annealing Temperature on Electrical Properties and Stability of Si-Zn—Sn—O Thin Film
Transistors Under Temperature Stress,” Transactions on Electrical and Electronic Materials, 19(1), 15-19 (2018).
https://doi.org/10.1007/S42341-018-0011-2

[17] R. Acharya, Y.Q. Zhang, and X.A. Cao, “Characterization of zinc—tin—oxide films deposited by thermal co-evaporation,” Thin
Solid Films, 520, 6130-6133 (2012). https://doi.org/10.1016/j.ts£.2012.05.087

[18] K. Ellmer, “Hall Effect and Conductivity Measurements in Semiconductor Crystals and Thin Films,” in: Characterization of
Materials, (2012), pp. 1-16. https://doi.org/10.1002/0471266965.COM035.PUB2

[19] A. Treglia, F. Ambrosio, S. Martani, G. Folpini, A.J. Barker, M.D. Albaqami, F. De Angelis, ef al., “Effect of electronic doping
and traps on carrier dynamics in tin halide perovskites,” Materials Horizons, 9(6), 1763-1773 (2022).
https://doi.org/10.1039/d2mh00008c

[20] D. Rode, and J. Cetnar, “Electron mobility of heavily doped semiconductors including multiple scattering by ionized impurities,”
Journal of Applied Physics, 134, 075701 (2023). https://doi.org/10.1063/5.0165201

[21] N. Sultanov, Z. Mirzajonov, and F. Yusupov, “Technology of production and photoelectric characteristics of AIB 10
heterojunctions based on silicon,” E3S Web of Conferences, 458, 01013 (2023). https://doi.org/10.1051/e3scon/202345801013

[22] J.H. Lee, B.H. Lee, J. Kang, M.S. Diware, K. Jeon, C. Jeong, S.Y. Lee, and K.H. Kim, “Characteristics and Electronic Band
Alignment of a Transparent p-Cul/n-SiZnSnO Heterojunction Diode with a High Rectification Ratio,” Nanomaterials, 11(5),
1237 (2021). https://doi.org/10.3390/NANO11051237

TOHKI IIJIIBKHA Zn:SnO4 IS ®OTOBOJIbTAIKA: CTPYKTYPHA ONITUMI3AIIISA TA AHAJII3 MEPEHECEHHS
3APANY
®@axpingin T. FOcynos, Toxipdek I. Paxmonos, lanaxon IIl. Xinipos, Illaxno3a IIl. AxmajaxoHoBa,
Kasoxipoex A. AxmajajiieB
Depeancokui nonimexuiunuil incmumym, @epeana, Ysbexucman

VY 1poMy JOCHIKEHHI CHHTE30BaHO Ta 0XapaKTePU30BaHO TOHKI IUIiBKH (Zn,Sn)O [isi MOTEHIIHHOrO BUKOPUCTAHHS SIK OypepHux
mapiB y poroBonpraiuHnx npuctposx. [LniBku Oynu ocakeHi METOIOM TEPMIYHOT'O BUIIAPOBYBAHHS Y BUCOKOBAKYyMHil kKamepi, a
MOTIM TMiAJaHi KOHTPOJIBOBAHOMY IPOILIECY OKHCIECHHS B aTMocdepi YUCTOrO KHCHIO s yTBOpeHHS ZnO-OKCHIHOTO Imapy.
[Micnstocamounuii Binman npoBoxuBcs NpH pisHuX Temmeparypax (400°C—550°C) mist mokpamieHHs KpHCTalidHOCTI Ta (ha30BOTO
ckiany. AHaniz peHTreHiBepkoi amdppakuii (XRD) minTBepauB ¢opMyBaHHS BHCOKO-KpHCTamiuHOi ¢asu Zn2SnO4, mpH IBOMY
onTHMalibHA CTPYKTypa Oyna nocarayra mpu 550°C. OnrtudHa XapaKkTepHCTHKA BHSBHJIA TEMIICPATypPHO-3aJISKHE 3BY)KCHHS
3a00pOHEHOT 30HHM, IO CYTTEBO BIUIMHYJO Ha CIEKTPU MPOMYCKAHHS Ta BijOMBaHHsS. EJNCKTpHYHI BIACTHBOCTI OLHIOBAIH 32
JIOIIOMOTOI0 BUMipIOBaHb eekTy Xoiuia Ta cTpyM-HanpyroBux (I-V) xapakTepucTHK, sKi OKa3ay 301IbIIEHHs] PYXJIMBOCTI HOCITB
3apsiy Ta eNEKTPOINPOBITHOCTI MPH MiABUICHUX TeMIepaTypax Bimmany. MexaHi3M MepeHeceHHs 3apsay B TeTepocTpykrypax Ni-
(Zn,Sn)O-pSi-Ni 0yB npoanaizoBaHuii 3a JOIOMOTOK MOJIETi CTpyMy, oOMexeHoro npocropoBuM 3apsiaoM (SCLC), mo BUsIBUIO
JOMiHYIOUI MpOoIecH iHKeKIil HOCIiB 3apsany. OTpuMaHi pe3ynbTaTH IEMOHCTPYIOTh, IO TOHKI IUIBKK (Zn,Sn)O MaroTh BiAMiHHI
OIITOENIEKTPOHHI BJIACTHUBOCTI, IO POOWTH IX MNEPCIEeKTHBHUMH KaHAWJAATaMH IS (OTOBONBTAIYHUX Ta ONTOEIEKTPOHHHX
3aCTOCYBaHb.

Kutouosi cioBa: (Zn,Sn)O monki nuieku; pomoenekmpuuni 3acmocysants,; mepmiyne GUNApo8y8anHsl, PeHM2eHIBCbKA OUPpaKyis;
onmuuni enacmugocmi; enekmpompancnopm, egpexm Xoana, pyxausicmo HOCIi6 3apsdy; 2emepocmpyKmypu
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Effect of y-irradiation on the dielectric properties of polymer composites based on polypropylene (PP) with Na*-montmorillonite
(MMT) nanoparticles has been investigated. It has been found that y-irradiation in the dose range of 100-200 kGy leads to slight
deterioration in the dependences of € = f(T) (a) and tgd = f(T) of the polypropylene-based composite with Na*MMT filler. Further
increasing the radiation dose, a sharp increase in € and tgd above the temperature ~ 440 K has been observed. The obtained results
show that after irradiation, the active centers, radicals, and defects formed in the polymer structure interact with filler nanoparticles,
reducing the mobility of the polymer chain and consequently decreasing the values of € and tagd of the composite. But at an irradiation
dose of 300 kGy, the properties of the interphase layer deteriorate as a result of incipient destruction, which leads to an insignificant
increase in the values of € and tgd. The results of the analyses showed that the introduction of Na nanoclays (MMT) into polypropylene
in an amount of 0.5% by volume leads to some improvement in the dielectric properties before and after irradiation. It is assumed that
the deterioration of the dielectric properties during irradiation in composites occurs due to changes in the crosslinking and destruction
processes in the polymer matrix and at the polymer-filler interphase boundary. It is shown that due to y-irradiation of polymer
composites, it is possible to expediently control its dielectric and electrophysical properties.

Keywords: Polypropylene; Na*-montmorillonite; Gamma irradiation; Dielectric constant, Dielectric energy loss

PACS: 71.20 Nr; 72.20 Fr

INTRODUCTION

One of the promising fields of materials science is the creation of new composite polymer materials with unique
properties. Introduction of a filler into a polypropylene (PP) matrix considerably modifies the structure and properties of
composite materials due to interfacial interactions and the formation of a boundary nanolayer near the filler particles. This
identifies the peculiarities of the temporary distribution of the local field in certain regions of the polymer system and the
frequency dispersion of the effective complex dielectric permittivity of composite materials. The use of polymer materials
enables the development fundamentally new designs of various types of products, helps to reduce their weight, operating
and transportation costs, improves their quality and appearance [1-4].

Polymer composites have been known to be very sensitive to the effects of various ionizing radiation. The literature
research in this direction reveals that low doses of radiation exposure led to a relative improvement in physical properties,
whereas high doses lead to the destruction of materials, worsening their physical properties. In this perspective, the study
of electrophysical properties of polymer composites before and after exposure to y-irradiation is significant. Exposure to
ionizing radiation leads to changes in the properties of the supramolecular structure (SMS) of the matrix and the boundary
layer as a result of the processes of crosslinking, destruction and oxidation and, therefore, to a change in the electroactive
properties of the composites, which consists of studying their electrophysical properties, i.e. temperature and frequency
dependences of electrical conductivity (o) and dielectric characteristics (¢ and tgo) [5-8].

Literature data analysis showed that introduction of Dk; and Dk, types of nanoclays into polypropylene in the
amount of 2% by volume content leads to some improvement in physical and mechanical properties. In these works,
however, there is no information about the structure of these fillers and the degree of their compatibility with the matrix.
But it should be noted that depending on the deposit, montmorillonite (MMT) has different modifications and differ in
particle size. The use of Na"MMT as modifiers is related, firstly, to the amount of quaternary ammonium guanine cations
in them and, secondly, to the good adhesion of clay with polar polyolefin molecules [9].

In this context, the presented work is aimed at studying electrophysical properties and relaxation processes in initial
and irradiated polymer composites (PP/Na"MMT). Despite the large-scale study of Na'MMT characteristics the
dielectric, electrophysical properties and peculiarities of interfacial phenomena in its composites with polymers remain
understudied. In our opinion, research in this direction will end in the future with the creation of electroactive composite
materials with new characteristics and converters based on them.
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EXPERIMENTAL PART

Composites were prepared using polypropylene (PP) as the polymer matrix and nanoscale sodium montmorillonite
(Na*™MMT) particles as the reinforcing filler. Sodium montmorillonite is a type of smectite clay mineral, which typically
forms through the long-term weathering of volcanic ash and rocks, often aided by biological activity, such as the actions
of lichens and fungi. The structure of Na"MMT consists of layered silicate sheets with a very fine crystal grain size,
typically less than 100nm. These layers carry a net negative charge, which is balanced by exchangeable cations such as
Na* located in the interlayer spaces. This charge asymmetry enables montmorillonite to interact with a wide range of
chemical species. Due to its layered structure and high specific surface area, NafMMT can adsorb both cationic and
anionic substances, making it highly versatile in composite and environmental applications. Even nonionic substances
can be retained through secondary valence forces, such as van der Waals interactions or hydrogen bonding. Furthermore,
the interlayer space within montmorillonite crystals can accommodate various molecules, allowing for intercalation and
improving dispersion in polymer matrices.

The samples were prepared from mixtures of PP and Na*‘MMT powders in different component ratios, and then
from these mixtures, by hot pressing at the melting point of the polymer matrix under a pressure of 15 MPa for 10 minutes,
PP/Na*"MMT nanocomposites were prepared in the form of a film, with subsequent cooling. The samples were obtained
in different temperature-time crystallization modes, namely, slow cooling (SC), when the samples are cooled to room
temperature at a rate of 2 deg/min, and rapid cooling (RC) in an ice-water mixture at a rate of 30 deg/min [9].

For the preparation of the composites, disc-shaped samples were fabricated by homogenously mixing
polypropylene with varying volume fractions (x vol.%) of Na*MMT particles. The MMT filler particles had sizes up to 100
nm. The mixture was processed to ensure uniform distribution of the clay particles within the polymer matrix, which is
critical for achieving reliable and reproducible dielectric properties. To characterize the electrical performance of the
resulting composites, dielectric measurements were conducted using an E7-20 immittance meter. The frequency range for
these measurements spanned approximately from 25 Hz to 10° Hz. This wide frequency range allowed for the analysis of
different polarization mechanisms and charge transport phenomena within the composite material. The results help to
evaluate how the inclusion of NatMMT affects the dielectric behavior of the polypropylene matrix and can provide insight
into the composite's potential applications in electronics, insulation, or barrier materials. X-ray phase analysis was carried
out on a Bruker D2 diffractometer. Cu Ka (A\=1.541780 A) was used as the light source passing through a nickel filter in the
same mode. The reflection measurement error did not exceed 6=+0,020 [10].

RESULTS AND DISCUSSION

For comparison with irradiated samples, the given dependences reflect the results of the initial polymer and
composite based on it. It is known that polypropylene is a polar, polycrystalline polymer and has a certain dipole moment,
which is reflected in the temperature dependences of € and tg6.

Fig.1 depicts the temperature dependences of € = f{7) (a) and tgd = f(T) (b) of the initial polypropylene composite
with 0, 0.5, 2, 3, 5, 6, 7 vol.% Na*MMT fillers measured at a frequency of v =1 kHz. It is clear from Fig.1(a) that the
dielectric constant (¢) of the initial PP varies slightly in the temperature range of 320-450 K. Furthermore, in the
dependence of € = (T), small maxima were observed in the temperature range of 330-333 K, 370-380 K, and 430433
K, due to the sample inhomogeneity. According to Fig.la, curve 2, when Na* (0.5 vol.%) is added to the polymer, the
values of € do not change in the temperature range of 300-350 K, and it increases slightly with a further increase in
temperature. Meanwhile, the previously observed maxima in the range of 370-380 K and 430-433 K are not observed,
which may be associated with an increase in the mobility of the polymer chain. The result obtained is confirmed by our
previous results. Fig.1 (a) illustrates that with further increase in Na content (2; 3 and 5 vol.%) in the polymer, € increases
exponentially in the range of 320-450 K. It is also evident from Fig. 1(a) that the samples containing 2 and 3 vol.%
Na"™™MT show a decline in dielectric constant in curves 4 and 5 over the temperature of 440 K.

——1 —— ——4 —e— ——3 - — —— - -
w
=]
5o
o”—aoz}—o'cga&’&occc,o -
oo *®
D"o/o
-
oo 0”/0
0/",. J - «'90003-&«-:
- SRS -
i:‘:f:.“ 2390 o8s dc®
pe
-0 »M
-«
TK T,K
a b

Figure 1a. Temperature dependence of ¢ = f (T) before Figure 1b. Temperature dependence of tgd = f(T) before
irradiation of the PP+vol.%Na*MMT composite at a frequency irradiation of the PP+vol.%Na*MMT composite at a frequency
of v=1kHz. 1-0%; 2-0.5%; 3-7%; 4-6%; 5-5%; 6-3%; 7-2% of v=1kHz. 1-2%; 2-3%; 3-5%; 4-6%; 5-7%; 6-0.5%; 7-0%
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Figure 1b. demonstrates the temperature dependence of tgd = f(T) before irradiation of the PP/(0, 0.5, 2, 3, 5, 6, 7
vol.%) Na"MMT composite at a frequency of v =1 kHz. The dependences demonstrate that the introduction of Na"MMT
into the polymer leads to a rather pronounced maximum of tgd in the initial composite, which is due to dielectric losses
during dipole relaxation and relaxation of the accumulated charge at the interphase boundary of the amorphous and
crystalline phases in the polymer matrix and matrix with Na"™MMT. Comparison of the curves points out that the observed
maximum in € = f{7) and the corresponding shoulder in the dependence of tgd = f(7) of the composite is considered to
be the result of the relaxation of the charge accumulated at the polymer-filler interface, which is released upon crosslinking
of the polymer matrix.

To study the effect of y-irradiation on the dielectric properties in PP/Na"MMT composites, the dependences of
e =A(T) and tgd = f (T) were investigated at T=300 K at various radiation doses. Figure 2 represents the temperature
dependence of € = f(T) after irradiation of the PP/(0, 0.5, 2, 3, 5 vol.%) Na"MMT composite with 200 kGy at a frequency
of v=1 kHz. Fig. 2(a) demonstrates that upon irradiation with a dose of 200 kGy in the dependence of € = f{T), a sharp
increase in the curves is observed at 440 K only for samples 1 and 5.
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Figure 2a. Temperature dependence of € = f(7) after irradiation ~ Figure 2b. Temperature dependence of € = f(7) and tgd = f(T)
of the PP/Na” MMT composite with 200 kGy at a frequency of after irradiation of the PP/Na® MMT composite with 200 kGy at
v =1kHz. 1-0%; 2-2%; 3-3%; 4-5%; 5-0.5% a frequency of v =1 kHz. 1- 0.5%; 2-5%; 3-3%; 4-2%; 5-0%

With a further increase in the radiation dose (300 kGy, Fig. 3(a)), the dielectric constant values change slightly in the
temperature range of 320-440 K, and a sharp increase is observed at T>440K. This means that at T>440K, polymer
degradation begins due to the interaction of the polymer matrix with radiation defects and filler nanoparticles.

Fig. 3 (b) demonstrates the temperature dependence of tgd = f(T) after irradiation of the PP/(0, 0.5, 2, 3, 5 vol.%)
Na*MMT composite with 300 kGy at a frequency of v =1kHz. Figure 3(b) reveals that in the polymer irradiated at the
dose of 300 kGy, tgd does not change in the range of 350-420K, and a sharp increase begins at the subsequent temperature
rise (curve 1). In samples with introduced nanoclay (curves 2-5) in the range of 310-350 K, tgd increases slightly after
irradiation and then remains constant. At temperatures T>440 K a significant increase in tgd occurs, indicating a decrease
in the properties of the composite material and the onset of degradation.
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Figure 3a. Temperature dependence of € = f(7) after irradiation ~ Figure 3b. Temperature dependence of tgd = A7) after
of the PP/Na* MMT composite with 300 kGy at a frequency of irradiation of the PP/Na®™ MMT composite with 300 kGy at a
v=1kHz. 1-0%; 2-7%; 3-6%; 4-5%; 6-2% frequency of v =1 kHz. 1-2%; 2-3%; 3-5%; 4-6%; 5-7%; 6-0%

To study the impact of irradiation on relaxation processes in PP/Na"MMT composite, their frequency dependences
of e =f(v)and tgd = f{v) at T =298 K were comparatively analyzed. These dependencies allow estimating the intensity
of molecular mobility of different relaxing processes. Fig. 4 (a) and (b) represent the dependences of € = f (v) and
tgd = f(v) before irradiation measured at a temperature of T = 298 K (b). Figure 5 (a) and (b) show the dependences of
e =f(v) (a) and tgd = f'(v) after irradiation, measured at a temperature of T = 298 K.
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As is known [11], the transition of the polymer matrix from glassy to highly elastic state in the polymer-filler system
leads to a decrease in the orientation stability of dipoles and an increase in the mobility of the polymer chain. And the
relaxation properties of the composite depend very strongly on these processes and the measurement temperature. At low
temperatures T~ 298 K, Figs. 4(a), 4(b), 5(a), 5(b), relaxation maxima in the dependence of tgd = f(v) of the initial and
irradiated samples of PP/Na"MMT composites are not revealed and only an increase at high frequencies is observed in
the measured frequency range.
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Figure 4a. Frequency dependence of € =f(v) before irradiation ~ Figure 4b. Frequency dependence of tgd- = f (v) before
of the PP/Na* MMT composite at a temperature of T=298 K. 1-  irradiation of the PP/Na* MMT composite at a temperature of
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Figure 5 a. Frequency dependence of tgd- = f(v) after irradiation ~ Figure 5 b. Frequency dependence of tgd- =f'(v) after irradiation
of the PP/Na* MMT composite with 100 kGy at a temperature of ~ of the PP/Na* MMT composite with 300 kGy at a temperature
T=298 K. 1-0%; 2-0.5%; 3-7%; 4-6%; 5-5%; 6-2% of T=298 K. 1-0%; 2-0.5%; 3-7%; 4-6%; 5-5%; 6-2%

The findings indicate that after irradiation the formed active centers, radicals and defects in the polymer structure
interacting with filler nanoparticles lead to a decrease in the mobility of the polymer chain and, therefore, to a decrease
in the values of € and tgd of the composite. However, at a radiation dose value of 300 kGy, the properties of the interphase
layer deteriorate as a result of the onset of degradation, which leads to a minor increase in the values of & and tgé. y-
irradiation is commonly known to ionize the polymer chain, resulting in crosslinking and chain rupture by free-radical
mechanism. The forming ions then cause chemical interactions between molecules at different concentrations in the
second phase. The degree of crosslinking depends on the polymer structure, phase morphology, gamma irradiation with
controlled dose and duration, and the nature of the gamma radiation source.

Based on the literature [12], it is also known that the introduction of fillers into the polymer matrix in composites leads
mainly to a decrease in the mobility of the macromolecules of the polymer chain. During gamma radiation exposure, the polymer
chains interaction with the filler surface increases during crosslinking and decreases with degradation. The dependence of tgd =
f(v) makes it clear that the maxima of the samples at radiation doses of 100 and 300 kGy are shifted towards low frequencies
relative to the initial one, which is associated with crosslinking and a decrease in the mobility of polymer chains.

The Figure 6 represents the X-ray diffraction patterns of different samples of the composite. As can be seen, with
increasing the amount of MMT in the composite, the intensity of the reflexes decreases in the range of values 20=13-25°,
This happens by decreasing the size of PP crystallites, i.e. due to the formation of new supramolecular structures.[13]

According to the results presented, the effect of radiation on the relaxation of volume charges accumulated in the
polymer-filler interphase boundary can be observed. In the dependence of tgd = f(v) for the initial PP/Na"MMT composite,
the observed flat maximum measured at a temperature of T~ 298 K consists of two components: the relatively low-
frequency one corresponds to the relaxation of the volume charge in the interfacial boundary, and the high-frequency one
corresponds to the relaxation dipoles in the matrix.
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Figure 6. The figure represents the X-ray diffraction patterns of different samples of the composite PP+vol.% Na"MMT composite
()= 0%; (—)-2%; (—) - 0,5%; (—) - 3%; (—) - 4%;(—) - 5%.

CONCLUSIONS

Hence, on the basis of investigation of frequency and temperature dependences of dielectric coefficients (g, tgd) in
y-irradiated polymer composites with Na® montmorillonite (MMT) nanoparticles, the nature of dielectric losses,
crosslinking and degradation mechanism have been revealed.

Having compared the obtaining results of temperature and frequency dependences of electrophysical properties of
the initial and y-irradiated PP/Na"MMT composite, it is possible to state that observed changes in these properties are
determined by the ratio of crosslinking and degradation processes occurring in the polymer matrix and in the interphase
boundary of the polymer with filler. It has been demonstrated that due to y-irradiation of polymer composites its dielectric
and electrophysical properties can be reasonably controlled. This offers opportunities for creating fundamentally new
types of products.
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BILIUB TAMMA-OIIPOMIHEHHS HA TIEJJEKTPUYHI BIACTUBOCTI TA PEHTTEHO®A3OBUIT AHAJII3
KOMITIO3UTY NOJINPOIIJIEH NA+MOHTMOPUWJIOHIT
Pacwmis JI. Mammaaoga?®, Kamana M. Tyceiinosa®*, Kipasrt A. T'yaica®, Xasu L. Baaioaiios!,
Baga E. Ataesal, Jlinapa M. Kagaposa®
“Kapabaxcvkuil ynigepcumem, Xankenoi, Azepbatiodxcar
bCymeaimeoxuii depoicasnuii ynisepcumem, Cymeaim, Azepbatioscarn
“Xazapcokuil ynieepcumem, baxy, Azepbaiiosxcan
[ Ilexincoruti pecionanvhuii naykoeuii yenmp, Llexi, Azepbaiioscan
¢Azepbatiodcancokuil yHigepcumem apximekmypu ma yusinoHozo oyoienuymea, Baxy, Azepbaiioxcan

JlociipKeHO BIUIMB Y-ONPOMIHEHHSI Ha Ji€NEeKTPHYHI BIACTHBOCTI MONIMEPHHUX KOMIIO3UTIB Ha OocHOBI mominpomineny (ITIT) 3
HaHo4yacTuHKaMu Na+-mout™opuionity (MMT). Byno BusiieHo, 1o y-onpominenHs B giana3oHi 103 100-200 xI['p mpu3BoauTs 10
He3HauHoro noripmenss 3anexxkHoctel € = f(T) (a) Ta tgd = f(T) koMmo3uTy Ha OCHOBI HOMIMpPOIiJIeHy 3 HamoBHIOBadYeM Na+MMT.
[Ipu nonanemomy 301IBIIEHH] 103K OMIPOMIHEHHS CIIOCTEPITa€Thes pi3ke 30UTbIIEHHS € Ta tgd Buie TemiepaTtypu ~ 440 K. Otpumani
Ppe3yNbTaTH IOKa3yI0Th, IO IMICJIST ONIPOMIHEHHS aKTHBHI IICHTPH, PaJUKalIN Ta Ae(EKTH, IO YTBOPIOIOTHCSI B CTPYKTYpi HOJIIMepy,
B33a€MOJIIIOTh 3 HAHOYACTHHKAMH HAIlOBHIOBAaYa, 3MEHINYIOYM PyXJIMBICTH IMOJIMEPHOTO JIAHIIOTA Ta, SIK HACIINOK, 3MEHIIYIOYH
3HAuUeHHs € Ta tagd kommo3uty. Asie npu no3i onpomiHeHHs 300 x['p BiaacTHBOCTI Mik(a3HOro HIapy HOTIPIIYIOTHCS BHACITIIOK
MOYAaTKOBOTO PYHHYBaHHS, 1[0 IPH3BOJUTH JO HE3HAYHOrO 30LNBIICHHS 3HAa4YeHb € Ta tgd. Pesynbratu anami3iB mokasanu, Lo
BBeJieHHs HaHorauH Na (MMT) y noninpornineH y kinbkocti 0,5% 3a 06'€eMOM NPU3BOAUTD A0 AESAKOTO MOKPALICHHS JieIeKTPUYHHUX
BJIACTUBOCTEH 110 Ta MICIsl ONPOMiHEHHs. BBakaeThcs, 10 MOTIPIICHHS TiCNCKTPUYHHUX BIACTHBOCTEH IiJi Yac ONPOMIHEHHS B
KOMITO3UTAaX BiIOYBa€ThCS Yepe3 3MiHH MPOIIECiB 3MIMBAHHS Ta pPyHHYBaHHS B IMOJIIMEPHI MaTpHLi Ta Ha Mik(pasHii Mexi moimMep-
HamoBHIOBad. [Toka3aHo, 10 3aBASKH Y-ONPOMIHEHHIO ITOJIIMEPHUX KOMIO3UTIB MOXKHA TOLUTBHO KOHTPOMIOBATH iX JTICIEKTPUYHI Ta
€JIEeKTPOQi3UYHI BIACTHBOCTI.
KunrouoBi cnoBa: noninponinen; Na+-monmmopuionim,; amma-onpominenus; oielekmpuina npoHuKHicmy, empamu OienieKmpuuHol
enepeii



