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The electrical and photoelectric properties of anisotype n-Si—p-GaSe heterojunctions obtained as a result of the deposition of a GaSe
thin layer on a cold n-Si single crystal substrate by the thermal evaporation method were studied. It was determined that the height
of the potential barrier in thermal annealing structures at T = 200°C during t = 3 hours occurs due to the decrease in the density of
states of local levels located near the Fermi level in the amorphous layer. The mechanism of photosensitivity in an isotype
heterostructures was analyzed and it was found that the photosensitivity of the heterojunction increases as a result of a decrease in the
surface density of state at the contact boundary of the components, by thermal means. The spectral distribution of the quantum
efficiency in the n-Si — p-GaSe heterojunction was studied and their perspective was determined.
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1. INTRODUCTION

Even though semiconductor materials have been studied for a long time, these studies are continued in this period
with modern methods. The main reason for this is that they have different functional properties. Due to the change
in functions under the influence of the size effect, extensive research is being carried out on these materials at the
atomic level [1-7]. The study of heterojunctions in these materials is of particular importance [8-10]. Because the
obtained results further increase their application areas. The study of physical processes in semiconductor structures
is related to increasing the efficiency of photoconverters and reducing the cost of solar cells. The research conducted
to increase the efficiency of solar cells is one of the important directions of solar energy. One of the promising solutions
to this problem is the creation of thin-layer structures. GaSe crystal, which is of practical importance in small-sized
electronic systems, occupies a special place among A3;Bs type compounds. The high drift mobility (~7000 cm?/V -s)
of electrons in ultra-thin GaSe nanosheets expands its application possibilities [11-14]. On the other hand, the width
of the forbidden band gap of GaSe crystal nanolayers strongly depends on the thickness of the layer, and the variation
of optical and photoelectric properties with control of thickness increases their application in optoelectronics [15-19].
To create effective photoconverter structures based on GaSe crystal, Si-based amorphous and single crystals as well
as complex semiconductor compounds are used [16]. Spectral distribution of photosensitivity in a-Si:H — n-InSe and
Si - GaN(O) structures obtained by a new technological method was investigated and the prospects of obtained
heterojunctions were shown [17,18]. Since the creation of a potential barrier in disordered semiconductors in the
aforementioned structures is based on the classical potential barrier model, the role of deep energy levels localized
near the Fermi level in the formation of p-n junctions is not taken into account, so there is a need to conduct new
research in this direction [19]. There exist several experimental and theoretical studies for the physical properties
of GeS crystal but so far, its thin film properties are still not sufficiently studied.

The aim of the study is investigation of the important characteristics of the heterocontact (n-Si — p-GaSe) created
based on Si single crystal and p-GaSe thin layer (amorphous and polycrystalline).

2. AMETHOD FOR PRODUCING A HETEROCONTACT AND MEASUREMENT METHODOLOGY
During the creation of the photosensitive structure, a chemically cleaned (100) oriented n-Si (KEF-7,5) single crystal
was taken as a substrate. As the second component, scraps of GaSe single crystal grown by the Bridgman method were
used. GaSe scraps were deposited on a cold Si (thickness ~50 um) substrate by thermal evaporation method in a vacuum
(~10"° mmHg). The thickness of the obtained thin layers was ~ 0.8-2 um. To determine the crystallization temperature
of the thin layer, it was thermally annealed in a vacuum at a temperature of t =200 °C for a period of t = 2-3 hours. The
optical absorption coefficient, dark conductivity and stationary photoconductivity were measured in the thin film
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with amorphous and crystalline structure [20]. The volt-farad characteristic (VFC), electrical and photoelectric properties
of the prepared n-Si - p-GaSe structure were studied [19].

3. RESULTS AND DiSCUSSION
Figure 1 shows the volt-farad characteristics of n-Si - p-GaSe structures on a cold substrate (1) and thermally
annealed (2).

C’x10° F’'m*

Figure 1. Voltage-Farad characteristics of the n-Si — p-GaSe structure

It can be seen from Figure 1 that the dependence of C? ~ f{U) has a linear character in the thermally annealed sample
(curve 2), while deviations from the linear dependence are observed in the sample with a cold base at high voltages. This
shows that the distribution of impurity atoms in the region of bulk charges has a non-linear character (measurements were
carried out at frequencies f = 50-100 kHz). The contact potential difference, p-n junction width, and electrostatic field
intensity for both structures were calculated according to [19,21] and for the thermally annealed sample were ~ 0.5V,
2-10* cm, 3.2-10* V/cm, and for the sample with cold substrate were ~ 0.38 V, 3-107° cm, 7.2-10% V/cm.

From the slope of the curves from VFC, the concentration of charge carriers was calculated according to [20]
and was 2.3-10'° ¢m™ and 1.8:10'3 cm?, respectively. Based on the comparison of the parameters obtained during
the calculation, it can be concluded that due to the weak interatomic bond in the GaSe layer obtained on a cold substrate,
the nature of the distribution of ionized atoms in the range of bulk charges depends on the localized oxygen layer
(dielectric layer) at the Si - aGaSe boundary during thermal evaporation. This fact is evident from the VFC extracted
at different temperatures C? ~ f{U). Figure 1 shows the VFC of the n-Si—p-GaSe structure at different temperatures. It can
be seen from the figure that with increasing temperature, the dependence of C> ~ f{U) in samples with a cold substrate (1)
changes more sharply than in thermally annealed samples. The reason for this may be the high concentration of unstable
defects.

Figure 2 shows the thermally annealed volt-ampere characteristics of the n-Si— p-GaSe structure at different
temperatures.
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Figure 2. Current-voltage characteristics of the n-Si — p-GaSe structure (at different temperatures: 7=100 K (1'and 2"), 7= 300 K (1 and 2),
1 and 1' GaSe obtained on a cold layer substrate, and 2 and 2' - a GaSe layer at a temperature of 7=473 K

It can be seen from Figure 2 that at temperature 7 = 300 K and at low voltages, the dependence of I/ ~ f{U) obeys
the law I ~ exp(eU/pkT) (f = 2-3), and at high voltages obey the law (0.3-0.4 V) [ ~ AU™ (m = 1.5-2). At low temperature
(100 K), due to the increase of the voltage drop in the crystal, the Volt-Ampere characteristics (VAC) shift towards
the high voltage region, but the exponential regularities are preserved. The analysis of the obtained experimental results
shows that the rectifier capacitance of the p-n junction obtained on a cold substance is lower than that of the annealed
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layer since the layer obtained on the cold substance is in an amorphous state. Crystallization centers formed
in the amorphous layer during thermal annealing led to improvement of the current rectification property. Figure 3 shows
the VAC opposite direction of the n-Si — p-GaSe structure at different temperatures. It can be seen from the figure
(curves 1, 2) that the current in the thermally annealed sample (curve 1) obeys the law of 7 ~ U™.
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Figure 3. VAX of n-Si—p-GaSe structures in the opposite direction. 7= 100 K (1', 2""), 7= 300 K (1, 2), 1-1' GaSe layer obtained
on a cold substrate, 2-2' — GaSe layer at T=473 K

The slope of the dependence I ~ f(U) consists of two parts. In the region of U = 0-8 V, the diode coefficient is
m ~ 1.1, and in the high voltage region it is m ~ 1.5. In the amorphous layered structure (2), small deviations are observed
at values of reverse voltage U > 10 V, and the diode coefficient is close to m ~ 1. This may be due to the high layer and
small barrier capacity of the layer, as shown in [19,22].

The VAC analysis of the n-Si-p-GaSe structure shows that the current flow mechanism in anisotropic n-Si-p-GaSe
structures depends on the value of the contact potential difference that forms the area of bulk charges. As shown in [23],
due to the high density of state in the vicinity of Fermi level (~10'® cm™), the height of the potential barrier decreases as
a result of the change of the potential and electric field distribution in the area of bulk charges. This leads to a deterioration
in the quality factor of the p-n junction relative to the structure undergoing crystallization.

Figure 4 shows the spectral characteristics of n-Si — p-GaSe structures (1,2- heated substrate; 3,4 cold substrate,
GaSe surface illuminated) 7= 300 K.
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Figure 4. Spectral characteristics of n-Si/p-GaSe structures (1 — heated substrate; cold substrate, illuminated GaSe surface;
3 - heated cold substrate: cold substrate, surface illuminated from the Si side)

From curve 1 in Figure 4, it can be seen that the "window effect" observed in the spectral range of 1.0-3.0 eV during
illumination from the wide-band surface of the heterojunction obtained on the heated substrate is related to the forbidden
gap of the compounds. The width of the photosensitive region of the spectrum observed at the maximum photosensitivity
hv =~1.5 eV was AS ~ 70-800 meV. the sharp decrease in photocurrent at values of hv > 2.6 eV is due to the decrease
in interband electron transitions. As can be seen from curve 2 in Figure 4 the photosensitivity of the heterojunction formed
on the cold substrate decreases compared to curve 1 and reaches its maximum value at hv = 1.5 eV. The half-width of the
spectrum decreases and becomes AS ~ 45-500 meV. The shortening of photosensitivity and spectral range is due to high
electroactive local defect density at the contact boundary [23].

The photosensitivity and spectral width decrease when the heterojunction formed on the heated substrate during
illumination from the Si side (3rd curve in Figure 4). In this case, the energy corresponding to the maximum value of the
photocurrent shifts to the lower energy region and becomes hv = 1.2 eV. When the heterojunction formed on the cold
substrate and is illuminated from the Si side, the obtained spectrum shifts to the long-wave region (curve 4) and the the
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short-wavelength border of photosensitivity corresponds to the band gap of the Si substrate. As can be seen from Figure
4, the red border of the spectral characteristics of n-Si — p-GaSe structures is determined by the forbidden gap of the
substrate. Kinetic analysis of photocurrents in anisotropic n-Si — p-GaSe structures shows that the mechanism
of photoconductivity depends on the distribution density of defects at the amorphous-crystalline boundary (HJ).
Photosensitivity is reduced because photocarriers in the HJ, formed in a cold substrate illuminated from a wide bandgap,
are trapped by local high-density levels formed at the interface. After thermal annealing (Fig. 4. curve 1) due to the orderly
distribution of electroactive defects in the area of bulk charges, the height of the potential barrier for the main charge
carriers increases (Fig. 1) and the photosensitivity of HJ increases several times. With the applying of an external voltage
to HJ- (direct or opposite direction), the Fermi level position in the region of bulk charges changes, as well as the height
of the potential barrier, as a result of which the diffusion and drift velocities of charge carriers are change. This causes a
redistribution of charged defects in the area of bulk charges. From the comparison of the volt-farat characteristics
of n-Si-p-GaSe structures, it can be seen that the processes occurring at the boundary during the amorphous GaSe - Si
contact depend on the distribution of the electroactive density of states localized in the vicinity of the Fermi level.
Considering that broken bonds in amorphous layers are sensitive to external influences (temperature, electric field,
ionizing rays), their recovery process is accelerated during thermal annealing and due to the redistribution of electroactive
local levels, occurs equilibrium in the area of bulk charges. This leads to an increase in the height of the potential barrier
in the structure.

To clarify the current flow mechanism, the zone diagram of the studied heterojunction was built according
to Anderson's model (Figure 5).

Since there is no information about the electron affinity parameter for the GaSe layer, the main parameters of the
zone diagram —breakdown (AE. and AEy) were calculated according to the experimental values of the diffusion potential
(Va1 and V¢) taking into account the Fermi level of the components and the energy values of the forbidden gap. For the
calculation, the electron affinity y, = y, = 3.6 eV for the GaSe crystal was used [22,23]. Based on the results of the
mentioned literature, the breakdowns of the energy zones for the nSi-aGaSe heterojunction were calculated for conduction
and valence bands AEc ~ 1.55 eV, AE, ~ 0.15 eV respectively. The high density of state at the contact boundary of the
HJ, formed based on the used model, is due to the incompatibility of the structural parameters of the components. Since
partial crystallization is observed in the a-GaSe layer during thermal annealing, the photosensitivity of the structure
increases due to a decrease in the density of states of the surface. The obtained results correspond to the values given
for InSe — GaSe and Si — GaSe in [15,17].
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Figure 5. Band energy diagram of the n-Si-p-GaSe heterojunction

4. CONCLUSIONS

Thus, based on VFC, the influence of the charge density distribution on the electrostatic parameters in the region of
bulk charges in a heterostructure formed based on amorphous GeSe and crystalline n-Si was determined. It was found
that an increase in the contact potential difference in the dependence of C? ~ f(V) for thermally annealed n-Si — p-GaSe
sample is due to reduce the density of states near the Fermi level (from ~10' eV-'cm™ to 10'° eV-'em™) in the amorphous
GaSe layer. In an amorphous GaSe layer, the distribution of potential and electric field intensity in the region of bulk
charges changes due to the presence of the density of states of charged local levels located in the vicinity of the Fermi
level. As a result of a decrease in the density of states at the contact boundary during thermal annealing, the intensity in
the bulk charge region decreases, and the width of the region of bulk charges and the height of the potential barrier
increase from 0.4 to 0.8. eV.
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OTPUMAHHSI 'TETEPOIIEPEXOIB N-Si-P-GaSe HA OCHOBI AMOP®HOI'O GaSe IIAPY BE3 JIOMIIIIOK TA
JOCJIKEHHA iX EJTEKTPUYHUAX BJACTUBOCTEM
Paxim Caznim Magatos?, A.C. Aneknepos®, ®.H. Hypmammanosa®, Hapmin A. Iemainosa®?, Caxin X. [Izxabapos?
“Iucmumym padiayitinux npoonem Minicmepcmea nayku i oceimu Azepbatioxcancvroi Pecnybnixu, baky, AZ-1143, Asepbaiioscan
b Asepbaiioocancoruii depacasnuii nedazoziunuii ynisepcumem, baxy, AZ-1000, Asepbaiiosican
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JocmipkeHo enekTpuyuHi Ta GoToeneKTpUYHi BIaCTUBOCTI aHI30THIHUX reteponepexoniB n-Si—p-GaSe, oTpHMaHUX B pe3yNbTaTi
oca/pKeHHsT ToHKoro mmapy GaSe Ha X0lI0JHy MOHOKPHUCTAJIbHY MiJKIAIKy N-Si METOIOM TEPMIYHOTO BUIIapOBYBaHHs. Bu3HatueHoO,
110 MiIBUIIEHHS BUCOTH OTEHIIIHOTO Oap’epy B CTpyKTypax Tepmigaoro Binnany npu T =200 °C mpotarom t =3 roguH BigOyBa€eTbes
3a pPaxyHOK 3MEHIICHHS TYCTHHH CTaHIiB JIOKaJbHHUX pIiBHIB, pO3TamoBaHux NoOmm3y piBHI Pepmi B amopdHOMy mmIapi.
[IpoananizoBaHO MeXaHi3M (H)OTOUYTIMBOCTI B I30THIHUX I'€TEPOCTPYKTYpaxX i BCTAHOBJIECHO, IO (POTOUYTIMBICTH T'€TEPONEPEXOTy
MABUIYETHCS B PE3yJIbTaTi 3MEHIICHHS MOBEPXHEBOI HIUIBHOCTI CTaHy Ha MeEXi KOHTAKTYy KOMIIOHEHTIB TEPMIYHHUM IILITXOM.
JlocnipkeHO CIeKTpalIbHU PO3II0JIiI KBAHTOBOT e(heKTUBHOCTI B reTepornepexoni n Si — p GaSe Ta BU3HAUCHO iX HEPCHEKTHUBY.
Kuarouori ciioBa: GaSe, monxa nuiexa, eemeponepexio; enekmpoqizuuti 61acmueocmi
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It is shown that the dynamics of changes in the state of nickel clusters depends on the temperature of the diffusion maximum and
the cooling rate. It was found that with increasing annealing temperature and cooling rate, an increase in density and a decrease
in cluster size are observed. In this case, the main attention was paid to the determination of the laws governing the change in the
density, size, and structure of clusters from temperature and cooling. The process and dynamics of the interaction of clusters depends
on the diffusion coefficient of impurity atoms in the lattice and the level of supersaturation of the solid solution. It has been established
that with a change in the annealing temperature from T = 1100°C to 1250°C, the cluster density increases by almost 1-1.5 orders
of magnitude, and their size decreases by a factor of 5-6. It seems to us that to obtain clusters with stable parameters, the optimal
cooling rate is 200-300°C.

Keywords: Silicon,; Impurity cluster; Doping; Diffusion,; Cooling rate; Nanostructure; Diffusion coefficient; Cluster density

PACS: 78.30.Am

INTRODUCTION

The study of the influence of doping conditions on the properties of nickel atom clusters is of great scientific and
practical interest. Since the study of the properties of clusters, their stability and degradation processes in them, makes it
possible to create the necessary micro-and nanostructures of cluster-silicon, cluster-silicon-cluster, etc. [1; 2].

The formation of a cluster leads the system to a more equilibrium state with minimal internal energy [1, 10].
Therefore, for the formation of clusters of impurity atoms, the following conditions must be fulfilled:

- Impurity atoms must have a high diffusion coefficient and sufficient solubility in the studied semiconductor
materials.

- They must not form silicides or other solid solutions.

- Bond energy of impurity atoms in a cluster should be sufficient so that such clusters do not decay when exposed
to external influences or with time.

Let us analyze which impurity atoms in semiconductors and under what conditions can satisfy the above conditions.

Almost all the elements of the transition group in silicon have sufficiently large diffusion coefficients
(D~105+10"% cm?/s), but they have a low solubility (N~10'5+10'8 cm™).

It should also be noted that these elements create several deep levels in the band gap, but the majority
of the introduced atoms are in the electrically neutral state (90-99.99%). Under conditions of high-temperature diffusion
doping, almost all elements of transition groups form silicide with silicon atoms with different compositions [3], therefore,
it can be assumed that doping of silicon with elements of transition groups using high-temperature diffusion does not
allow the formation of atomic clusters.

In this regard, we are studying and developing a new method of doping silicon with nickel atoms, the so-called
low-temperature and step doping.

The essence of this doping method is to carry out diffusion of the impurity with a gradual and phased increase in the
diffusion temperature from room temperature to a certain value, with a certain speed and holding the samples for a certain
time at each diffusion stage [4,11].

The question is, what might be the result of such doping technique? It gives the following:

1. At low temperatures, the concentration of equilibrium vacancies is negligent and there is practically no capture
of impurity atoms by vacancies.

2. In the region of low temperatures, the impurity is forced to diffuse only along the interstitial locations, which
provides not only a high diffusion coefficient, but also significantly increases the probability of the interaction of impurity
atoms with each other.

3. Under conditions of low-temperature alloying, the formation of silicides and other hard alloys is almost
completely absent, since the concentration of impurity atoms will be insufficient for the formation of silicide [1, 5].
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4. For impurities diffusing from the gas phase (Mn, Zn, S, Se, Te) erosion of the surface of the sample is
excluded [6, 7].

Thus, we can say that the new doping method can create optimal conditions for the formation of clusters of impurity
atoms. This allows us to create sensitive detectors and use them as implants in humans in the future.

MATERIALS AND METHODS

To study the effect of the maximum diffusion temperature on the state of clusters, samples were made based on
n-type silicon with ¢ 40 Q-cm, with an oxygen concentration of N ~7-10'7 ¢cm™. The maximum temperatures were
T =1100°C, 1150°C, 1200°C and 1250°C, other doping conditions and cooling conditions were the same.

In this case, the main attention was paid to determining the laws of changes in the density, size, and structure
of clusters as a function of temperature. The cluster size was determined by comparing with a calibration standard with
a width of 75 um with a maximum increase of INFRAM-I, the average density was determined by counting the number
of clusters in a certain area. In this case, the standard error of the measurements was 10—12%.

RESULTS AND DISCUSSION
In Figure 1 it is shown the dynamics of changes in the state of nickel clusters depending on the temperature of the
diffusion maximum. As can be seen from the figure, with an increase in the annealing temperature, an increase in density
and a decrease in cluster sizes are observed.

8, cni”], X, pm
107} P
14
3
10° 12
11
10°L

1050 1100 1150 1200 1250 7,°C
Figure 1. Change in the parameters of nickel clusters depending on temperature at the end of diffusion

Thus, it was found that with annealing temperature changing from T = 1100°C to 1250°C, the cluster density
increases by almost 1-1.5 orders of magnitude, and their size decreases by 5-6 times. To study the effect of the cooling
rate, 3 parties of samples were prepared in three ampoules with the same geometric parameters. They were alloyed at
T = 1200°C; the first party of samples was cooled by dropping the ampoule directly into the oil (T =25°C) [3,12,18]. The
calculation shows that in this case, the cooling rate is about v = 300°C/s. The second party of samples was cooled on a
massive metal plate. In this case, the cooling rate is ~100°C/s. The third one of samples was left in the furnace, after it
was turned off, and which was cooled for a very long time for approximately 160-180 minutes to a temperature of
T = 200°C. The state of clusters in samples cooled at different rates is shown in Figure 2.
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Figure 2. The effect of cooling rate on the parameters of nickel clusters

As can be seen in the samples cooled at a rate of 9;=200°C/s, a significant decrease in the cluster size and a
noticeable increase in their density are observed. At the maximum cooling rate, the INFRAM-I microscope did not allow
observing the presence of any clusters not only on the surface, but throughout the volume. At the same time, in samples
cooled in the furnace, a noticeable increase in cluster sizes is observed. Thus, it turned out that by changing the doping



329
Influence of Doping Conditions on the Properties of Nickel Atom Clusters EEJP. 1 (2024)

conditions, one can control the density and size of clusters. It seems to us that to obtain clusters with reproducible
parameters, the optimal cooling rate is 200—-300°C/s. By changing the diffusion temperature (1100—1250°C), one can
obtain the necessary density and size of clusters.

The physical nature of the interaction of clusters of impurity atoms in semiconductors does consist in the tendency
of the system to a state with minimum free energy [8], i.e., to the gradual restoration of the equilibrium state of the system.
Under ordinary conditions (T~300 K), the introduced impurity atoms in the lattice, regardless of the doping method,
create a locally deformation or electric potential. The magnitude of this potential is mainly determined by the size,
electronic structure, charge state and concentration of impurity atoms. Consequently, we can assume that semiconductor
materials supersaturated with impurity atoms are in a nonequilibrium state. Therefore, under the presence of appropriate
thermodynamic conditions, the interaction of clusters of impurity atoms occurs, i.e., the process of restoring
the equilibrium state of the system occurs due to the formation of stable complexes i.e. clusters. The process and dynamics
of cluster interaction depends on the diffusion coefficient of impurity atoms in the lattice under the conditions under
consideration, and the level of saturation of the solid solution. It follows that the interaction of clusters of impurity atoms
with a small diffusion coefficient (i.e., an impurity forming a substitutional solid solution) occurs very slowly, almost not
noticeably. However, for such impurity atoms with a high concentration (N~10?+-10?> ¢cm™), the cluster interaction
process is significantly accelerated [4]. In this regard, impurity atoms having a sufficiently large diffusion coefficient are
of interest, i.e., impurities forming solid interstitial solutions. Thus, it can be argued that from the point of view
of thermodynamics, cluster formation of impurity atoms is a natural process. But the speed of this process, as mentioned
above, is mainly determined by the diffusion coefficient and the level of saturation of the solid solution.

The kinetics of the formation of clusters of impurity atoms in the crystal lattice of a semiconductor can be described
by the following model. In the process, after diffusion thermal annealing, impurity atoms are in an extremely
nonequilibrium state and must go to their centers of equilibrium (nuclei) of future clusters in their equilibrium positions.
This process provides the system with the acquisition of minimum free energy. The kinetics of the process is determined
by the following factors:

1. The coefficient of supersaturation K, which is determined by the ratio of the solubility of impurity atoms
at diffusion temperature to solubility at thermal annealing temperature. The larger the K value, the more the system is
in a nonequilibrium state. Therefore, we can assume that K is the main driving factor in the formation of clusters.

2. The formation of impurity atom clusters at the lattice sites is limited not only by the diffusion coefficient, but also
by the formation of a sufficiently large concentration of vacancies. When impurity atoms are in internodes, the process is
significantly accelerated due to the large diffusion coefficient and the possibility of cluster formation in internodes with
certain states and structures, which does not require significant rearrangement of the crystal lattice and energy.
The diffusion coefficient of impurity atoms at the thermal annealing temperature is determined by the ratio.

Eg
D, =D, exp T
t

where E, is the diffusion activation energy; & is the Boltzmann constant. It can be seen from this relation that,

with increasing temperature, the diffusion coefficient increases, but the coefficient K decreases accordingly.

3. The nuclei of clusters can be all kinds of defects - dislocations, vacancies, impurity atoms, etc. An analysis
of experimental works [9, 10] shows that the density of clusters does not depend on the density of dislocations and exceeds
their density by several orders of magnitude. Therefore, we can assume that the contribution of dislocations to the quality
of the nucleus of clusters is not basic. Calculations show that the concentration of equilibrium vacancies in silicon, which

are determined by the ratio:
E E
N, =N, exp| —= |=5-10" exp| ——=
= - 5107 e -

and the low-temperature annealing region is much lower than the concentration of impurity atom clusters in the lattice,
which allows us to conclude that although vacancies can be cluster nuclei, their contribution is negligible. Therefore, we
assume that the nuclei of the clusters are impurity atoms that are in equilibrium at the annealing temperature. In this
regard, in a simplified model, we can assume that the concentration of impurity atoms that are in equilibrium at
the annealing temperature can serve as the concentration of clusters.

4. The number of atoms in the clusters is mainly determined by the value of the supersaturation coefficient K.
Therefore, it can be assumed that, by controlling the value of K, one can obtain both molecules consisting of several atoms
and nanoclusters and clusters with sizes from 0.1 to 10 um. The number of atoms in the clusters will be equal

_N,—N, N,

N, =—2-1
Nt Nt

Based on the results of studies with an INFRAM-I microscope, it was found that the cluster size varies within
0.1-3 pm. It seems to us that this is the size of the deformed region of the silicon lattice in which the clusters are located.
Therefore, it can be assumed that the true cluster size is 0.05—1.5 pm.
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Regarding the concentration and distribution of clusters in the lattice one can assume that if we take into account
that for each elementary face-centered cubic lattice created by nickel atoms inside a silicon crystal, n=4 (n=A4/8+C/2)

, and determining the average volume of each cluster (~ 10’A) and the volume of the elementary lattice of nickel atoms
(~20A), then we can calculate on average how many unit cells are in each cluster. As the calculation shows, the average
number of unit cells in each cluster is ~ 10°, and the number of nickel atoms in each cluster is N ~ 4-10° atoms. If we
assume that almost all nickel atoms participate in cluster formation, then the cluster concentration is N =N,/n~

10'2 cm3, (where Ny; is the concentration of nickel atoms in silicon ~ 10'® cm).

Now we determine the concentration of clusters based on experimental data. The cluster density determined on the
basis of INFRAM-I results is ~ (4+5) 10° cm?, the average diameter of each cluster is ~ 0.5 um, therefore there should
be about 1011 clusters in one 1 cm?. This experimental data is quite close to the calculated data. Thus, it can be
undoubtedly stated that the nickel atoms in silicon (at T=1200°C) create clusters with a concentration of ~10'2 cm. The
results of microprobe analysis on the Jeol JXA-8800R and the electrical properties of the clusters showed that the clusters
of nickel atoms have a conductivity close to metallic. Then it can be assumed that each cluster-silicon structure is a
Schottky barrier, i.e., Schottky diode. The features of such a Schottky diode, unlike ordinary Schottky diodes, are, firstly,
the absence of surface states in the metal-semiconductor contact region, this is an ideal Schottky barrier, secondly,
“buried” Schottky diodes can be created, and thirdly, a cluster-silicon structure can be created -cluster or silicon-cluster-
silicon with an ideal contact region; in the fourth, it is possible to control the area of such structures with a radius
of ~0.05+1 pm.

CONCLUSION

By studying the various external influences and comparing the works of other authors, we made a conclusion that
the sensitivity of the resulting samples demonstrates hundred times more magnitude to radial pressure in compare to
results demonstrated by other authors [13-21]. And they demonstrate the results that met the parameters we needed. Based
on the above, it can be assumed that the experimentally observed non-monotonicity of the dependences p=f(P) is a
consequence of two conflicting processes: the first is a decrease in the band gap and the associated change in the ionization
energy of deep Ni levels, which leads to an increase in conductivity and the second is the decay of precipitates impurities
with an increase in the concentration of electrically active centers, which, under the influence of pressure, are displaced
from the volume of the semiconductor and change the spectrum of the surface charge distribution at the
metal-semiconductor interface. Mechanical stresses that stimulate the gettering of defects from the bulk of the
semiconductor, or impurities localized in the metal-semiconductor transition layer and interacting with surface states,
may be responsible for changes in the properties of the interface under the influence of pressure [15, 16]. All these features
show very interesting new functionalities of silicon with clusters of nickel atoms. For example, the abilities to create
almost perfect Schottky barriers with gigantic frequency properties and to create photodetectors with a response time of
the order of several picoseconds, as well as possibility to create integrated circuits with an ultrahigh degree
of integration, etc.

Acknowledgment
The authors are grateful to the Director of the Research Institute of Semiconductor Physics and Microelectronics, Doctor
of Physical and Mathematical Sciences, Prof. Sh.B. Utamuradova for assistance in conducting experiments and discussing the results.

ORCID
Fayzulla A. Saparov, https://orcid.org/0009-0001-4291-1334; ©Kanatbay A. Ismailov, https://orcid.org/0000-0003-2867-0826

REFERENCES

[1] Z.Saparniyazova, T. Ismaylov, G. Abdireymova, G. Turmanova, and T.Kh. Hakimov, “Influence ofy - radiation on the properties
of silicon with clusters impurity atoms of manganese and nickel,” E3S Web of Conferences, 289, 07020 (2021).

[2] B.I. Boltaks, Diffusion in semiconductors, (State publishing house of physical and mathematical literature, Moscow, 1971).
(in Russian)

[3] S.I Vlasov, and F.A. Saparov, "Effect of pressure on the electric properties of passivating coatings based on lead borosilicate glasses,”
Surface Engineering and Applied Electrochemistry, 47(4), 338-339 (2011). http://dx.doi.org/10.3103%2FS1068375511040156

[4] Z.M. Saparniyazova, K.A. Ismailov, A.K. Uteniyazov, and Kh.U. Kamalov, “Effect of the diffusion temperature on interaction
of clusters with impurity atoms in silicon,” Semiconductor Physics, Quantum Electronics and Optoelectronics, 24(1), 22-25
(2021). https://doi.org/10.15407/spqe024.01.022

[5] K.M. lliev, Z.M. Saparniyazova, K.A. Ismailov, O.E. Sattarov, and S. Nigmonkhadzhaev, “Interaction of radiation defects with
nickel atom  clusters in  silicon,”  Surf.  Engin.  Appl.  Electrochem.  47(5), 385-387  (2011).
https://doi.org/10.3103/S1068375511050103

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

[7] Sh.B. Utamuradova, Kh.S. Daliev, E.K. Kalandarov, and Sh.Kh. Daliev, “Features of the behavior of lanthanum and hafnium
atoms in silicon,” Technical Physics Letters, 32(6), 469470 (2006). https://doi.org/10.1134/S1063785006060034

[8] Sh.Kh. Daliev, and F.A. Saparov, “On the properties of the Si-SiO; transition layer in multilayer silicon structures”, East European
Journal of Physics, (4), 206-209 (2023), https://doi.org/10.26565/2312-4334-2023-4-25.



331
Influence of Doping Conditions on the Properties of Nickel Atom Clusters EEJP. 1 (2024)

[91 Sh.B. Utamuradova, Sh.Kh. Daliev, D.A. Rakhmanov, A.S. Doroshkevich, V.A. Kinev, O.Yu. Ponamareva, et al., Advanced
Physical research, 5(2), 73-80 (2023). http://jomardpublishing.com/UploadFiles/Files/journals/ APR/VSN2/Utamuradova_et_al.pdf

[10] S.B. Utamuradova, S.Kh. Daliev, E.M. Naurzalieva, and X.Yu. Utemuratova, “Investigation of defect formation in silicon doped
with silver and gadolinium impurities by raman scattering spectroscopy”, East European Journal of Physics, (3), 430433 (2023).
https://doi.org/10.26565/2312-4334-2023-3-47

[11] A. Muratov, Z. Saparniyazova, L.I. Bakhadirov, and A. Bijanov, “Analysis of electricity loss calculation methods in distribution
networks,” E3S Web of Conferences, 289, 07017 (2021).

[12] S.I. Vlasov, F.A. Saparov, and K.A. Ismailov, “Effect of pressure on the characteristics of Schottky barrier diodes made of
overcompensated semiconductor,” Semiconductor physics, quantum electronics & optoelectronics, 13(4), 363-365 (2010).
http://journal-spqeo.org.ua/n4_2010/v13n4-2010-p363-365.pdf

[13] Sh.B. Utamuradova, A.V. Stanchik, and D.A. Rakhmanov, “X-ray structural investigations of n-Si<Pt> irradiated with protons”,
East European Journal of Physics, (2), 201-205 (2023). https://doi.org/10.26565/2312-4334-2023-2-21

[14] Abdurakhmanov K.P., Kulikov G.S., Lebedov A.A., Utamuradova Sh. B., and Yusupova S.A. “Influense of Oxygen and Carbon
on the behavior of manganese in n-type Si”, Soviet physics semiconductors-USSR, 25(6), 648-650 (1991).
https://istina.msu.ru/journals/419406/ (in Russian)

[15] Sh.Kh. Daliev, Y.A. Saydimov, F.A. Saparov, and F.B. Umarov, “Influence of pressure on characteristics metal-semiconductor
interface boundaries”, in: Proceedings of the I*' International Scientific and Practical Internet Conference, “Importance of Soft
Skills  for Life and Scientific ~Success,” (FOP Marenichenko, V.V., Dnipro, Ukraine, 2022). pp.41-45.
https://ibn.idsi.md/sites/default/files/imag_{file/Importance%200f%20Soft%20Skills%20for%20Life%20and%20Scientific%20
Success 2022-1.pdf

[16] D.M. Esbergenov, E.M. Naurzalieva, and S.A. Tursinbaev, “Enhancing the perfection of a silicon crystal doped with nickel and
zinc impurities”, East European Journal of Physics, (4), 172-176 (2023), https://doi.org/10.26565/2312-4334-2023-4-19

[17] Sh.B. Utamuradova, K.S. Daliev, Sh.Kh. Daliev, and U.K. Erugliev, Capacitive spectroscopy of deep levels in silicon with
samarium impurity, East European Journal of Physics, (4), 303 (2023), https://doi.org/10.26565/2312-4334-2023-4-39

[18] Kh.S. Daliev, Sh.B. Utamuradova, O.A. Bozorova, and Sh.Kh. Daliev, “Joint influence of impurity atoms of nickel and hafnium
on photosensitivity of silicon solar cells,” Geliotekhnika, (1), 85-87 (2005).

[19] S.B. Utamuradova, Z.T. Azamatov, M.A. Yuldoshev, N.N. Bazarbayev, and A.B. Bakhromov, “Investigations of nonlinear
optical properties of lithium niobate crystals,” East European Journal of Physics, (4), 147 (2023). https://doi.org/10.26565/2312-
4334-2023-4-15

[20] A.Yu. Leyderman, R.A. Ayukhanov, R.M. Turmanova, A.K. Uteniyazov, and E.S. Esenbaeva, “Non-recombination injection
mode,”  Semiconductor ~ Physics, Quantum  Electronics and  Optoelectronics, 24(3), 248-254  (2021).
https://doi.org/10.15407/spqe024.03.248

[21] N.A. Turgunov, E.Kh. Berkinov, and R.M. Turmanova, “The effect of thermal annealing on the electrophysical properties of
samples n-Si<Ni, Cu>,” East European Journal of Physics, (3), 287 (2023). https://doi.org/10.26565/2312-4334-2023-3-26

BIIJIUB YMOB JIETYBAHHSI HA BJIACTUHBOCTI KJIACTEPIB ATOMIB HIKEJIIO
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INoka3ano, mo JuHaMika 3MIHM CTaHy KJIACTEpiB HIKENI0 3aJIeKUTh BiJl MaKCHMaJbHOI Temriepatypu Anudy3ii Ta MIBHAKOCTI
OXOJIO/DKEHHsI. BeTaHOBIIEHO, 110 31 301IBLICHHSM TEMIIepaTypH BiJany Ta IIBHIKOCTI OXOJIOKEHHSI CIIOCTEPIraeThCst 301IbIICHHS
LIJIBHOCTI Ta 3MEHIICHHs po3Mipy kiactepiB. [Ipu 1boMy OCHOBHa yBara NpUAIIAIACS BHU3HAYCHHIO 3aKOHOMIPHOCTEH 3MiHH
LITBHOCTI, PO3MIPIB 1 CTPYKTYPH KJIacTepiB BiJ TEMIEpaTypu Ta OXOJIO[KEHH. [Iporec 1 AnHaMika B3a€MOJi1 KIacTepiB 3aIeKHUTh
Bix KoedimieHTa nudy3ii JOMIMIKOBAX aTOMIB y IPaTIi Ta PiBHS MEepeHACHUYCHHS TBEPIOTO PO3UMHY. BcTaHOBNEHO, IO mpH 3MiHi
temneparypu Bianany Bix T = 1100°C mo 1250°C minbHICTS KiIacTepiB 3pocTae Maibke Ha 1-1,5 mopsakis, a iX po3Mip 3MEHIIY€ThCS
B 5-6 pasiB. BiporimHo, mo Ui OTpEMaHHS KJIAcTepiB 3 BiATBOPIOBAHUMH IapaMeTpaMH ONTHMAalbHA IIBUJKICTH OXOJIOJDKCHHS
cra"oBuTh 200-300°C.

Kuro4oBi ciioBa: kpemuiil, kiacmep 00MIWoOK, 0onine; OuQy3is, weuoKicms 0X0JI00NCEeHHsl, HAHOCMPYKMYpa, Koepiyicum ougysii;
WINbHICMb KIIACEPI
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Perovskite solar cells have garnered significant attention from solar cell researchers due to their potential for achieving high efficiency,
primarily attributed to their exceptional Electron Transport layer (ETL). One of the key elements of perovskite solar cells for
transporting electrons to generate current is the ETL material. Moreover, there is a promising avenue for enhancing stability and
reducing fabrication costs by substituting the transport layer. In this study, TiO2 and SnO2 were used as ETL materials in the architecture
of perovskite solar cells for a comparative analysis between two devices featuring distinct structures: TiO2/CH3NH3Pblz/Spiro-
OMeTAD and SnO2/CH3NH3Pbls/Spiro-OMeTAD. To evaluate the performance of each electron transport layer (ETL), the SCAPS
1D tool was employed. The investigation involved varying the thickness of the electron transport layers, interface defect density and
working temperature, allowing for a comprehensive assessment of key parameters such as voltage at open circuit (Voc), short circuit
current density (Jsc), fill factor (FF), and overall efficiency (PCE%). Remarkably, when employing SnO: as the ETL, the achieved
efficiency stands at 10.10 %. In contrast, utilizing TiO2 as the ETL yields a slightly higher efficiency of 12.84%. These findings
underline the nuanced influence of transport layer materials on the overall performance of perovskite solar cells.

Keywords: Perovskite; Solar cell; SCAP-1D

PACS: 02.60.Cb, 61.72.-y, 42.79.Ek, 84.60.Jt

INTRODUCTION

Global worries about the depletion of fossil fuels have led to an increasing demand for renewable energy sources
considering recent technological advancements. Permanent resources may be provided by renewable energy; all that is
needed for researchers to take use of these natural resources is to broaden their study scope. Solar energy is among the most
promising renewable energy sources [1]. As a result, creating a new solar cell technology with higher power conversion
efficiency (PCE) and lower processing costs will take a great deal of work. These days, organic and inorganic halide
perovskite solar cells are simple to fabricate in a variety of locations, meet the aforementioned properties, and offer intrinsic
benefits such as a high absorption coefficient, long carrier-diffusion length, and high carrier mobility [2]. They are thus very
desirable for the next solar cell technologies. However, Kojima et al. from Tsutomu Miyasaka's Tokyo-based company built
the first perovskite solar cell with a PCE of 2.2% in 2006 [3] and after a few years, they enhanced it to 3.8% [4]. Therefore,
in less than one decade, perovskite-based solar cells jumped to a PCE of 25.2% in 2019 [S5]. Enhancement of the device
structure and perovskite material is the key to improving the performance of perovskite-based solar cells. The use of
perovskite solar cells using methylammonium lead tri-iodide-based perovskite material is the subject of many investigations
(MAPDI;). This later is composed of ABX; structure, where A represents methylammonium (MA, CH3NH3), B is lead (Pb)
and X represents a halide material anion, iodide (I). Despite the high performance provided by lead halide perovskite
material, the factor of instability and toxicity may hamper its commercial production [6-8]. The better way to improve these
factors, More recently, several mixed halide perovskite materials have been widely implemented as absorber layers in PSCs
to further enhance the efficiency and stability [9], Ito et al. examined PSC with mixed Sn—Ge perovskite absorber layer
(FA075MA.25Sn0.95Geo.0sl3) and reported PCE of 4.48% with improved stability in air due to the added Ge [10]. Afterwards,
Ng et al. fabricated another mixed Sn—Ge perovskite cell and achieved PCE of 7.9%, short-circuit current density (Jsc) of
25.5 mA/cm?, open-circuit voltage (Vo) of 0.45 V and fill factor (FF) of 0.69 [11]. This far lower PCE of Sn—Ge-based PSCs
in comparison with that of Pb-based PSCs is mainly attributed to their low open-circuit voltage which is due to the
undesirable oxidation of Sn and consequently increased defect density [12]. In 2020, Minamoto et al. theoretically analysed
mixed Sn—Ge perovskite solar cell with an inverted p-i-n planar structure and revealed that V. is strongly affected by built-
in potential (Vi) across the perovskite absorber layer, where Vy;is dominantly determined by the conduction_band
minimum (CBM) of the electron_transport layer (ETL) and/or work function of back contact [9]. They showed that by
optimizing the conduction_band offset of perovskite and ETL as well as choosing suitable back contact, an improved V. of
0.93 V (PCE of 19.4%) can be achieved [9, 13]. According to the properties of Pb-, Sn-, Ge- and SnGe- based perovskites,
we think that an appropriate combination of these layers as absorber layers in PSCs may lead to better performance in a
wider range of solar spectrum. In this line of thought, Farhadi et al. [13] very recently have simulated and investigated a
perovskite solar cell with a double absorber layer (MASnls/MAPbI3) and achieved a high PCE of 30.88%.
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In this study, using SCAPS-1D simulation tool [14], we propose and simulate a novel PSC structure with double
ETLs layers consisting of TiO, and SnO», TiO»/SnO,, and TiO,/SnO»/MAPDI; to take advantage of different ETLs
important properties. Furthermore, we compare the output performance of the proposed cell with single and double ETL
layers PSCs to show the efficiency improvement in double ETL layers PSC. Moreover, we concentrate on the effect of
carrier transport materials, thickness of ETLs layers, interface defect density and working temperature on the efficiency
of the proposed single and double ETL layers PSC. The improved performance of the proposed double ETL layers PSC
can pave the path for further studies to fabricate experimentally and make benefit out of using double ETL layers layer in
perovskite solar cells. Figure 1 and 2 display the perovskite solar cell layers using SCAPS-1D and SCAPS-1D define
panel with each layers name.
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Figure 1. Perovskite solar cell layer with SCAPS-1D
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right contact (back) | right contact (back) |

Figure 2. SCAPS-1D define panel with layers name

2. SCAPS-1D SIMULATION

A one-dimensional solar cell simulation tool will be used to replicate PSC and has been used to research several
solar cell types, including CZTS, CIGS, and others [15, 16]. In contrast to other software, SCAPS features a very user-
friendly operation window and a variety of grading, fault and recombination model options [17]. It acts like a real-life
counterpart once all parameters have been defined [18]. Up to seven (7) semiconductor layers can be used to identify the
primary characteristics of SCAPS, including the materials and defective attributes. By resolving the semiconductor
fundamental equations, this software can simulate and help with the analysis of the J-V characteristics curve, the ac
characteristics (C-V and C-f), the device's spectral response (QE), the open circuit voltage, the fill factor (FF), the short-
circuit current (Jsc), and the power conversion efficiency (PCE) (Voc),the energy bands of the materials used in solar
cells, and the concentration of various materials [19]. Figure 3 below shows the working procedure of a SCAPS-1D.

" Launch SCAPS 5
9 b

—

l Click set problem I

|

| Give input parameters ]

]

l Set Working Condition I

2

[ Specify the Action to be measured l

L 5

l Run the program l

Figure 3. SCAPS working procedure
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Numerical simulation was carried out using a software called The University of Gent created the Solar Cell
Capacitance Simulator (SCAPS) [14] it was used to determine the influence of electron transport and perovskite active
layers on solar cells parameters (Jsc, Voc, FF, and efficiency), various simulations were conducted to investigate the
effects of ETLs with thicknesses ranging from 30 to 100 nm, the interface defect density (ETL/Perovskite absorber)
varying from 10'* to 10", and the effect of temperature varying from 300 to 350K. The data used in the simulation and
material parameters in SCAPS were implemented from theories and works of literature [20-25].

2.1. Numerical Simulation
The SCAPS-1D programme (solar cell capacitance simulator one dimension) was used to simulate solar cells by
numerically resolving the one-dimensional Poisson and continuity equations that control semiconductor material under
steady-state conditions [14]. The relationship between a p-n junction's electric field (E) and space charge density (p) is
shown by the Poisson equation, which is represented by:

=X 2o L pontNf () - NG £ N, () ()

02x ax £

Where N+, N, and Nt are the densities of ionized donors and acceptors, respectively, and where is the electrostatic
potential, q is the elementary charge, s is the medium's static relative permittivity [26]. The following equations represent
the electron and hole continuity in steady state:

ajn

5 tGe— R,(n,p)=0 2)
y
~2+G- R,(n,p) =0 )

where Rn, Rp are the net rates of electron and hole recombination, G is the rate at which electron-hole pairs are created,
and jn, jp are the current densities of electrons and holes. These equations provide the electron and hole current densities:

s 7]
jn = quu, E +qDy 5= )
. d
jp = appn E +qD, 5 )

where q is the fundamental charge, n, p are the electron and hole mobilities, and Dn, Dp are the electron and hole diffusion
coefficients. The SCAPS-1D program can simulate solar cells with up to seven layers and extract the fundamental
properties of the cells, including their band diagram, generation and recombination rates, external quantum efficiency,
cell current densities, J-V characteristic include power conversion efficiency, fill factor, open-circuit voltage, and short-
circuit current.

To have a successful replication of the simulation carried out by [27], The simulation's parameters are taken from
literature, experimental research, and theoretical study. The details for each layer are summarized in Table 1 [28-33].

Table 1. perovskite solar cell input parameters [27].

ITO TiO2 Sn0O: MAPDI; .
Parameters 30, 31] 129, 32] 33] (CH;NH:3Pbl3) [34] Spiro-OmeTAD [29]

Thickness (nm) 300 30 30 100 100
Band gap (eV) 3.6 3.26 3.5 1.51 2.9
Electron affinity (eV) 4.2 4.2 4.0 4.0 2.2
Dielectric permittivity 10 10 9.0 6.6 3
CB effective density of states (cm™) 2.10'8 2.2.10"8 2.2.10"7 1.2.10" 2.2.10"8
VB effective density of states (cm™) 1.8.10"° 1.8.10"8 2.2.10" 2.9.10'8 1.8.10"8
Thermal velocity of electrons (cm/s) 107 107 107 107 107
Thermal velocity of holes (cm/s) 107 107 107 107 107
Electron mobility (cm?/Vs) 50 20 20 2.7 10+
Hole mobility (cm?Vs) 75 10 10 1.8 10
Shallow donor density ND (cm™) 10" 107 10" 0 0
Shallow acceptor density NA (cm™) 0 0 0 1.3.10% 1018
Defect density Nt (cm™) 105 101 1018 4.1013 101

3. RESULT AND DISCUSSION OF THE SIMULATION
3.1. Effect of the ETL (Ti0O2) Thickness
Figure 4a show the J-V performance of the device with varying TiO, thickness from 30 to 100 nm under
illumination and in the dark. Figure 4b displays the QE for different TiO, thicknesses versus wavelength. Our study's
findings demonstrate that when TiO; thickness increases, all photovoltaic parameters rise as well. This is explained by
the TiO; layer's fractional absorption of incoming light and its greater transmittance, which prevents solar irradiance from
reaching the perovskite skeleton [35]. Ranging the thickness from 30 to 100 nm causes the QE versus wavelength curve
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to have a spectrum overlap, which is explained by a constant optical absorption efficiency within the chosen thickness
values. The ideal thickness of TiO; is 100 nm, demonstrating a PCE of 12.89%, FF of 84.29%, Js. of 12.13 mA/ cm?, and
Voc 0f 1.26 V.
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3.2. Effect of the ETL (SnO2) Thickness
Figure 5a show the J-V performance of the device with varying SnO, thickness from 30 to 100 nm under
illumination and in the dark. Figure 5b shows the QE against wavelength for varying SnO, thicknesses. The findings of
our study demonstrate that as SnO, thickness increases, all photovoltaic parameters drop. This is explained by the SnO,
layer's fractional absorption of incoming light and its reduced transmittance, which inhibits solar irradiance on the
perovskite skeleton [35]. Ranging the thickness from 30 to 100 nm leads to a spectrum overlap in the QE versus
wavelength graph. This is explained by the optical absorption efficiency being constant throughout the chosen thickness

ranges. The optimum SnO, thickness is 30 nm, demonstrating a PCE of 10.10%, FF of 69.40%, Js. of 12.07 mA/ cm?,
and V,. 0of 1.20 V.
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3.3 Effect of the ETL (TiO2/Sn0O:) Thickness

First, we may clarify the stability in FF; FF indicates the caliber of the solar cell and is connected to the
characteristics of the active layer. Because V.. and E, have a relationship, the perovskite layer band gap remains
unchanged, which accounts for V. stability. The increase in light absorption in the TiO,/SnO; layer with increasing layer
thickness is the second factor contributing to the decline in Js.. More proof can be drawn from examining the quantum
efficiency curve, which indicates that this has an impact on the number of photons transmitted to the active layer (in this
case, Perovskite), which then leads to a reduction in the photo-generated carriers in these layers. The quantum efficiency
at short wavelengths increases with increasing TiO»/SnO; thickness (300-380 nm). The short wavelengths are known to
be absorbed close to the solar cell's surface and away from the effective region. As a result, fewer carriers are produced
to produce the desired effects, which reduces the short-circuit current. where the relationship between the quantum
efficiency and the short circuit current density is direct. Solar cell's power conversion efficiency (PCE) also drops as the Jsc falls [36].
The optimum TiO2/SnO2 thickness is 30 nm, demonstrating a PCE of 12.68%, FF of 83.48%, Jsc of 12.09 mA/cm?, and Voc of 1.25 V.
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Figure 6. a J-V curve with varied ETM thickness under illumination. b QE curve concerning photon energy. ¢ QE curve
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3.4 Effect of Interface defect density TiO2/MAPbI;3

Due to the discontinuity in structure of solar cells, there is a high likelihood of introducing localised defect states
between two-layer interfaces. Minority carrier recombination velocities are the best way to quantify the impact of defect
interface density [37]. To investigate how the interface flaw affects the TiO./MAPbI; interface of PSCs, the N; was varied
from 10'* to 10" cm 2 while keeping other parameters unchanged. Figure 7a shows the J-V curve with varied interface
defects, while Figure 7b shows the PCE and FF concerning the interface defect, and Figure 7c¢ depicts the Jic and Vo in
relation to the defect density at the contact. Based on the findings, the photovoltaic parameters (PCE, FF, Js, and Vo)
decreased with increasing the defect density from 10' to 10! cm™2. Consequently, while creating PSCs with a high PCE,
the interface modification and film morphology to control N# must be carefully managed. The optimum TiO»/MAPbI;3
interface defect density is 10'* cm?, demonstrating a PCE of 10.19 %, FF of 82.19 %, J of 12.10 mA/ cm?, and V.
of 1.02 V.
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3.5. Effect of Interface defect density on SnO2/MAPbDI3
It is common for localized defect states to be introduced between two-layer interfaces because of the structural
discontinuity in solar cells. Minority carrier recombination velocities provide the most accurate way to articulate the
impact of defect interface density [37]. To investigate the impact the interface flaw has on the SnO,/MAPDI; interface of
PSCs, the N, was varied from 10'* to 10'° cm 2 while keeping other parameters unchanged.
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Figure 8a shows the J-J curve with varied interface defects, while Figure 8b shows the PCE and FF concerning
the interface defect, and Figure 8c depicts the Jic and V. concerning the interface defect density. From the results
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obtained, the photovoltaic parameters (PCE, FF, and V,.) decreased with increasing the defect density from 10 to
10" cm™? while Ji. remained unaltered. Consequently, while creating PSCs with a high PCE, the interface modification
and film morphology to control N# must be carefully managed. The optimum SnO,/MAPbI; interface defect density is
10'* cm™? demonstrating a PCE of 10.10 %, FF of 69.40 %, Js. of 12.07 mA/cm?, and V,c of 1.20 V.

3.6 Effect of Temperature on ETL (TiO3)

An essential aspect in determining a solar cell device's output is its temperature. We used simulation to expose our
gadget to temperatures between 300 and 350 K to examine its impact on its performance. When light is absorbed, PSC's
temperature may rise and commonly rises beyond 300 K. [38]. Figure 9. a—c displays the temperature-dependent current
density, PCE and FF, Jsc and Voc.

In the current study, PCE, Jsc, Voc, and FF all drop as temperature rises. This might be the result of the electron
reaching an unstable state at a higher temperature after absorbing enough photons, which increases the rate of
recombination and lowers the PCE, Jsc, Voc, and FF [39]. The optimum TiO; temperature is 300 K, demonstrating a PCE
0f 10.10 %, FF of 69.40 %, J,. of 12.07 mA/ cm?, and V. of 1.20 V.
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Figure 9. a J-V curve as a function of temperature. b Correlation of PCE and FF with temperature. ¢ Correlation of Jsc and Vo
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3.7 Effect of Temperature on ETL (SnO3)

For solar cell devices output, temperature is a crucial determining element. Utilizing simulation, we subjected the
device to temperatures between 300 and 350 K to examine its impact on the performance of our technology. When light
is absorbed, PSC's temperature may rise and commonly rises beyond 300 K [38]. Figure 10. a—c shows the current
density, PCE and FF, and Jsc and Voc in relation to temperature. The current study shows that a rise in temperature causes
a fall in PCE, Jsc, Voc, and FF. This might be as a result of the electron reaching an unstable state and absorbing enough
photons at a higher temperature, which increases the rate of recombination and lowers the PCE., Jsc, and Voc [39]. The
optimum SnO; temperature is 300 K, demonstrating a PCE of 8.52 %, FF of 67.22 %, Js of 12.07 mA/ cm?, and V.
of 1.04 V.
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4. SUMMARY OF THE SIMULATION RESULTS

In this work, the perovskite solar cell structure TiO,/CH3NH3Pbls/Spiro-OMeTAD and SnO,/CH3;NH;3Pbls/Spiro-
OMeTAD is numerically modeled by carefully varying the effect of ETLs thickness, interface defect density and working
temperature on charge carriers of the electron transport and perovskite active layers on the solar cells, we can conclude
from the results obtained above that the thickness and temperature did not significantly enhance the device power
conversion efficiency. But instead, the interface defect density had a significant enhancement on the device power
conversion efficiency for both TiO,/ MAPbI; and SnO»/MAPbI; which was found out to be at 10**cm™ with optimum
values of PCE of 10.19 %, FF of 82.19 %, Js. of 12.10 mA/ ¢m?, and V. of 1.02 V and PCE of 10.10 %, FF of 69.40 %,
Jsc 0of 12.07 mA/ cm?, and Vo of 1.20 V respectively. It could be concluded that the electron transport and perovskite
active materials can transmit and absorb the light intensity of the photons and exhibit that by optimizing the interface
defect density parameter, the device power conversion efficiency could be increased to a higher efficiency.
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JOCJIIKEHHA BILIMBY EJEKTPOHHUX TPAHCIIOPTHHX IIAPIB, JE®EKTY IIJIbHOCTI IHTEP®ENCY
TA POBOYOI TEMIIEPATYPH HA MEPOBCKITHI COHAYHI BATAPEI 3 TOIIOMOT' OO ITPOTPAMHOI'O
3ABE3IIEYEHHS SCAPS 1-D
Aby6akap C. FOcyd®P, A.M. Pamanan®, A.A. AGy6akap?, LK. Moxammen?

“ Kagheopa ¢izuxu, edepanvruii mexnonoziunuil ynisepcumem, P.M.B. 65, Minua, Hicepis
b Kagpeopa pizuxu ma acmpomnomii, Oxnendcvruti mexnonoziunuil ynigepcumem, Hoea 3enanodis
¢ Kagpeopa ¢hizuxu, Ynieepcumem A6yoxci, P.M.B. 117, A6ydoica, Hicepis
IepoBCKiTHI COHsTYHI MTaHeNi IPUBEPHYIIN 3HAYHY YBary HOCIIJHUKIB COHSYHUX NaHeel dyepe3 iX MoTeHIial Ajis JOCSITHEHHS BUCOKOT
e(eKTHBHOCTI, B MEpIIy Yepry, NOB’A3aHKX 3 iX BUHATKOBUM TpaHcrnopTHHM mapoM enektpoHiB (ETL). Matepian ETL e oxniero 3
BXJTUBUX KOMIIOHEHTIB MEPOBCKITHUX COHSYHHX IaHENe B MPOBEICHHI CIEKTPOHIB Ul CTBOPEHHS CTpyMy. bimbmie Toro, icHye
MIEPCHEKTUBHUM MPOCTIEKT IS MMiJBHIICHHS CTa0UTbHOCTI Ta 3HIKCHHS BUTPAT Ha iX BUTOTOBJIECHHS IUIIXOM 3aMiHH TPAHCIOPTHOTO
mapy. Y mpoMy KoHKpeTHoMYy nociiypkeHHi TiO2 ta SnO: BukopucroByBamuch sik Marepianu ETL B apxiTekTypi mepoBCKiTHOT
COHSYHOI MaHeNi U1 HOPIBHIIBHOTO aHaJli3y MK HPUCTPOSMH, 10 MIicTsATh piHi cTpykTypH: TiO2/CH3NH3Pbls/Spiro-OMeTAD Ta
SnO2/CH3NH;3Pbl3/Spiro-OMeTAD. [lns oOwiHKM NPOXYKTHBHOCTI KOXKHOTO TpaHcmopTHoro mapy enekrponiB (ETL) Oys
Bukopuctanuii incrpyment 1D SCAPS. [locnipkeHHs nependadano 3MiHy TOBIIMHM TPAHCHOPTHUX IIApIiB €NEKTPOHIB, IIUIBHOCTI
nedexTiB iHTepdeiicy Ta pobou0i TeMIepaTypu, 10 103BOJIsIE BUUSPITHO OL[IHUTH MOIIYK KIIOYOBUX MMapaMeTPiB TAKUX K Hapyra Ha
Binkpuromy naHuio3i (VOC), miinpHicTh cTpyMmy kopotkoro 3amukanHs (JSC), koediuient 3amoBnenns (FF) Tta 3aranpHa
edexrusnicts (PCE%). IIpumitHo, mo, Bukopucrosytoun SnO:2 sk ETL, nocarnyra edexrusnicts cranoButh 10,10 %. Ha Binminy
Bif poro, Bukopuctanus TiOz y sxocti ETL nae memo 6inbiry edexrusricts 12,84%. 1li 3HaXiAKH MiIKPECTIOIOTH HIOAHCH BILTUBY
MaTepialliB TPaHCIIOPTHOTO [Iapy Ha 3arajbHy MPOIYKTUBHICTD COHSYHHX MTEPOBCKITHUX OaTapei.

Kuouoi caioBa: neposckim, counsiuna nawenwv, SCAP-1D
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This research focuses on the synthesis of carbon nanotube (CNT) and Poly(3-hexylthiophene) (PsHT) (pristine polymer) with Ag doped
(CNT/ PsHT@Ag) nanocomposite thin films to be utilised in various practical applications. First, four samples of CNT solution and
different ratios of the polymer (PsHT) [0.1, 0.3, 0.5, and 0.7 wt.%)] are prepared to form thin layer of PASHT@CNT nanocomposites by dip-
coating method of Ag. To investigate the absorption and conductivity properties for use in various practical applications, structure,
morphology, optical, and photoluminescence properties of CNT/P;HT @Ag nanocomposite are systematically evaluated in this study. In
this regard, the UV/Vis/NIR spectrophotometer in the wavelength range of 350 to 700 nm is used to investigate the absorption, transmission
spectrum, extinction coefficient (k) and refractive index of the samples prepared at room temperature. The XRD results indicate a slight
increase in the crystallite size of the synthesized (CNT/ PsHT@Ag) nanocomposite compared to CNT/PsHT nanocomposite, which can
be attributed to the better dispersion of the P3HT and its favorable wrapping around the carbon nanotube structures. FESEM results show
that the Ag nanoparticles are acting as a bridge between the CNT and PsHT, creating a strong bond between the two materials that is strong
enough to form thicker tubular structures. An appreciable increase in absorbance intensity (approximately 552 nm) is obtained by adding
silver nanoparticles to the CNT/P3HT matrix at 0.5% of P3HT. Additionally, the prepared CNT/P3HT@Ag thin films show greater
transmittance — more than 42%, 45%, 49%, and 48% for P3HT concentrations of 1%, 3%, 5%, and 7%, respectively. The preparation of
the samples' extinction coefficient (k) and refractive index data show that the inclusion of silver nanoparticles to the CNT/P3HT
nanocomposite matrix has a significant improvement over the previous samples (CNT/P3HT composite).

Keywords: Nanocomposite; Poly(3-hexylthiophene) (P3HT); Carbon nanotube (CNT) solution; Dip-coating method;
Photoluminescence properties; Transmission spectrum

PACS: 61.46.+w, 78.55.—m, 61.48.De, 11.30.Na

1. INTRODUCTION

Conjugated polymers have attracted a lot of attention lately because they may provide large, lightweight, and
reasonably priced solutions. They are very adaptable because they work well with biodegradable and
electronic/optoelectronic devices such organic solar cells, field effect transistors, and organic light emitting diodes [1].
That being said, most of these devices perform worse than more conventional mining methods. This is because conjugated
polymers have a lot of imperfections poor mechanical qualities, and low stability [2]. In order to address these problems,
the scientists investigated the application of inorganic nanoparticles/quantum dots and conductive polymers as
nanocomposite materials in the creation of organic devices [3, 4].

Semiconductors with low processing costs, simple production processes, flexibility, and high operational power
show promise for use in next optical devices. Due to the mid-conductor's comparatively high adsorption coefficient, these
semiconductors allow for effective light absorption in thin films, paving the way for more sophisticated optoelectronic
device applications [5].

The use of Poly(3-hexylthiophene) (P3HT) as the active layer in different organic devices in conjunction with
specific n-type semiconductors has been the subject of extensive research over the last several years. P3HT is a highly
desirable conjugated polymer due to its ability to easily dissolve in various solvents, making it an ideal candidate for
processing as a soluble solid. With a high band gap of 1.9 electrons, it is well-suited for absorbing powerful sunlight,
which in turn promotes the absorption of solar light. Moreover, its high cavity mobility makes it particularly attractive for
use in developing organic semiconductor devices [6]. Despite its advantageous solubility and high band gap, P3HT's low
conductivity, instability, and short transmission range, make it less suitable for electronic devices compared to inorganic
materials [7]. To allow P3HT to be used in electrical devices, these issues need to be addressed. In the polymer matrix, it
should be noted that the arrangement of the chain is closely linked to the conductivity and optical properties of the
conjugated m-conductors.

The mineral composition, which possesses higher momentum compared to its organic counterparts, has been
extensively researched in order to enhance the physical properties of the ahadist. Carbon-based nanomaterials such as
multi-walled carbon nanotubes (MWCNT), graphene, and fullerenes are being thoroughly examined as potential filler
materials that could lead to improved physical properties [8]. In this regard, carbon nanotubes (CNTs) are widely used in
various semiconductor devices as electrodes, semiconductors, transparent electrodes, gas sensors, etc. due to their high
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conductivity, high surface area, low mass density, and carrier mobility [9]. However, depositing a uniform thin layer of
MWCNTs can be challenging, as they are chemically inert and insoluble in most solvents. Previous studies have shown
that incorporating carbon-based nanomaterials can enhance the field-effect mobility. Nanocomposites based on
nanoparticles indicated an improved performance in solar cells, LEDs, thermoelectric devices, and thin-film transistors
(TFTs) [10-12].

Polymer composites are created by synthesizing polymers with nanoparticles, which helps to enhance their
electronic and optical properties. CNTs are particularly promising materials for the fabrication of CNT/CNT composites
because of their desirable characteristics, including high mechanical strength, high electrical conductivity, adjustable work
performance, and soluble processing ability [13].

Photovoltaic cells and other electronic device applications are among the many applications for which polymer
compositions containing carbon nanotubes offer tremendous potential. Additionally, achieving balanced injection and
transfer for both types of carriers is crucial for the effective functioning of the system, and carbon nanotubes' high electron
mobility plays a major part in this regard [6]. This performance can be improved even further by aligning the CNTs [14].
For example, the electric field at the polymer-CNT interface can promote de-oxidization and act as an electrical conduit
to improve the charge and direction of light [15]. Due to their ease of processing, MWCNTs are more economical to
create than their single-walled counterparts (SWCNTs) [16]. MWCNTs offer greater mechanical strength for composite-
based systems and are more suitable for carrier transport than SWCNTs.

Rathore et al. [6] suggested the integration of P3HT with CNTs to form a CNT/polymer composite to overcome the
issues of P3HT. They demonstrated that adding MWCNTs to the polymer matrix enhances the current density and
modifies the absorption properties of the device.

Conducting polymers (CPs) have gained attention in the field of organic electronics due to their various advantages,
such as ease of preparation in thin layers and the ability to adjust their band gap through chemical methods. CPs have
been employed in various applications, including organic light emitting diodes (OLEDs), organic gas sensors (OGS), and
organic solar cells (OSCs) [15, 16-20]. Among these CPs, P3HT is commonly used in OGSs and OSCs because it has a
relatively narrow energy band of 1.93-1.95 eV, [21] allowing it to absorb a broad spectrum of solar energy.

As per the information provided, conjugated polymer materials have gained the interest of both scientists and
engineers due to their ability to exhibit electrical and optical properties similar to semiconductors or metals, while also
maintaining desirable mechanical properties and processing advantages of polymers. Soon after their discovery, these
materials were recognized as potential candidates for use in electronic devices, including cost-effective alternatives for
traditional LEDs, photovoltaic cells, and even disposable electronic devices. Poly(alkylthiophene), specifically poly(3-
hexylthiophene) or P3HT, is significant because of its high chemical stability under various environmental conditions,
high conductivity, and electronic gap that typically falls within the visible range of the electromagnetic spectrum [22-24].

Over the past few years, the preparation of thin films of P3HT, specifically rrP3HT, through solution processing has
become increasingly important for various applications such as photovoltaic cells and field effect transistors. Researchers
ascertained that the optoelectronic properties of P3HT films are affected by the microstructure and morphology of the
prepared film. Generally, CNTs possess an appropriate structure that can interact with conjugated polymers via m-n
electronic interactions. The conductive nanocomposites demonstrated that CNTs are an excellent choice for enhancing
the optoelectronic properties of conjugated polymers. Specifically, fillers with an aspect ratio of 10°, such as SWNTs, can
potentially result in a penetration threshold of less than 1% by weight. In this regard, Baibarac et al. [25] focused on
composites containing MWNTs and conjugated polymers, particularly poly(phenylene vinylene) derivatives. They
showed that there are interactions between the polymer and the outermost walls of the nanotube base plate.

Poly(3-hexylthiophene-2,5-diyl) (P3HT) is commonly employed as a light-absorbing material and as a hole
transporting layer [26], as it exhibits a high level of molecular order through n-x stacking of neighboring molecules. When
CNTs are introduced into P3HT-based organic photovoltaic devices, they have been found to enhance the dissociation
rate of excitons and improve the efficiency of charge carrier collection.

Sa'aya et al. [27] and Nguyen [28] indicated that the process of producing films using conjugated polymers and
CNTs would result in a greater degree of miscibility due to strong Van der Waals interactions between conjugated  bonds.

Up to the authors’ knowledge, the structural characteristics of CNT/P3HT and Ag doped-CNT/P3HT
nanocomposites have not been yet investigated in the open loyetature. Thus, this study comes to fill this gap. The main
aim is to improve the conductivity and absorption of P3HT to be used in a variety of real-world applications. Accordinly,
this study intends to synthesise CNT/P3HT and Ag doped-CNT/P3HT nanocomposites thin films. To systematically
assure this presumption, the evaluation of the optical, photoluminescent, and structural characteristics of CNT/P3HT and
Ag doped-CNT/P3HT (CNT/ P3HT@Ag) nanocomposite thin films are carried out.

2. EXPERIMENTAL PART
2.1. Synthesis steps of PBHT@CNT
In this method, we first soak CNT in ODCB (dichlorobenzene). The amount of CNT is 1g/l, and with a quick
calculation, the amount of 0.005 g is needed for 5Sml of dichlorobenzene. A dark-colored solution was obtained. In another
container, 5g per liter of P3HT was mixed in 5 ml of chloroform. With a quick calculation, this amount is equivalent to
0.025g of P3HT. An orange-colored solution was obtained. Then, the P3HT solution was slowly added to the CNT
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solution in 5 steps. To achieve the best result, the dispersing process was achieved for several minutes after each addition.
Finally, a dark red solution was obtained. The PET foils were cut and placed on a mild heater. Since the solution has high
coloring power and high stickiness, it is slightly toxic and also volatile, and therefore, the foils were covered with a
napkin. Then, the solution was spread evenly on the foil with the help of a spray so that an almost uniform surface can be
obtained. Four samples were synthesized with CNT: P3HT ratio equal to 0.1, 0.3, 0.5, and 0.7.

2.2. Synthesis of silver oxide

Two grams of silver nitrate were dissolved in twenty-five milliliters of deionized water to create silver oxide. Next,
0.35 g of PVP was dissolved in 75 ml of deionized water to act as a polymerizing agent. It had been assured that the
components would dissolve entirely. After adding the silver nitrate solution, the PVP solution was left aside for ten
minutes. The solution also received a small addition of sodium hydroxide until its pH reached 10. For one hour, the
solution was maintained in a bath that ranged from 70 °C to 80 °C until the last sediment formed. After that, the mixture
was given to cool fully and the sediment settled for a whole day. The precipitate was dried after the solution had been
filtered.

2.3. P3BHT@CNT@Ag:0
The percentage ratio of P3HT to CNT is variable and it was prepared with ratios of 0.1, 0.3, 0.5, and 0.7. To prepare
the silver layers, a fixed amount of 0.8 mg was added to the above percentages in the final solution, and it was manually
sprayed and dried on the PET substrate.

3. RESULTS AND DISCUSSION
3.1. X-ray diffraction analysis (XRD)

ST Figure 1 displays the XRD results of the
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films at different ratios (0.1, 0.3, 0.5, and 0.7 of PsHT and 0.08 mg/L) Furthermore, it can be stated that by an

increase of P3HT value from 0.1 to 0.3 would
cause a slightly amplified in the intensity of the peak [302]. Afterward, peak [302] intensity decreases between 0.3 and
0.5 of PsHT, which reveals that P3HT is covering the surface of the CNT, leading to an improved crystallinity. This is
especially true for the 0.5 amount of PsHT, which had the lowest intensity of the [302] peak, indicating the highest level
of crystallinity. Also, there is a slight shift in the position of the scattering peaks with the addition of P3HT to the CNT
lattice. The full width at half maximum (FWHM) indicates changes in crystal size values. This can be attributed to the
physical wrapping of the polymer on the walls of the nanotubes [29]. Figure 1-B and Table 1 also indicat that the intensity
ofthe [302] peak has been decreased due to adding silver nanoparticles in all cases. In this regard, the lowest peak intensity
is at 0.3 PsHT (Figure 1-B-c), which is also less intense than the previous case (the lowest [302] peak intensity at 0.5
P;HT (Figure 1-A-d)). This suggests that silver nanoparticles are more effective at reducing [302] peak intensity when
the P3HT concentration in the sample is lower. These findings indicate that silver nanoparticles can therefore have a
stronger effect on the [302] peak intensity at lower PsHT concentrations.
The average crystallite size of the pure structure of PsHT is about 11 nm, and it is about 6 nm for CNT/PsHT
nanocomposites. This indicates that PsHT is acting as a template for the CNT to form a more ordered structure, reducing
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the size and increasing the crystallinity of the CNT. PsHT at a 0.5 ratio in CNT/P3;HT nanocomposite reached the highest
[302] peak, suggesting a crystalline structure. Also, the average crystallite size of synthesized silver nanoparticles is about
21 nm. By comparing the CNT/P;HT nanocomposites containing silver nanoparticles (CNT/PsHT @Ag) compared to
their counterparts, a slight increase in the crystallite size can be observed, which can be attributed to the better dispersion
of the P3HT and its favorable wrapping around the carbon nanotube structures. This is because the silver nanoparticles
interact with the surface of the carbon nanotubes, forming a stronger bond which aids to stabilize the nanocomposites and
prevent the particles from agglomerating. Additionally, the P;HT forms a protective layer around the particles, further
preventing them from agglomerating. The result is a more evenly distributed particles with a larger average crystallite
size [29, 30].

Table 1. Parameters obtained from XRD analysis

Sample: Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [A]
P;HT 5.217 266 0.71 16.92623
CNT/P;HT (0.1) 26.0593 50259 1.36 3.41664
CNT/P;HT (0.3) 26.0131 50763 1.322 3.42261
CNT/P;HT (0.5) 25.9973 43281 1.346 3.4264
CNT/PsHT (0.7) 26.0179 48557 1.356 3.42198
CNT/PsHT@Ag (0.1) 26.052 42846 1.296 3.41758
CNT/PsHT@Ag (0.3) 25.991 41684 1.24 3.41758
CNT/PsHT@Ag (0.5) 26.0409 42544 1.314 3.41901
CNT/PsHT@Ag (0.7) 26.0495 42970 1.352 3.411790
Ag0 32.836 2084 0.401 2.72535

3.2. Field emission scanning electron microscopy (FESEM) analysis
The FESEM images in Figures 2 and 3 (a), (b), (c), and (d) indicate the morphology of CNT/PsHT with different
ratios of PsHT (0.1, 0.3, 0.5, 0.7 wt.%) thin films and Ag-doped CNT/ P3HT (CNT/P;HT@Ag) nanocomposite thin films
(the amount of silver oxide nanoparticles is constant and about 0.08 mg/L), respectively. The FESEM images show a
view of CNT nanostructures with polymer wrappings. By comparing the shapes prepared from the samples (from Figure
(2-a) to (2-d)), the number of disordered CNT observed has an increasing trend, which is well covered by the desired
polymer (P;HT).
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Figure 2. FESEM images of prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/P3HT (0.3),
(c) CNT/P3HT (0.5), and (d) CNT/PsHT (0.7)
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This is because the polymer matrix can fill in the gaps between CNTs and provide support, leading to an increase in
the number of well-buried CNTs in the matrix. This is further evidenced by the FESEM images which show an increasing
number of CNTs with tubular structures and well-covered by the polymer matrix. On the other hand, the performance of
CNT is still not as impressive as expected due to some factors, including entanglement, misalignment, and metal
impurities. These issues can affect the electrical and mechanical properties of CNTs, leading to weaker overall
performance. As a result, CNTs cannot reach their full potential and their performance is limited. Based on studies
conducted by Danish et al., it can be said that the mentioned issues can lead to a decrease in hole mobility and an increase
in recombination pathways [31].

Clearly, Figures (2-a-d) assure that by increasing the amount of P3HT in the CNT matrix, a more suitable distribution
of carbon nanotubes can be achieved. There are, however, still certain regions where entangled nanotubes are visible.
This may be due to insufficient amount for P3HT to overcome the van der Waals forces towards the CNT surface, leading
to better dispersion and wrapping. For CNT/P;HT (0.5 of P3HT) nanocomposite images in Figure 2-c, less entanglement
and improved alignment of CNT can be observed. Also, this Figure shows a completely different surface morphology
with an apparently larger CNT diameter. It appears that the exfoliation process has increased the diameter of the CNT
due to the presence of newly exfoliated PsHT chains [32].

a) CNT/ P;HT (0.1) @Ag

D1 =162:59 nm

> X
"

s

-
SEM MAG: 135 kx WD: 5.63 mm SEM MAG: 135 kx WD: 5.58 mm
Det: SE SEM HV: 15.0 kV 200 nm Det: SE SEM HV: 15.0kV | 200 nm
Date(m/dly): 02/05/23 Date(m/dly): 02/05/23

¢) CNT/ P;HT (0.5) @Ag

) 2 WL

5)1. = 23.75 nm

- v
- .
SEM MAG: 135 Kx WD: 5.61 mm 1 MIRA3 TESCAN SEM MAG: 135 kx WD: 5.55 mm MIRA3 TESCAN
Det: S8 SEM HV: 15.0 KV 200 nm Det: SE SEM HV: 15.0 kV 200 nm
Date(midly): 02/05/23 Date(m/dly): 02/05/23

Figure 3. FESEM images of prepared CNT/PsHT thin films after doping with silver oxide nanoparticles: (a) CNT/PsHT (0.1)/Ag,
(b) CNT/PsHT (0.3)/Ag, (c) CNT/P3HT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]

The incorporation of silver nanoparticles into the CNT/P;HT nanocomposite matrix, in smaller amounts of P;sHT
(0.3 wt.%) (Figure 3-a-d), can demonstrate a better dispersion and less entanglement for nanotubes. In other words, silver
nanoparticles in smaller amounts of P;HT help the proper dispersion of carbon nanotubes. This is because silver
nanoparticles have a strong affinity to the CNT/PsHT nanocomposite matrix and can act as a bridge between the CNTs
and P;HT, helping to improve alignment and reduce entanglement. Furthermore, the silver nanoparticles reduce the overall
viscosity of the nanocomposite matrix, resulting in better dispersion of the CNTs [33]. An average diameter size of the
prepared nanocomposites (Figure 2-a-d) continued to decrease from 69 nm, 73 nm, 48 nm to 28 nm. This showed that the
increase in the P3HT concentration reinforces the effectiveness of PsHT wrapping towards the CNT side-wall by
increasing the diameter of CNT [33]. It is also clear from images (3-a-d) that by adding impurity (silver nanoparticles)
into the pre-prepared CNT/P;HT matrix, thicker tubular structures with rough surfaces and agglomerate-like mat
structures were obtained, and this illustrates the wrapping of the polymer on the nanotubes to form a nanocomposite [34].
This suggests that the silver nanoparticles are acting as a bridge between the CNT and P;HT, creating a strong bond
between the two materials that is strong enough to form thicker tubular structures. Additionally, the rough surface of the
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nanocomposite suggests that the silver nanoparticles are also acting as stabilizing agents to hold the nanotubes and
polymer together.

The results of the Electron Diffraction X-ray (EDX) analysis of the CNT/P3HT composite thin films with varying
P3HT concentrations (Figure 4-A) show that the carbon content of the composite increases and then decreases, followed
by a notable decrease and enhancement in the weight of sulfur (S), indicating the formation of nanocomposites. The EDX
analysis data shows that with increasing PsHT concentration, there is an initial raise in the carbon content of the
nanocomposite thin films. This is likely due to the higher content of CNTs in the composite, which contains more carbon
than P;sHT. However, after a certain point, the carbon content decreases, indicating that the P3HT is beginning to dominate
the composition of the composite. Additionally, the weight of sulfur (S) in the nanocomposite, is reduced and then
enhanced, suggesting that there is a chemical interaction between the CNTs and PsHT in the nanocomposite [29].

Figure 4-B illustrates silver oxide nanoparticles doped successfully in a CNT/P;HT lattice. This figure demonstrates
that adding silver nanoparticles to the pre-prepared nanocomposite lattice leads to the silver oxide nanoparticles forming
chemical bonds with the CNTs and PsHT, further stabilizing the overall nanocomposite lattice. It also suggests that the
CNTs and P;HT facilitate the nanoparticles’ dispersal in the nanocomposite lattice. In this regard, Figure 3 obtained from
SEM analysis of CNT/P;HT@Ag nanocomposite thin films confirms the accuracy of these results.
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Figure 4. EDX images of (A) CNT/PsHT thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/PsHT (0.3),
(c) CNT/PsHT (0.5), and (d) CNT/P;HT (0.7). EDX (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: (a)
CNT/P;HT (0.1)/Ag, (b) CNT/P;HT (0.3)/Ag, (c) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]



348
EEJP. 1 (2024) Hayder Abdulmeer Abbas, et al.

3.3. Photoluminescence (PL) spectroscopy

Prior to deciding on an appropriate composite composition for uses like photoactive layers, it is important to examine
the photoluminescence properties of the pristine polymer (P3HT) and the CNT/P3HT composite thin films. This study is
important because the composite that exhibits the strongest quenching of photoluminescence also exhibits the largest
charge separation that can be found in the photoactive layer. This is important because the composite film's charge
separation potential increases with the strength of the photoluminescence quenching effect. This charge separation is
essential to create the desired photoactive layer, which is necessary for the optimal performance of the application [35].
The PL spectrum of the CNT/P;HT and CNT/P;sHT@Ag nanocomposites measured at an excitation wavelength of 440 nm
is presented in Figure 5.
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Figure 5. PL spectrum of the (A) prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/PsHT
(0.3), (c) CNT/P3HT (0.5), and (d) CNT/P3HT (0.7). and (B) CNT/PsHT thin films after doping with silver oxide nanoparticles:
(a) CNT/P3HT (0.1)/Ag, (b) CNT/PsHT (0.3)/Ag, (c) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08
mg/L]. The excitation wavelength A = 440 nm

Figure 5-A and 5-B illustrates the values of PL emission for CNT/P;HT and CNT/PsHT@Ag nanocomposite for
different amounts of PsHT (0.1, 0.3, 0.5, and 0.7) around 437, 438, 438, and 439 nm and for the CNT/P;HT@Ag
composites around 437, 437, 438, and 438 nm, respectively. Although CNTs are well-known fluorescence quenchers, the
physical mixed system between P3HT and CNTs causes photoluminescence quenching to be more noticeable for
CNT/P3HT. One other benefit of employing CNT/P3HT in solar cells is this. However, P3HT's emission peak intensity
was greater than nanocomposites. This was explained as quenching brought on by the reduction of electron-hole
recombination caused by charge transfer between the CNT and P3HT. Strong luminous quenching of the as-prepared
nanocomposites was seen at wavelengths of about 876 nm (attributed to the n-n* bond in P3HT). According to the reported
studies [36, 37], CNTs are known as fluorescence quenchers. However, photoluminescence quenching is expected to be
more pronounced for the prepared CNT/PsHT nanocomposites due to the physical mixed system of PsHT and CNTs. This
phenomenon is an extra benefit for using these systems in photovoltaic applications such as photovoltaic cells [32].

According to these references [35, 38, 39], the emission peak intensity for pure PsHT is around 581 nm, which is a
larger amount compared to the prepared CNT/PsHT nanocomposites. This behavior can be ascribed to quenching as a
result of charge transfer between CNT and P;HT reducing electron-hole recombination. On the other hand, strong light
quenching of the prepared nanocomposites was observed at wavelengths around 876 nm (attributed to the n-n* bond in
PsHT) [35]. In this regard, Kuila et al. [38] investigated the PL quenching of the CNT/P;HT nanocomposite and
corresponded it to the m-m interaction between the PsHT and the carbon nanotubes (CNT) and presented additional
deactivation (decaying) pathways for excited electrons [37, 39].

As aresult, CNT/PsHT@Ag (0.5 P3HT) and CNT/PsHT@Ag (0.1 and then 0.3 PsHT) quench the PL intensity even
more, reducing electron-hole recombination as a result of charge transfer between donor-acceptor materials. With these
CNT/P3HT (0.5 of P3HT) and CNT/PsHT@Ag (0.1 of P3HT) samples, there is a high possibility of charge separation in
the photoactive layer due to its strong PL quenching effect [30].

3.4. Ultraviolet-visible (UV-vis) spectroscopy
3.4.1 Absorption spectrum

UV/Vis/NIR spectrophotometer in the wavelength range of 350 to 700 nm was used to investigate the absorption
and transmission spectrum of the samples prepared at room temperature. According to Figure 6(a), the absorption spectra
of CNT/PsHT at different ratios (0.1, 0.3, 0.5, and 0.7 wt.%) can be observed.

According to the reference [34], the absorption maximum (Amax) for PsHT was observed at about 442-505 nm, which
indicates extensive m-continuity and is in good agreement with reported values [29]. The CNT/P;HT composites exhibited
absorption bands at about 512-527 nm, which is attributed to the strong interactions between P;HT and CNTs and
suggesting a decrease in band gap [40]. The strong interactions between the two components lead to an increased
conjugation of the polymer and the formation of an extended m-conjugated system, which gives rise to the absorption
bands in the visible range. Additionally, the intensity of the absorption band raised with increasing P3:HT (0.5 wt.%)
concentration, which is due to the enhanced number of PsHT molecules in the nanocomposite. On the other hand, after
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adding silver nanoparticles into the CNT/PsHT nanocomposite matrix, increasing the percentage of PsHT to about 0.3,
an amplification in the absorption peak intensity is observed; Compared to the previous case, the increase in the amount
of absorption intensity is ascertained in lower P;HT amounts. This suggests that silver nanoparticles play a role in
increasing the efficiency of the nanocomposite matrix by allowing for more efficient absorption of light at lower P;HT
percentages. This is due to the expansion of the surface area of the nanocomposite matrix provided by the silver
nanoparticles, which allows for more efficient absorption of light [32]. Thus, All CNT/PsHT samples with different ratios
of PsHT show improved adsorption efficiency. In addition, it is expected to improve electrical conductivity, thereby
enhancing the performance of photovoltaic applications [30, 41].
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Figure 6. Schematic of absorption spectra of (A) prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1),
(b) CNT/PsHT (0.3), (c) CNT/PsHT (0.5), and (d) CNT/P3HT (0.7). and (B) CNT/P3HT thin films after doping with silver oxide
nanoparticles: (a) CNT/PsHT (0.1)/Ag, (b) CNT/PsHT (0.3)/Ag, (¢) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant
amount: 0.08 mg/L]

But in the case of nanocomposites reinforced with silver nanoparticles (CNT/PsHT@Ag), as seen in Figure 6-B, a
favorable boost in the maximum absorption intensity was observed for all prepared nanocomposite samples compared to
pure P3HT polymer. A significant improvement in absorbance intensity (around 552 nm) is observed when silver
nanoparticles are added to the CNT/PsHT matrix at 0.5% of PsHT, which is a significant increase compared to the previous
samples (CNT/PsHT composite).

This shift towards longer wavelengths (red-shift of Amax) compared to the CNT/P3;HT nanocomposite matrix as well
as the pure P;HT can be attributed to the enhancement in the conjugation length of the PsHT polymer due to the strong
n-n interaction with CNTs, which subsequently leads to the increased organization of PsHT chains on the nanotube
surface. In the case of silver-reinforced nanocomposites (CNT/PsHT@Ag), as mentioned earlier, due to the synergistic
effect of these nanoparticles, a significant reinforcement in the absorption wavelength can be expected, which is consistent
with the results previously obtained [34, 42]. This is because silver nanoparticles can act as a bridge between the PsHT
polymer and the carbon nanotubes, thereby forming a stronger bond that allows for a longer absorption wavelength. This
is further reinforced by the fact that silver has a higher optical reflectance than carbon nanotubes, which also contributes
to the increased absorption wavelength.

3.4.2. Transmission spectrum
Figure 7-A and 7-B shows the optical transmission spectrum for the as-prepared CNT/P;HT and CNT/P;HT@Ag
nanocomposite thin films at different P3HT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) in the wavelength range of 350 to 1000
nm, which is in good agreement with the absorption spectrum data (Figures 7-A and B). Figure 7-A shows the amount of
transmission in the visible region for these prepared CNT/P3HT nanocomposites is more than 20%, 35%, 20%, and 32%
for the concentrations of 1%, 3%, 5%, and 7% of PsHT, which can indicate the good crystal quality of the samples.
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Figure 7: Schematic of optical transmission spectra of (A) prepared CNT/PsHT thin films with different P3HT concentrations:
(0.1), (0.3), (0.5), and (0.7). and (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: CNT/PsHT (0.1)/Ag,
CNT/PsHT (0.3)/Ag, CNT/PsHT (0.5)/Ag, and CNT/P3HT (0.7)/Ag [dopant amount: 0.08 mg/L]
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Also, it is clear from Figure 7-B that the CNT/PsHT nanocomposite samples have been reinforced with silver
nanoparticles (CNT/P;HT@Ag) with a better transmission spectrum for all P3HT concentrations (0.1, 0.3, 0.5, and
0.7 wt.% of P3HT). In other words, the amount of transmittance in the visible region for the as-prepared CNT/P:HT@Ag
thin films, in this case, is more than 42%, 45%, 49%, and 48% for the concentrations of 1%, 3%, 5%, and 7% of P;HT,
which can indicate the synergistic effect caused by the integration of silver nanoparticles in the CNT/P;HT nanocomposite
matrix. The silver nanoparticles enhance the light absorption and scattering of the nanocomposite matrix, which increases
the amount of light transmitted in the visible region. This improves the light transmission results in higher transmittance
values for the CNT/P;sHT@Ag thin films than for pure CNT/P;HT thin films.

3.4.3. Absorption coefficient

By knowing the data of the transmission spectrum of the CNT/PsHT and CNT/PsHT@Ag nanocomposites at
different PsHT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) (Figure 7), it is possible to calculate the absorption coefficient (8-A/B)
of the as-prepared nanocomposites. The result of these calculations regarding the absorption coefficient spectrum of the
samples as a function of wavelength. As can be seen from Figure 8-A, at long wavelengths (greater than 600 nm) there is
very small absorption (all photons are transmitted), and at shorter wavelengths, i.e., at wavelengths between 510-528 nm,
the absorption has the highest value (in the range of 0.0115-0.0164). It is expected that in this area, the transmission value
in this range will decrease due to the transition of electrons from the valence band to the conduction band. This is in a
reasonable agreement with the data obtained from the transmission spectrum (Figure 8-A). Specifically, the decrease in
transmission value is due to the fact that when electrons transit from the valence band to the conduction band, their energy
is absorbed. This energy is converted into heat, which reduces the ability of the material to transmit light. This decrease
in the transmission is further evidenced by the transmission spectrum in Figure 8-A, which shows a decrease in intensity
in the range of interest.
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Figure 8. Schematic of absorption coefficient of (A) prepared thin films with different P3HT concentrations: (0.1), (0.3), (0.5),
and (0.7). and (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: CNT/PsHT (0.1)/Ag, CNT/P;HT (0.3)/Ag,
CNT/PsHT (0.5)/Ag, and CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]

Also, as can be seen from Figure 8-B, at long wavelengths (greater than 640 nm) there is very small absorption
(most photons are transmitted), and at shorter wavelengths, i.e., at wavelengths between 512-600 nm, the absorption has
the highest value (in the range of 0.0072-0.0088), which is in reasonable agreement with the data obtained from the
transmission spectrum (Figure 7-B). The data related to the maximum absorption coefficient and the wavelength at which
the absorption coefficient has its maximum value are presented in Table 2.

In addition, by comparing the absorption coefficient data for CNT/PsHT and CNT/P;HT@Ag nanocomposites, it
can be seen that CNT/P;HT nanocomposites have been reinforced with silver nanoparticles (CNT/P;HT@Ag) as they
have a lower absorption coefficient than their counterparts (CNT/PsHT). However, it should be noted that the maximum
absorption coefficient occurs for CNT/P;HT@Ag nanocomposites at different wavelengths (shift towards larger
wavelengths) compared to CNT/PsHT thin films.

Table 2. Wavelength of peaks and their maximum absorption coefficient of as-prepared CNT/PsHT and CNT/PsHT/Ag
nanocomposite thin films

Wavelength of peaks and their maximum absorption coefficient
Samples
P3HT (0.1) PsHT (0.3) PsHT (0.5) PsHT (0.7)
AMnm) 517 528 510 527
NT/P;HT

CNT/Ps @ max 0.016 0.0146 0.016 0.0115

A (nm) 512 527 547 600

NT/P;HT@A.

CNT/PHT@Ag @ max 0.0088 0.0081 0.0071 0.0072
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3.4.4. Extinction coefficient (K)

With the help of the absorption coefficient and absorption data, the extinction coefficient (k) of CNT/P;HT and
CNT/P3sHT@Ag nanocomposites can be found. The changes in k in terms of A are plotted in Figure 9 for these samples.
According to these graphs (Figure 9- A-a to d), the extinction coefficient of CNT/PsHT nanocomposites at different PsHT
ratios (0.1, 0.3, 0.5, and 0.7 wt.%) with increasing wavelength first has a peak in the areas (545 nm, 1005 nm, 1011 nm,
and 993 nm) and then starts to decrease and is almost constant at long wavelengths. It should be noted that this rate
of reduction is rapid only for CNT/P3HT containing 0.1 wt.% of P;HT, and it decreases slowly for the remaining three
samples. The reason for the decrease in the extinction coefficient with the increase in wavelength is related to the decrease
in absorption in the thin films, which corresponds to the optical transmission spectrum of the samples in Figure 7. Also,
for the CNT/PsHT nanocomposite reinforced with silver nanoparticles (CNT/PsHT@Ag), a similar trend was observed.
With the difference owing to the sample containing 0.1 of PsHT, the decreasing trend compared to its counterpart
(Figure 9-A), has a slower rate. According to these graphs (Figure 9-B), the extinction coefficient of CNT/PsHT@Ag
nanocomposites at different P;HT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) with increasing wavelength first has a peak in the
areas (545-1005 nm) and then starts to decline with an almost constant and similar reduction rate and is almost constant
at long wavelengths.
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Figure 9. Variations in extinction coefficient according to wavelength for (A) CNT/P3HT and (B) CNT/P:HT@Ag
nanocomposites with different P3HT ratios

3.4.5. Refractive index (n)

Based on the data obtained from the optical analysis, the refractive index of CNT/P;HT and CNT/P;HT@Ag
nanocomposites can be obtained. Figure 10-A/B shows the change in the refractive index according to the wavelength
of the prepared samples. In other words, the refractive index of CNT/PsHT and CNT/P;HT@Ag nanocomposites
decreases with increasing wavelengths. By comparing Figures 10-A and B, only the samples containing 0.1% of P;HT
have a significant decrease in the refractive index, which occurs at the wavelengths of 517 nm and 512 nm for CNT/P;HT
and CNT/PsHT@Ag nanocomposites, respectively. But for the other three samples, a slight decrease in the refractive
index can be observed. Finally, the refractive index reaches an almost constant value for all samples with increasing
wavelengths. Also, Table 3 illustrates the wavelength of peaks and their minimum reflective index of as-prepared
CNT/P3HT and CNT/PsHT@Ag nanocomposite thin films.

Refractive index data Refractive index data

2.2
CNT/P3HT (0.1) 22
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Figure 10. Variations in reflective index according to wavelength for (A) CNT/PsHT and (B) CNT/PsHT@Ag nanocomposites
with different P3HT ratios

Table 3. Wavelength of peaks and their minimum reflective index of as-prepared CNT/P;HT and CNT/P;HT/Ag nanocomposite thin films

Samples Wavelength of peaks and their minimum reflective index
P P;HT (0.1) PsHT (0.3) P;HT (0.5) P3HT (0.7)
AMnm) 517 526 512 490
CNT/PHT N min 1.902 1.953 1.904 1.941
A (nm) 512 527 547 550
NT/P;HT@A.
CNT/P:HT@Ag N min 1.978 1.993 2.015 2.009
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CONCLUSIONS

This study reported on the structure, morphology, optical, and photoluminescence properties of CNT/P3HT and Ag
doped-CNT/P3HT (CNT/ P3HT@Ag) nanocomposite thin films synthesised by dip-coating method. The study intended
to enhance P3HT absorption and conductivity properties for use in various practical applications and systematically the
effects on the structure, morphology, optical and photoluminescence were investigated. The XRD results exhibited the
average crystallite size of synthesized silver nanoparticles is about 21 nm. By comparing the CNT/P3HT nanocomposites
containing silver nanoparticles (CNT/P3HT @Ag) compared to their counterparts, a slight increase in the crystallite size
was observed, which can be attributed to the better dispersion of the P3HT and its favorable wrapping around the carbon
nanotube structures. The FESEM results showed that the silver nanoparticles are acting as a bridge between the CNT and
P3HT, creating a strong bond between the two materials that is strong enough to form thicker tubular structures. The
photoluminescence characteristics of both the pristine polymer (P;HT) and the CNT/PsHT composite thin films
ascertained that adding silver nanoparticles to the CNT/P3HT matrix at 0.5% of P3HT results in a notable rise in
absorbance intensity (about 552 nm), which is a considerable improvement over the prior samples (CNT/P3HT
composite). Also, when silver nanoparticles are integrated into the CNT/P3HT nanocomposite matrix, the as-prepared
CNT/P3HT@Ag thin films exhibit more transmittance—more than 42%, 45%, 49%, and 48% for P3HT concentrations
of 1%, 3%, 5%, and 7%, respectively. Finally, the results of extinction coefficient (k) and refractive index of the samples
prepared at room temperature have demonstrated that the addition of silver nanoparticles to the CNT/P3HT
nanocomposite matrix has a synergistic impact.
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CHUHTE3, XAPAKTEPUCTUKA TA ®YHKIIOHAJI3ALISI HAHOKOMITIO3UTHUX IIJIIBOK P3HT-CNT
JIETOBAHHUX Ag.0
Xaiinep Aoayamip A66ac?, Biccem Ileiikpoxy Ky6aa®, Ecradépak Tauio Agxymaax®
“Cepeonitl mexuiunuil yHigepcumem, IHcmunym niocomosku mexHiuHux incmpyxkmopis, baeoao, Ipax
bYuisepcumem Cepaxe, @axynomem npupoonuqux nayx, Ceaxe, Tyuic
“Haykosuil konedoic bazoadcvkoeo yrieepcumeny, gaxynemem ¢hizuxu, Ipax

JlocnikeHHs 30cepekeHo Ha cuHTe3i ByrreneBux HaHOTPYOok (CNT) i momi(3-rexcunriodeny) (P3HT) (mepBunHOTO MoOiMepy) 3
neroBanuMu Ag (CNT/P3HT@Ag) HaHOKOMIO3UTHHMH TOHKHMH ILTIBKAaMHM, JUIS HPAKTHYHHMX 3aCTOCYBaHb. ByiaM mHiIroToBieHi
yotupu 3pazku pozunny CNT 3 pizaum cniBBignomenss noiimepy (P3HT) [0,1, 0,3, 0,5 1 0,7 mac.%)] st popMyBaHHS TOHKOTO Iapy
nanokomno3uTiB P3HT@CNT wmertomom mokputts Ag. s MOCTiIKEHHS BIACTUBOCTEH MONIMHAHHS Ta MPOBIXHOCTI IS
BUKOPHCTAHHS B PI3HUX NMPAKTHYHHX 3aCTOCYBAHHSX, Y L[bOMY JOCIIJUKEHHI CHCTEMATHYHO OL[HIOBAJIUCS CTPYKTypa, Mopdooris,
onTHYHI Ta (QOTONIOMIHECHEeHTHI BiacTUBOCTI HaHOkoMmo3uty CNT/P3HT@Ag. VY 3B’A3Ky 3 LHMM BHKOPHUCTOBYBABCS
cnekrpodoromerp UV/Vis/NIR B miamazoni 1oBxuH XBUIb B 350 10 700 HM AT ZOCHIIKEHHS CIICKTPY MOTIMHAHHS, TIPOITY CKAHHS,
xoedinienta excTrHKIIT (k) 1 OKa3HMKa 3aJI0MJIEHHS 3pa3KiB, BUTOTOBJICHNUX IPH KiMHATHIN TeMnepatypi. Pesymsrari XRD BkasyroTh
Ha HEBEJIMKEe 30UIBIICHHST PO3Mipy KpHCTamiTiB cuHTe30BaHOTO HaHokomro3uTy (CNT/P3HT@Ag) nopiBHSHO 3 HAHOKOMIIO3HTOM
CNT/P3HT, mo MoxxHa mnosicHuTH kpamioro aucrepcicto P3HT ta ioro cipusTiaMBUM 0OropTaHHSAM HABKOJIO CTPYKTYpP BYIJICLIEBHX
HaHotpyOok. Pesynsratn FESEM noxkasyiors, mo HanodacTuHku Ag mitoth sik MicTok Mixk CNT i P3HT, cTBoproroun 3B’s130K Mixk
JIBOMa Marepiasamu, KM € JOCTATHO MIIHHM, I[00 yTBOPIOBATH OiMbII TOBCTI TpyO4acTi CTpyKTypH. [loMiTHE 30iIbIICHHS
IHTEHCUBHOCTI MOMIMHAHHS (Ha NPUOIH3HO 552 HM) IOCATAETHCS LUISIXOM JI0IaBaHHsI HAHOYACTUHOK cpibna 1o marpuii CNT/P3HT
mpu 0,5% P3HT. Kpim Toro, migrorosneni tonki miiBku CNT/P3HT@Ag neMoHCTpyroTh OibImii KoedilieHT IpOMyCKaHHS — MOHAT
42%., 45%., 49% 1 48% nns xonnentpauiit P3HT 1%, 3%, 5% 1 7% sigmosigno. ITigroToBka ganux mpo xoedimieHT exctuHKI (k) 1
MOKA3HMK 3aJIOMJICHHS IIOKa3ye, IO BKIIOYEHHS HAHOYACTMHOK cpibma no nanokommo3nTHoi Marpuii CNT/P3HT mae 3naune
TIOKPAIIIEHHS TOPIBHSIHO 3 onepeaHiMu 3pa3kamu (kommo3utr CNT/P3HT).

Kuaruosi cioBa: nanoxomnoszum,; noni(3-eexcunmiogpen) (P3HT); pozuun eyeneyesux nanompyboox (CNT); memoo 3anypenms;
Gomoniominecyenmui 61aCmMU60Cmi; cneKmp nponyCKamHs
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In this report, we have investigated the CsMgCls compound with the help of the WIEN2K software package. The structural and
electronic properties are performed using the full potential augmented plane wave (FP-LAPW) method with the generalised gradient
approximation (GGA) approximation as exchange correlation potentials. We used the Birch-Murnaghan equation (BME) to find the
structural properties of the material. These include the lattice parameter, the bulk modulus, the first derivative of the bulk modulus, the
minimum energy, and the volume. The structural properties match up with the experimental data. Electronic properties in terms of the
band structure (BS) and total and partial density of state (T-DOS and P-DOS) profiles of CsMgCls using GGA potentials exhibit an
indirect wide energy band gap of 5.35 eV. All these properties show that the CsMgCl; compound is used as a perovskite in solar cells.
Keywords: GGA,; Optoelectronic, Power generator; Band gap

PACS: 71.20. Lp; 71.20. Eh 71.20._b

1. INTRODUCTION

The extraction of power from the most cost-effective sources, with the most efficient techniques, has garnered
considerable attention among materials scientists. Hence, to ascertain the position of products in actual applications, it is
imperative to define the operational characteristics of these gadgets. The utilisation of solar energy and the recovery of
lost heat have significant promise. In recent times, there has been a significant surge in research pertaining to materials
and compounds associated with photovoltaic technology and energy conversion applications. This surge can be
attributed to the escalating impact of climate change and its detrimental consequences on the environment. According to
this perspective, several halide perovskite compounds, both organic and inorganic in nature, have demonstrated
significant promise as materials for photovoltaic applications such as solar cells. These compounds exhibit
characteristics such as high-power conversion efficiency, high carrier mobility, and other desirable properties [1-8].
Collectively, these materials have been recognised for their exceptional capabilities in electrical, optoelectronic, and
thermoelectric transportation applications [9-12]. The organic-inorganic hybrid halide perovskite CH3NH;Pbl; has
garnered significant attention from researchers because to its notable characteristics, such as extensive absorption, high
mobility, and several advantageous thermoelectric and optoelectronic properties [11, 13-16]. However, certain limits
have been noticed, including the fact that led increases toxicity, which is not desirable from an environmental
perspective [17]. Furthermore, it has been observed that the organic component undergoes decomposition, resulting in
the release of detrimental chemicals [18]. To achieve the synthesis of lead-free perovskite compounds, alternative metal
atoms such as Sn or Ge, with similar oxidation states, were substituted for the Pb atom. This substitution led to the
development of certain pure inorganic and hybrid organic-inorganic compounds [19-21]. However, the substitutions
indicate that lead-free compounds exhibit somewhat lower energy conversion efficiency and a lower figure of merit
(ZT), which is a measure of the effectiveness of a thermoelectric material [22-23]. Consequently, there is a pressing
need to conduct further research on alternative perovskite halides. Extensive research has been conducted on pure
inorganic halide perovskite compounds due to the thermal decomposition of the organic component in hybrid
perovskites at elevated temperatures [18]. Various studies have been conducted on compounds with diverse structural
configurations, primarily focusing on their attributes through computational methods. The typical representation of their
structure is ABX3, wherein A and B are typically metals derived from main group elements, and X represents halides,
specifically atoms of chlorine (CI), bromine (Br), and iodine (I). Several lead-free halide perovskites have been
identified, including CsGeX3, CsSnXs, TIGeXs, TISnls, CsMgBrs, and others [24-28]. We have conducted research on
hazardous inorganic perovskite compounds, specifically CsMgCls, which exhibit similarities to the compounds. CsMgls
has been omitted from consideration due to the findings of Ray et al, who determined that its cubic structure is not
energetically possible as indicated by its positive formation energy [10]. Several experimental studies have been
undertaken on CsMgX; compounds, focusing on their synthesis and structural analysis. These compounds have a

Cite as: A. Kumar, H. Gupta, D. Kumar, R. Sharma, A. Kumar, S.K. Sharma, East Eur. J. Phys. 1, 355 (2024), https://doi.org/10.26565/2312-4334-2024-1-33
© A. Kumar, H. Gupta, D. Kumar, R. Sharma, A. Kumar, S.K. Sharma, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-1-33
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8867-6595
https://orcid.org/0009-0007-3964-6895
https://orcid.org/0009-0006-2726-4227
https://orcid.org/0009-0007-2725-4226
https://orcid.org/0000-0003-3372-3718

356
EEJP. 1 (2024) Aman Kumar, et al.

hexagonal lattice structure and are classified as non-perovskite compounds [29-31]. In a recent publication,
Kaewmeechai et al., conducted a computational analysis on the structural and electrical characteristics of CsMgBr3 in
its three distinct phases [28]. However, it is important to note that there is a lack of comprehensive research conducted
on the perovskite CsMgX3 compounds. The past research findings indicate that halide perovskites belonging to the
ABX3 class can be found in cubic, tetragonal, and orthorhombic crystal systems. In light of the significant value
associated with halide perovskites, there is a clear need to conduct a methodical and accurate examination of
compounds belonging to the ABX3 category. Such an inquiry holds great potential for enhancing our understanding in
this field. Although there is a lack of comprehensive theoretical details about the potential optical applications of a
computational approach, the existing body of experimental literature predominantly emphasises optical applications. In
addition, there is a lack of research that elucidates the impact of halogen ion replacement on the optical and
thermoelectric properties of CsMgCls. This study focuses only on the cubic phases of CsMgCls, examining their
structural, and electronic properties using the GGA functional. These properties have not been previously investigated.

2. COMPUTATIONAL METHODOLOGIES

The simulations of CsMgCl; halide perovskites were conducted using the WIEN2K code, employing the self-
consistent full-potential linearized augmented plane wave (FP-LAPW) approach. This method was integrated into the
code [32-33]. The structural optimisation was performed using the PBE-GGA (Perdew-Burke-Ernzerhof generalised
gradient approximation) exchange functional [34]. To accurately calculate the electronic characteristics, we employed
the GGA exchange correlation functional [35], which yielded improved outcomes. The implementation of this technique
necessitates the partitioning of the crystal structure into muffin-tin (MT) spheres that encompass the atomic sites and the
interstitial regions located at the periphery of these spheres. In order to achieve Eigen-value convergence, a value
of 8.0 is chosen for Rmt*Kmax, where Rmt represents the muffin tin radius. It is typically selected to be sufficiently big
to prevent any overlap between the MT spheres. Kmax, on the other hand, refers to the maximum value of the
reciprocal lattice vectors and is of utmost importance. The expansion of angular momentum is carried out by performing
calculations using a k-mesh consisting of 15x15x15 k points, which allows for the integration of the irreducible
Brillouin zone. The number of k-points in the Brillouin zone has been augmented to 2456, as the attributes under
consideration exhibit a strong reliance on the higher density of k-points. The accompanying section fully presents all the
equations involved in the computation of these properties.

3. RESULTS
3.1. Structural Properties
As previously stated, we have considered the cubic arrangement of the perovskite compounds under investigation
and conducted structural optimisations. The fully relaxed structure is depicted in Figure 1. The Wyckoff positions for Cs
and Mg atoms are designated as la (0, 0, 0) and 1b (0.5, 0.5, 0.5) respectively. Conversely, the halide ions (Cl) are
situated in the 3¢ positions, namely (0, 0.5, 0.5), (0.5, 0, 0.5), and (0.5, 0.5, 0). The compounds with cubic structure are
classified under the Pm3m space group.

Figure 1. Unit cell structure of CsMgCls generated by VESTA

The lattice parameters and other physical attributes, as presented in Table 1, were determined through volume
optimisation using the Birch-Murnaghan equation of state, written as follows [36]:

E :EO(V)"‘# BOEI—V—OJ+(V_‘)) ' 1. (1)
B, (B, —1) v v

The equation was utilised to provide a graphical representation of the relationship between energy and volume,
which is depicted in Figure 2. By analysing these plots, we can determine the minimal energy of the compounds in their
ground state, as well as the corresponding optimum volumes. This analysis is conducted using the PBE-GGA method.
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According to the data presented in Table 1, it is evident that the lattice constants for CsMgCls is 7.29 A, respectively.
Notably, the latter value closely corresponds to a previously reported finding [28]. The observed bulk modulus and its
pressure derivative for these compounds indicate that their values are not significantly like those of metals. This
suggests that these compounds possess a modest level of compressibility.

Table 1. Calculated lattice constants (ao), Min. cell volume (Vo), Ground state energy (Eo), Bulk modulus (Bo) and Pressure
Derivative of bulk modulus (Bp), Band gap (Eg) and Fermi energy (Er) of cubic CsMgCls.

-3750L900%

Parameters CsMgCls Experimental
Lattice parameter (A) 7.292908648 5.178 [28]
Min. Volume (a. u)® 1987.7230 |
Bulk Modulus B (GPa) 263716 | e
Pressure derivative Bp(GPa) 59772 | e
Minimum energy Eo (Ryd) -37501.898866 | e
Bandgap(eV) 5.35 6.35[37]
Fermi energy (Er) 0.02259 |
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Figure 2. Variation of total energy with volume of CsMgCls compound

3.2. Electronic Properties
To examine the electronic properties of these compounds, we have conducted calculations on their band structures
using the PBE-GGA exchange correlation functionals. The results are presented in Figures 3(a-b).
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Figure 3. Electronic band structures of (a) CsMgCl; for spin up, (b) CsMgCls for spin down, using GGA approach.

Various research in the field of density functional theory (DFT) have noted that the utilisation of exchange
functionals can occasionally present challenges when attempting to accurately determine band gaps. The PBE-GGA
functional has been found to significantly underestimate the band gaps of different materials and compounds due to a
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self-interaction mistake. This issue could be addressed by utilising alternative methodologies, a highly effective
approach that is extensively employed in DFT calculations for determining the electronic structure and various
properties of compounds such as perovskites and Heusler alloys. In our investigation, we have calculated band gap for
CsMgCl; compound by the utilisation of the generalised gradient approximation (GGA) technique with high symmetry
k-points within the Brillouin zone is ' - M — K — I'—A, which is utilised for the computation of electronic
structures. To begin with, the band structures of CsMgCls,
characteristics of indirect wideband gap materials.
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as depicted in Figure 3(a-b), indicate that it exhibits
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Figure 4. Total density of states of (a) CsMgCls in spin-up, (b) CsMgCls in spin-down and partial density of states of (c) Cs (s, p, d
and f state) in spin-up, (d) Cs (s, p, d and f state) in spin-down, (¢) Mg (s, p, d and f state) in spin-up, (f) Mg (s, p, d and f state) in
spin-down, (g) Cls (s, p, d and f'state) in spin-up, (h) Cls (s, p, d and f state) in spin-down
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The conduction band minimum (CBM) is located at the ' point, whereas the valence band maximum (VBM) is
situated at the M point, resulting in the formation of an indirect gap. Nevertheless, a band gap of these compound found is
5.35 eV has been attained using GGA. It is important to note that the characteristics of the conduction and valence bands
(CB and VB) are consistent in both cases. Additionally, it has been observed that the bands in the valence band (VB) are
located at the Fermi level and exhibit a relatively low curvature at high-symmetry points. The presence of flat bands in a
system suggests the existence of high effective masses, which can significantly influence the efficiency of transport
properties. The findings of our study regarding the energy band gap of CsMgCls, as determined using the GGA potential,
demonstrate a proximity to the experimental value of 8.5 eV. Furthermore, the bandgaps of our theoretical models exhibit a
high level of concordance with the perovskite structures described. The electronic band profiles of these compounds
demonstrate their characteristic as wide band gap semiconductors when analysed using the PBE-GGA potential. However,
under ambient conditions, they exhibit insulating behaviour when assessed using the GGA method.

Another electronic property calculated such as the total density of states (TDOS) and partial density of states (PDOS)
were calculated for these compounds using the GGA potential in order to gain a better understanding of the specific atoms
and their orbitals that contribute to the band structure curves. This potential was chosen due to its ability to produce an
enhanced band gap. The TDOS plot of CsMgCls, as illustrated in Figure 4(a-h), indicates that the primary contribution to
the density of states (DOS) in the valence band (VB) arises from the halogen atom (Cl) located at the Fermi level edges.
This halogen atom is also accountable for the presence of flat bands at the VB band boundaries. A notable increase in the
energy levels of a Cs atom is observed at higher energy values, approximately 5 eV. This phenomenon is associated with
the presence of degenerate bands in the valence band that exhibit a flat energy profile near this energy range. The
appearance of states in the conduction band (CB) at higher energy levels, around 6.3 eV, can be attributed to the energy gap
resulting from the lack of density of states (DOS) in the CB region at the Fermi level (Er) up to approximately 6.3 eV. The
study reveals a comparable contribution of the CI and Cs atomic states in the CB system. The participation of the
magnesium (Mg) atom is nearly negligible in the valence band (VB) and fairly evident in the conduction band (CB).

The relationship between specific orbitals of the atoms in the electronic structures of perovskite compounds is
elucidated by the PDOS plot depicted in Figure 4 (c-h). The analysis of Fig. 4(a) and (b) reveals that the prominent
peaks observed in the valence band (VB) can be attributed mostly to the density of states (DOS) originating from the p-
orbitals of CI atom in the vicinity of the Fermi energy (Er). Additionally, a narrow peak corresponding to the energy
states of p-orbitals of Cs atoms at higher energies is also observed. Additionally, we observe a negligible contribution
from the s and p-orbitals of magnesium atoms. In the context of the chemical bond, the participation of halogen atoms
experiences a significant decrease. Small peaks of states for magnesium (Mg) atoms, specifically in their s and p-
orbitals, are observed at higher energy levels within the conduction band. The occurrence of density of states (DOS) in
Cs atoms is attributed to the presence of its d-orbitals. Previous research has documented both theoretical and
experimental studies pertaining to these specific halides [38-40].

CONCLUSION

The objective of this study is to investigate the structural, and electronic properties of Magnesium-based halides
using the FP-LAPW technique. The findings on all parameters of Mg based halides indicate that these materials have
the potential to be synthesised under normal atmospheric conditions. These include the lattice parameter, the bulk
modulus, the first derivative of the bulk modulus, the minimum energy, and the volume. The structural properties match
up with the experimental data. Electronic properties in terms of the band structure (BS) and total and partial density of
state (T-DOS and P-DOS) profiles of CsMgCl; using GGA potentials exhibit an indirect wide energy band gap of
5.35 eV. All these properties show that the CsMgCls; compound is used as a perovskite in solar cells.
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JOCJIIIKEHHS CTPYKTYPHHX TA EJJEKTPOHUX BJIACTUBOCTEM CHOJYKH CsMgCls
Aman Kymap?, Xapmir ynra®, Jles Kymap®, Pitry Illapmad, Anynsx Kymap®, Cy6onx Kymap Illapmaf, Aman ITan Cinrx®
“@akynemem @izuxu, Haykosuil konedxc Kepan Bepma Cybxapmi, Ynisepcumem Ceami Bisexanao Cyoxapmi Meepym, IHOis
bKagpeopa enexmpomexnuixu, Yuieepcumem Ceami Bisexananoa Cybxapmi Mecpym, Inois
‘Kagheopa gpizuxu, Ynisepcumem CCS Meepym, In0is
dKagpedpa enexmponnoi ma komymixayitinoi inoicenepii, nonimexuiunuii konedoc, Yuicepcumem Céami Bisexananda Cyoxapmi, Meepym
¢l ocyoapcmeennulii konnedxc Maxamaiia, Lllupkom bBuoxcnop, UP, Inoia

T®axynomem izuxu, Koneooc S.S.V., Xanyp (Vuisepcumem CCS, Mecpym, UP,), Indis

*Kageopa gizuxu, M.M. Koneooc, Mooinazap (C. C. S. University, Meerut U. P.), Inois
VY niii podoti Mu gocuimpkysanu crnoinyky CsMgCls 3a mponomoroto nporpamuoro nakery WIEN2K. CrpykrypHi Ta eneKTpoHHI
BJIACTUBOCTI BU3HAYAINCS 3 BUKOPUCTAHHSM METOLY MOBHONOTEHUIHHUX MpUeaHaHKUX IockuX XBuib (FP-LAPW) 3 HaGmmkeHHAM
y3arajgpHeHoro rpagienta (GGA) sk oOMIHHMX KOpeNALiHHHX MoTeHwLianiB. My BUKOpHCTOBYBanu piBHsHHS bBepua-MypHarana
(BME) Bu3HaueHHsI CTPYKTYpHHX BJIacTUBOCTEil Marepiany. Jlo HUX BiIHOCSTBHCS MapaMeTp PELIiTKH, MOAYIb 00'€MHOrO CTHCKY,
mepiia IOXigHa Moayns 00'€eMHOro CTHCKY, MiHiManpHa eHeprii Ta o00'eM. CTpPyKTypHi BJIAaCTHBOCTI BiIIOBiIAOTh
CKCIICPUMEHTAIbHUM JaHUM. EJIEKTpOHHI BJIAaCTHBOCTI 3 TOYKH 30py 30HHOI cTpykTypu (BS), a Takox mnpodimgiB moBHOI Ta
napuianbHol ryctunn cradiB (T-DOS Ta P-DOS) CsMgCls 3 BukopucranHsM noteHuianie GGA I1eMOHCTPYIOTh HENPAMY LIUPOKY
CHEepreTHYHy 3a00poHeHy 30HY 5,35 eB. Bci i BracTHBOCTI mokasyroth, 1m0 3'eqnands CsMgCls Moxe OyTH BHKOPHCTaHHN SK
NIEPOBCKITHA CTPYKTYpa B COHSIYHHX €JIEMEHTaX.
KunouoBi cioBa: GGA; onmoenexmponika,; eenepamop enepeii; 3a00poHena 30ua
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Nitrogen-adsorbing carbon nanotubes have received considerable attention in the field of materials science due to their unique
properties and potential applications. In particular, nitrogen-adsorbed double-walled carbon nanotubes (DWNTs) can exhibit a
wide range of tunable electronic and optoelectronic properties. In this study, the effect of different temperatures (i.e., 300, 600,
and 900 K) of DWNT on nitrogen adsorption is investigated through molecular dynamics simulations using the ReaxFF
potential. The simulation results show a good nitrogen storage capacity of DWNT, particularly at 600 K, reaching a maximum
gravimetric density of 12.4 wt%. This study contributes to a better understanding of the mechanisms governing nitrogen
adsorption onto DWNTs at different temperatures.

Keywords: Double-walled carbon nanotube, Nitrogen adsorption, Reactive molecular dynamics

PACS: 61.46.-w, 02.70.Ns

INTRODUCTION

Carbon nanotubes (CNTs) have garnered broad interest across physics, chemistry, and materials science [1],
showcasing promise in diverse applications including electronic devices [2], sensors [3], material reinforcement [4],
adsorbents [5], and numerous other areas [7]. Among them, double-walled carbon nanotubes (DWNTSs) have gained
significant attention due to their improved stability and mechanical properties [8],[9]. The interactions of DWNTs with
other atoms and molecules, particularly boron (B) [10], nitrogen (N) [11], calcium (Ca) [12], palladium (Pd) [13] and
platinum (Pt) [14] have been intensively studied in recent years.

Among them, nitrogen (N) atoms adsorption (i.e., chemisorption) on carbon nanotubes has gained much attention
in recent years due to its applications in various fields such as energy storage and catalysis [5], [6]. N atom chemisorption
and doping on DWNTs are being explored as promising strategies to modify their electrical and chemical properties for
various applications. Several studies have investigated the chemisorption mechanism of N atoms on the outer and inner
walls of DWNTs, as well as the effect of N doping on their electronic and optical properties [15]. Chemisorption of N
atoms on DWNTs depends on various factors, such as tube diameter and chirality, which in turn affect the strength and
type of interaction with the adsorbate [11]. In this respect, understanding the chemisorption processes of N atoms on
DWNTs is essential for the design of efficient nanomaterials for gas detection and separation [16], [17], [18]. Although
nitrogen (N) atoms have been introduced into CNTs by various methods (e.g., CVD, ALD), controlling their amount in
the structure is still one of the pressing problems [19], [20].

In this study, we investigate the chemisorption mechanisms of N atoms on DWNT at different temperatures using
molecular dynamics (MD) simulations.

COMPUTATIONAL DETAILS

The process of nitrogen adsorption onto DWNTs is investigated using reactive MD simulations [21] using the
LAMMPS package [22]. The ReaxFF potential is used to describe the interatomic interactions in the system [23]. This
potential is chosen to describe the breaking and joining of bonds between atoms. A neat (5,5@10,10) nanotube was chosen
as a DWNT model (DWNT(5,5)@(10,10)) in MD simulations (Fig.1). The diameter of DWNTs is 6.78 and 13.57A
(Fig. 1) which is in the range of experimentally obtained nanotube diameters (6.3A-7.9A) and (13A-16A) [24]. Periodic
boundary conditions are applied along the z-axis, which represents the length of the DWNT (28.12 A), allowing the
simulation of infinitely long DWNTs.

Initially, the energy of all model systems is minimized by the conjugated gradient method. Subsequently, the
temperature and pressure of the systems are equilibrated to the desired values (300 K, 600, 900K and 0 Pa) in the NpT
ensemble using a Berendsen thermostat and barostat [25] with coupling constants of 100 fs and 5000 fs, respectively.
The chosen heating rate (i.e., 1 K/ps) corresponds to a previously reported range of values (0.1-10.0 K/ps) [26] and
indicates that the deviations in the thermodynamic equilibrium of the model systems are insignificant during the
temperature increase. In the case of the chemisorbtion of N atoms on DWNT, the system’s temperature is kept at
300 K, 600 K and 900 K for 100 ps using a Bussi thermostat [27] with a coupling constant of 100 fs in the canonical
NVT ensemble.
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In the simulations, the pressure of N atoms in the system is calculated as p = | \N2TMRT/Na, [28] (1), where J is the
impingement flux (nm?'ns'), Na is Avagadro’s number, R is the universal gas constant, M is the molar mass of the
N atom (kg-mol") and T is the temperature of the system (K). In this work, the impingement flux of the incident N atoms
(i.e.,100 N) is 78.74 nm™-ns’!, and its corresponding pressure is approximately 1.94 MPa. The simulation is done under
NVT conditions with N atoms added to the environment surrounding the surface of the nanotube at a 10 ps interval, and
with a minimum distance of 10 A (i.e., the cutoff radius of the interaction potential) between each N atoms and the model
system.

Figure 1. Top and side views of the DWNT(5,5)@(10,10) model system

The gravimetric density of nitrogen (N) atoms remaining on the surface of pure DWNTs under the influence
of different temperatures (300 K, 600 K, 900 k) was calculated as follows:

wt% = (1 +mc¢N/myn)™1 x 100% (1)

where mc and N are the mass and number of carbon atoms in DWNT, my and n are the mass and number of adsorbed
N atoms.

In all MD simulations, a time step of 0.1 fs is used. The simulations are repeated 5 times for each study case, and
the final results are obtained by averaging the individual physical quantities.

RESULTS AND DISCUSSION
It can be seen from the results that N atoms adsorbed on the DWNT(5,5)@(10,10) surface for systems with different
temperatures (i.e. 300, 600, 900 K) number adsorption N (%) atoms (or adsorption index, (Nadsorption/Niotal,70) also varied.
Specifically, with an increase in the number of adsorbed N atoms at a temperature of 300 K, the number of adsorbed
N atoms was in the range of 2-48% (Fig.2a). Temperature of 600 K and 900 K, it is in the range of 2-77% and 10-61%,
respectively.
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Figure 2. (a) Dependence of the number of adsorbed nitrogen (N) atoms on their kinetic energy, (b) The temperature dependence of
the maximum adsorption index of nitrogen atoms.

That is, at temperatures of 300 K, 600 K and 900 K, the maximum adsorption index was equal to 48%, 77% and
61% (Fig.2b). The largest adsorption index is at 600 K, which is 1.52 and 1.19 times greater than at 300 K and 900 K.
It can be seen from the results that the adsorption index did not increase linearly with increasing temperature. From the
results, it is known that the temperature also affects the N adsorption process. As the velocity (i.e., kinetic energy) of
N atoms falling on the DWNT(5,5)@(10,10) surface increased, the adsorption level also increased (from 0 eV to
22.50 eV), further increasing the velocity of N atoms led to a decrease in the amount of adsorption (about, 26.24 eV for
300K, 22.50 eV for 600 K and 28.74 eV for 900 K). The results indicate that an additional elevation in energy
(i.e., 33.15 eV) led to a decrease in the adsorption index to a value approaching 0% (Fig.2a).

The chemisorption of N atoms on DWNT relies on multiple factors, such as the curvature of the nanotube surface,
the arrangement of the six-membered carbon rings, among others [29],[30]. Furthermore, the adsorption index of DWNT
varies at different temperatures. Depending on their position (para, ortho, meta) within the hexagon cell of the CNT,
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N atoms on the surface of CNT can depart from the surface due to the influence of temperature [31]. N atoms adsorbed
on the DWNT surface are influenced by the arrival of other N atoms on the surface, leading to the formation of molecules
through the Langmuir-Hinshelwood recombination mechanism (where two N atoms on the surface covalently bond to
form a nitrogen molecule) or Eley-Rideal desorption mechanism on the surface due to the impact of incoming N atoms
on the adsorbed N atom [32], [33]. The temperature range (i.e., 300-900 K) employed in this study altered the quantity
of N atoms adsorbed on the surface.

b
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1,24
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0 10 20 30 40 50 60 70 80
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Figure 3. (a) N atoms chemisorbed onto DWNT(5,5)@(10,10) are introduced, and system atoms exhibit partial charges from -0.8¢
to +0.8e, which range from red to blue is depicted by the color spectrum, which shows the transition from electron-rich regions to
electron-poor regions, respectively, (b) The alteration in the partial charge of adsorbed N atoms in relation to temperature

In addition to these effects, in CNT, the carbon atom has a higher electronegativity value (y=2.55) compared to the
N atom (y = 3.04). Figure 3a shows the chemisorption process of N atoms on DWNT(5,5)@(10,10). Atoms in the system
are depicted in blue with a positive charge and red with a negative charge, while uncharged (0) atoms are depicted in white.
This difference in electronegativity results in interactions such as Coulomb forces between the CNT surface and N atoms.
This, in turn, results in a relatively stronger interaction between N atoms and C atoms on the DWNT(5,5)@(10,10) surface,
thereby leading to higher adsorption of N atoms on DWNT(5,5)@(10,10). Figure 3b illustrates that the partial charge
increases with the rise in the adsorption index (%) of chemisorbed N atoms on DWNT(5,5)@(10,10).

Table 1. The variation in the partial charge of adsorbed nitrogen (N) atoms (%) is demonstrated as a function of temperature.

Adsorption N 300 K Adsorption N 600 K Adsorption N 900 K
atoms, % atoms, % atoms, %
C N C N C N
5 0.14¢ -0.14e 7 0.15¢ -0.15¢ 10 0.25¢ -0.25¢e
18 0.49¢ -0.49¢ 15 0.35¢ -0.35¢ 20 0.48¢ -0.48¢
31 0.76¢ -0.76e¢ 32 0.76¢ -0.76e 27 0.65¢ -0.65¢
36 0.85¢ -0.85¢ 55 1.53¢ -1.53¢ 50 1.22¢ -1.22¢
51 1.23¢e -1.23e 77 1.84e -1.84¢ 67 1.67¢ -1.67¢

As aresult, the sum of maximum partial charges of C and N atoms appropriately 1.23e and -1.23e (51 %) for 300 K,
1.84¢ and -1.84e (77 %) for 600 K, 1.67e and -1.67¢ (67 %) for 900 K which corresponds to the values of 5-77 %
respectively (Table 1). This indicates that an increase in the concentration of N leads to an increase in negative (n-type)
partial charges of the DWNT. This validates the outcomes achieved in earlier investigations [34].

Figure 4 shows the nitrogen adsorption coverage (p%=Nn/Nc¢) and gravimetric density (wt%) of N atoms as
a function of temperature. As can be seen from the figure, the p % (or, wt%) of N atoms at 300, 600 and 900 K is different,
the maximum adsorption of N atoms on the surface at 300 K, 600 K and 900 K level 8 % (or 9.3 wt%), 12.1 %
(or 12.4 wt%), 10.18% (or 10.6 wt%), respectively.
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Figure 4. The gravimetric density of chemisorbed N atoms (right, blue) and the adsorption coverage (left, red) as a function
of temperature



364
EEJP. 1 (2024) Utkir B. Uljayev, et al.

CONCLUSION

We can conclude that this molecular dynamics simulation has successfully visualized the N adsorption mechanism
in DWNT(5,5)@(10,10). In this simulation the trend of N adsorbed in DWNT(5,5)@(10,10) is influenced by temperature
factors. The N adsorption by DWNT(5,5)@(10,10) at lower temperatures such as at 300 K has a higher amount
of N concentration than at higher temperatures (600 K and 900 K). As the temperature increases at a constant pressure,
the amount of N that adsorbed will be decreases. While the trend of the amount of N absorbed will growth with increasing
pressure at a constant temperature. The best result of gravimetric density 12.4 wt% (or 12.1% nitrogen concentration) that
occurred at 1.94 MPa pressure with temperature (600 K) condition.
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AJICOPBLISI A30TY HA IBOCTIHHUX BYTJIEHEBUX HAHOTPYBKAX ITPU PI3BHUX TEMIIEPATYPAX:
MEXAHICTHYHI JOCJIIKEHHS 3 MOJEJIOBAHHSI MOJIEKYJIAPHOI IMHAMIKH
Yrkip B. Yases, lllaxno3akcon A. MyminoBa, Immymin 1. Siarapos
ITnecmumym ioHHO-nA3MOBUX | 1a3epHUX mexHOoN02Iu imeni Apugoea, Axademii Hayk V3bexucmany, Tawxenm, 100125, V36exucman
Byrienesi HaHOTpyOKH, 110 ancopOyIOTh a30T, IPUBEPHYJIH 3HAYHY YBary B rajy3i MaTepiajJo3HaBCTBa 3aBISKU CBOIM YHIKaJIbHUM
BIIACTUBOCTSIM 1 MOXKIIMBOMY 3aCTOCYBaHHIO. 30KpeMa, aJicopOOBaHi a30TOM TOJIBilHI CTiHKOBI Byrienesi HaHOTpyOku (DWNTs)
MOXYTb AEMOHCTPYBATH IIHPOKHUH CIIEKTP PEryIbOBaHUX EIEKTPOHHUX i ONTOEIEKTPOHHUX BIACTUBOCTEH. Y CTAaTTi JOCIIIDKY€EThCS
BIUTHB pi3HUX Temrepatyp (300, 600 i 900 K) DWNT Ha agcopOuito a30Ty 3a JOIOMOTOI0 MOJIEIIOBAHHS MOJICKYJISIPHOI ANHAMIKH 3
BUKopucTaHHsaM noteHuiany ReaxFF. Pesynbrati mozaentoBanHs moka3yioTh xopoiny 3aaTHicte DWNT 30epiratu a3ot, 0co0IuBo
npu 600 K, nocsraroun MakcumMaibHOT Barosii miinbHocti 12,4% mac. Lle noCimipKeHHs clpusie KpaloMy PO3yMiHHIO MEXaHi3MiB
ancopbuii a3ory Ha DWNT npu pi3HHX TeMmepaTtypax.
KurouoBi ciioBa: osocminna gyaneyeea nanompyoxa, aocopoyis azomy; peakmueHa MOIEKYIAPHA OUHAMIKA
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The paper reports the sharp increase in resistivity and the conductivity change (type) in the single-crystal silicon sample doped with
vanadium. The electrical and optical properties of single-crystalline silicon were determined Hall- and four-probe measurements and
infrared (IR-) spectroscopy. Relative resistance, charge carrier concentration, mobility, and concentration of optically active oxygen

and carbon in the samples were determined layer-by-layer. It is shown that in silicon samples doped with vanadium the concentration
of optically active oxygen atoms tends to reduce.

Keywords: Silicon, Vanadium; Diffusion; Resistivity; Optically active; Oxygen,; Carbon
PACS:78.30. Am

INTRODUCTION

The proposed technique of doping silicon with vanadium could possibly be used for the production of microcircuits,
thus improving the physical parameters of the processed samples and ensuring production of sensitive diodes.

As is known, doping of silicon with impurity atoms that create deep levels leads to the formation of a defect
structures in the silicon crystal lattice, and integrated circuits based on silicon doped with transition elements are
traditionally characterized by robust long-term performance characteristics [ 1-2]. Transition elements embedded in silicon
play a significant role by gettering the outer electronic shells of impurity atoms and intrinsic atoms, and have high
chemical activity. However, it was earlier mentioned that in silicon they are mostly in electrically inactive states [3-4].

However, the mechanisms of these physical phenomena, depending on the type of impurity atoms, environment, chemical
composition and structure of these microformations, still remain unclear.

EXPERIMENTAL AND RESEARCH METHODS
The study shows that in the original single-crystalline silicon grown by the CZ- technique, the concentration of
oxygen atoms was about ~10'® cm3, while the concentration of carbon atoms approximately 10'7 cm™, which were also
in electrically inactive state. A series of analysis and studies of manufactured samples is shown in [4-5]. The authors

compare various long-term scientific results, the molecular state of vanadium atoms in silicon and their interaction with
growing layers.
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Figure 1. Dependence of charge carrier concentration layer-by-layer

Doping of silicon with vanadium impurity atoms was carried out by implementing the diffusion technique in
unvacuumed ampoules at T=1200° C for t = 10 hours and the deposition was induced from a layer of vanadium chloride

Cite as: Kh.S. Daliev, Z.M. Khusanov, East Eur. J. Phys. 1, 366 (2024), https://doi.org/10.26565/2312-4334-2024-1-35
© Kh.S. Daliev, Z.M. Khusanov, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-1-35
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2164-6797
https://orcid.org/0009-0005-9420-8033

367

Properties of Single Crystal Silicon Doped with Vanadium EEJP. 1 (2024)

deposited on the surface of single-crystalline silicon. The maximum cooling rate of silicon samples after the diffusion of
vanadium atoms was ensured by throwing quartz ampoules into coolant oil, the cooling rate of which vy = 300 K/s.
Minimum cooling rate was v = 25 K/s and was ensured after the electric furnace KSL-1075-1 has been turned off. As
can be seen from Fig. 1, the charge carrier concentration (n) decreases depending on the penetration depth (x). The charge
carrier concentration decreases across the depth of 20 um from the sample surface, and then a stabilization of the charge
carrier concentration is observed.

It was found that the doping Si with V at a diffusion temperature of T4=900-1000 °C practically does not change the
concentration of n-Si charge carriers.

Table 1. Reference Si sample

Charge carrier Carriers mobility, Specific resistance of Conductivity type
Si concentration, n (cm=) u (em?/Vs) samples, p (Om-cm) (type)
1.402-10™ 9.855-10? 5.016E-10! n

It is known that various high-temperature heat treatments (HHT) lead to changes in the defects structure of single-
crystalline silicon. In this case, one can witness the process of assembly of various associated states of technological
impurities (for example, oxygen atoms in silicon). Depending on the processing temperature, compounds of the SiOx type
are also formed on the silicon surface [5-6].

During the study, the results of the electrophysical parameters of doped silicon samples diffused for 10 hours at a
constant temperature T=1200°C are presented in Table 2.

Table 2. Electrophysical parameters of Si<V> diffusion samples

Ne Thickness of the Carrier mobility, Specific resistance of Conductivity type (type)
removed layer, n (em?/Vs) samples, p (Om-cm)
X (mk)
1 5 3.852-10! 5.748-10! p
2 10 3.869-10? 4.171-10! p
3 20 7.881-10? 4.023-10! p
4 30 8.839-10° 5.484-10! n
5 40 8.798-10° 5.376-10! n
6 50 8.597-10° 5.839-10! n
7 60 8.311-10% 5.019-10! n
8 70 9.676-10? 5.422-10! n
9 80 8.921-10° 4.594-10! n
10 90 8.707-107 4.837-10! n
RESULTS AND DISCUSSION

The authors assume that the resistivity p of deep layers of the surface area of the resulting structure does not change
sharply, and secondly, it is characterized by an almost flat distribution of resistivity p across the bulk of the silicon
sample [7-8].

During the study, the resistivity of the starting samples was up to 50 Ohm-cm, and the thickness of the mechanically
polished samples was 1.5 mm. The concentration of the optically active oxygen atom is N,®®=9-10'” cm~ and the carbon
concentration NP%=7.3-10'7 cm™, according to IR-absorption spectra at 1100 ¢cm™!' (oxygen band area) and 610 cm’!
(carbon band area). Infrared absorption spectrum at 300 K according to a two-beam scheme, infrared spectra FSM-2201
operating in the range 370+7800 cm™' a spectrometer was used to determine the optically active oxygen (No°) carbon
(NP at room temperature [7-11]. IR-absorption spectra were measured for oxygen at 1106 cm™ (9.1 pm) (Fig. 2b).
For carbon, IR-absorption spectra were measured in the range 607 - 620 cm™ (Fig. 2a).

The concentration of optically active oxygen atoms and the concentration of optically active carbon atoms were
analyzed using the following equations:

)
(@)

I and Iy are intensities of incident and transmitted light, d is the thickness of the sample. 1- concentration of optically
active oxygen was determined by the following equation:
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Figure 2. IR-absorption spectrum. a) N, b) No°?, 1 — high spectrum (n-Si) for the reference sample. 2 — for the lower spectrum
(n-Si<V>)

Analysis of these results shows that in Si with n- and p-type vanadium, a decrease in the concentration of optically
active oxygen by 8-10% was observed compared to reference samples that had undergone heat treatment under similar
conditions. The IR-absorption spectra of optically active carbon at a wavelength of A=16.4 pum were also studied.

1. n-Si (control sample), NP* = 1.1-10%7 -%- lnlL =7.3-10Y7 cm?
0
n-Si<V> NP* = 1.1-107 = In— = 7.1- 10" em”
0

2
3. ANSPE = Noprleontrol _ nort(V) — 73,1017 —7.1-10%7 = 0.2 - 107 em.
4

ANCPE 0
k = Nopt (control) : 100 /0
C

In reference samples and doped samples, a decrease in the concentration of optically active carbon by 2-3% was
observed [12-16]. In particular, the results of measurements of IR-absorption spectra of starting silicon samples, of the
doped silicon in the course of growth from solution and after various heat treatments show that the concentration of
optically active oxygen in Si<V> and vanadium increase as a result high-temperature heat treatment of the sample.

CONCLUSIONS

Thus, it has been shown that doping Si with vanadium atoms leads to a decrease in the concentration of optically
active oxygen No®*' by 8+10 % depending on the concentration of introduced vanadium impurity atoms. The above proves
that we are possibly seeing the interaction of vanadium atoms with oxygen atoms in the bulk of silicon. It has been
established that preliminary heat treatments of starting silicon samples at T = 1200°C for t = 12 hours leads to the
deposition of oxygen in parallel by forming SiO, molecules. In this case, the concentration of optically active carbon N°P*
decreases by 2+3 %. Additional V atoms in pre-heat-treated silicon led to a decrease in No°' by 10+15 %. This is due to
the peculiarities of the interaction of V atoms with SiO, molecules. It is shown that p-Si <HT+V> samples also exhibit
an increase in p after doping with vanadium atoms, but it is several times smaller compared to p-Si<}> samples.

It’s worth mentioning that when exposed to IR-radiation (wavelength of A=16.4 microns when silicon single crystals
are transparent), absorption depends only on chemical composition, structure and oxygen concentration. In order to find
out the clear mechanism of how vanadium atoms do influence the concentration and size of electroactive centers in silicon,
as well as establishing the influence of boundary and surface states on the observed phenomena might require additional
research into the subject.
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This study explores the growth of Sb2Ses films on soda-lime glass (SLG) surfaces using the chemical molecular beam deposition (CMPD)
method at a substrate temperature of 500°C. High-purity binary compounds, Sb2Ses and Se, were employed as source materials for film
deposition. Scanning electron microscopy (SEM) was employed to investigate the morphological characteristics of the SbaSes films.
Furthermore, the influence of temperature on the grain size and crystallographic orientation in selenium films was examined. Samples were
obtained from a selenium source at temperatures of 370°C and 430°C. The results indicate that increasing the temperature of the selenium
source results in the formation of larger grains and the presence of rod-shaped grains of Sb2Ses aligned parallel to the substrate. A sample
obtained at 370°C exhibited grains larger than 2 um in size, evenly distributed across the substrate surface, indicating a uniform growth process.
In contrast, when the temperature of the selenium source was raised to 430°C, considerably larger grains measuring approximately 4 pm were
detected on the film surface substrate. X-ray diffraction analysis was conducted to gain insights into the crystalline phases and crystal structure
of the SbzSe; films synthesized under different temperatures of the selenium source. The X-ray diffraction patterns displayed prominent peaks
corresponding to the crystallographic planes (221) and (211), indicating the presence of strong crystalline phases. Additionally, peaks such as
(020), (120), and (310) were observed in the X-ray patterns, further confirming the crystallinity of the films.

Keywords:_X-ray diffraction; Chemical molecular beam deposition; Sb2Ses; Selenium temperature

PACS: 73.22

1. INTRODUCTION

Antimony selenide (Sb»Ses) has emerged as one of the most promising absorber materials for the development of next-
generation thin-film solar cells, due to its outstanding photovoltaic performance. The remarkable properties of Sb,Ses,
including its simple crystal structure, substantial absorption coefficient exceeding 10° cm™, ideal band gap within the 1.1
1.3 eV range, and significant mobility, approximately 10 cm?V~!s™! [1], make it a highly attractive candidate for advanced
thin-film solar cells. One distinct advantage of SboSes, compared to more established thin-film solar cells, specifically Copper
Indium Gallium Selenide (CulnGaSe(S)s, referred to as CIGS) and Cadmium Telluride (CdTe), is its cost-effectiveness.
Both antimony (Sb) and selenium (Se), the constituent elements of Sb,Se;s, are widely available and exhibit lower toxicity.
As such, we can anticipate that Sb,Ses technology will become a serious competitor in the mass production of thin-film
photovoltaic modules. It has been discovered that [hk1]-oriented (vertically oriented) Sb,Se; film is superior for efficient
charge carrier transfer compared to the [hkO]-oriented Sb,Ses compound film. However, controlling the orientation of the
thin film remains a significant hurdle to further enhancing the efficiency of Sb,Ses-based solar cells. It should be noted that
during the synthesis of Sb,Se; films via physical methods, a considerable amount of Se is lost due to film decomposition
into Sb, Se, and SbSe. This results in the formation of Se vacancies, which subsequently increase the density of recombination
centers in the films [2]. These changes have a negative impact on the optical and electrophysical properties of the solar cells.
To mitigate this issue, researchers propose additional heat treatment in Se vapor. Zhigiang Lee [2] has successfully produced
thin film Sb,Se; using a co-evaporation method of Sb,Ses and Se [3, 4], whilst Shongalova [5] has introduced a method for
creating Sb,Ses films by sputtering, followed by "selenized" annealing in a H,Se gas atmosphere. These innovative solutions
illustrate the ongoing advancements in the field, paving the way for the full realization of Sb,Se; potential in next-generation
solar technology.

Sb,Se; films are used various methods precipitation: thermal evaporation [6-7], gas transport evaporation [8, 9]
method sublimation in a closed vacuum [10] and magnetron sputtering [11]. In this work, first time to grows films Sb,Ses
for solar cells by chemical molecular beam deposition (CMBD) method. In this study, we investigate the growth of Sb,Ses
films on SLG substrates using the CMBD method.

2. MATERIALS AND METHODS
Installed technological mode optimal grow Sb,Se; films on surfaces SLG (soda- lime glass ) by the method chemical
molecular beam precipitation (Fig. 1). The experimental system was prepared by purging hydrogen to eliminate atmospheric
pollutants. The SLG substrates with dimensions of 2.0x2.0 cm? were used for film deposition. To obtain Sb,Se; films with
enriched selenium content and stoichiometric composition, the partial pressure of Se in the steam phase was adjusted during
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the growth process. The substrate temperature was maintained at 500°C, while the temperatures of the source elements were
varied within the ranges of 350°C to 430°C for Se and 700°C for Sb,Se;. The growth rate was controlled between 0.1 to
1 A/sec, and a hydrogen flow rate of WH, = 20 cm?/min was maintained.

Granules of Sb,Ses and high-purity Se (99.999%) were utilized as the source materials. These compounds were placed
in separate containers within the experimental setup. The morphological properties of the films were examined using a
scanning electron microscope (SEM-EVO MA 10). The film compositions were determined by energy-dispersive elemental
analysis (EDX) using an Oxford Instrument Aztec Energy Advanced X-act SDD detector. The crystal structure and phase
composition were analyzed using X-ray diffraction (XRD) with a Panalytical Empyrean diffract meter, employing CuKa
radiation (L = 1.5418 A) and 20 measurements in the range of 20° to 80° with a step size of 0.01°. The phase composition
analysis was conducted using the Joint Committee on Powder Diffraction Standards (JCPDS) database.

)
No| 1 . J
® e
° o
o @
® e

6~ § Ug | g Lg

Figure 1. a) Schematic diagram of the system; b) Schematic image method chemical molecular beam deposition 1, 2 — substrate
and its holder , 3- heater substrates , 4- heaters sources , 5-sources evaporated component (Sb2Ses; and Se), 6- hydrogen gas
carriers (Hz), 7- flange holder, 8-hydrogen inlet, 9-hydrogen outlet, 10-thermocouple

3. RESULTS AND DISCUSSION

Morphological properties. The obtained SEM images revealed the morphological characteristics of the SboSes films,
while the EDX analysis confirmed their elemental composition.

This study investigates the influence of temperature on grain size and crystallographic orientation in selenium films.
A sample was obtained from a selenium source at temperatures of 370°C and 430°C. The characterization of the samples
was performed using microscopy techniques, and the results were analyzed to understand the relationship between
temperature and the observed grain size and crystallographic orientation. Our findings indicate that increasing the
temperature of the selenium source leads to the formation of larger grains and the presence of rod-shaped grains of Sb,Ses
aligned parallel to the substrate. These observations are consistent with the collected data, which also revealed an increase
in the peak texture coefficients (hk0) at the temperature of 430°C.

Upon analyzing the sample obtained at 370°C, grains larger than 2 um in size were observed. These grains exhibited a
uniform distribution across the substrate surface, indicating a uniform growth process. However, when the temperature of the
selenium source was raised to 430°C, considerably larger grains measuring approximately 4 um were detected on the film
surface substrate. The increase in temperature led to the formation of larger grains, which can be attributed to enhanced
diffusion and coalescence processes during film growth.

Furthermore, rod-shaped grains of Sb,Se; were observed in the sample obtained at 430°C. These grains aligned
themselves parallel to the substrate, as depicted in Figure 2. The formation of Sb,Se; grains can be attributed to the reaction
between antimony (Sb) impurities present in the selenium source and the substrate material. The alignment of these rod-
shaped grains suggests an epitaxial growth mechanism on the substrate surface.

The XRD analysis revealed that the peak texture coefficients (hk0) began to exhibit an increase at the temperature
of 430°C. This finding indicates a preferential crystallographic orientation in the film, which can be attributed to the growth
conditions and the interaction between the deposited selenium and the substrate material. The increased peak texture
coefficients further support the observed larger grain size and the presence of Sb,Se; rod-shaped grains.

These observations are consistent with our data, as the presence of larger grains can positively impact the
performance of solar cells by reducing recombination losses. Larger grains tend to have fewer defects along their
boundaries, which can lead to improved efficiency in converting solar energy. In conclusion, our results demonstrate that
temperature influences grain size and texture in the selenium film. The larger grain size observed at higher temperatures
suggests the potential for enhanced solar cell performance.

Table 1 presents the chemical composition of the elements in the deposited Sb,Ses films. The analysis using an
energy dispersive elemental analyzer revealed that the Sb/Se atomic concentration ratio decreased as the selenium



372
EEJP. 1 (2024) Takhirdjon M. Razikov, et al.

temperature increased from 350°C to 430°C, approaching the stoichiometric composition of Sb/Se~0.66. This indicates
that the selenium content in the Sb,Se; thin films increased with higher selenium flow. At a selenium source temperature
of 350°C, the Sb,Ses film was selenium-poor. However, at higher temperatures, the compound films approached a
stoichiometric composition with an Sb/Se ratio of 0.68, which was achieved at a selenium source temperature of 430°C.
It is evident that the temperature of the selenium source plays an important role in obtaining high-quality Sb,Ses films.

Stoichiometric, vertically oriented Sb,Se; grains larger than 4 um were successfully obtained at a selenium
temperature of 430°C, which are considered beneficial for charge carrier transport.

Figure 2. SEM images of SbaSe; films at different selenium temperatures: a) 350°C; b) 370°C; ¢) 400 °C; d) 430°C

It is worth noting that Sb,Se; films exhibit p-type conductivity. However, some samples of Sb,Se; may exhibit n-
type conductivity due to the presence of Sb impurities. Additionally, the presence of (Vs.) defects can also contribute to
n-type conductivity or act as donors [12].

Table 1. Chemical compound Sb2Ses films at various temperatures selenium source

Tse, T substrate, weight percentage, % Atomic percentage, % Sb/Se
(Temperatures of °C Sb Se Sb Se
Selenium source °C)
350 500 53.3 46.7 0.43 0.59 0.74
370 500 52.6 474 0.43 0.60 0.72
400 500 51.8 48.2 0.42 0.61 0.70
430 500 51.2 48.8 0.42 0.618 0.68

The implications of the Sb/Se atomic concentration ratio approaching the stoichiometric composition in Sb,Se; films
are significant. The stoichiometric composition represents the ideal ratio of antimony (Sb) to selenium (Se) atoms in
Sb,Ses. When the Sb/Se ratio approaches this stoichiometric composition, the film exhibits optimal electrical properties.
This means that the film is more likely to have the desired characteristics for its intended applications, such as solar cells.
Achieving the stoichiometric composition helps in attaining the desired electronic band structure and charge transport
properties. Reduced Defects: Deviations from the stoichiometric composition can introduce defects in the crystal structure
of the material. By approaching the stoichiometric composition, the number of defects, such as vacancies or impurities,
can be minimized. Fewer defects lead to improved electrical and optical properties, as defects act as recombination centers
for charge carriers, reducing their lifetime and overall device performance.

Structural properties of Sb2Ses films. Figure 3 present the outcomes of the X-ray diffraction analysis, providing
insights into the crystalline phases and crystal structure of the Sb,Se; films synthesized under different temperatures of the
selenium source. The X-ray patterns exhibit distinct features, with notable observations regarding the intensity variations
of specific peaks in response to increasing temperature of the selenium source. The X-ray diffraction patterns display
prominent peaks corresponding to the crystallographic planes (221) and (211), indicating the presence of strong crystalline
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phases. Additionally, peaks such as (020), (120), and (310), are also obviously in the X-ray patterns. Notably, these peak
intensities demonstrate a dependence on the temperature of the selenium source, with alterations observed as the
temperature increases. The selenium source temperature of Ts.= 370°C, the XRD analysis reveals the disappearance of
weak peaks, including (020), (120), (310), (230), (240), (002), and (320), while the strong peaks (221) and (211) remain
raised. This suggests a distinct influence of the temperature on the crystal structure, leading to the elimination of certain
crystallographic planes at temperatures up to Tse = 370°C. Furthermore, a subsequent increase in temperature to
Tse =430°C induces a decrease in the intensities of the (221) and (211) peaks, while the weak peaks (020), (120), (230),
and (240) become significantly more pronounced. This temperature-dependent variation highlights the dynamic nature
of the crystal structure and phase composition of the Sb,Ses films. Moreover, an additional observation is made at
20 =29.66°, where a low-intensity reflex is detected in correspondence to the (101) peak. This reflex indicates the
formation of the Se phase, providing evidence of a distinct phase transition or phase presence within the Sb,Se; films
under the given experimental conditions. In summary, the XRD analysis of the Sb,Ses films elucidated valuable
information regarding their crystal structure and phase composition. The obtained results demonstrate the influence of
the selenium source temperature on the intensities of specific peaks, emphasizing the temperature-dependent alterations
in the crystal structure. Additionally, the identification of the Se phase further contributes to the understanding of the
film's structural properties.
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Figure 3. X-ray diffraction pattern of Sba2Ses films at different temperatures of the selenium source

To quantitate vela, study the orientation of Sb,Se; films, the texture coefficients (Tc¢) of diffraction peaks were
calculated based on the following equation [13]:

T = L) /(121: Loy j )
Loy N =" Lo

The intensities of the diffraction peaks, denoted as /s and Iymi), respectively, correspond to the measured and
standard X-ray diffraction patterns of SboSes; (JCPDS 15-0861) for the crystallographic planes (hkl). The determination
of the peak intensity is crucial for analyzing the crystal orientation and structural properties of the material under
investigation. Notably, the texture coefficient, TK, associated with the diffraction peaks signifies the level of orientation
prevalence along a specific direction. In the case of the examined samples, the high TK values observed for the diffraction
peaks indicate a pronounced orientation in the corresponding direction. Interestingly, at a selenium source temperature of
370°C, the TC values for crystallographic planes (hk0) in our samples tend to decrease. This initial decrease suggests a
deviation from the dominant orientation, possibly due to the effect of elevated temperature on the crystal lattice
arrangement. However, as the temperature of the selenium source continues to rise 370°C, a subsequent increase in the
TK values for the (hk0) planes is observed. The temperature of the selenium source plays a significant role in influencing
the crystal orientation and can result in distinct variations in the diffraction patterns of Sb,Ses. Further investigation is
necessary to comprehensively understand the underlying mechanisms behind these observed temperature-dependent
changes in crystal orientation and their implications for the materials properties.

4. CONCLUSIONS

In this study, we investigated the effect of temperature on grain size and crystallographic orientation in selenium
films. The results indicate that increasing the temperature of the selenium source leads to the formation of larger grains
and the presence of rod-shaped grains of SboSe; aligned parallel to the substrate. The observed grain sizes and
crystallographic orientations are in line with the collected data, as evidenced by the increased peak texture coefficients at
the temperature of 430°C. These findings contribute to a better understanding of the growth mechanisms and properties
of selenium films, which can aid in the development of tailored thin film technologies for various applications. Further
studies exploring the influence of other parameters on grain formation and crystallographic orientation are warranted to
expand our knowledge in this field. At a selenium source temperature of 430°C, large rod-like grains can be observed on
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the surface of the Sb,Ses film. Sb,Se; films Se -deficient at a selenium source temperature of 350°C. As the temperature
of the selenium source increases, the composition of the Sb,Ses sim approaches stoichiometric.
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BHUPOILIYBAHHSI IIVIIBOK Sb2Ses, SBATAYEHUX CEJIEHOM, 3A JOITOMOI'O10 XIMIYHOT'O
MOJIEKYJISIPHOT O OCAKEHHSI
Taxupm:kon M. Paszikos, Cyatannama A. My3adaposa, Pyxigain T. IOagomos, 3apapaxon M. XycaHos,
Mapryo6a K. XycanoBa, 3.C. Ken:xaea, B.B. Ioparimosa
Incmumym ¢hizuxu nanienpogionuxie i mixpoenexkmpouiku Hayionanvnozo ynieepcumemy Y3zoexucmany,
100057, Tawxenm, Y36exucman, eyn. Aneu Anmaszap, 20

VY upoMy OCIIPKEHHI BUBYEHO PIcT IUTiBOK SbaSe3 Ha MOBepXHAX BalHAHO-HATpieBoro ckia (SLG) 3a J0MOMOror MeToay XiMiyHOTO
MOJIeKyJsipHO-TIpoMeHeBoro ocapkeHnst (CMPD) npu temneparypi nigknaaku 500°C. BuxigauMu Matepianamu Uist 0CaKSHHS IUTIBOK
Oy BUKOPHCTaHI BHCOKOYHMCTI OiHapHi criomyku SbaSes ta Se. s mocimimkeHHss MOP(OIOTiYHUX XapaKTepUCTHK ILTIBOK SbaSes
BHUKOPHCTOBYBAJIH CKaHyIOUy eJeKTpoHHY Mikpockorito (SEM). Kpim Toro, Oyino ZociigKeHO BIUIMB TEMIIEpATypH Ha po3Mip 3epeH i
KpHCcTanorpadiyHy Opi€HTAalilo B IUTIBKaxX ceJieHy. 3pa3ku OTPUMYBAJIH 3 JDKepena ceneHy npu temmneparypax 370°C 1430°C. Pesynsratn
TIOKa3yIoTh, 1[0 MiJBUIIEHHS TEMIICPATYpH PKEPENa CeJICHY IPU3BOAUTE 0 YTBOPEHHS OUIBIINX 3€peH 1 HABHOCTI CTPYDKHEIIONIOHIX
3epeH Sba2Ses, po3ranioBaHnx HapaneIbHo MiAKIaaLi. 3pa3ok, orpumanuii mpu 370°C, mokas3as 3epHa pO3MipOM ITOHA]] 2 MKM, PiBHOMIPHO
PO3MOiIeH] 10 MOBEPXHI MiJKJIAIKH, 0 CBIAYMTH PO PIBHOMIPHUN mpouec pocTy. HaBmaky, komu TeMnepatypy JDKepena CelleHy
migasun g0 430°C, Ha mMOBEpXHI IUTIBKM IJKIAJKKH OyJM BHUSBICHI 3HAYHO OUIBII 3¢pHA PO3MIPOM TMPHOIM3HO 4 MKM.
PeHTreHOCTpYKTYpHUIA aHaii3 OyB NpOBENEHHMH, 100 OTPUMATH YSBICHHS NP0 KPUCTaIi4Hi (a3u Ta KpUCTANIYHY CTPYKTYpPY IUTIBOK
Sb2Ses, cHHTE30BaHMX 3a PI3HUX TEMIEpaTyp Jukepena ceneHy. Ha peHTreHiBChbkuX HupakiifiHiX KapTHHAX BiZloOpaskeHi OMITHI ITiKH,
110 BIANOBIAAI0Th KpHcTasorpadivnuM mwionmuam (221) i (211), o Bkasye Ha HasBHICTb CHIBHUX KpHcTaniuHux ¢a3. Kpim toro, Taki
ik, sk (020), (120) i (310), cocTrepiraincs Ha PEHTTeHIBCHKIX KapTHHAX, IO JOJATKOBO MiATBEPIKY€E KPHCTATIYHICTh ILTIBOK.
KurouoBi cinoBa: penmeeniscoka ougpaxyia, ximiune MoneKyisAspHO-npomeHese ocadxcents; ShaSes; memnepamypa ceneny



375

EasT EUROPEAN JOURNAL OF PHYsIcs. 1. 375-379 (2024)
DOI:10.26565/2312-4334-2024-1-37 ISSN 2312-4334

STRUCTURAL PROPERTIES OF SILICON DOPED RARE EARTH ELEMENTS YTTERBIUM

Khodjakbar S. Daliev?, ®Sharifa B. Utamuradova®, ®Jonibek J. Khamdamov®,
Mansur B. Bekmuratov®*
“Branch of the Federal State Budgetary Educational Institution of Higher Education “National Research University MPEI”,
1 Yogdu st., Tashkent, Uzbekistan
bInstitute of Semiconductor Physics and Microelectronics at the National University of Uzbekistan,

20 Yangi Almazar st., Tashkent, 100057, Uzbekistan

“Nukus State Pedagogical Institute named afier Ajiniyaz, Nukus, Uzbekistan
*Corresponding Author e-mail: mans-bek@mail.ru

Received January 1, 2024; revised January 27, 2024; accepted February 12

This paper presents the results of a study of the state of ytterbium atoms in silicon, carried out using the methods of Fourier transform
infrared spectroscopy (IR) and Raman spectroscopy (RS). Silicon samples doped with ytterbium impurities were analyzed using FSM-
2201 and SENTERRA II Bruker spectrometers. Registration and identification of both crystalline and amorphous phase components
in the samples was carried out. The results of the study confirm that doping silicon with ytterbium impurities leads to a decrease in the
concentration of optically active oxygen ngt by 30-40%, depending on the concentration of the introduced impurities. It was also
found that an increase in the number of defects leads to a broadening of the amorphous zone. It is assumed that similar dependencies
exist for the Si-Yb system; however, to the best of our knowledge, similar results have not been reported previously. It is noted that the
relative intensity of the three Raman bands in Si-Yb systems in the LTIOS (The light and temperature induced ordered state) state
changes, and the relative intensity of Si-Si decreases. This indicates that pendant bonds are mainly formed by the breaking of Si-Si
bonds. It was also observed that the light intensity causing this condition is far from that required for laser or solid phase crystallization.
Using the Raman spectroscopy method, a structural transformation was discovered, expressed in a densely packed array of nanocrystals
with a size of less than 11 lattice parameters. Small clusters were under strong internal stress (up to 3 GPa), which probably prevents
the cluster size from increasing beyond the critical value for irreversible crystallization.

Key words: Silicon; Ytterbium; Rare Earth Elements;, Raman, Diffusion; Thermal Coolant; Temperature

PACS: 33.20.Ea, 33.20.Fb

INTRODUCTION

In recent years, many scientists have shown significant interest in the interaction of rare earth metals (REMs) with
a semiconductor surface, in particular, the Si surface [1-3]. This interest is caused by the following factors: 1) as a result
of the high chemical activity of rare-earth metals, ordered films can be formed at the rare-earth metal-Si interface with
specific physicochemical properties, such as high thermal stability, thermal conductivity and electrical conductivity. These
films may be promising in terms of their applications in micro and nanoelectronics; 2) in some cases, a barrier (0.18 eV)
is formed at the REM—Si interface [11], which in turn allows the use of such systems to create optoelectronic devices
operating in the infrared region. Also interesting is the influence of the degree of filling of the 4f shell during the
interaction of rare earth metals and silicon. Many studies have studied the processes of formation of REM-Si interference,
including interfaces in Si-Yb structures [4,5]. However, in these works the stages of formation of silicides are not given.
In this regard, divalent ytterbium, which is one of the components of these structures, is less chemically active than other
rare-carth metals. Thus, we can assume that studying the structures will reveal some new fundamental features of the
formation of Si-Yb interfaces. In addition, the Si-Yb system is interesting from a practical point of view, since silicide
films are formed under certain conditions, and are promising for use in transistors based on the metal-oxide—
semiconductor structure [6].

Amorphous semiconductors exhibit various metastable states under illumination [7-10], which results in a significant
change in some properties of the films, which can negatively affect the performance and service life of the device. Therefore,
the study of structural changes caused by illumination is of great interest for various technologies based on these silicide films.
On the other hand, this should contribute to a better knowledge of the physics of amorphous semiconductors and the kinetics of
their crystallization, which are fundamental to the above-mentioned technologies, which have not yet been fully studied. The
most studied system is a-Si:H, for which two main metastable effects have been identified upon exposure to illumination. The
first of these is the Wronski effect [7,8,10], in which light soaking of a-Si:H leads at relatively low concentrations (10'*~10!7
cm™) to a medium gap state, associated with the formation of defects and breaking of bonds. Another registered metastable
effect is structural transformation [9], and it has been proven that the optical and electrical properties of a-Si have undergone
significant changes. These transformations disappear upon thermal annealing below 200°C.

The purpose of this work is to study Si<Yb> and nanofilms of Si-YD structures. Structural changes were studied
using Romanov and infrared spectroscopy.
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MATERIALS AND METHODS

Raman spectra were obtained using a SENTERRA II Bruker Raman spectrometer. This fully automated instrument
combines excellent sensitivity and high resolution of 4.0 cm™'. Senterra calibration was automatic and referenced to NIST
acetaminophen and silica standards, resulting in wavelength accuracy of 0.2 cm™!. The experiments were carried out with
a laser with a wavelength =532 nm, a maximum power Pm.x=25 mW, an acquisition time of 100 s, and the addition of
two spectra. This device allows you to obtain spectra in the range from 50 to 4265 cm™'. The Raman spectra were specially
processed to be able to compare intensity ratios between samples. Before normalizing the spectra to the peak at 522 cm’!,
which corresponded to the most intense peak in the spectral region 4265-50 cm™!, we subtracted the baseline for each
spectrum.

Raman spectra of samples (4 in total) were obtained at room temperature. The sample temperature was recorded
with an accuracy of -60°C. The acquisition time for the Raman spectrum was about 120 s. The same laser beam that was
used to measure Raman scattering was used to study structural changes. Measurements with increasing laser power
density were carried out in order to determine the threshold above which irreversible changes occur. The sample
temperature was increased by 20°C under the influence of a laser beam. This temperature increase was estimated using
the Stokes/anti-Stokes intensity coefficient formula.

Fourier transform infrared (FTIR) spectroscopy is a powerful technique used to analyze the infrared spectrum of a
sample. It provides information about the molecular vibrations of a substance, which allows the identification of
functional groups and composition of the material.

n-Si samples with an initial resistivity from 0.3 to 100 Qxcm were selected for the study. Before alloying, the samples
were subjected to thorough acid-peroxide washing, and the oxide layers were removed from the surface of the samples
using a HF solution. After thoroughly cleaning the surface of the samples, films of high-purity ytterbium impurities
(99.999%) were deposited onto the clean Si surfaces using vacuum deposition. Vacuum conditions in the volume of the
working chamber of the order of 107-10® torr were provided by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. Doping of samples with Yb
impurities was carried out by the diffusion method at a temperature of 1200°C for 40 hours, followed by rapid cooling. To
study the interaction of impurity atoms in silicon, not only uniform doping of the material is necessary, but also a maximum
concentration. In this regard, we took into account the optimal conditions for doping silicon with these impurity atoms.

RESULTS AND DISCUSSION
Infrared light passes through or reflects off the sample. Molecules in the sample absorb infrared photons, causing
the bonds between atoms to vibrate. The transmitted light hits a detector, which records the light intensity depending on
the wave number [20-23].
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Figure 1. IR spectrum of n-type silicon doped with Yb impurities: 1 - IR spectrum of n-Si<Yb> samples, 2 - IR spectrum of Si
original samples, 3 - IR spectrum of Si control samples

Comparing the results obtained, they show that the concentration of optically active oxygen ngt decreases
significantly after the diffusion of Yb impurities (Fig. 1).

The results show that doping silicon with ytterbium impurities reduces the concentration of optically active oxygen
ngt by 30-40%, depending on the concentration of the introduced impurities.

To determine the crystallite size using Raman scattering, the bands were selected in accordance with the modified
length correlation [18,19]. The Raman intensity can be expressed as
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I(w,L)a [ exp (—q—)Lz. (1
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where [y is the linewidth of the phonon peak of crystalline Si, m(q) is the phonon dispersion law, the phonon wave vector
q is expressed in units of 27/a, where a is the lattice parameter of crystalline Si, L is the diameter of the crystallites,
expressed in units of the lattice parameter. For pure Si, the phonon dispersion equation can be approximated by the
equation of the following expression:

1
w?(q,T) = A(T) + [A%(T) — B(T) X (1 — cosmq)]=. )
A and B are determined from the phonon dispersion curve
4= (wo(T) + Aw)?
= 5 ,
2
o (4, (1) +200)2-L2TIAD7)

B = - : 3)

where ®p and ol are the phonon frequencies of the central (q=0) and outer zone (q=1), respectively, and A® is an
additional parameter that we introduce to take into account the magnitude of the internal voltage. Initially, experimental
LTIOS spectra in Si were fitted using equation (1) and assuming Am=0 in equations (3). The change in o and I'¢ with
temperature changes were previously determined on a crystalline Si sample. The dependence of ®; on T was taken to be
the same as 9. We assume that the shift will occur due to the presence of internal tension and stress, which is not taken
into account if Aw=0. The internal stress can be determined by the usual relationship given for crystalline Si [14]:

Aw(cm™) = 2.30 (GPa), “)

It has previously been argued that the difference in Raman phonon bands between crystallites and nanocrystallites
mainly concerns their passband, while the Raman frequencies are very similar, a statement supported by attributing the
calculated transition to internal voltage [13]. IR (Fig. 1.) and Raman (Fig. 2.) spectra of Si and Si-Yb were obtained for
use in the study. The Raman spectrum of amorphous layers consists of several broad bands reflecting a single phonon
density of states. When the material is crystalline, the bands become narrower and distinct peaks appear. In the case of
Si-Yb, three first-order Raman bands associated with Si—Si appear, and vibrations of the Si-Yb and Yb—Yb bonds also
appear. The peak position and intensity of these bands depend on the composition, as well as on other factors, such as
heating, etc., which in turn can contribute to a shift in the frequency of the peaks (Fig. 2.).
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Figure 2. Raman spectrum. (1)-ytterbium (Yb); (2)-KEF-40 (initial); (3)-KEF-40-Si<Yb>; (4)-KEF-100-Si<Yb>

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

As we already mentioned, LTIOS appears under the light. exposure within a certain temperature range for various
compositions of a-Si-YDb alloys. LTIOS is observed at significantly lower laser power densities than those required for
laser crystallization.
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The size of nanocrystals remains around 8 lattice parameters, reaching a maximum value of 11 lattice parameters.
The amount of internal stress varies greatly. When Ao is plotted as a function of T, it can be seen that the internal stress
increases in the mid-temperature range and partially relaxes in the temperature range where the amorphous state is visible
in the Raman spectra. The presence of large stresses should deform the crystallites, similar to the so-called paracrystallites,
the existence of which has been reported by other authors in very thin a-Si layers [15,16]. On the other hand, the Raman
spectrum of partially crystallized silicon is usually represented by two bands, one of which corresponds to the TO phonon
of nanocrystals, which appears at a lower frequency than one of the large crystals (522 cm™!) and the second, much wider,
appearing at lower frequency (969 cm™") associated with the surrounding amorphous matrix. The volume fraction occupied
by nanocrystalline nuclei (Vnc) is proportional to the Raman scattering intensity of the first order TO phonon band.

This can be estimated by the intensity of the TO phonon in the nanocrystalline state, normalized to the sum of the
intensities of the TO phonon in the amorphous (969 ¢m™) and nanocrystalline state (522 ¢cm™!) where the coefficient of
0.88 is a correction due to the difference in the Raman cross sections of crystalline and amorphous Si [17].

_ Inc
Vae = s ®)
This means that the increase in the volume occupied by ordered Si does not arise due to the formation of large
crystalline grains, but is a consequence of an increase in the number of crystallites of reduced size. This structure is
characterized by tensile stress in grain boundaries, at which expansion of the bond length is energetically more favorable
[18]. The activation energy for the transition from amorphous to nanocrystalline can be estimated at 0.15 eV. The size of
the nuclei lies in the range of 811 lattice parameters, larger than the size of the threshold for the existence of a stable
crystalline diamond-like lattice, which was estimated to be about 6 lattice parameters [18]. When the state of the highest
order is reached, it is almost completely filled with crystalline grains. Since the grain size was about 8—11 lattice
parameters, it is necessary to take into account a large number of nucleation centers. This large accumulation of nucleation
may be due to defects in the amorphous material. This suggests that the existence of LTIOS is closely related to the
structure of the amorphous layers and, therefore, defects in the amorphous layers may play an important role in this effect.
It is also known that the kinetics of crystallization of amorphous Si strongly depends on its structural relaxation state [19].
The Raman spectrum of an amorphous semiconductor provides information about the state of structural relaxation. In
particular, for amorphous Si, the TO-Raman bandwidth (969 cm™) is related to the distortion of the dihedral bond angle
Dgq which can be approximated by the following equation:

(o) = 322+ (6.75Dq)’. (©6)

It was found that an increase in the number of defects causes a broadening of the amorphous zone. Similar
relationships should exist for Si-Yb, but to our knowledge they have not been previously reported. We noticed that the
relative intensity of the three Raman bands in Si-Yb systems in the LTIOS state changes, the relative intensity of Si-Si
decreases, which in turn indicates that pendant bonds are mainly formed as a result of the cleavage of the Si-Si bond.

CONCLUSION

The results of the study indicate that doping silicon with ytterbium impurities leads to a decrease in the concentration
of optically active oxygen ngt by 30-40%, depending on the concentration of the introduced impurities. A reversible
ordered state was discovered in n-Sij«Ypx (0<x<0.38) layers under the influence of a laser beam. The light intensity
causing this condition was found to be far from that required for laser or solid-state crystallization. Using the Raman
spectroscopy method, a structural transformation was revealed that manifests itself in a close-packed array of nanocrystals
with a size of less than 11 lattice parameters. Small clusters were under strong internal stress (up to 3 GPa), which probably
prevents the cluster size from increasing beyond the critical value for irreversible crystallization.
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CTPYKTYPHI BJACTUBOCTI KPEMHIIO JIETOBAHOT'O PIAKICHO3EMEJIbHUM EJTIEMEHTOM ITEPBIEM
Xomkakbap C. Janies?, Hlapida B. Yramypanosa®, [xonioex JTx. Xamuaamos®, Maucyp b. Bekmyparos®
a@inis GIBY «Hayionanvnuii docnionuyvkuii yuicepcumem MITELy, Hoz0y, 1, Tawkenm, Vz6exucman
bIuemumym ¢hizuxu nanisnposionuxie ma mixpoenexmponuixu Hayionanvnozo ynisepcumemy Yzbexucmany,
100057, Tawxenm, Y36exucman, eyn. Aneu Anmaszap, 20
“Jleporcasnuii nedazoziunuil incmumym imeni Aoxciniasza, Hykyc, Y36exucman

VYV nmaniii po6OTI HaBeAEHO pe3yJbTaTH NOCHI/KEHHS CTaHy aroMiB iTepOilo B KpeMHil, mpoBexeHi Meropamu iHQpauepBOHOT
cnekrpockorii (I4) Ta cmekrpockomii kombOiHamiiiHoro poscitoBanHsa (PC). 3paskm KkpemHiro, jeroBaHi IoMimkamu iTepoito,
aHamizyBanmu 3a gomomororo crekrpomerpiB FSM-2201 ta SENTERRA II Bruker. IlpoBemeHo peecTpamito Ta imeHTH(IKAIiIO
KOMITOHEHTIB SIK KPHCTaJIgHOI, Tak 1 aMmopdHoi ¢a3 y 3pa3kax. Pe3ynpTaT HOCTIIPKEHHS MiATBEPAXKYIOTh, 10 JIETYBAHHS KPEMHIIO
JIOMIIIKaMH iTepOil0 IPHU3BOJANTH IO 3HIKCHHS KOHIIEHTpamii onTHYHO akTHBHOTO KucHIO N_O”opt Ha 30-40 % 3amexHO Bif
KOHIIGHTPAIIiT BBEICHNUX JOMIIIOK. TakoXk BCTAHOBJIEHO, IO 30UIBIIEHHS KIIBKOCTI Ie(eKTiB MPU3BOAUTE 0 PO3IIUPEHHS aMophHOT
30HH. [TpunycKaeThCsl, O aHAIOTTYHI 3aJIC)KHOCTI ICHYIOTh Ul cucTeMu Si-Yb; ofHaK, HACKIIbKM HaM BiJIOMO, TIOIOHI pe3yasTaTu
paHilie He TOBigOMILsLIHCS. Bin3HadeHo, 110 BifHOCHA IHTEHCHBHICTh TPHOX PaMaHIBCHKUX cMyr y cucteMax Si-Yb y crani LTIOS
(The light and temperature inducted ordered state) 3miHIOETBCS, @ BiZJTHOCHA iHTEHCHBHICTH Si-Si 3MeHmyeThest. Lle Bkasye Ha Te, 110
MiABIMICH] 3B’ 13K B OCHOBHOMY YTBOPIOIOTHCS HIJISIXOM PO3PUBY 3B’ A3KiB Si-Si. Byno Takoxk momiueHo, 1o iHTEeHCHBHICTb CBITIIA, SKa
BHKJIMIKA€ IeW CTaH, AajieKa BiJg HeoOXimHOi uig ja3epHOi abo TBepAo¢a3HOi KpHcTamizalii. 3a TOMOMOTOI0 METOAY PaMaHiBCHKOT
CHEKTPOCKOMii OyJI0 BUSBIEHO CTPYKTypHE HMEPETBOPEHHS, BUPaKCHE B IIIIHHO yNAKOBAaHOMY MAcHBI HAHOKPHCTATIB 3 PO3MipOM
menmre 11 mapamerpis pemritku. HeBennki xitactepu nepeOyBany Iiji CHIBHOIO BHYTPINIHBOI0 Hanpyroto (1o 3 I'Tla), mo, #iMoBipHO,
3amo0irae 30UIBIICHHIO PO3MIpy KJIacTepa IMOHA KPUTUYHE 3HAUCHHS JJIsl HEOOOPOTHOI KpHCTaTi3allii.

KurouoBi ciioBa: kpemniil; imepb6iil, piokozemenvhi enemenmu, Pamaniecoki cnekpu; ougysis, mennionocii, memnepamypa
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Tribological properties of TiN and CrN coatings deposited by cathodic arc method at three different bias potentials -50, -150 and -
300V on Ti-6Al-4V alloy in pair with alumina have been investigated. X-ray diffraction analysis showed that single-phase textured
cubic nitrides of TiN and CrN were formed in these coatings. It is shown that the friction coefficient of the coatings is practically equal
to that established for the Ti6Al14V alloy, but the wear rate is more than an order of magnitude lower than for the titanium alloy
substrate. Coatings deposited at a potential of -50 V show optimal tribological properties at temperatures 20 and 500°C. Friction
coefficients for TiN coatings are 0.4-0.8 at 20°C and 0,75 at 500°C; for CrN coatings they are 0.5 at 20°C and 0,7 at 500°C. Wear rates
for TiN coatings are 0.86-10~° mm*/Hwm at 20°C and 3.56-10-° mm3/Hwm at 500°C; for CrN coatings they are 1.43-10-5 mm3/Hm at 20°C
and 7.13-107° mm3/Hwm at 500°C.

Keywords: Titanium alloy; Cathodic arc deposition, Nitride coatings; Bias potential; Structure; Nanohardness, Friction coefficient;
Wear

PACS: 61.46.-w; 62.20.Qp; 62-25.-g; 81.15.Cd

INTRODUCTION

One of the main factors determining the energy efficiency of nuclear and thermal power plants is the reliability of
the steam turbine unit (STU) [1]. Ion-plasma surface modification and the use of protective coatings with high wear
resistance can improve the reliability and longevity of titanium alloy components and extend the time between turbine
overhauls. The high protective properties of TiN coatings deposited at elevated nitrogen pressure of 1...3 Pa allowed the
selection of conditions for the synthesis of the optimal coating for the strengthening of steam turbine blades made of Ti-
6Al-4V alloy [2]. The tribological properties of TiN and CrN coatings deposited by cathodic arc deposition have been
extensively studied [3-7]. However, for specific technical applications of protective coatings, it is necessary to determine
the influence of deposition process parameters on the wear resistance of the substrate-coating pair [8, 9]. One of the most
important parameters in the cathodic arc coating process is the bias potential, which determines the energy of the deposited
ions [10]. The ion energy determines the structure and properties of the coatings [11].

The aim of this work is to investigate the effect of deposition process parameters (bias potential) of protective nitride
coatings TiN and CrN on the tribological properties of Ti-6Al-4V alloy.

EXPERIMENTAL DETAILS

Using a Bulat-6 type apparatus, the schematic of which is shown in Fig. 1, and two metal plasma sources, coatings
were deposited on titanium alloy samples at a distance of 300 mm from the cathode. The cathodes were made of pure
titanium (99.9%) and chromium (99.9%). The current of the vacuum arc discharge was 85 A for each cathode. The initial
pressure in the vacuum chamber was 2x10 Pa. Before the deposition of the coating, the surface of the samples was
subjected to sputtering with cathode material ions at a negative bias voltage of 1.2 kV. To improve the adhesion of the
nitride layers, a thin metallic sublayer (titanium or chromium) of 0.1 pum thickness was deposited on the titanium alloy
surface in vacuum (0.001 Pa) at a bias potential of -100 V. Negative bias potentials (Uy) of -50, -150 and -300 V were
applied to the samples. The nitrogen pressure during the deposition of TiN and CrN coatings was 2 Pa. The temperature
of the samples did not exceed 450°C. The thickness of the deposited coatings was 13-15 um.

Deposited coatings were examined by X-ray diffraction using a DRON-UMI1 diffractometer with filtered Cu-Ka
radiation. To obtain a complete characterization of coatings, additional XRD tests were performed for the texture analysis
and microstructural parameters estimation.

Texture study was carried out by analyzing the ratio of the integral intensities of the diffraction peaks according
to [12]. The texture coefficient Tcw) was used to quantify the preferred orientations:
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where Tcgu — texture coefficient; /) — measured intensity of the peak (hkl); Iym) — intensity of the peak (hkl) in randomly
oriented sample (taken from ICDD PDF-2 database); N — number of analyzed diffraction peaks.
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Figure 1. Scheme of the Bulat 6 type apparatus

Williamson-Hall method was applied for the estimation of microstructural parameters (crystallites size CSD and
microstrains) of coatings:

A
‘8 - D-cos(6)

+4-¢-tg(0), )

ne f — true physical broadening; 1 — X-ray wavelength; D — crystallite size; 8 — diffraction angle; & — microstrains. The
instrumental function was obtained from a reference sample of recrystallized silicon.

The mechanical properties of the coatings were investigated by nanoindentation methods using a device
Nanoindenter G200 with a CSM module with Berkovich indenter at 300 nm indentation depth [13].

The wear tests were carried out using a reciprocating device consisting of a pair of coated plates (dimensions
20%36x3 mm) and a 10 mm diameter ball of alumina with a hardness of 19 GPa. The friction coefficient was determined
at a temperature of 20°C and of 500°C for 30 minutes using a force of 2 N to press the ball against the sample. The wear
of the coatings was evaluated using the "Calibre C-265" profilograph-profilometer to measure the area S of the wear track

profile [14].

RESULTS AND DISCUSSION
The TiN and CrN coatings deposited on the titanium alloy are golden and gray in color, typical of the cathodic arc
deposition method. XRD analysis revealed (Fig.2, Table 1) that both types of coatings are single phase and consists of
strongly textured nitrides TiN and CrN, respectively, with preferred orientation of grains with crystallographic planes
{111} parallel to the surface. The lattice parameters of both nitrides are significantly large then literature data (a = 4.239 A
for TiN and a = 4.148 A for CrN). The fact of increased lattice parameters can be explained by the presence of residual
stresses in the coatings.
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Figure 2. Diffraction patterns of Ti-6A1-4V samples with TiN (left) and CrN (right) coatings deposited at different substrate bias
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Table 1. Phase composition and microstructural characteristics of investigated coatings

Coatings U,V Phase Lattice parameter, A C]SDDnmmze Microstrains, € Teqiy

50 TiN 4.267 26.0 4.2-10° 4.7
Ti-a a=2093;,c=4.68 - - -

TiN 150 TiN 4.256 49.0 3.3-10° 6.0
Ti-o a=2.93;c=4.68 - - -

-300 TiN 4.250 92.8 2.7-107 5.7

-50 CIN 4.181 354 42-10° 2.0

CrN -150 CIN 4.186 36.5 3.6:107 6.0

-300 CrN 4.177 35.8 3.2:107 5.5

An increase in the substrate bias potential Uy, leads to monotonous decrease in the lattice parameter of TiN nitride
(from a=4.267 A at Uy =-50 V to from a=4.250 A at U, = -300 V). At the same time, crystallite size (CSD) increases
considerably (from D =26 nm to D =~ 93 nm) while the microstrains decrease. The magnitude of the bias potential also
affects the texture of the TiN nitride: texture coefficient Tc(i11) increases with Uy increasing, but has maximum
TC(111) =6.0at-150 V.

The evolution of structural and microstructural parameters of CrN nitride with the change in bias potential is
significantly different from the results obtained for TiN nitride. Thus, with the increase in the substrate bias the lattice
parameter first increases, reaching a maximum a=4.186 A at -150 V, and then decreases down to a=4.177 A.

Microstrains in CrN nitride slightly decrease with the increase in Uy potential (from 42-10" to 3.2~10_3), while the
crystallites size doesn’t depend on bias changes and equal D =36 nm. More significantly, U, potential affects the
preferred orientation of CrN grains: it changes from week texture with Tc(i11)=2.0 at U, =-50 V to strong texture with
Tcaiy=5.5at U, =-300 V.

Friction coefficient measurement data as a function of test time and temperature, as well as wear track profilograms
of the Ti6Al4V alloy with TiN and CrN coatings deposited at bias potentials of -50, 100 V and -50, -150 V, respectively,
compared to the uncoated alloy are shown in Figure 3 and Figure 4.
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Figure 3. Friction coefficients of the Ti6Al4V with TiN (a, b) and CrN (c, d) coatings at temperatures 20°C (a, ¢) and 500°C (b, d).
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Figure 4. Wear profiles of the Ti6Al4V with TiN and CrN coatings at temperatures 20°C (a) and 500°C (b)

The initial nanohardness of the titanium alloy is 4 GPa, and the coefficient of friction remains constant at 0.55
throughout the test period at a temperature of 20 °C (Fig. 3 a). This value is very close to the literature values of p = 0.55-
0.6 for the Ti6Al4V alloy-alumina pair at a load of 2 N [15]. The wear intensity for the alloy in the initial state is 6.32x10"
4 mm?/Nm, and the depth of the friction track reaches a maximum of 10 um (Fig. 4a). At a test temperature of 500 °C, the
friction coefficient increases to 0.6 and the wear rate to 1.87x10* mm?> N/m (Table 2).

The results of the mechanical property studies (nanohardness, Young's modulus, H*/E? coefficient, friction
coefficient, and wear rate) of the initial Ti6Al4V alloy and TiN and CrN coatings are presented in Table 2.

Table 2. Mechanical properties of Ti6Al4V alloy samples with TiN and CrN coatings.

. Us, H, E, HYE, Friction coefficient, Wgar r'c;te,
Materials v GPa GPa GPa u x10~ mm°’/Hm
20°C 500 °C 20°C 500 °C
Ti6cAl4V - 4 120 0.004 0.55 0.6 63.2 187
-50 24 437 0.072 0.5-0.8 0.75 0.86 3.56
TiN -150 30 470 0.122 0.4-0.8 - 2.73 -
-300 25 428 0.085 0.4-0.7 - 2.83 -
-50 25 359 0.121 0.5 0.7 1.43 7.13
CiN -150 18 296 0.066 0.3-0.5 0.75 1.85 223
-300 19 318 0.067 0.4-0.5 - 1.58 -

TiN coatings have a high nanohardness of 24-30 GPa. Titanium alloy with TiN coatings has a p coefficient in the
range of 0.4-0.8. Depending on the bias potential, there is a slight decrease in the p coefficient for TiN coatings: at a
potential of -50 V, it is 0.5-0.8, and at a potential of -300 V, it is 0.4-0.7. The wear rate of TiN coatings is more than an
order of magnitude lower than that of the initial alloy (Table 2). The minimum wear rate of 8.61x10°° mm?/Nm is observed
for coatings deposited at a bias potential of -50 V. An increase in the bias potential (-150 and -300 V) results in an increase
in the wear rate, which is 2.73-2.83x10” mm?*/Nm. The values obtained for the coefficient of friction and the wear rate
are in the range of the known values for TiN coatings deposited by the cathodic arc method and alumina balls (0.58 and
6x10° mm?*/Nm) [3]. Tests at a temperature of 500 °C were performed only on the TiN-coated sample (-50 and -150 V),
which showed minimum wear at a temperature of 20 °C (Fig. 4 a, b). The coefficient of friction for the TiN coating
remained at 0.75 at this temperature, and the wear rate increased slightly to 3.56x10> mm?/Nm.



384
EEJP. 1 (2024) Illya O. Klimenko, et al.

The titanium alloy with CrN coatings shows a similar trend in the change of mechanical and tribological properties
depending on the bias potential (Table 2). The nanohardness of CrN coatings decreases with increasing bias potential
from 25 to 18-19 GPa. The coefficient of friction is 0.3-0.5 and weakly depends on the bias potential. CrN coatings
applied at a bias potential of -50 V show the lowest wear rate (1.43x10"> mm?/Nm). Increasing the bias potential (-300 V)
leads to a slight increase in the wear rate to 1.58x103 mm?3/Nm. Tests at 500°C were performed on two samples with CrN
coatings deposited at potentials of -50 and -150 V because the wear rates at room temperature were very similar in value
(Fig. 4 a). These tests clearly showed a lower coefficient of friction and a significantly lower wear rate (7.13x107
mm?/Nm) for the coating deposited at -50 V compared to the coating deposited at a bias potential of -150 V (Fig. 4 b),
for which the wear rate is 2.23x10* mm?3/Nm.

The correlation between the H3/E? ratio [16] and the wear resistance of coatings was found only for chromium nitride
coatings, confirming that the higher the ratio, the higher the wear resistance of the coating (Table 2). There is no such
correlation for TiN coatings, which was also noted by the authors of [17].

It is interesting to note that the wear rate of the alumina counterbody paired with a titanium alloy does not depend
on the test temperature and is at the level of 1.2 - 2.1x1073 mm?/Nm. At the same time, this value is one order of magnitude
lower for a pair with a TiN coating and is at the level of 1.31x10* mm?*Nm at room temperature and increases slightly
to 4.03x10* mm?/Nm at a temperature of 500 °C. For CrN coatings, this value is even lower, 1.03x10-> mm*/Nm at room
temperature, but increases to a value of 3.36x10# mm?/Nm at 500°C, which is close to the wear rate in a pair with a TiN
coating. This dependence of the wear rate of the Al,O; ball on the test temperature and the material of the counterpart
(plane) may be related to the peculiarities of the formation of abrasive particles and oxide layers in the contact zone. The
wear pattern of the alloy, coatings and alumina ball corresponds to abrasive wear in general.

CONCLUSIONS

Titanium nitride and chromium nitride coatings were deposited on Ti-6A1-4V alloy by cathodic arc method at three
different bias potentials -50, -150, and -300 V.

X-ray diffraction analysis has shown that single-phase textured cubic nitrides of TiN and CrN are formed in these
coatings at bias potentials from -50 to -300 V. The level of microdeformations in the coatings decreases with increasing
substrate potential.

TiN and CrN coatings have high nanohardness of 24-30 and 25-18 GPa, respectively. With an increase in the bias
potential, the nanohardness of TiN coatings increases, while that of CrN coatings decreases.

The study of the tribological properties of the Ti6Al4V titanium alloy substrate and coatings at temperatures of 20
and 500°C in a pair with an Al,O3 ball showed that:

- for the Ti-6Al-4V alloy, the coefficient of friction is 0.55 and the wear rate is 6.32x10* mm?*/Nm at 20°C and 0.6
and the wear rate 1.87x10 mm?*/Nm at 500°C;

- TiN and CrN coatings deposited at a bias potential of -50 V have the lowest wear rate at 20°C: 8.61x10° mm?/Nm
and 1.43x10” mm?*/Nm, respectively. The coefficient of friction is in the range of 0.4-0.8 for TiN coatings and 0.5 for
CIN coatings. The wear rate at 500 °C for these coatings increases to 3.56x10° mm’/Nm and 7.13x10” mm?/Nm,
respectively, and the coefficient of friction increases to 0.75 and 0.7, respectively.

Thus, the research results indicate that TiN and CrN coatings can be used to increase the wear resistance of Ti6Al4V
alloy in air at temperatures from 20 to 500 °C.
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TPUBOJIOI'TYHI BJJACTHBOCTI ITPU TEMIIEPATYPAX 20 TA 500°C KATOJHO-AYTI'OBUX ITIOKPUTTIB
TiN TA CrN, OCAJ’KEHUX HA CILJIAB Ti-6Al-4V
Lnas O. Knumenko?, Birauiii A. Biioyc?, Bikropis 51. Iloarypeska®, Opecr I1. Ocram®, Baaepiii 1. OBuapenko?,
I'asmna M. Toamauosa?, Irop B. Kosoniii®, Muxaiiso I'. Imenxo®, IBan M. Badaes®, Oaexcanap C. Kynpin®
@ Hayionanvruti Haykosutl yenmp Xapkigcokuil izuxo-mexuiunui incmumym, Ykpaina
b Disuxo-mexaniunuii incmumym im. Kapnenxa HAH Yxpainu, Jlveis, Yipaina
¢ [IAT "Vxpaincoki enepeemuuni mawunu”, Xapxis, Yrpaina

Bymu nmocmimxeni tpubomnoriuni BuactuBocTi mokputTiB TiN Ta CrN, ocamkeHHX KaTOAHO-AYTOBHM METOIOM IpPU TPHOX Pi3HUX
noteHmianax 3mimenHs -50, -150 1 -300 B na cnnas Ti-6Al-4V y napi 3 OKcHIOM amoMiHi0. PEHTreHIBChKIIA aHalli3 MTOKa3aB, M0 Y
IUX TOKPUTTAX YTBOpHIHCS ofaHodasHi TekctypoBaHi KyOiuni Hitpuan TiN Ta CrN. Iloka3ano, mo koe(ili€HT TepTsl HOKPUTTIB
MIPAaKTUYHO PiBHUIT TOMY, IO BixnoBinae st crutaBy Ti6Al4V, ane 3HOC € OLIBII HIX Ha HMOPSIOK HIDKYMM, HDK JUIS MIAKIAIKA 3
TUTAHOBOro cruiaBy. ITokpuTTs, ocamkeHi nmpu noteHuiani -50 B, neMoHCTpyroTh onTHMaibHi TPUOOJIOriYHI BIACTHUBOCTI IPU
temmneparypax 20 ta 500 °C. Koedimientu tepts mis mokputtiB TiN cranorisats 0,4-0,8 mpu 20°C Ta 0,75 npu 500°C; 1151 MOKPUTTIB
CrN - 0,5 mpu 20°C ta 0,7 npu 500°C. 3noc a5 nokpurtis TiN cranosuts 0,86-10° mm3/Hwm npu 20°C ta 3,56-10° mm*/Hwm npu 500
°C; s nokpurtiB CrN - 1,43-107° mm?*/Hwm ipu 20°C Ta 7,13-105 mm3/Hwm npu 500°C.

KurouoBi cnoBa: Tumanosuii cnnag;, KamooHO-0y208e OCAONCEHHA, HIMPUOHI NOKPpUMMA, NOMEHYIdN 3MIWeHHA; CMPYKMypa;
HaHomeepdicmy, KoeQiyieHm mepms; 3HOC
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The paper investigates the collection coefficient of minority charge carriers in silicon p-i-n photodiodes and the influence of certain
technological factors on it. It has been found that the diffusion length of minority charge carriers and the resistivity of the material have
a significant effect on the value of the collection coefficient, since the collection area of photogenerated charge carriers increases with
increasing these parameters. It was also found that an effective method to increase the collection coefficient of photodiodes is to ensure
that the thickness of the high-resistance region of the photodiode is equal to the sum of the diffusion length of minority charge carriers
and the width of the space charge region. The effect of the concentration of dopants on the responsivity and collection coefficient is
investigated. It was found that, in contrast to the calculated data, in which the collection coefficient increases with decreasing
concentrations of phosphorus and boron, in the experimental data, with decreasing concentrations of impurities, the responsivity and,
accordingly, the collection coefficient decrease due to a decrease in the degree of heterogenization and, as a result, a decrease in the
width of the space charge region and the diffusion length of minority charge carriers.

Keywords: Silicon; Photodiode,; Responsivity; Charge carrier Collection coefficient; Barrier capacity

PACS: 61.72. Ji, 61.72.1Lk, 85.60.Dw

In semiconductor photovoltaic devices that convert radiation energy into electrical energy, it is necessary that most
of the incident radiation is absorbed in the’ semiconductor volume, since radiation reflected from the surface or passed
through the semiconductor is wasted. One of the types of interaction between radiation and a semiconductor that underlies
the principle of operation of most photovoltaic devices is the generation of charge carriers under the action of photons. That
is, if the structure with a p-n junction is exposed to radiation in the wavelength range corresponding to the intrinsic absorption
in the semiconductor, then electron-hole pairs are generated in the semiconductor volume under the influence of radiation.
If all the electron-hole pairs created by the radiation incident on the device are separated by the p-n junction field and create
a current in the external circuit, the current conversion efficiency will be maximized. The efficiency of the radiation
penetrating into the semiconductor is characterized by the charge carrier collection coefficient (y), which is the ratio of the
number of charge carriers separated by the p-n junction field to the number of photons penetrating the semiconductor (1):

y=2 )

eN’

where /. is the short-circuit current of the external circuit of the photodetector; e is the electron charge, N is the number
of photons.

In this case, it is assumed that one photon creates one electron-hole pair in the semiconductor, i.e., the quantum yield
of the photoconversion is equal to one. For an ideal photodetector, the collection coefficient is equal to one over the entire
wavelength range to which a given semiconductor is sensitive. In real devices, due to various losses, it is less than unity;
this difference is also caused by the fact that some of the carriers created by radiation recombine with each other or on
impurity centers before reaching the p-n junction [1]. Carrier losses due to recombination depend on the structure of the
photodetector, geometric thicknesses of the n- and p-regions, impurity concentration distribution in the n- and p-regions,
diffusion lengths of non-basic charge carriers, etc. [2].

The responsivity and photocurrent of photodetectors, as their main parameters, are a function of the charge carrier
collection coefficient. With the development of optoelectronics and photoelectronics, there is an increasing need
to manufacture photodetectors with maximum responsivity and, accordingly, with the maximum collection coefficient.
A review of scientific sources shows that many works have been devoted to the problems of ensuring high values of the
collection coefficient in photodetectors with a p-n junction. For example, [3] shows that in organic photodetectors,
an indium oxide and gold electrode with modified output operation acts as a resonator mirror, improving the collection
coefficient and at the same time providing an extremely selective cathode, sharply suppressing the dark current. In [4],
methods for improving the efficiency of photodetectors based on low-halide perovskite materials were investigated and
it was shown that the best device characteristics were obtained by optimizing the thickness of the absorbing layer, doping,
and defect density of the buffer and absorbing layers. However, it should be noted that the sources provide rather little
information on methods for increasing the collection coefficient of photodetectors with a p-i-n structure, in particular
silicon p-i-n photodiodes (PD).
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However, a well-known method of increasing the collection coefficient of p-i-n photodiodes is the use of side
illumination of the photodetector, which ensures the absorption of radiation in the high-resistance i-region bypassing the
doped low-resistance n- and p-regions [5]. This is also possible with the use of mesa-structures [6, 7], but this method
requires precise beam focusing and is not possible in the manufacture of large-area PDs. Another effective method
of increasing the photosensitivity and collection coefficient is the use of anti-reflective coatings [8, 9]. A common method
of increasing the collection coefficient is to ensure double passage of radiation through the thickness of the semiconductor,
which is ensured by using a mirror (usually gold) layer on the back of the device, but this is possible at a high depth
of radiation absorption and relatively small thickness of the devices [10]. The disadvantage of this method is the low
adhesion of gold to silicon, which requires the use of adhesive layers, in particular, a chromium sublayer.

Taking into account the advantages of p-i-n PDs in speed, low barrier capacity, and photosensitivity over p-n PDs
or other types of photodetectors, the establishment of methods to increase the charge carrier collection coefficient in this
type of PD is an urgent scientific and technical task, which is the purpose of this article. In particular, we will investigate
silicon PDs and pay special attention to the degree of doping of n- and p-regions of p-i-n PDs.

EXPERIMENTAL

The research was carried out in the manufacture of silicon four-element p-i-n PDs for operation at supply voltage
Upias = 2 V and operating wavelength A,, = 1.064 um. PDs were made on the basis of single-crystal dislocation-free p-type
silicon with resistivity p = 18-20 kQ-cm.

The samples were made by diffusion-planar technology according to the technological regimes given in [11]. The
thickness of the crystals reached X = 500-510 um.

The photodetector with a p-i-n structure consisted of two thin low-impedance n*- and p*-regions between which
a long high-impedance layer depleted of free carriers was placed. On the reverse side of the crystal, a gold layer was
formed with an adhesive sublayer of chromium. The thickness of the chromium sublayer reached 10 nm. The thickness
of the n*-layer was x,+,, = 4-5 um. The thickness of the p*-layer was x,+, = 1-2 um. Samples were made with different
surface concentrations of phosphorus and boron (surface resistance Rs) of the n*- and p*-layers, respectively. The surface
resistance of n*-layers reached the range Rs~2.1-8.1 Q/o. The surface resistance of the p*-layers was in the range
Rg~16-40 Q/o. The surface resistance was measured by the four-probe method.

To determine the transmittance of the doped layers at A, at different concentrations of the impurity, the transmission
spectra were measured. It should be noted that the transmission spectra were measured on silicon wafers of the same
thickness with only n*- or p*-layers.

Investigation of the transmission spectra were performed using NIKOLET 6700 and SF-2000 spectrophotometers
at room temperature, the total wavelength range was 0.2-26 um.

The transmission spectra were used to theoretically determine the charge carrier collection coefficient and
responsivity. The theoretical responsivity was compared with the experimentally obtained one with the same photodiode
characteristics used in the calculations.

Monitoring of current monochromatic pulse responsivity (Spuse) was carried out by method of comparing
responsivity of the investigated PD with a reference photodiode certified by the respective metrological service of the
company. Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1-103 W;
load resistance across the responsive element R; = 10 kQ, at the bias voltages of Upi,s =2 V and pulse duration z; = 500 ns.

CALCULATIONS
To be able to determine the charge carrier collection coefficient, it is necessary to determine what radiation intensity
(1) (in absolute units) is absorbed in the semiconductor thickness equal to the sum of the width of the space charge region
(W;) and the diffusion length of the minority charge carriers (L,), since the photogenerated charge carriers will be separated
by the electric field in this region. A schematic diagram of a photodiode with its various layers is shown in Figure 1.

S102 w™-S1 W L, P-Si p*-S8i Cr Au
L/ / / / N e
h‘l‘,[u
| ==
Lo | |
I DI I3 Iy Tals Is

Figure 1. Layer-by-layer schematic representation of a p-i-n photodiode.
We determine the radiation intensities according to the Bouguer-Lambert-Beer law [12]:
I(x) = Io[1 — Rle™*, (@)

where /(x) is the intensity of light that has passed through a layer of substance with thickness of x, - the [y intensity of light
at the entrance to the substance, R is the reflection coefficient, a is the absorption index.
First, it is necessary to determine the transmittance of the n*- and p*-layers (Figs. 2, 3).
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Figure 2. Transmittance of silicon substrates with n*-layer at Figure 3. Transmittance of silicon substrates with p*-layer at
different phosphorus concentrations different boron concentrations

In[11] and [13], we found that the optimal values of the surface resistance of phosphorus and boron are Rs = 2.7 /o0
and Ry = 18 Q/o, respectively. We present the calculations of the charge collection coefficient at these values.

The surface of the PD receives radiation /y, the intensity of which, after passing through the anti-reflective coating,
will be /;:

L = 10(1 —R), 3)

where R = 5% [14].

In the n*-layer, determining the amount of absorbed radiation using the exponential Bouguer's law is a difficult
technical task. Since this layer is unevenly doped, the degree of radiation absorption by this layer is determined
experimentally by measuring the transmission spectrum. Figure 2 shows that at Rg= 2.7 Q/0, the transmittance of the
substrate decreases by 32% (7,+ = 32% at A,p) relative to the transmittance of silicon (7; = 64 %). That is, 32 % of the
radiation was additionally absorbed by the n*-layer. Therefore, to determine the radiation intensity that will pass through
this layer, the transmission coefficient of the n*-layer must be subtracted from the intensity found by the Bouguer's law.
Accordingly, the radiation intensity that enters the spatial charge region is equal to I:

I, = 0.68 - [,e=%*n+-p, “)

To determine the intensity of radiation absorbed in the thickness of a crystal equal to the sum of W;+L,, it is necessary
to know their individual thicknesses. To determine the value of ; and L, of end products, it is necessary to know the
resistivity of their high-resistance i-region, or the concentration of acceptors (N,) in this region. The value of N, can be
determined by knowing the barrier capacity of responsive elements (Cgg). In the investigated case, the capacitance was
measured at a bias voltage of Upi,s = 120 V and reached Crg = 12.1 pF. From the formula for the barrier capacitance [15],
we can determine Ny:

gegeNy )%’ 5)

Cre = Are G000

where Agg is the area of responsive elements; & & are dielectric constants for silicon and vacuum, respectively; @. is
contact potential difference.
In this case, Ny~ 1.4:10'2 cm™.

Next, it is necessary to determine the voltage at which the responsivity or dark current of the PD reaches saturation.
In this case, we measured the dependence of pulsed monochromatic responsivity on voltage (Fig. 4). The saturation of the
responsivity means that the sum of the width of the space charge region and the diffusion length of the minority charge
carriers is equal to the thickness of the high-resistance region of the PD crystal, and further responsivity growth is not
possible. At saturation, the value of W;+L, is:

Wi+ Ly =X = (Xn4—p + Xp1—p) - (6)

From Fig. 4, we can see that at Up,s = 100 V, the responsivity reaches saturation. Knowing Ny, it is possible to
determine W; from the formula (at Upes =100 V) [15]:

2e€9 (c=Ubias)\s
w; = (%*Abms)z. (7
From formula (7) W=310 um, respectively, from formula (6) L,~180 pum.
Further, knowing N4, we can determine the value of W; at Upius =2 V from formula (7). After performing these
calculations, you can see that at Upies =2 V the value of Wi+L, = 233 pm.



389
Study of the Charge Carrier Collection Coefficient of Silicon p-i-n Photodiodes EEJP. 1 (2024)

0.50 . . T T : T T
0.45 E
0.40 i
0.35 g
0.30 E

0.25 1

Sputser AW

0.20 -

0.15 1

0.10 1

0.05 1

0.00 T T T T T T T
0 20 40 60 80 100 120 140 160

Ubizh’ v

Figure 4. Dependence of the responsivity of the PD on the bias voltage.
Knowing these parameters, you can determine the radiation intensity that will be absorbed in this layer:
13 = Ize_a(Wi+Ln). (8)

Next, it is necessary to determine how much radiation intensity will be emitted in the «inactive» high-resistance
region:

I, = 13e—a(X—(Wi+Ln+xn+_p+xp+_p))' ©9)

Next, it is necessary to determine how much the radiation flux will be attenuated after passing through the p*-layer
and the adhesive sublayer of chromium. Figure 3 shows that the presence of a p*-layer on the surface of a silicon substrate
with a Rg = 18 kQ/o decreases the transmittance by 4 %. Therefore, by analogy with the n*-layer, it is necessary to subtract
the following 4% from the radiation intensity found by the Bouguer's law. Also, in [10], we found that a 10 nm thick
chromium film absorbs 4% (T¢, = 96%) of the radiation of the operating wavelength. Accordingly, the radiation intensity
after passing through these layers will be:

Is = 0.96 - Tg, I, v+, (10)

The intensity of the radiation after reflection from the gold layer and passing through the adhesive layer of chromium
and the p*-layer will gain value:

I = 0.96 * T Ry Ise = p+-p, (11)
were Ry, is reflection coefficient of gold at A, is R4, = 98.3% [16].
The intensity of radiation after passing through the «inactive» i-region after reflection from gold will reach:
I, = 166_a(X_(Wi+L"+x"+'p+xp+_p)). (12)

The radiation intensity absorbed in the crystal layer W;+L, after reflection from the gold will reach:

I = I,e=@Witln), (13)
The collection coefficient of minority charge carriers will be determined by the formula [17]:
y=1—e (14)
Taking into account the change in radiation intensity, this formula will take the form:
Y1 = I(1 — e *Witlw)) ~ 0.106, (15)

where y is coefficient of collection of minority charge carriers at the first passage through the crystal thickness.
Y2 = Ig(1 — e7*Witln)) x 0.042, (16)
where 7, is coefficient of collection of minority charge carriers at the second passage through the crystal thickness.

The responsivity was determined using the formula [18]:

S5=0-RTQXy

where T is the transmission coefficient of the input window or optical filter (consider that 7= 100%); QO is the quantum
output of the internal photoeffect (consider that O = 1).

Aop
1.24

~ 012 A/W, (17)
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RESULTS OF THE RESEARCH AND THEIR DISCUSSION

The value of responsivity obtained by the calculated method correlates well with the experimental one, which
reached Spusse = 0.12-0.14 A/W.

As can be seen from the calculations, the charge carrier collection coefficient provided by the reflected radiation
from the gold "mirror" is about 40 % of the collection coefficient provided by the first passage of radiation through the
photodiode crystal or 28 % of the total collection coefficient. The decrease in this parameter is caused by the absorption
of radiation by the semiconductor thickness, p*-layer, and chromium sublayer. It is possible to increase the collection
coefficient by increasing the resistivity of the material, which will increase the ;, and by increasing the L,. This will
ensure the expansion of the collection area of the charge carriers. To ensure the maximum values of these parameters, it
is necessary to use silicon with high resistivity and lifetime of minority charge carriers and to use a technology that ensures
minimal degradation of these characteristics during the production process, for example, it can be a mesa-
technology [6, 7].

An effective method of y of low-voltage PDs is to reduce the crystal thickness to minimize the area of the
semiconductor in which there is no "charge carrier collection”. In this case, the ideal PD is a crystal variant in which the
Wi+L, region covers the entire high-resistance region of the substrate. Such a case is provided in high-voltage
photodiodes, but to realize it in low-voltage PDs, it is necessary to reduce the crystal thickness.

Thus, if we calculate the collection coefficient according to the methodology given in the previous section with the
same initial data, but assuming that the crystal thickness is less by the value of:

Xy =X — (Wi + Ly+xni—p + Xpip), (18)

where X is the thickness of the crystal region in which there is no charge carrier collection, X; =257 pm.

We obtain that y, = 0.07, which is about 66 % of the collection coefficient provided by the first passage of
radiation through the photodiode crystal or 40 % of the total collection coefficient. With the obtained value of the
collection coefficient, it will be possible to increase the responsivity of the product by about 16% and obtain S; = 0.14
A/W. In practice, a significant reduction in the substrate thickness is a difficult technological task due to the reduced
mechanical strength of the wafers. However, it is possible by forming thinnings on the back side of the crystal by
chemical-dynamic polishing [19] in a shape that corresponds to the responsive element, provided that the proper thickness
of the crystal periphery is ensured, which will play the role of stiffeners [20]. The described thinning on the back side of
the substrate can be seen in Figure 5.

Figure 5. Etched thinning on the back side of the substrate

It should be noted that according to Figure 1, the transmittance of the substrates at different phosphorus
concentrations differs, which may affect the final value of the collection coefficient and responsivity. Let's calculate these
parameters according to the above methodology with the specified initial data, taking into account only the change in the
transmittance of the n*- layer (Table 1).

Table 1. Calculations of the collection coefficient of minority charge carriers and responsivity at different phosphorus concentrations
in the n*-layer

Rs, Q/0 Tuv, % >y, abs. Sz, A/W 81, AIW (Upias=120 V), exp.

8.1 45 0.16 0.13 0.42-0.43
5.0 37 0.152 0.124 0.42-0.44
33 34 0.151 0.122 0.45-0.47
3.0 33 0.149 0.121 0.46-0.47
2.7 32 0.148 0.12 0.46-0.47
2.4 31 0.147 0.119 0.4-0.41

2.1 31 0.147 0.119 0.38-0.4

As can be seen from Table 1, with increasing phosphorus concentration in the n*-layer, the transmittance of this
region decreases. When the surface resistance value Rs = 3.3 /0 is reached, the transmittance changes minimally and at
Ry=2.4 Q/o it does not decrease anymore. The same pattern was observed with the collection coefficient and
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responsivity. From the calculations, we can see that the lowest value of Rs corresponds to the highest value of responsivity.
But in practice, the situation is quite different. We measured the Spuse at Upias = 120 V at different Rg(Table 1, 5 column).
We obtained the value of high-voltage responsivity to be able to estimate of this parameter in saturation, since at low
voltages the responsivity may differ minimally.

As can be seen from the experimental data, there is no correlation between them and the calculations for the
dependence of responsivity on phosphorus concentration, which is caused by the different degree of substrate gettering
during phosphorus diffusion, respectively, at different duration of gettering, the diffusion length of minority charge
carriers and resistivity differed, which was reflected in the responsivity values. The decrease in responsivity at
Rs=2.1-2.4 Q/o is caused by the formation of structural defects, in particular dislocations due to high phosphorus
concentration, which in turn can reduce of the diffusion length of charge carriers due to their recombination on
crystallographic defects (provided they are placed in the space charge region) [21]. Accordingly, in the methodology for
calculating the collection coefficient, it is necessary to provide other initial data of the capacitance, resistivity, and
diffusion length of minority charge carriers, which are characteristic of each case, since they completely depend on the
degree of gettering. The absence of correlation between the calculations and the experiment is caused by the difference
in these initial data

The same situation was observed in the case of the p*-layer, since, as can be seen from the Figure 2, with a decrease
in the boron concentration in the p-layer, the transmittance of this layer increases, which should ensure an increase in the
collection coefficient. However, in practice, with a decrease in boron concentration, a decrease in responsivity was
observed due to a decrease in the degree of boron gettering on the back side of the substrate [13].

CONCLUSIONS
The influence of technological factors on the collection coefficient of minority charge carriers of silicon p-i-n
photodiodes is investigated. The following conclusions have been made:

1. The width of the space charge region and the diffusion length of the minority charge carriers have a significant effect
on the collection coefficient, since these two parameters form the region in which the photogenerated charge carriers
"collect" and will be separated by the p-n junction.

2. The maximum value of the collection coefficient is possible when the thickness of the high-resistance region of the
photodiode is equal to the sum of the diffusion length of the minority charge carriers and the width of the space
charge region.

3. The degree of doping of the n*- and p*-regions affects the value of the collection coefficient, since the transmittance
of these regions decreases with increasing concentration. However, it should be noted that with a decrease in the
concentration of dopants and a decrease in the duration of diffusion processes, the degree of crystal volume gettering
decreases, which negatively affects the diffusion length of minority charge carriers and the resistivity of silicon (the
width of the space charge region).

4.  With an increase in the phosphorus concentration and with an increase in the duration of the gettering, there is a
slight decrease in the responsivity and, accordingly, the collection coefficient due to the formation of structural
defects on the surface of the substrate, which results in the recombination of photogenerated charge carriers on
crystallographic defects. The optimum value of the surface resistance of the n-layer after phosphorus diffusion to
ensure the maximum collection coefficient and responsivity is Ry = 2.7-3.0 Q/o.
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JOCJIKEHHS KOE®IIMIEHTA 3BUPAHHS HOCIIB 3APAY KPEMHIEBUX p-i-n ®OTOMIOAIB+
Mukona C. Kykypymssax*P, Exyapa B. Maiictpyk®
AT «l{enmpanvhe koncmpykmopcvke 610po Pummy, 58032, m. Yepnieyi, eya. I'onosna, 244, Ykpaina
bYepniseyvruti nayionanvnuii yuisepcumem imeni FOpin @edvrosuua, 58002, m. Yepnisyi, eyn. Koyobuncworozo, 2, Yrpaina

B crarti gociimkeno koediuieHT 30MpaHHsS HEOCHOBHUX HOCIIB 3apsiiy KPEeMHIEBUX p-i-n (OTOIIOMAIB Ta BIUIMB HAa HBOI'O OKPEMHX
TEXHOJIOTIHMX YHMHHHKIB. BCTaHOBIEHO, 10 3HAYHMI BIUIMB Ha 3Ha4YeHHs Koedimienta 30upanHHs Mae audysiiiHa NOBXHHA
HEOCHOBHHX HOCI{B 3apsly Ta MUTOMHH OMip MaTepiany, OCKUIbKH MpU 30UIBIICHH] JaHUX IMapaMeTpiB 3pocTae 00IacTh 30MpaHHS
(ororenepoBaHUX HOCIIB 3apsAay. Tako BCTAHOBJICHO, 0 €PEKTUBHIUM METOOM ITiABHIICHHS KoedimieHTa 30upanHs POTOAIOMIB €
3a0e3eyeH s TOBIIHN BUCOKOOMHOI obacTi oroiona piBHOIO CyMi AnQy3iiiHOI JOBXKMHI HEOCHOBHHX HOCI{B 3apsity Ta ITUPHHU
obacTi mpocTopoBoro 3apsry. JocIiPkeHO BIUIMB KOHIIEHTpAIil JIETYIOUMX JOMIIIOK Ha 3HAUCHHS UyTIMBOCTI Ta KoedilieHTa
30upaHHs. BcraHOBIIeHO, IO HA BiAMIHY BiJl PO3paxyHKOBHX JaHUX, B SIKMX KOE(]ILieHT 30UpaHHS 3pOCTA€ NPH 3HIDKEHHI
KOHIIeHTpalil ¢pocdopy Ta 6opy, B eKCIIEPUMEHTAIBHUX JJAHUX, IIPH 3HWKEHHI KOHIEHTpaLil JOMIIIOK, YyTJIHBICTh, & BIAMIOBIIHO i
KoeQilieHT 30MpaHHsS 3MEHUIYIOTBCS BHACIIJOK 3HIDKCHHS MipH TeTepyBaHHS Ta, SK HACHiOK, 3HIKEHHS IIUPHHU 00JacTi
HPOCTOPOBOTO 3apsy Ta qu(y3iiHOT JOBKHUHN HEOCHOBHHX HOCITB 3apsiay.

KurouoBi ciioBa: xpemniil; pomodiod, uymnugicms, KoeghiyicHm 30upanis HOCiig 3apady,; 6ap'epna emHicmy
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This study explores the optical properties of monolayers from transition metal dichalcogenides (TMDs), materials that have gained
attention post-graphene discovery for their unique electronic and optical characteristics. We analyze the crystal structure, Brillouin
zones, and electronic band structures of TMD monolayers, laying the foundation to understand their diverse optical phenomena.
Special emphasis is placed on the energy spectrum across valleys and the use of an effective Hamiltonian for parallel spin bands.
We investigate interband optical transitions, including single-, two-, and three-photon processes, developing equations to calculate
transition probabilities that take into account polarization, light frequency, and temperature. Our theoretical analysis, rooted in
quantum mechanics, sheds light on the matrix elements that dictate these transitions, underscoring the impact of complex
compositions on the optical behavior of TMD monolayers. This work not only advances our understanding of TMD optical
properties but also highlights their potential for optoelectronic applications, marking a significant contribution to the field of
semiconductor physics.

Keywords: Polarized photon; Matrix element; Optical transitions; Two-Band approximation;, Current carriers; Electron
Hamiltonian; Momentum operator, Spin states

PACS: 71.20.-b, 71.28. +d

INTRODUCTION

The discovery of a method for producing graphene [1] sparked significant interest in the exploration of various two-
dimensional (2D) atomic layers of transition metal dichalcogenides (TMDs), which exhibit unique physical properties.
Transition metal dichalcogenides are a class of chemical compounds denoted by the formula M X,, where M represents a
transition metal (e.g., Mo, W) and X denotes a chalcogen (e.g., S, Se) [2-5].

In recent years, two-dimensional (2D) structures such as graphene, monolayers of transition metal dichalcogenides
(TMDs), monolayers of hexagonal boron nitride, and van der Waals heterostructures based on them have occupied a
special place in the field of semiconductor nanosystems [3,4]. The most widely studied representatives among TMDs
include MoS,, MoSe,, WS,, and WSe, monolayers [5-7]. These two-dimensional systems are actively investigated both
experimentally and theoretically. It's noteworthy that the boundaries of the hexagonal Brillouin zone are delineated at the
K, points. In such scenarios, under the dipole approximation, o* or 6~ polarized light is selectively absorbed in the K,
or K_ valleys, respectively [6].

Currently, numerous studies focus on the diverse structures of metal dichalcogenides [6]. However, the optical
properties of samples with intricate structures remain insufficiently explored. In light of this, the theoretical investigation
of single- and multiphoton absorption in monolayers of metal dichalcogenides becomes paramount. This involves a
detailed examination of the matrix elements of optical transitions, which constitutes the core subject of this work. Such
analysis is crucial for understanding the complex optical behaviors of these materials.

BASIC PROPERTIES OF TMD MONOLAYERS

Fig. la,b schematically illustrates the crystal structure and atomic arrangement within TMD monolayers. The
monomolecular layer, characterized by the D3, point group, features a horizontal mirror plane that intersects the metal
atom layer. The unit cell comprises a metal atom flanked by two chalcogen atoms, positioned in planes above and below
the metal plane, respectively. The Brillouin zone is depicted as a regular hexagon (Fig. 1c). The correct exclusion zones
at the K. points are identified by the time-reversal symmetry between them. Near these points, the electron dispersion in
both the valence and conduction bands exhibits a parabolic shape (Fig. 1d). It is important to note that at the K. points,
the band splitting due to spin-orbit coupling vanishes, leading to degeneracy. This symmetry, under the time-reversal
operator, allows for the association of states with opposite spins in different valleys.

As aresult, we derive the effective Hamiltonian matrix for the K, point, which is a 2x2 matrix describing the states
with parallel spins in the conduction and valence bands for spin projection s = +1/2 near this point [6], i.e.
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+ =

<Eg /2 y(ky — iky)) )

Y(kx + iky) —Eg4/2

Here, k, = (kx, ky) represents the two-dimensional wave vector relative to the y point in the Brillouin zone, and
K, signifies a parameter proportional to the interband matrix element of the momentum operator. E; denotes the band
gap. For spin levels within the same valley (s = —1/2), the band gap E; transforms to E;, ,, where A is the sum of the
spin-orbit coupling induced energy splittings in the conduction and valence bands. It is important to note that the band
gap widths in structures based on molybdenum and tungsten exhibit quantitative differences [5-8]. The effective
Hamiltonian for the K_ valley is obtained by the substitution in expression (1) from k,, £ ik, — k, + ik,, [1]. The energy
spectrum of an electron, as described by Hamiltonian (1), is given by the following expression, which is also referred to

as the Dirac-like energy spectrum [8]:
2
Eak = A&y, & = /(Eg/z) +v2k2, )

where T = + corresponds to the conduction band, while T = — denotes the valence band. The distinction in band gaps,
denoted as E, (k L), leads to variations in the energy spectrum, which are depicted in Fig. 1. This figure illustrates how
the energy spectrum varies with different band gap values (Fig. 1a) and electron effective masses (Fig. 1b) [5-10]. The

diverse band gaps and effective masses across different materials result in significant differences in their electronic
properties, as visually represented in these figures.

(a) (b) © (d)
ky
O Ox Oy ¢ } Ky |m K
[ - 4 ‘ )\.Kc
T '. AKv

F4 ! : K .
< $S .k
: 1I'_§. H \' Ky K K

Figure 1. (a) is an MX, schematic representation of the monolayer crystal structure of TMD described by the chemical formula.
Blue spheres - metal atoms (M), yellow - chalcogen (X), (b) - arrangement of atoms, (c) two-dimensional Brillouin zone, (d) K4
image of the energy spectrum near points corresponding to the Brillouin zone and the usual rules for choosing radiation for falls.
Here Akc and Axv are the widths of the spin-orbit bands separating the conduction band and valence band, respectively.

In many instances, to streamline the calculations, the energy spectrum of charge carriers for very small magnitudes
of the wave vector (k) can be approximated as follows:

~

E h2k3
g ~ 2 L

2 2m*’

3

where m* = E;/(2v§) is expressed as effective mass, vy = y/h quantity per unit speed.

Literature sources, including [4], present varying numerical values for the effective mass of electrons and the band
gap in monolayers of metal dichalcogenides. Consequently, Figure 1 illustrates the energy spectra of charge carriers for
diverse values of the aforementioned band parameters: it showcases how the energy spectrum's band gap varies with a
specific effective mass, alongside the results plotted against the two-dimensional wave vector. Meanwhile, Figure 2
displays the energy spectrum as a function of the effective mass and two-dimensional wave vector, with the band gap
held constant.

COMPONENT MATRIX ELEMENTS OF INTERBAND OPTICAL TRANSITIONS

The coefficient of linear-circular dichroism, indicative of the probabilities of optical transitions, is determined by
the underlying matrix elements. These elements facilitate a quantum mechanical analysis of such transitions. Moving
forward, we will conduct a detailed examination of the matrix elements associated with single- and multiphoton optical
transitions, aiming to deepen our understanding of these processes.

Interband single-photon optical transitions. This optical transitions in monolayers of metal dichalcogenides are
influenced by the polarization vector € of light, its frequency, and the temperature of the sample. Assuming the effect of
coherent saturation is negligible, the probability of these optical transitions between the conduction (C) and valence (V)
bands can be expressed as:

WED = 27 (22) s So(F(EL) — FED) I - Ber[28(E, — E- — ho) @

is calculated by the expression, here where (€ - P) ., -pulse operator and the interband matrix element of the scalar product
of the polarization vector of polarized light, the remaining quantities are well-known quantities. (1) the eigenfunctions of
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the Hamiltonian, i.e., the propagation coefficient of the wave functions of current carriers [10] is determined as noted in

the work, and if we pay attention to the fact that the operator k impulse is the first-order derivative obtained from
relation (1) according to wave vector, then (€ - )., the matrix element of the operator of single-photon interband optical
transitions will be noted in the following form

OH, OHy
X Oky tey dky

(clé-pIvy ="2(ce

vy="20— (k){ _[B, + E(kL)] - [—Eg + E(k,)]e. ). ()
Here py = %, k3 =kZ+ ka,, ey = (ex + iey). (Diagonal) matrix element of the pulse operator corresponding to

single-band networks and single-photon optical transitions:

—> _ 4moY _Eiky ko _Eiky Ky (©6)

5
Pec = ~Pw = €
/52+4y2kl /EZ+4y2kl

is recorded on the form. If we neglect the contribution of the coherent saturation effect, then the squared modulus of the
composite matrix element will be written as

2 2 24,2
(€D] (eAO) 2 Egravikif o 2
|M; (k)| el i E2+2y2k2 (e2 —e2)], (7
Interband two-photon optical transitions. In the general case, two-photon interband optical transitions occur in two

stages: at the first stage - interband single-photon optical transitions, then intraband single-photon optical transitions (and
vice versa at the second stage) [12]. Then the matrix element of the two-photon optical transition has the form

@7 2\ _ (4o [ EPec@EPev  ERev@EBvy
Mev (kJ"e) - (moc) {EC(EL)—EV(EJ_)—hm ho }’ ®)

If we take into account the law of conservation of energy for a given optical transition, then

S 2 (65 —(EB)y o o
MG (kL 8) = (Tr2) SRt @ - ).y ©)

moc h

Since the energy spectra of current carriers in the conduction band and valence band differ from each other in sign,
the relation (& -p).. = —(&-P)yy is appropriate. Expression (9) takes into account E.(k,) — EV(E 1) —Naw=0
relationships associated with N photon absorption of polarized light (from this relationship we obtain k,(w) =
[(Nhw)? — E_g]l/2 /(2y) expressions. Thus, Mg/) (E 1, €) is determined by the relation

Pcv s YD§ 20 _ T2
ho (pcc pvv) - W(T-‘— T ey ) (e+ k +e_ k+ )7 (10)

1 1
where Tf = [(E; +4y%k3)? + Eg] / [Z(E; + 4y2kf)z], also here the squared modulus of the value Mg,)(kl, é) is
determined by the expression

2

4
Zpoy—=22— | (%S + %% +RG), (1)

boY
ho /E§+4y2k2

where,
SRS/) = 4T*k}e?(2ecky + ek ) 91(3) ATre? (eck, + eyky)z,

RD =8 T2 (T2/k2) - [(ky + ky)ex — (kaky)ey] - [(kx — Ky )ex + (ks + Ky ey ] - (eyky + exky)”.

Interband three-photon optical transitions. Now optical transitions involving three photons from the valence band
to the conduction band (interband) occur according to the following scheme

V.ky) = (Vk) = (V&) = (e ku), (VL) = (V. kL) = (e,kL) = (e k),

(V,El) > (C,EL) > (C,EJ_) > (C,EJ_), (V,EL) > (C,EJ_) > (V,El) > (C,EL).

Then the matrix element of interband three-photon optical transitions is represented as
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MG (K1, €) = TRLQ(IE - 9% + € D] = 4C - PecC - Doy — G- e € By}

. .. T o 2
Then the square of the modulus of the two-photon optical transition (|M§,) (k L e)| ):

- 2 6 6
M (kL 8)| = (£2) L (g1 + RpRas). (12)

moc/ 16h6(hw)*k}?(EZ+4v2k3)
here,

Ray = (T2kte? — 2 ((e2 — ) (k3 — k3) + 4kykyeve, ) k3T?) (EZ + 4y?k3)T2,
Ry = (TH(4y22 + E2)e? — 1282 (e2k2 + k2e2) — 256y2kkye ey )ki],
Ryp = [T4kZed — 27272k3 ((e2 — e3) (k2 — k) + 4kokyecey ) + Tikte?].

CONCLUSIONS

Through this analysis, we have derived matrix element expressions for single-, two-, and three-photon optical
transitions between the spin states of the conduction and valence bands. These expressions enable the classification of
optical transitions based on the angle between the polarization vectors and wave vectors of the charge carriers, as well as
on the band parameters specific to monolayers of transition metal dichalcogenides. Furthermore, they allow for the
determination of the spectral and temperature dependences of the coefficients for single- and multi-photon interband
absorption of light and linear-circular dichroism. These aspects will be thoroughly investigated in subsequent work.

The theory of nonlinear absorption of polarized radiation in two-dimensional, atomically thin layers of transition
metal dichalcogenides has been advanced. It is important to highlight that excluding the effects of coherent saturation
from the analysis of interband single-photon absorption of polarized radiation [11] reveals that linear-circular
dichroism does not manifest in atomically thin metal dichalcogenides. This observation is attributed to the fact that,
under these conditions, the probabilities of single-photon optical transitions are independent of the polarization states
of light.

ORCID
Rustam Y. Rasulov, https://orcid.org/0000-0002-5512-0654; ©@Voxob R. Rasulov, https://orcid.org/0000-0001-5255-5612
Bakhodir B. Akhmedov, https://orcid.org/0000-0003-4894-3588; ©@Makhliyo A. Mamatova https://orcid.org/0000-0001-6980-9877

REFERENCES

[11 K.S. Novoselov, A.K. Geim, S.V. Morozov, D.E. Jiang, Y. Zhang, S.V. Dubonos, 1.V. Grigorieva, and A.A. Firsov, “Electric
field effect in atomically thin carbon films,” science, 306(5696), 666-669 (2004). https://doi.org/10.1126/science.1102896

[2] N.Huo, Y. Yang, Y.N. Wu, X.G. Zhang, S.T. Pantelides, and G. Konstantatos, “High carrier mobility in monolayer CVD-grown
MoS: through phonon suppression,” Nanoscale, 10(31), 15071-15077 (2018). https://doi.org/10.1039/C8NR04416C

[3] A. Taffelli, S. Dir¢, A. Quaranta, and L. Pancheri, “MoS: based photodetectors: a review,” Sensors, 21(8), 2758 (2021).
https://doi.org/10.3390/521082758

[4] G.H. Shin, C. Park, K.J. Lee, H.J. Jin, and S.Y. Choi, “Ultrasensitive phototransistor based on WSe>—MoS:z van der Waals
heterojunction,” Nano Letters, 20(8), 5741-5748 (2020). https://doi.org/10.1021/acs.nanolett.0c01460

[5] T. Wang, F. Zheng, G. Tang, J. Cao, P. You, J. Zhao, and F. Yan, “2D WSe: flakes for synergistic modulation of grain growth
and charge transfer in tin-based perovskite solar cells,” Advanced Science, 8(11), 2004315 (2021).
https://doi.org/10.1002/advs.202004315

[6] S.H.Su, W.T. Hsu, C.L. Hsu, C.H. Chen, M.H. Chiu, Y.C. Lin, W.-H. Chang, al., “Controllable synthesis of band-gap-tunable
and monolayer transition-metal dichalcogenide alloys,” Frontiers in Energy Research, 2, 104870 (2014).
https://doi.org/10.3389/fenrg.2014.00027

[7] C. Emandes, L. Khalil, H. Almabrouk, D. Pierucci, B. Zheng, J. Avila, P. Dudin, et al., “Indirect to direct band gap crossover in
two-dimensional WSz(1-x)Sexx alloys,” npj 2D Mater. Appl. 5(1), 7 (2021). https://doi.org/10.1038/s41699-020-00187-9

[8] E.L.Ivchenko, Optical Spectroscopy of Semiconductor Nanostructures, (Alpha Science International Ltd., Harrow, UK, 2005).

[91 R.Y. Rasulov, V.R Rasulov, N.Z. Mamadalieva, and R.R. Sultanov, “Subbarrier and Overbarrier Electron Transfer through
Multilayer Semiconductor Structures,” Russian Physics Journal, 63, 537-546 (2020). https://doi.org/10.1007/s11182-020-02067-7

[10] M.M. Glazov, Electron and Nuclear Spin Dynamics in Semiconductor Nanostructures, (Oxford University Press, Oxford, 2018).
https://doi.org/10.13140/RG.2.2.18718.56640

[11] V.R. Rasulov, R.Ya. Rasulov, and I. Eshboltaev, “Linearly and circular dichroism in a semiconductor with a complex valence
band with allowance for four-photon absorption of light,” Physics of the Solid State, 59(3), 463-468 (2017).
https://doi.org/10.1134/S1063783417030283

[12] R. Rasulov, V. Rasulov, and I. Eshboltaev, “On the Theory of the Ballistic Linear Photovoltaic Effect in Semiconductors of
Tetrahedral =~ Symmetry Under Two-Photon  Absorption,” Russian Physics Journal, 59, 92-98 (2016).
https://doi.org/10.1007/s11182-016-0742-7



397
Single and Multiphoton Optical Transitions in Atomically Thin Layers of Transition... EEJP. 1 (2024)

OJHO-TA BATATO®OTOHHI OIITUYHI MTEPEXOJU B ATOMHO TOHKIX IIAPAX ITUXAJIBKOI'EHIJIIB
HNEPEXIIHUX METAJIIB
Pycram S1. Pacyaios?, Bokxo6 P. Pacy.os?, Kamouaxon K. YpinosaP, Maxaie A. Mamarosa?, Baxouip B. Axmenos?
@ @epeancokuil OeporcasHutl yrieepcumem, Pepeana, Y3bexucman
b Kokanocwruil OdeposcasHuil nedazoeiunuil incmumym, Koxano, Yzbexucman

VY crarTi 00roBOpIOETHCS BUPOOHUIITBO Ta BIIACTHBOCTI JBOBUMIPHHX aTOMHHX IIapiB JUXaIbKOTeHINIB mepeximaux metanis (TM/I) 3
aKIIEHTOM Ha ONTHYHUX BJIAaCTHUBOCTAX MOHOMIApIB. BiH IOUYMHAETBCS 31 BCTYIly JO BIIKPHUTTS METOIIB BHPOOHMITBA TpadeHy Ta
nojankinoro inrepecy 10 TMD. [leranizoBaHo 0CHOBHI BJIacTUBOCTI MoHoImapie TM/I, iX KpucTamiuHy CTpyKTypy Ta 30HY bpimiroeHa.
VY crarTi JOCHIPKEHO €HEpreTUYHWI CHEKTp CNEKTPOHIB y PI3HMX NOJIMHAX Ta e(QEKTUBHUH TaMiIbTOHiaH, IO ONUCYE CTAaHU B
HapajeIbHUX CIHOBHX 30HaX. OOroBOPEHHs MOLIMPIOETHCS Ha MATPHYHI €JIEMEHTH MiXK30HHHUX ONTHYHUX IIEPEXOIB, BKIIOUAI0UH OJIHO-
, IBo- Ta TpudoToHHI nepexoau. HaBeneHo piBHSHHS U1 pO3paxyHKy HMOBIPHOCTEH ONTHYHUX MEPEXO/IiB, BKIIOYAIOUH Taki (akropy,
SIK BEKTOP MOJISIpH3aLlii, YacToTa CBiTJIa Ta TeMIepaTypa 3paska. BUKIIaaeHO TCOPETUYHHI aHaIi3 CKIIAJJOBUX MATPUYHUX EJIEMEHTIB [UIs
[UX TEePEXO/IiB, HArOJONIYIOYH HAa KBaHTOBO-MEXaHIUYHMX acmekrTax. CTaTTs CpHsie AOCTIIKCHHIO ONTUYHOI MOBEIiHKH MOHOIIApiB
JMXanbKoreHiqiB nepexigaux MeratiB (TM]I), 30kpeMa B CTPYKTypax CKJIAJHOTO CKIIamy.

KnrouoBi cioBa: nonsipuzosanuil ¢pomon; mampuunuil enemenm; ONMUYHI Nepexoou; O0B030HHe HAOAUICEHHS, HOCIT cmpymy,
enekmponnuti I aminemonian, onepamop iMnyavCy, CRiHO8i cmanu
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The work is devoted to the tasks of safe operation of nuclear power plants, namely the prevention of inert radioactive gases, iodine,
and its compounds from entering the air. The latter is particularly dangerous because it can accumulate in the human body. One of the
methods of air purification is the use of air filters filled with activated carbon granules that have undergone preliminary treatment
of thermal expansion and impregnation. At the same time, there is a problem with evaluating the change in local aecrodynamic resistance
as a result of the shape change of granules and their compaction when activated carbon is filled into the filter. For this purpose, the
model that calculates the spatial field of movement of ventilation gases through a chamber that simulates an adsorber of the AU-1500
type filled with carbon granules was created. To verify the model, it was necessary to develop approaches to the assessment of the
topology of the intergranular space and to draw up ideas about the possible inhomogeneities of such topology due to inhomogeneities
in the compaction of granules during backfilling and vibration effects during operation. Therefore, an experimental model based on the
assumption that air passage channels are spatially contiguous with electric current passage channels if a potential difference is applied
to the "input-output" sections was proposed. Clusters of areas with heterogeneous packing by measuring the temperature distribution,
which is released in the form of Joule heat were identified. Correlations between the characteristics of the spread of temperature fields
and modes of current trans-mission have been established. It is shown that the obtained experimental data correlate with theoretical
calculations of the flow of ventilation gases. The created set of methods allows optimization of the acrodynamic characteristics of the
filter to improve their functional properties.

Keywords: Thermography, Air filters; Active carbon; Air flow; Current distribution

PACS: 87.63.Hg, 81.05.U.

INTRODUCTION

The development of technology, industry, and energy security is a key factor in raising people's living
standards [1-3]. A lot of attention is paid to the prevention of environmental pollution and, a large number of effective
technologies have been developed to reduce the level of pollution, including from industrial enterprises. Thus, one of the
components of any industrial enterprise is such engineering structures as ventilation systems, which ensure the necessary
sanitary standards in production premises, labor protection, and compliance with the norms of emissions into the
environment [3-7]. Particular attention is paid to ventilation systems as the main source of emissions harmful to human
health and the environment, industrial waste generated in the chemical, mining, construction, and energy industries,
including nuclear [3].

The operation of nuclear power plants is necessarily associated with the need to control emissions and filter
radioactive gases. Gaseous isotopes formed by nuclear reactions penetrate through imperfect seals and lead to increased
radiation background in the working premises, the danger of which is that radioactive substances can penetrate the human
body via the respiratory organs. Since it is impossible to avoid the release of radioactive gases in the first circuit with
their subsequent entry into the working premises and then into the environment, iodine, and aerosol filters are used at the
stations, which reduce the radiation load by several orders of magnitude. One of the ways iodine enters the coolant and
its further spread is the destruction of the shells of heat-dissipating elements due to the manufacturing defects that develop
as a result of the passage of high-energy particles, which causes local heating along the track and, as a result, delamination
of the material [8, 9]. It is worth noting that even in the conditions of a cold shutdown of NPP power units, due to the
fission of 23U, iodine isotopes are released and penetrate through discontinuities in the shells of nuclear fuel elements
into the coolant and then into the environment. Also, the problem of identifying iodine compounds at the NPP, which was
in a long-term shutdown is extremely non-trivial. In addition, the peculiarities of the distribution of the mentioned
compounds in the conditions of an unprecedentedly long-term shutdown are almost unexplored. Problems
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of identification of accumulated radionuclides in nuclear energy materials are solved by various methods, among which
the most precise are nuclear physical ones [10].

A particular problem is cleaning air flows from radioactive fission products of fuel elements during nuclear power
plants (NPP) operation. The main gaseous radioactive components in the air at NPP are isotopes of xenon and krypton, as
well as radioactive iodine vapor [11-13]. The "*'1 isotope (half-life 8.5 days) is particularly dangerous due to its ability to
accumulate in the human body. Also, the permissible rate of volumetric activity of iodine in the air of premises of NPP with
constant presence of personnel is 2-107'2 Ci/l, and when air is released into the atmosphere at 1 operating unit of NPP —2-10°
4 Ci/day [11]. One of the ways to clean the air from gaseous com-pounds of radioactive iodine is to trap them with sorption-
filtering materials. In air emissions from nuclear reactors, radioactive iodine is contained in the form of aero-sols and gaseous
compounds: vapors of molecular iodine (I,), hydrogen iodide (HI), iodates, and various organic compounds, in particular,
methyl iodide (CH3l) [12-13]. In modern technology, to purify gases from radioactive iodine, various filtering and sorbing
materials are used that are capable of capturing aero-dispersed and gaseous products of radioactive iodine. To capture iodine
radionuclides in ventilation air flows at nuclear power plants, sorption bulk filters based on active carbons impregnated with
various compounds are mainly used: iodides of various metals (K, Al, Zn, Pb, Sn, Ti, Ba); organic substances (derivatives
of amines, phenol); silver and its com-pounds, as well as their mixtures [11-13].

One of the urgent tasks is to improve the operational properties of NPP sorption filters, in particular, the quality
of filtration and increase the working life. Optimizing the operation of a ventilation system consists of finding a
compromise between the cross-section of passage through the sorption material, sorption efficiency, and traction force
of the blower. Many works are devoted to this issue [3, 14-19]. One of the ways to improve the above properties is to
increase the uniformity of filling the filter layer (activated carbon granules) into the adsorber, which leads to a more
uniform distribution of gas flow throughout the volume of the sorbent, more uniform wear, and, accordingly, an increase
in service life. Therefore, to control the uniformity of the backfill of activated carbon granules, a simple method of non-
destructive express testing is required. This work proposes a thermographic method for visualizing inhomogeneities in
the backfill of activated carbon granules. The method is based on the assumption that the channels for the passage of air
are spatially adjacent to the channels for the passage of electric current if a potential difference is applied to the
“input-output” sections. Clusters of areas with inhomogeneous packing can be identified by measuring the distribution of
the temperature released in the form of Joule heat. Next, we consider the research methods used in this work.

METHODS OF THEORETICAL AND EXPERIMENTAL RESEARCH
To evaluate the capabilities of the proposed thermographic method for diagnosing the quality of the packaging of activated
carbon granules and its influence on the distribution of airflow passing through it, computer modeling and comparison of 2
processes in the filter were carried out: 1) distribution of airflow in a carbon filter with homogeneous and non-uniform packaging
of granules, 2) distribution of current density and temperature in a carbon filter with homogeneous and non-uniform packing of
granules. Next, we will consider the theoretical basis for calculating airflow through a porous medium.

Method for calculating airflow through a sorbent layer

The sorbent layer is a bath (basket) filled with activated carbon granules. In this work, activated carbon granules
were used in the form of cylinders with a diameter of 4 mm and a length of 4-8 mm.

To select the correct mathematical airflow model, it is necessary to predict its nature (laminar or turbulent). To predict
the nature of the airflow, a dimensionless value is used - the Reynolds number (Re). Re is the ratio of the inertial forces to
the viscous force [20]. If Re < Re,, then the flow is laminar, but if Re > Re,., then the flow becomes turbulent. The Re.,
threshold value depends on the flow geometry. For a porous medium consisting of porous granules it is equal to:

_ PvsDp
¢ -

(M

where p is the airflow density, v; is the superficial velocity (the ratio of the volumetric flow rate of the phase to the cross-
sectional area), D, is the cylinder diameter, x is the dynamic viscosity of the flow, ¢ is the porosity of the granule.

The main characteristics of the porous medium state are the porosity ¢, and the permeability &. When calculating the
porosity of a packed medium, the porosity of granules can be neglected and only the intergranular space can be taken into

account [21, 22]:
A

g = —(D,,/Dp)” + B, 2)

where for cylindrical granules 4 = 0.9198, B = 0.3414, n = 2, D, is the filter diameter, D, is the granule diameter.
Work [18] provides formulas for calculating the porosity of packages for granules of various shapes. The formula for
estimating the permeability of a porous medium is as follows [23]:

_ 2 £bDp
k= os 180(1-¢p)?’ &)

where ¢, is a parameter that takes into account the geometry of the granules.
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The concept of the above characteristics and parameters was formulated by Henry Darcy. Darcy's experiments [20]
showed that the total flow rate is directly proportional to the total pressure drop divided by the flow viscosity and the
permeability of the medium. Darcy's law is widely used for laminar flow, i.e. in cases where Re <2000. In our case,
Re =3500, i.e. the flow is turbulent. The equations used for transient and turbulent flow are derived from the basic Darcy
equations. This work uses the Brinkman equation [24], which is widely used to analyze transitional flow in porous bulk
media. The dependent variables in the Brinkman equations are Darcy's velocity and pressure. Flow in porous media is
determined by a combination of the continuity equation and the momentum equation, which together form the Brinkmann
equations:

2 () + V- (pu) = Q. @
é(i‘? + i(u : V)u> = —Vp+V- [i {u@u+ (W) - 2u(- u)I}] - (% + Z—g‘) u+F, )

where x is the dynamic viscosity of the liquid, u is the velocity vector, p is the flow density, p is pressure, &, is porosity,
k is the permeability of the porous medium, O, is the flow rate. To take into account the influence of gravity and other
volumetric forces, the term F is introduced.

Figure 1 shows the filter model, which was used to simulate the airflow through the sorbent layer.

e 180 -
A
. Packed -
Flow inlet bed L Flow outlet
—> 70 packing
defect
Y

Figure 1. Schematic representation of the filter.

The model filter is a cylinder pipe with a diameter of 70 mm and a height of 240 mm. The flow inlet and outlet are
at the beginning and at the end of pipe. Activated carbon granules are located in the middle part of the pipe. The layer
thickness is 180 mm. The porosity and permeability calculated using formulas (2) and (3) were 0.3414 and 1.67-10% m?,
respectively. Next, we will consider a method for calculating the distributions of current densities and the release of Joule
heat in the sorbent layer.

Method for calculating the distribution of current densities and the release of Joule heat in the sorbent layer
When considering heat transfer in a porous medium at the microscopic level, two heat transfer equations can be
established: for the solid and liquid phases. For undeformed stationary solids, the heat transfer equation has the form:

pCy I — V- (kVT) =] - E, ©)

where p is the density, Cp is the specific heat capacity at constant stress, 7 is the absolute temperature, the term J-E
characterizes resistive heating (ohmic heating) due to the electric current, where J is the current density and E is the
voltage electric field. This term also takes into account electromagnetic surface losses as a heat source.

Figure 2 shows the model according to which the current density and temperature distributions were calculated.

< 180
Current o Al Current
input Packed s
bed { outpu
— 70| Packing
defect
A\

Figure 2. Scheme of passing current through the sorbent layer.

To visualize the distribution of airflow passing through the filter between the upper and lower parts of the sorbent,
a potential difference is applied. Since both the distribution of airflow velocity and the distribution of current density are
related to the quality of packaging (density) of the sorbent, these two parameters must correlate with each other. The
correlation should also be displayed on sorbent thermograms and characterize the airflow distribution in the filter.
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An experimental method for identifying inhomogeneity in AC granules packing in air filters.
For the experiment, a specialized cylindrical flask was constructed, shown in Figure 3a. Activated carbon granules
4 were poured into flask 3, transparent to IR radiation. Next, the compaction procedure and fixation with covers 2 and 5
were carried out. At the same time, denser packing was ensured in the area of lid 5. The current was passed through
contacts 1 and 6. Diameter d and height h of the layer of packaged activated carbon were 70 mm and 180 mm,
respectively.

a) 3 b)

A
A

+ N

Figure 3. Schematic representation of the object under study (a): 1 — + power supply, 2 and 5 — covers, 3 — transparent flask for IR,
5 - activated carbon granules, 6 — — power supply. Experiment scheme (b): 1 — thermal imager, 2 — the object under study

The experimental scheme is shown in Figure 3b. The relative position of the thermal imager (1) and the sample (2)
is shown in Figure 3b. A direct current was passed through the volume with activated carbon granules. As the volume
warmed up, thermograms were recorded using a Fluke Ti31I thermal imager. Next, we consider the simulation and
experimental results.

SIMULATION AND EXPERIMENTAL RESULTS.

To qualitatively illustrate the flow distribution in a layer of activated carbon, two packaging options were considered:
1) uniform packaging of activated carbon granules, and 2) non-uniform packing with the decreased density of granules at
the top right corner. The calculation results are shown in Figure 4.

Figure 4 shows that in the case of a homogeneous backfill, the flow is uniformly distributed over the entire cross-
section of the filter. In the case of non-uniform packaging (Figure 4b), the airflow velocity is higher through an area
of lower density and lower through the adjacent filter areas, which should lead to faster filter wear and deterioration in
filtration quality. Next, we will consider the results of calculations with current passing through filters.

Two cases with uniform and non-uniform packaging of activated carbon granules in the filter were also considered.
In the case of uniform packaging, the electrical conductivity is the same throughout the entire cross-section of the filter.
A decrease in packaging density should lead to a decrease in electrical conductivity due to a decrease in the number
of contacts between granules. Therefore, in the second case is with gradually decreased conductivity in the top right
corner, according to the same law as the packing density of activated carbon granules. The calculation results are shown
in Figure 5.
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Figure 4. Results of modeling air flow with a uniform Figure 5. Results of modeling the current density distribution
distribution of activated carbon granules (a) and with a non- with a uniform distribution of activated carbon granules (a) and
uniform distribution of granules (b) with a non-uniform distribution of granules (b)

Figure 5 shows that the current density decreased in the region with lower electrical resistance. Figure 6 shows the
calculated thermograms of sections with a uniform distribution of granules (a) and with a reduced density of granules in
the top right corner (b).

One can see from the figure that a region with a lower density will have a lower temperature compared to a denser
packing. The low temperature around the perimeter of the sample is associated with heat exchange with the environment.
Next, we consider the results of experimental studies.



402
EEJP. 1 (2024) Mykola Azarenkov, et al.

a)

24.6
24.4
242
24.0
23.8
23.6
23.4
23.2
23.0
22.8
22.6

b)

Figure 6. Results of modeling the temperature distribution in a filter with a uniform distribution of activated carbon granules (a) and
in a filter with a non-uniform distribution of granules (b).

Figure 7a shows a thermogram of a flask filled with active carbon granules. Also, Fig. 7b shows temperature
distribution profiles along lines C1 and C2 for better clarity.
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Figure 7. Thermogram of a flask filled with active carbon granules (a) and temperature distribution profiles along sections C1 and C2 (b)

One can see from the above thermogram, that a higher temperature is observed near one of the lids (where a denser
package was created). At the same time, the heterogeneity of heating of the internal area is 4-10 °C (Fig. 7b). It is clear
from the thermogram that a smaller contact area between the granules entails an increase in electrical resistance and a
decrease in current density in these areas, as a result, these areas on the thermogram are colder. Closer contact of granules
leads to a decrease in electrical resistance, an increase in current density, and heating of the sorbent area. Consequently,
the greater the heating of the sorbent area, the less airflow this area can allow, which leads to uneven wear of the sorbent.

We will also consider thermograms depending on the heating time. Figure 8 shows thermograms taken at regular
intervals (20 seconds).
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Figure 8. Experimental thermograms of the sample taken at time intervals of 20 seconds (a), 40 seconds (b), and 60 seconds (c)

It is clear from the figures that more heated regions in the samples can be identified (indicated by circles and ellipses),
which indicates a higher current density in this region and, accordingly, a higher packing density. In Figure 8(a) and 8(b),
the hotter region corresponds to the denser region. For better visualization of the temperature distribution, graphs of
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temperature versus coordinate # were plotted (Figure 8). The sections are shown as solid lines in Figure 8 and were made
in the center of the cylinders.
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Figure 9. Temperature distributions in selected sample cross-sections for different heating times

Figure 9 shows that there is local temperature inhomogeneity at a length of 40 mm in all dependences. Local
temperature inhomogeneity, corresponding to the created packing defect, is present at 160 mm when the sample is heated
for 20 and 40 seconds. When heated for 60 seconds, this heterogeneity is not distinguishable, apparently due to a greater
temperature gradient between the center of the sample and the body. It is worth noting that all graphs have a local
minimum in the center. The temperature inhomogeneities described above are associated with the quality of packing of
activated carbon granules and, as shown above, a higher temperature can characterize a denser packaging.

CONCLUSIONS

The work assessed the possibility of thermographic control of the uniformity of the packaging of activated carbon
granules in the filter. The correlation between the distributions of gas flow, current density, and temperature is
theoretically shown and experimentally confirmed. Thus, more air flows through a less dense area of the package, but a
lower current density can flow, resulting in less heating.

The possibility of identifying areas with non-uniform packaging of activated carbon granules has been
experimentally confirmed. It was found that the duration of heating affects the resolution of the method: prolonged heating
leads to a decrease in the contrast of these areas.

The approach proposed in the work can be used to debug and control the process of packaging activated carbon
granules in a filter, which will improve their performance characteristics. At the same time, the method has ample
opportunities for further development.
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Po6ora npucssueHa 3aauamM 6e3MevHOT eKCIuTyaTalii aTOMHUX eJIeKTPOCTaHIIH, a caMe 3aro0iraHHIo MOTPAIUISIHHS B OBITPS IHEPTHUX
panioakTUBHUX Ta3iB, HoAy Ta Horo cnomyk. OcTaHHIl 0cOOMMBO HeOe3MEeUHNH, OCKIIBKHA MOJKE HAKOITIMYYBAaTUCS B OPraHi3Mi JFOIHHH.
OpHuM 13 CIIOCO0IB OYMIICHHS TOBITPS € BUKOPUCTAHHS TOBITPSHHUX (IIBTPIB, HAMOBHEHUX TPaHyJIaMH aKTHBOBAHOTO BYTLILIA, SIKi
MIPOHIIIIM HOTIepeHI0 00POOKY TEPMIYHOrO PO3MIMPEHHS Ta iMIperHyBaHHs. BogHowyac BuHMKae pobiieMa OMiHKY 3MiHH JIOKAIBHOTO
AepOMHAMITHOTO OIIOPY BHACIIIOK 3MIiHM (JOPMU I'paHyI Ta iX YIIIIGHEHHS IIPH 3aCHUIIl aKTHBOBAHOTO BYTriwit y ¢uisTp. [t mporo
CTBOPEHO MOJICIb, [0 PO3PaXOBY€E MPOCTOPOBE MOJIE PyXy BEHTWLINIMHUX ra3iB yepe3 Kamepy, 1o iMitye agcopoep tumy AY-1500,
HANOBHEHUH TpaHyJaMH aKTHBOBaHOTO Byrimmi. s Bepudikauii Moaeni HeoOXigHO Oyyo po3poOHTH MiAXOIU A0 OLIHKH TOIOJOTIT
MiXK3epPHOBOT'O IIPOCTOPY Ta CHOPMYITIOBATH YSIBICHHS PO MOMKJIMBI HEOHOPITHOCTI TAKOI TOMOJIOTIT Yepe3 HEOTHOPIJHOCTI YIIUTbHEHHSI
rpaHyJ IijJi 4ac 3aCHNKH Ta BiOpalifHMX BIUIMBIB miA Yac ekcrutyarauil. Tomy Oyna 3amporoHOBaHa eKCHEpPUMEHTalbHa MOJEIb,
3aCHOBaHa Ha MPUITYICHH], 10 TOBITPsIHI KaHAIX IPOCTOPOBO CYMDXKHI 3 KaHAJIAMHU POXODKEHHS EJIEKTPHYHOTO CTPYMY, SIKIIO PI3HULIS
MOTEHIIiaiB MPHUKJIaZeHa 10 AUTTHOK «BXiA-BUXig». Kimactepn obmacteil 3 HEOTHOPITHOIO YIIAKOBKOKO IIISIXOM BHMIPIOBAHHS PO3IIOILTY
TeMIIepaTypH, SKa BUALIETHCS Y BUTTLIIL JUKOYIIeBa Teruia, Oyiy BUsBIICHI. BcTaHOBIEHO KOpersiii MiXk XapaKTepHCTUKAMHU MOIIHPEHHS
TeMIepaTypHUX ITOJIB i peXUMaMH IPOITycKaHHs cTpyMy. [Toka3aHo, 10 OTprMaHi eKCIIepIMEHTANIBHI JaHI KOPEIIOIOTh 3 TEOPETUIHUMHA
pO3paxyHKaMy ITOTOKY BEHTWIILIHHUX ra3iB. CTBOpPEHUH KOMILIEKC METOIIB 03BOJISIE ONTHMI3YBaTH aepOJMHAMIUHI XapaKTePUCTUKH
(GinbTPIB TS MOKPANIEHHS iX (yHKIIOHAIBHUX BIACTUBOCTEHL.

Keywords: mepmocpagis, nosimpsani ¢pinempu, akmugosane gyeiiis, nOmik nogimps; po3snooil Cmpymy
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In this paper the content of heavy metals at the territory of Pyatihatki settlement, where the National Scientific Center Kharkiv
Institute of Physics & Technology (NSC KIPT) is located. The nuclear-physical methods were used to determine the content of
chemical elements in the soil samples taken in 30 points at the territory of Pyatihatki settlement in 2011-2021. The elemental analysis
was carried out on the analytical nuclear-physical complex "Sokol". The methods, based on registration of characteristic X-ray
radiation of atoms and y-radiation of nuclei excited by accelerated protons, were used. After the measurements completion, the data
arrays on the content of 15 chemical elements (N, Na, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, Zr, Br, Sr, Pb) in the soil samples were
obtained. The data arrays processing was carried out using the EPA (Environmental Protection Agency) PMF v3.0.2.2.2 software
based on the application of the PMF (Positive matrix factorisation) algorithm. ArcView 3.2a was chosen as the basic software
product for the analysis of spatial distribution of the major polluting chemical elements. As a result of the performed work, the
pollution sources, which have an impact on the territory near the NSC KIPT, have been identified. The source of the soil pollution is
the autostrades, among which the road around the city Kharkiv stands out, where an increase in the content of Pb, Sr, Zr, Cr and Cu
was detected. A source of chromium contamination, located presumably to the north-east of Pyatihatki settlement, was identified.
The analyses of the obtained data showed that the PMF method allows to identify the factors that affect the soil contamination, and to
determine the presumptive sources of pollution with the help of wind rose.

Keywords: Heavy metals; Elemental analysis;, Characteristic X-ray radiation; Positive matrix factorization; Method of principal
component analysis (PCA)

PACS: 89.60.Gg, 89.60-k

INTRODUCTON

A serious environmental problem over the last century has been the intensive development of industry and
transport complex, which are the most powerful sources of biosphere pollution. The soil is a poorly migrating medium,
which is exposed to heavy metal pollution every day. According to WHO, up to 95% of heavy metals together with the
products of plant and animal origin enter the human body through the trophic chains [1].

The soil protection from the pollution is an important problem, since any harmful compounds in the soil, sooner or
later, get into the human body. First, there is a constant washing out of contaminants into open water bodies and ground
waters, which can be used by people for drinking and other needs. Second, these contaminants from the soil moisture,
groundwater and open water bodies get into the organisms of animals and plants that use this water, and then through
the food chains again get into the human body. Third, many compounds that are harmful to the human body have the
ability to accumulate in tissues, and, above all, in bones [1].

The heavy metals and their compounds form a significant group of toxins, which makes the anthropogenic impact
on the ecological structure of the environment and on the humans themselves. First of all, those metals that are most
widely and in significant amounts used in human production activities and, as a result of their accumulation in the
external environment, pose a serious danger in respect to their biological activity and toxic properties, are of interest.
They include Pb, Hg, Cd, Zn, Bi, Co, Ni, Cu, Sn, Sb, V, Mn, Cr, Mo and As.

Table 1 presents the hazard classes of chemical pollutants [2].

Table 1. Hazard classes of chemical pollutants

Class Elements
1 As, Cd, Hg, Pb, Zn, F, 3,4- benzo(a)pyrene
2 B, Co, Ni, Mo, Cu, Sb, Cr
3 Ba, V, W, Mn, Sr

The soil contamination with heavy metals has different sources: metalworking industry waste; industrial
emissions; fuel combustion products; automobile exhaust gases; agricultural chemicals.
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The heavy metal distribution on the soil surface is determined by many factors. It depends on peculiarities of the
pollution sources, meteorological features of the region, geochemical factors and landscape conditions in general.

From the historical point of view, an interest in this problem appeared when studying the soil fertility, as long as
the elements such as Fe, Mn, Cu, Zn, Mo and Co are very important for the plant life and, consequently, for the animals
and humans. They are known as microelements because they are required by plants in small quantities. All the
microelements can make a negative effect on the plants if the concentration of their available forms exceeds certain
limits. Table 2 presents the data on the effects of heavy metal concentrations on plants [3].

Table 2. Effect of toxic concentrations of some heavy metals on plants

Concentration in soil,

Element me/ke Plant response to the increased concentrations of heavy metals
Inhibition of respiration and suppression of photosynthesis process;
sometimes an increase of cadmium content and a decrease of zinc,

Pb 100-500 calcium, phosphorus, sulphur supply; decrease in the crop yield;

deterioration of the plant products quality.

External symptoms are the appearance of dark green leaves, curling of
old leaves, stunted foliage.

Disruption of enzyme activity, processes of transpiration and fixation
of COg; retardation of photosynthesis, inhibition of biological recovery
Cd 1-13 of NO2 to NOj difficulty in the supply and metabolism of a number of
nutrition elements in plants. External symptoms: growth retardation,
root system damage, leaf chlorosis.

Zn 140-250 Chlorosis of young leaves.

Deterioration of plant growth and development, wilting of the plant
above-ground parts, root system damage, chlorosis of young leaves,

Cr 200-500 sharp decrease in the content of most essential macro- and
microelements (K, P, Fe, Mn, Cu, B, etc.) in plants.
Ni 30-100 Suppression of photosynthesis and transpiration processes, appearance

of chlorosis signs.

Vehicle gases exhaust, wastewater irrigation, wastes, residues and emissions from the operation of mines and
industrial sites, application of phosphorus and organic fertilizers, use of pesticides, etc. have resulted in an increase of
heavy metal concentrations in soil.

As long as the heavy metals are firmly bound to the soil constituents and are difficult to access, their negative
impact on the soil and environment will be insignificant. However, if the soil conditions allow heavy metals to pass into
the soil solution, there is a direct danger of soil contamination, and there is a probability of their penetration into the
plants, as well as into the organism of humans and animals that consume these plants. The danger of soil and plant
contamination depends on: the type of plants; forms of chemical compounds in the soil; presence of the elements that
counteract the influence of heavy metals and substances that form complex compounds with them; the adsorption and
desorption processes; the amount of available forms of these metals in soil and the soil-climatic conditions. Thus, the
negative influence of heavy metals depends, in essence, on their mobility, i.e. solubility.

The content of Pb in soil usually ranges from 0.1 to 20 mg/kg. Pb from the soils enters plants and accumulates in
them. Pb adversely affects the biological activity in soil, inhibiting the enzyme activity by reducing the intensity of
carbon dioxide release and the number of microorganisms. Pb also has the ability to be transmitted through food chains,
accumulating in plant, animal and human tissues. The lead dust is deposited on the soil surface, adsorbed by organic
matter, moves along the profile with the soil solutions, but is carried outside the soil profile in small quantities.

Zn content in soil varies from 10 to 800 mg/kg, but most often it is 30-50 mg/kg. The accumulation of Zn
excessive amount negatively affects most of the soil processes: it causes changes in physical and physicochemical
properties of soil, reduces its biological activity. Zn suppresses the vital activity of microorganisms, thus disturbing the
processes of organic matter formation in soils.

Zn and Cu are less toxic than the above-mentioned heavy metals, but their excessive amount in the metallurgical
industry wastes pollutes the soil and inhibits the growth of microorganisms, reduces the enzymatic activity of soils,
reduces the plant yield [4].

It should be noted, that the toxicity of heavy metals increases with their combined effect when they act together on
the living organisms in the soil. Since the heavy metals are usually found in various combinations both in the fuel
combustion products and the metallurgical industry emissions, their effect on the environment surrounding the sources
of pollution can be stronger than inferred from the concentration of individual elements.

SUBJECT OF STUDY AND INPUT DATA
The sources of harmful emissions can be located not only in megalopolises, but also in small settlements engaged
in knowledge-intensive production, such as Pyatihatki settlement (Fig. 1), where NSC KIPT is located. As a part of the
study of the impact of such an enterprise on the environment by nuclear-physical methods, the content of chemical
elements in the soil samples, which were taken at 30 points in Pyatihatki in 2011-2021, was determined.
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Figure 1. Placement of observation points in the 5-km zone of NSC KIPT

The samples were prepared according to the standard technology. The measurements were performed on the
analytical nuclear-physical complex "Sokol" of NSC KIPT [5]. The methods based on the registration of the
characteristic X-ray radiation of atoms (it is method 1) and 7y-radiation of nuclei excited by accelerated protons (it is
method 2) were used. The elements with an order number of 16 and higher were determined by method 1, and the
elements with an order number lower than 16 were determined by method 2. The spectra were measured at the proton
beam energy of 1.7 MeV, the current of 20...50 nA, and the proton charge on the target of 100...150 pnC. The radiation
was registered by Si (Li) and Ge (Li) detectors. After the measurements, the data arrays on the elemental content in the
soil were obtained. In the range of elements from N to Pb, 15 elements (N, Na, S, Cl, Cl, K, Ca, Ca, Ti, Mn, Fe, Cu, Zn,
Zr, Br, Sr, Pb) were selected for further processing.

Using the EPA PMF v3.0.2.2 programme [6], the concentrations of these chemical elements and the calculation
errors were investigated.

ArcView 3.2a package was chosen as the basic software product for the spatial distribution analysis of the main
polluting chemical elements [7].

ArcView is a geographic information system that is designed to display, edit, spatially analyze, search, and
manage geospatial data. This software tool was developed by ESRI (Environmental Systems Research Institute).

The tools of geoprocessing and analysis by ArcView package allow performing complex spatial operations on
geographic data such as creating buffer zones around the map objects, clipping, sectioning, merging themes_and data
assigning by location.

ANALYSIS METHODS
Many practical methods of environmental monitoring require the use of complex non-trivial computational
methods implemented by software. To determine the characteristics and location of the pollution sources, the method,
called Receptor Modeling in the scientific literature, has been proposed [8, 9]. Its fundamental principles are the mass
conservation and mass balance. The input data are the constituent chemical components contained as elemental
concentrations in a large number of samples. The basic mass balance equation for m chemical components in »
samples from the contribution from p independent sources can be represented as follows:

X, =280 ey s (1)
P

where x, is the measured concentration of j -th compound in i -th sample, f, is the concentration of ;j -th compound
in the material emitted by p -th source (source profile), g, is the contribution of p -th source to the i -th sample, ¢, is
the fraction of measurements that cannot be fitted by the model. The decomposition of the x; matrix in the form (1)
represents it by the principal components (PCA - Principal Component Analysis) e.g. g,,, in this case, is the score
matrix, f, is the the loadings matrix, e, is the matrix of residuals. In general, the task is to determine the number of
principal components, which is equal to the rank of the x, matrix. When the PCA method is used to divide the data into

meaningful components, it is often referred to as the factor analysis. The PCA method can be interpreted as projecting
the data onto a subspace of lower dimensionality. The resulting residuals of ¢, are treated as noise with no meaningful

information.

Two computational algorithms UNMIX and PMF have been proposed to determine the composition of sources
and the contribution of each of them to the sample with the recorded data [10]. UNMIX is based on eigenvalue analysis.
The UNMIX model is a new type of multivariant receptor model based on the PCA method. As for the PMF (Positive
matrix factorization) algorithm, it differs significantly from other factor analysis methods. All the other methods use
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singular matrix decomposition. PMF is to use the least squares method to minimize the objective function, which has
the form:
2

ot , )

Sy

»
0 om | N —Z&-ﬂfm
Q:

J =1

P

where s, is the error estimate of the j-th chemical component measured in the i-th sample. The problem is to minimise
the O function with respect to g, and f, subject to the constraints for these variables, which take into account their

non-negativity. That is, the source profiles and their contributions to the samples are chosen so as to minimise the sum
of all residuals e .

To analyse the soil data PMF v3.0.2.2.2 programme was used. Preliminary data, obtained using the programme,
can be refined. Two additional algorithms are used for this purpose. The first of them, Bootstrap Runs, randomly selects
the non-overlapping blocks of samples, thereby revealing new input data. The second algorithm Feak, uses a rotation
transformation for the matrices G and F (G =GT and F =FT™"), so that the contribution of the most significant
factors is increased and that of the less significant factors is decreased. It should be noted that the solution of the
problem, which is defined by expression (1) is not unambiguous, and the result depends on the qualification and
subjective perceptions of the researcher.

RESULTS OF THE RESERCH
An input matrix of 30x10x8 (30 is the number of sampling points, 10 years is sampling period, 8 is the number of
chemical elements) was used. The following chemical elements were selected to analyse the pollution source: Ti, Zr,
Pb, Mn, Sr, Cu, Cr, Zn. The PMF programme was run with the following parameters: number of iterations — 20; number
of factors — 4; starting point for each iteration — 25. As a result of the PMF v3.0.2.2 programme operation, the
presumptive sources of pollution were obtained, which are presented in Table 3.

Table 3. Sources of pollution

Factor Dominant elements Name
1 Titanium, Zirconium, Plumbum Ti+Zr+Pb

2 Manganese, Strontium Mn+Sr

3 Copper Cu

4 Chromium Cr

For further operation, the spatial distribution analysis of the main polluting chemical elements at the territory of
Pyatihatki settlement was carried out by Arc View software in order to define how the environmental situation has
changed judging by the presence of some heavy metals such as Pb, Sr, Cr, Cu and Zr for the period 2011-2021.

When comparing the concentrations of Pb (hazard class 1) in the soil samples during 2011-2021 (Fig. 2), a slight
increase in its content near autostrades was detected, which did not exceed the maximum permissible concentration
(less than 32 mg/kg) [11, 12].
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Figure 2. Pb Accumulation 2011-2021 in Pyatihatki settlement

When comparing the concentrations of Sr (hazard class 3) in the soil samples for 2011-2021 (Fig. 3), a slight
increase in its content near autostrades, which did not exceed the background concentration (less than 350 mg/kg) was
detected.

When studying the accumulation of Cr (hazard class 2) in the soil samples 2011-2021 (Fig. 4), its increase was
detected in the eastern part of Pyatihatki settlement. The Cr factor as a source of pollution was detected using the
programme PMF v3.0.2.2.2. The 2017 samples were a major contributor to this factor: points 1, 3, 5, 6, 7, 12, 15, 16,
17, 19, 30 showed significant concentrations of chromium, indicating the need for research and action; and points 9
and 20 showing threshold concentrations indicating the need for urgent soil cleanup measures. Such concentrations of
chromium in soil cause deterioration of plant growth and development, wilting of the plant above-ground parts, root
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system damage, chlorosis of young leaves, and a sharp decrease in the content of most essential macro- and
microelements (K, P, Fe, Mn, Cu, B, etc.) in plants. When the wind rose was overlaid on the 2017 chromium map, the
source of chromium was observed in the north-east direction. In the 2021 samples, the contribution of Cr was
insignificant and did not exceed the maximum permissible concentration (less than 100 mg/kg).
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Figure 3. Sr Accumulation 2011-2021 in Pyatihatki settlement

sampling points

- territory of the

“institute
Z N woans
ma/kg
-170 -0
0-20
20 - 40
40 - B0

I G0 - 80

Figure 4. Cr Accumulation 2011-2021 in Pyatihatki settlement

When studying the accumulation of Zr in the 2011-2021 soil samples (Fig. 5), a slight increase in its content near
autostrades was detected, which did not exceed the background concentration (200 mg/kg).
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Figure 5. Zr Accumulation 2011-2021 in Pyatihatki settlement

When studying the accumulation of Cu (hazard class 2) in the 2011-2021 soil samples (Fig. 6), a slight increase in

its content near autostrades was detected, which did not exceed the maximum permissible concentration (less than
55 mg/kg).

sampling points
territory of the

roads

Figure 6. Cu accumulation for 2011-2021

CONCLUSIONS
The nuclear-physical methods were used to determine the content of chemical elements in the soil samples taken

in 30 points at the territory of Pyatihatki settlement in 2011-2021. After the measurements completion, the data arrays
on the content of elements in the soil were obtained.
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For the analysis of the obtained data EPA PMF v3.0.2.2.2 software was used. When studying by PMF method the
data on heavy metals concentration in the soil samples for 2011-2021, the sources of pollution, which had an impact on
the territory near NSC KIPT, were identified. The sources of the soil pollution are autostrades (especially the road
around the city Kharkiv, where an increase in the content of Pb, Sr, Zr, Cr and Cu was identified. A source of chromium
contamination, which is located presumably to the north-east of Pyatihatki settlement, has been detected.

Thus, it can be concluded that the PMF method allows to identify the factors that influence soil contamination and
to determine the presumptive sources of contamination by the use of the wind rose.
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BUSABJIEHHSA JKEPEJIA 3ABPY THEHHS BAYKKUMHA METAJIAMHA HA TEPUTOPII, II[O IPAJISITAE 10 HHIL
“XAPKIBCHKHUI ®I3UKO-TEXHIYHUM IHCTUTYT”, METOJOM PMF
Mapuna ®@. Ko:xeBHikoBa, Bontogumup B. JleBeneusn, Oaekciii 0. Jlonin, Onexcanap II. Omenbuuk, Anapiii O. Hlyp
Hayionanvnuii naykosuii yenmp «Xapkiscokuil ¢pizuxo-mexniunuil incmumymy, HAHY
syn. Axaoemiuna, 1, 61108, Xapxis, Yrpaina

Y poboTi JOCHKEHO BMICT BaXKMX MeTanmiB Oiunst moc. [I'atuxaTku, ge 3HaxXoauThes HarioHanpHHWN HAayKOBHH IICHTP
XapkiBebkuit diznko-texHiunuit inctutyT (HHL] XOTI). SnepHo-¢hi3uuHrMH MeTOIaMU BH3HAUCHO BMICT XIMIYHHX €JIEMEHTIB Y
npobax IpyHTY, siki Oynau B3sTi y 30 Toukax Ha Teputopii cen. IT'stuxarkm y 2011-2021pp. EnementHuii aHayiz BUKOHAHO Ha
aHAJTITHYHOMY siiepHO-GiznuHoMy Komiuiekci «Cokimy. Bukopucrani MeTony, 1o IPYHTYIOTBCS Ha PeecTpalii XapaKTepUCTUIHOTO
PEHTTeHIBCHKOTO BHUIIPOMIHIOBAHHS aTOMIB Ta Y-BUIIPOMIHIOBAHHS sJiep, IO 30YKYIOThCS HPUCKOPEHMMH mpoToHamu. Ilicis
MPOBE/ICHHSI BUMIPIOBaHb OTPHMaHi MacHMBH JaHUX 11070 BMicTy 15 ximiunux enementiB (N, Na, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn,
Zr, Br, Sr, Pb) y mpobax rpynty. OOpoOka MacuBiB JaHUX MpoBOAWIacs 3 BHKOpHCTaHHsM mporpamu EPA PMF v3.0.2.2,
3acHOBaHOI Ha 3actrocyBaHHiI ainroputMy PMF (Positive matrix factorization — mo3uTuBHe MaTpuyHe po3KiamaHHs). Sk Ga3zoBuit
MPOTPaMHUHA TPOAYKT AJIS MPOCTOPOBOTO aHAJi3y PO3MOJITYy OCHOBHUX 3a0pYyAHIOIOYHX XIMIYHHX €JIEMEHTIB, BHOpPaHO MaKeT
ArcView 3.2a. B pe3ynbraTi BUKOHaHOT poOOTH BHSIBICHO JKepena 3a0pyJHEHHs, sSIKi MaloTh BIUIMB Ha Teputopito 6imst HHI[ XTI
Jxepenom 3a0pyaHEHHS IPYHTY € aBTOMOOUTBHI JOpOTH (OCOOIMBO OKpYXKHA JIOpora MicTa XapKoBa), J¢ BHSBJICHO 30UIbIICHHS
BMmicty Pb, Sr, Zr, Cr tTa Cu. BusiBiieno mkepeso 3a0pyaHEHHS XpOMOM, SIKUH PO3TAIOBaHUIT IPUOIN3HO HA MIBHIYHMI CXiJ] BiJ Cell.
IM'stuxarkn. TakuM YMHOM, MOXKHA 3pOOMTH BHCHOBOK, mo Metoq PMF no3Bonsie BusBUTH (akTOpH, IO BIUIMBAIOTH Ha
3a0pyIHEHHS IPYHTY, Ta BU3HAUUTH 3a JAONOMOTOI0 TPOSIHM BITPiB nependadyBaHi Jukepena 3a0py JHeHHS.

KurouoBi ciioBa: sasicki memanu,; enemeHmuuil aHaniz; Xapakmepucmuire peHmaeniecoke UNPOMIHIOBAHHA, NOZUMUBHE MAMPUUHE
PO3KNAOAHHSA, MemoO OCHOBHUX Komnonenmig(PCA)





