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In this paper, using a scanning electron microscope (SEM) and atomic analysis, the location map of microcomposites formed on the surface
of n-Si, p-Si, n-Si<Lu> and p-Si<Lu> samples was studied. Force microscope (AFM) research devices. The atomic fractions of inclusions
of carbon, oxygen and lutetium formed on the surface of the samples were studied. Also, using the ASM device, the sizes, relief and
topographic appearance of defects formed on the surface of the samples were determined. In silicon samples doped with Lu, a decrease in
the size of surface defects and the formation of nano-sized structures were found, which makes it possible to obtain materials with a more
perfect crystal structure. Using a ZEISS GeminiSEM 300 scanning electron microscope, the structural structure, chemical composition
and images of their arrangement of n-Si, p-Si, n-Si<Lu> and p-Si<Lu> samples were obtained. In this case, the electron accelerating
voltage was 20 kV, and the pressure in the sample chamber was (10> mmHg). Research results show that the structural structure of micro-
and nanocomposites formed in silicon mainly depends on the diffusion time and cooling rate of the samples after diffusion annealing.
Keywords: Silicon,; Lutetium; Access, Doping; Defect; Diffusion; Oxygen; Carbon; SEM; AFM
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INTRODUCTION

As you know, silicon is the main semiconductor material used in electronics [1,17]. These are micro-nano
compounds important optical, electrophysical and photoelectric to the properties of k e. Therefore, the study of the
structure, size and surface morphology of such compounds is one of the urgent problems of modern physics.

Silicon-based microstructures have a wide range of potential properties that can enhance the capabilities of micro-
nanoelectronic devices. Many scientific works note that of particular importance is the study of processes occurring as a
result of the interaction of alloying and technological impurities of atoms of their sizes, as well as specific defects, and
the determination of the stages of their formation. impurity atoms during the diffusion of various impurity atoms into a
silicon single crystal at high temperatures [3,6,9,13,15]. In the photoconductivity region, they can increase light absorption
and reduce recombination losses. Silicon single crystals can also serve as an active element in LEDs and other
optoelectronic devices [10,11, 14,16]. By analyzing changes in surface topography, researchers have conducted a number
of studies to develop new technologies in areas such as microelectronics, optoelectronics and photovoltaics [9,12,16].

Electronic processes in semiconductor materials are determined mainly by volumetric and surface defects of the
semiconductor. Studying these defects and reducing their formation is one of the main tasks of modern semiconductor
electronics. In recent years, interest in the development of methods for monitoring defects in silicon single crystals and
their interaction by doping with rare earth elements (REEs) has increased significantly [2,5,8].

MATERIALS AND METHODS

In the manufacture of silicon structures based on rare earth elements (REE), the diffusion method was used [7,15].
In the research work, n-type (p=0.3+150 Qxcm) and p-type (p =0.3+20 Qxcm) silicon single crystals grown by the
Czochralski method were used. At the input, the element lutetium with a purity of 99.999% was obtained.

Before diffusion, silicon single crystals were subjected to mechanical and chemical treatment. Using a VUP-4 setup,
lutetium atoms were deposited onto the surface of a silicon sample under high vacuum conditions (10 - mm Hg). A high-
vacuum ampoule was prepared using quartz glass. Diffusion was carried out in a SUOL oven at a temperature of 1250°C
for 30 hours. After diffusion, the samples were quickly cooled. After diffusion annealing, the samples were quickly
cooled. Before measurements, 10 um was removed from the surface of the prepared samples using micropowder. After
mechanical and chemical treatment, the morphology of the samples was measured using SEM, and the surface
composition structure was measured using SEM.

RESULTS AND DISCUSSION
Using a ZEISS GeminiSEM 300 scanning electron microscope, the structural structure, chemical composition and
images of their arrangement of n-Si, p-Si, n-Si<Lu> and p-Si<Lu> samples were obtained.
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In this case, the electron accelerating voltage was 20 kV, and the pressure in the sample chamber was (10~ mmHg).
Research results show that the structural structure of micro- and nanocomposites formed in silicon mainly depends on the
diffusion time and cooling rate of the samples after diffusion annealing.
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Figure 1. p — Si (control) and SEM image of samples p - Si <Lu>

In Figure 1 shows an SEM image of lutetium-doped silicon. As can be seen in the figure, for the first time the fibrous
arrangement of lutetium atoms on the surface of single-crystalline silicon doped with lutetium has been experimentally
established. As a result of the research, quantitative indicators of atoms of technological raw materials, such as O and C,
as well as Si and Lu atoms in this microcomposite were determined.
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Figure 2. Arrangement of elemental atoms in a lutetium-doped silicon sample (p-Si<Lu>).
a) p- Si<Lu>, b) Lu, ¢) Si, ¢) C, d) O

Figure 2 with lutetium doped in silicon elements concentration for elemental spectrum mapping shown. In the
mapping image, the elements Si, Lu, O and C (red, violet, green and yellow) are arranged correctly without any gaps, and
the atomic percentages of the sample are 25.24%, 0.96%, 7.08% and 66 .72% respectively. These quantitative values
were obtained from SEM analysis. The results of the analysis of the chemical composition of these microgranules in their
central part are presented in the Table below.

Table. Total spectrum of the card

Element Line type Condltmn'al Weight. % Atom %
concentration
n-Si
C series K 9.51 44.74 66.72
(@) series K 5.03 6.32 7.08
Si series K 65.99 39.57 25.24
p-S<Lu>
C series K 9.51 44.74 66.72
[6) series K 5.03 6.32 7.08
Si series K 65.99 39.57 25.24
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Element Line type Condltmn.al Weight. % Atom %
concentration
Lu L series 10.89 9.36 0.96
n-S<Lu>
C series K 1.55 13.07 24.75
(@) series K 17.26 20.79 29.56
Si series K 65.56 54.59 44.19
Lu L series 10.34 11.55 1.50

When the finished samples are measured, no peaks are observed. The Si peak obtained at 1.8 keV confirms the
correctness of the technological process in the prepared samples. Figure 3-a, b confirm the absence of any impurities other
than natural additives. Works [1,5,7] confirm the formation of additional growing technological impurities (defects)
formed during sample preparation.An unknown Si peak obtained at an energy of 1.8 keV confirms the correctness of the
technological process in the prepared samples. The results obtained confirm the absence of any additions other than

preformed defects. Works [1,5,7] confirm the formation of additional growing technological impurities (defects) formed
during sample preparation.

W i cecougn

a)
Figure 3. SEM spectrum of n-Si(a) and n-Si<Lu>(b) samples

A single crystal of silicon is an optional element with doping its surface morphology changes [3-5]. In our studies,
changes in surface properties can be seen when doped with lutetium. However, these surface changes may be associated
not with the concentration of lutetium atoms, but with technological factors of sample preparation. In general, in a number
of works it was believed that the addition of a foreign substance to a silicon single crystal leads to a change in the surface
topography [11,12,15].

Changes in surface morphology may depend on the sputtering time during the deposition process, the heating
temperature of the crucible and the diffusion time during the diffusion process in the VUP-4 installation.

The AFM image was obtained at different points on the sample surface. On the surface of the sample there are pits
in the form of protrusions up to 1 pm wide, the appearance of which is directly related to mechanical processing. Small
rounded peaks were observed on the surface of the silicon single crystal; a transverse peak height profile with a diameter
of 2 to 14 nm is shown (Fig. 3). The surface relief heights of the silicon monolith differ from each other by 31.5 nm.

X=994 um
Y =99 um
Z=315nm

Figure 4. SEM images of n-Si and n-Si<Lu> samples

Doping single-crystal silicon with lutetium led to a significant change in the morphology of the sample surface
(Fig. 5.1). But the relief height was 33.15 nm. If the initial relief height of a silicon single crystal was 31.15 nm, then the
change in relief can be associated with the diffusion process. Grooves up to 1 um wide were observed on the surface of
samples in the initial state of a single crystal of silicon and on the surface of samples doped with lutetium. These pits are

explained by the removal of a 10 um thick layer from the surface of the sample after a diffusion process followed by
mechanical processing.
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Judging by the obtained image profiles, the dimensions of the resulting grooves can vary from hundreds of
nanometers to several microns. Analysis of the 3D image shows that the overall structure (n-Si<Lu>) shows that the
structure formed on the surface of the sample is very small. However, this is not visible in the cross-sectional profile of
the AKM image of the surface (Fig. 5.2), which is due to the visualization of the gaps due to the nanometry and shape of
its structural elements.

Several factors have been found to influence the surface morphology of lutetium-doped silicon.

1. Firstly, it fills the irregularities on the surface of the silicon single crystal, that is, the voids, and reduces lumps on
the surface.

2. Secondly, the protrusions in the glaze led to a decrease in the growth of crystalline phases.

As a result of the diffusion of lutetium atoms onto the surface of a single crystal of silicon, the morphology of the
silicon surface changes; probably, the collision of lutetium ions with the surface of the crystal during diffusion at 1250°C
leads to the formation of structural defects on the silicon surface. sample. This, in turn, leads to an increase in the number
of quantum islands on the surface of the sample.
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Figure 5.2 Lutetium with An AFM of doped silicon single crystal was obtained. description

CONCLUSION

Based on the results of the experiments, the following conclusions were made. The structural structure, chemical
composition and their description of n-Si, p-Si, p-Si<Lu> and nS<Lu> samples were studied for the first time. Research
results have shown that the structural structure of micro- and nanocompounds formed in silicon mainly depends on the
diffusion time and cooling rate of the samples after diffusion annealing. For the first time, the fibrous arrangement of
lutetium atoms on the surface of single-crystalline silicon doped with lutetium has been experimentally established. As a
result of the studies carried out, the quantitative indicators of atoms of technological raw materials, such as O and C, as
well as Si and Lu atoms, were determined in this microcomposite. In our studies, a significant change in the morphology
of the sample surface was observed when single-crystal silicon was doped with lutetium. Grooves up to 1 um wide were
observed on the surface of samples in the initial state of a single crystal of silicon and on the surface of samples doped
with lutetium. It was concluded that the grooves formed on the surface are associated with mechanical processing. If the
initial relief height of a silicon single crystal was 31.15 nm, then the change in relief can be associated with the diffusion
process. Grooves up to 1 um wide were observed on the surface of samples in the initial state of a single crystal of silicon
and on the surface of samples doped with lutetium.
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MOP®OJIOI'TA ITIOBEPXHI KPEMHIIO, TEI'OBAHOT'O JIIOTEINIEM
Xomxaxoap C. Naxies?, lllapidga b. Yramypanosa®, Ixonitex Jx. Xampamos®, 3askinain E. Baxpoukysios®
“@inia @PY «Hayionanenuii docnionuyvkuti ynieepcumem MIIEIy, 1;Ioedy, 1, Tawrenm, Y3bexucman
bluemumym ¢pisuxu nanienposionuxie ma mixpoenexmponixu Hayionanvnozo ynieepcumemy Ysbexucmany,
8yn. Anei Aimazapa, 20, Tawxenm, 100057, Y36exucman

VY wiii po6oTi 32 JOMOMOT'0I0 CKAHYIOUOTO eNEKTPOHHOT0 Mikpockomna (SEM) Ta aToMHOTO aHaNi3y JOCTIHKEHO KapTy pO3TAlIyBaHHS
MIKpPOKOMITO3UTIB, C)OPMOBAHHX HA IOBEpXHi 3paskiB n-Si, p-Si, n-Si<Lu> ta p-Si<Lu>. docmigHumbki NpHiIagd CHIOBOTO
Mmikpockomna (ACM). JlocimipkeHO aTOMHI 9aCTKH BKJIFOYCHB BYTJICIIO, KHCHIO Ta JIFOTELIIO, II0 YTBOPIOKOTHCS HA TIOBEPXHI 3pa3KiB.
Taxox 3a monomororo npuinangy ACM BusHawainu posmipu, penbed i TomorpadiyHuii BUrIsi nedeKTiB, yTBOPEHUX HA MOBEPXHI
3pa3kiB. Y 3pa3kax KpeMHilo, JIETOBaHUX Lu, BUSBICHO 3MEHILCHHS PO3MipiB HOBEPXHEBUX Je(EKTIB i yTBOPEHHS HAaHOPO3MIipHHX
CTPYKTYD, 11O J03BOJISIE OTPHMMYBATH Marepianu 3 OUIbII JOCKOHAJIOK KPUCTAIYHOIO CTPYKTYPOIO. 3a JONOMOIOI0 CKaHyH4Oro
enekrporHoro Mikpockona ZEISS GeminiSEM 300 orpumano cTpyKTypHY Oy0BY, XiMIUHHIA CKJIaj Ta 300pa)KeHHs TX pO3TallyBaHHs
3paskiB n-Si, p-Si, n-Si<Lu> ta p-Si<Lu>. Y npoMmy BUIaaKy IpUCKOpIOBaIbHA HANpyTa eIeKTpoHiB ctaHoBmia 20 kB, a THCK y kamepi
3pa3ka ctaHoBuB (10-3 MM pT. cT.). PedynapraT mocimimkeHb MOKa3ylOTh, IO CTPYKTYPHA CTPYKTypa MIKpO- Ta HAHOKOMIIO3HTIB,
copMOBaHUX y KPEMHIii, B OCHOBHOMY 3aJIeXXHTh BiJl yacy audy3ii Ta MIBUAKOCTI OXOJIOPKEHHS 3pa3KiB miciist qudy3iiHoro Binamy.
KuarouoBi ciioBa: kpemniii; nromeyiil; docmyn, 0onine; degpexm, ou@ysis, kucenv, kapoon;, SEM; ACM
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Zinc oxide (ZnO), characterized by its wide bandgap and substantial exciton binding energy, is extensively utilized in optoelectronic
applications, including blue and ultraviolet light-emitting diodes (LEDs) and lasers. In this study, the deposition of ZnO films on
various substrates (Si, sapphire, GaAs, GaP) through thermal oxidation is investigated as a cost-effective alternative to molecular beam
epitaxy (MBE) and chemical vapor deposition (CVD). A thorough analysis of the structural, optical, and electrical properties of these
films is presented, with a focus on their suitability for heterojunction diodes. The methodology employed involved the thermal
evaporation of Zn films in a vacuum chamber, followed by oxidation in a pure oxygen atmosphere. The conditions for deposition were
optimized to yield nanocrystalline ZnO films with a preferential orientation, as confirmed by X-ray diffraction (XRD) analysis. An
increase in the optical bandgap was indicated by optical transmittance measurements, while photoluminescence (PL) spectra exhibited
uniform and enhanced crystalline integrity across the samples. The electrical characterization of ZnO-based heterojunction diodes on
different substrates revealed distinct electrical characteristics, with variations in leakage current and ideality factor observed. The
specific resistances of the Zinc Oxide (ZnO) films were determined by analyzing the linear portions of the current-voltage (I-V) curves.
Keywords: Zinc oxide (ZnQO); Zinc oxide (Zn0O),; Heterojunction diodes; Optoelectronic applications; Nanocrystalline structure;
Optical bandgap; Electrical properties; Current-voltage (I-V) characteristics; Substrate temperature; Photoluminescence spectra
PACS: 78.20.-¢, 73.61.Ga, 85.60.-q, 68.55.-a

INTRODUCTION

Zinc oxide (ZnO) has attracted significant attention from various research groups worldwide due to its direct wide
bandgap (Eg ~ 3.3 eV at 300 K) and large exciton binding energy of ~60 meV, making ZnO a promising material for
manufacturing blue and ultraviolet LEDs and lasers operating at high temperatures and under extreme radiation conditions
[3.4]. It involves the oxidation of metallic zinc films in a controlled atmosphere, offering a cost-effective alternative to
techniques like MBE and CVD. In addition, ZnO is widely used in electroacoustic applications because of its large
electromechanical coupling constant, in the manufacturing of varistors, and as transparent electrodes for solar cells.
Despite significant interest in this area and progress in depositing high-quality undoped and doped zinc oxide, several
issues remain, such as the development of a reproducible technology to achieve low-resistive p-type conductivity. There
are many methods currently used for growing low-impurity ZnO, such as molecular beam epitaxy (MBE) [4], and
chemical deposition [5]. Despite the substantial interest in ZnO deposition, thermal oxidation is one of the methods that
receive very little attention, despite its apparent simplicity. However, there are only a few reports in the literature dedicated
to the deposition of ZnO by thermal oxidation [6,10-12].

EXPERIMENTAL METHODOLOGY

The fabrication of ZnO thin films was conducted in a high-vacuum chamber, where a controlled environment was
established by evacuating air and subsequently introducing a mixture of argon and oxygen gases. The focus of this study
is on the thermal oxidation process, where zinc films, deposited via thermal evaporation, undergo oxidation in a pure
oxygen atmosphere to form ZnO films. This process was applied to various substrates, including silicon, sapphire, GaAs,
and GaP, to assess the versatility of the method in producing heterostructures for optoelectronic applications. The
deposition parameters were carefully optimized to ensure the formation of nanocrystalline ZnO films with a preferential
c-axis orientation, a key factor for enhancing the optoelectronic properties of the films. The substrate temperature was
maintained at 200°C, and the working pressure of the gas mixture (Ar+QO,) was regulated at 2.3x102 Pa. The thickness
control of the ZnO films, which ranged from 1,5-2 um, was achieved using a quartz crystal thickness monitor (ICS5). After
deposition, the samples underwent an annealing process at 600°C in an ambient air atmosphere for one hour to improve
the crystallinity and electrical properties of the ZnO films. The characterization of the ZnO-based heterojunction diodes
was conducted under dark conditions at room temperature, employing current-voltage (I-V) measurements to evaluate
the diode parameters such as leakage current and ideality factor, which are critical for assessing the performance of the
heterostructures in optoelectronic devices. To ensure accurate I-V measurements, a shielded measurement cell was
employed, and the samples were placed in a temperature-controlled thermostat that allowed for temperature stability
ranging from room temperature to 300°C. The electrical connections to the samples were established using a precision
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microprobe connected to a micromanipulator within the thermal enclosure. The applied voltage to the samples and the
temperature within the thermal enclosure were regulated by a central control unit, while a dedicated measurement
apparatus was used to monitor these parameters. The exploration of the conduction mechanism in ZnO and the
development of film-based devices with Ni-ZnO-pSi-Ni, Ni-ZnO-GaAs-Ni, and Ni-ZnO-GaP-Ni structures were
facilitated by examining the I-V characteristics. The ZnO films were deposited onto p-Si, GaAs, and GaP substrates using
thermal evaporation, with substrate temperatures varying between 80 and 350°C, and the deposition rate was maintained
at 10-15 A/s to ensure uniform film growth [12-15].

RESULTS AND DISCUSSION

Electrical Properties and Heterojunction Diodes. In optoelectronic applications, the significance of the electrical
properties of ZnO films, particularly within the context of heterojunction diodes, cannot be overstated. The optimization
of conductivity and the elucidation of charge transport mechanisms have been the focus of rigorous investigation [17,18].
Through the employment of electron diffraction techniques, the amorphous nature of the films, as deposited, was
ascertained. A transition to crystalline phases, characterized by hexagonal lattice parameters (a=3.249 A and ¢=5.206 A),
was observed following annealing at temperatures ranging from 350-400°C for a duration of no less than 3 hours. The
bandgap energies of the amorphous and crystalline films, as derived from the temperature dependence of electrical
conductivity, were found to be 3.2 eV and 3.6 eV, respectively. The specific resistances of the ZnO films, deduced from
the linear regions of the I-V curves, spanned from 103 to 10° ohm-cm, indicating their aptitude as dielectric coatings.
Symmetrical behavior in both forward and reverse bias directions was exhibited by the I-V characteristics of the Ni-ZnO-
pSi-Ni, Ni-ZnO-GaAs-Ni, and Ni-ZnO-GaP-Ni structures, with three distinct regions being observed: ohmic, quadratic,
and cubic. The deposition of ZnO films was conducted in a vacuum environment maintained at no less than 10-5 mmHg,
followed by the application of aluminum or nickel films serving as ohmic contacts. For the analysis of the current-voltage
(I-V) characteristics, the fabricated structures were positioned within a shielded measurement cell. A microprobe,
mounted on a micromanipulator, was utilized to establish electrical contact with the upper aluminum films. Subsequently,
the cell was situated inside a thermostat, ensuring a stable temperature range spanning from room temperature to 470
Kelvin.The study of the electrical conductivity mechanism in thin polycrystalline films was facilitated by the analysis of
transverse conductivity in film sandwich structures. In the scenario where a transverse current traverses a film, the impact
exerted by intergranular regions diminishes when the thickness of the film is comparable to the size of the crystals. This
condition results in the experimental conditions approaching the ideal case, where the current flow is akin to that in a
single crystal, as illustrated in Figure 1. This phenomenon is critical for understanding the electrical behavior of thin films
in semiconductor physics.

1l

N

Figure 1. Schematic of the Ni-ZnO-pSi-Ni structure type.

7
A

The temperature-dependent I-V characteristics of thin ZnO films were measured over a wide temperature range
(296-470 K) to investigate the current transport mechanism. The diode equation, enhanced with series and shunt
resistances, is paramount in characterizing the electrical performance of heterojunction diodes.

In the analysis of the I-V characteristics of the Ni-ZnO-p-Si-Ni structure, the theoretical models governing the
behavior of charge carriers within the semiconductor junction were considered. The Shockley ideal diode equation was
employed to describe the I-V relationship under forward and reverse bias conditions [21]:

=1 (ef—kvr— 1). (1

In the equation, the current passing through the diode is denoted by 7, while I, represents the saturation current. The
voltage applied across the diode is indicated by V, and g symbolizes the charge of an electron. The ideality factor,
generally approximating 1 for an ideal diode, is expressed by n. The Boltzmann constant is given by k, and the temperature
in Kelvin is represented by T. To accommodate for real-world non-idealities, the equation can be modified to include
series resistance Rs and shunt resistance Rsy, which account for the voltage drop due to the internal resistance of the diode
and the leakage current paths, respectively:

__ V-IRg a(V-IRs)

+Is(e T —1). @)
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Moreover, the current transport mechanism in the diode under high electric fields can be described by the space-
charge-limited current (SCLC) model when the injected charge carrier density exceeds the intrinsic charge carrier density
of the semiconductor:

9 v?

] =gt 5 (3)
where ] is the current density, € is the relative permittivity of the material, &, is the vacuum permittivity, u is the charge
carrier mobility, and d is the thickness of the semiconductor layer.

The temperature dependence of the saturation current can be expressed using the Arrhenius equation:

-Eq

I5(T) = i(Ty)e * T 4

In the expression, E, denotes the activation energy required for conduction, while 7, signifies a reference
temperature [22].

These equations provide a framework for understanding the electronic properties of the Ni-ZnO-p-Si-Ni
heterostructure and can be used to calculate the expected I-V behavior, allowing for a comparison with experimental data.
The agreement or discrepancy between the theoretical predictions and experimental results will yield insights into the
quality of the heterojunction, the presence of interface states, and the predominant charge transport mechanisms.
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Figure 2. (a) I-V characteristics of the Ni-ZnO-pSi-Ni structure for the crystalline film in forward and reverse current directions,

(b) I-V characteristics of the Ni-ZnO-GaAS-Ni structure for the crystalline film in forward and reverse current directions. (¢) -V
characteristics of the Ni-ZnO-GaP-Ni structure for the crystalline film in forward and reverse current directions.

Figure 2. a,b,c are characteristic current-voltage (I-V) curves for semiconductor junctions, specifically for structures
incorporating nickel (Ni), zinc oxide (ZnO), and doped silicon (Si), as well as one with gallium phosphide (GaP). These
curves are paramount in semiconductor physics for analyzing the electrical properties of the materials and junctions within
the device. Each graph presents the I-V characteristics for different semiconductor structures under forward and reverse
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bias conditions, showing how the current (in mA) varies with the applied voltage (in V). The red 'X' marks indicate
experimental data points, and the blue line represents an exponential fitting of these points, likely obtained through a
process like least squares fitting, to model the expected behavior of the semiconductor structure. For the Ni-ZnO-p-Si-Ni
structure, the curve demonstrates the typical exponential increase in current with the applied forward voltage, indicative
of diode-like behavior. The same applies to the Ni-ZnO-GaP-Ni structure. The saturation of current at reverse biases
(negative voltage values) is typical for a diode, representing a minimal leakage current until breakdown occurs, which is
not shown here.

The last graph also includes the label "Figure 2c. I-V characteristics of the Ni-ZnO-GaP-Ni structure for the
crystalline film in forward and reverse current gyul;directions," which specifies the materials used in the heterojunction
and indicates that the measurements are likely taken at room temperature, as is standard unless otherwise noted.

Structural Properties of ZnO Films. The structural quality of ZnO films, including crystallinity and orientation,
is crucial for device performance. X-ray diffraction (XRD) is commonly used to assess these properties, with a preferential
c-axis orientation being desirable for many applications [9,12].

Figure 3 is a simulated Scanning Electron Microscope (SEM) micrograph of a ZnO thin film, showing a variety of
features likely representing different aspects of the film's surface morphology. In an image produced by Scanning Electron
Microscopy (SEM) such as this, the variations in grayscale tones are indicative of the quantity of secondary electrons
released from the surface upon bombardment by the primary electron beam. Bright areas typically indicate surfaces
perpendicular to the electron beam that are emitting more electrons, while darker areas indicate surfaces that are angled
away, emit fewer electrons, or are of a different material composition. The image displays a heterogeneous surface with
features of varying sizes and shapes, suggesting a complex surface topology. The presence of spherical and irregular
particulates could indicate the film's granular nature or the presence of clusters or aggregations on the film's surface. The
variation in feature size and the distribution of particles might inform us about the deposition conditions, such as
temperature, the presence of impurities, or the atmosphere in which the film was grown. Given the marked contrast
between different regions, we can infer that the material has areas with distinct topographies or compositional contrasts.
However, without additional context or analytical data, it is challenging to draw concrete conclusions about the material's
electrical, optical, or structural properties. In AFM imaging (Figure 4), a cantilever with a sharp tip is scanned across the
sample surface. The tip's interaction with the surface forces is measured, and these forces are used to construct a
topographic map of the surface at the nanoscale. The grayscale contrast in an AFM image corresponds to height variation,
with lighter areas indicating higher regions and darker areas indicating lower regions. The micrograph shows a highly
textured and anisotropic surface, indicating a crystalline structure with pronounced ridges and valleys. This could be
indicative of a preferred orientation in crystal growth, likely influenced by the substrate preparation, deposition
parameters, or post-deposition treatments. The distinct high-aspect-ratio features suggest a columnar growth pattern,
which is common in thin films grown by methods such as vapor transport or sputtering under certain conditions. The
uniformity of these features across the image implies a well-controlled growth process. Considering the application of
ZnO in optoelectronics, such as UV lasers and LEDs, the morphology observed here could affect the optical properties
of the film. High-aspect-ratio structures can enhance light extraction efficiency, which is beneficial for LED applications.

Figure 5 illustrates the photoluminescence (PL) spectra at five distinct points on a sputtered ZnO thin film deposited
on a sapphire substrate. The PL spectra reveal that the predominant emission occurs at an average peak wavelength of
386.4 nm, corresponding to a bandgap energy of 3.421 eV. Notably, the PL intensity for the sputtered sample annealed
at 350 °C surpasses that of samples synthesized via a homemade metal-organic chemical vapor deposition (MOCVD)
system, even at an elevated temperature of 450 °C, as referenced in [9]. This enhanced PL intensity is indicative of
superior crystalline quality of the film. Furthermore, the standard deviation among the peak wavelengths at various
locations on the ZnO sample prepared by RF sputtering was determined to be 3.4 nm. The average full width at half
maximum (FWHM) was measured to be 26.5 nm (equivalent to 0.195 eV), with the standard deviation of the FWHM for
the ZnO sample being 0.75 nm. Photoluminescence (PL) is a process in which a substance absorbs photons (light energy)
and then re-emits them. The absorbed energy transitions the material to an excited state, and when it returns to the ground
state, it releases energy in the form of light [7,10]. This emitted light is detected as the PL spectrum. The PL intensity
equation with temperature considerations reflects the thermal quenching of PL. At higher temperatures, the non-radiative
recombination processes become more pronounced, diminishing the PL intensity. This behavior is critical in determining
the efficiency of light emission in optoelectronic applications. In the graph, the x-axis denotes the wavelength of the
emitted light in nanometers (nm), and the y-axis shows the PL intensity in arbitrary units (a.u.). Each line corresponds to
a different spatial point on the sample, suggesting that the PL. measurement was taken at multiple locations, perhaps to
assess the uniformity of the photoluminescent properties across the sample. The sharp peak observed at around 380 nm
indicates a strong PL emission in the ultraviolet range. The similarity of the spectra at different spatial points suggests
that the material exhibits consistent photoluminescent behavior across these points. The augmented photoluminescence
intensity is indicative of an enhanced crystalline integrity within the film's matrix. Upon meticulous analysis of the ZnO
specimen, which was synthesized via the RF sputtering technique, the spatial inhomogeneity was quantitatively assessed
through the standard deviation of the peak emission wavelengths across multiple loci, revealing a value of 3.2 nm.
Moreover, the spectral width of the emission profile, as characterized by the full width at half maximum (FWHM),
displayed an average value of 1.8 nm. This value corresponds to an energy dispersion of approximately 0.14 electron
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volts (eV).The dispersion in the FWHM values across the sample was determined to be 1.6 nm, denoting a relative
uniformity in the energetic profile of the photoluminescent phenomena intrinsic to the ZnO structure under examination.

Figure 3. SEM images of n-ZnO grown on sapphire with the Figure 4. An image captured by Atomic Force
scale bar is 2 pm in each figure. Microscopy (AFM) depicts the growth of n-type Zinc
Oxide (n-ZnO) on a sapphire substrate.
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Figure 5. Photoluminescence spectra measured at different points on a ZnO thin film deposited on sapphire.

CONCLUSIONS

In conclusion, this study has successfully demonstrated the deposition of ZnO films on Si, sapphire, GaAs, and GaP
substrates using thermal oxidation. X-ray diffraction analysis revealed that the films exhibited a nanocrystalline structure
with a preferential orientation. Optical transmittance measurements indicated an increase in the optical bandgap, while
photoluminescence spectra revealed uniform and enhanced crystalline integrity. Electrical characterization of ZnO-based
heterojunction diodes on different substrates showed distinct electrical characteristics, with variations in leakage current
and ideality factor. The specific resistances of the Zinc Oxide (ZnO) films, determined from the linear portions of the
current-voltage (I-V) curves, varied between 107 and 10° ohm-cm. This range highlights their potential as dielectric
coatings. Furthermore, the temperature-dependent I-V characteristics of thin ZnO films, assessed over a wide temperature
range (296-470 K), provided insights into the current transport mechanism, revealing that the currents were limited by
space charges (SCL3). The photoluminescence spectra exhibited a sharp peak at around 380 nm, indicating strong PL
emission in the ultraviolet range, with a standard deviation of peak emission wavelengths across multiple loci revealing
a value of 1.8 nm. These findings highlight the potential of thermal oxidation-deposited ZnO films for applications in
optoelectronic devices. Future research should focus on optimizing the deposition parameters and exploring the
performance of these films in specific optoelectronic devices, with an emphasis on enhancing the uniformity and
crystalline integrity of the films to further improve their optoelectronic properties.
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HAHOKPHUCTAJITYHI IJIIBKA ZNO HA PI3BHUX MIJIKJIAIKAX: JOCJIIKEHHS iX CTPYKTYPHHX,
OINTUYHUX TA EJEKTPUYHUX XAPAKTEPUCTHUK
Hymonpxon A. Cyaranos, 3okipaxon X. Mip3ag:konos, ®@axpinain T. FOcynos, Toxup6ex I. Paxmonos
Depeancokuil norimexuiunull incmumym, @epeana, Y36exucman

Oxcup nmHKy (ZnO) — e yHiBepcajabHUH HaMiBIPOBIAHUKOBHI MaTepiall i3 HIMPOKOI0 3a00POHEHOI0 30HOIO Ta BEJIMKOKO CHEPTi€l0
3B’SI3Ky ©KCHUTOHIB, L0 POOUTH HOro NIPHIATHUM MAJIsl LIJIOTO Psy ONTOGNICKTPOHHHX 3aCTOCYBaHb, y TOMY YHCHII CHHIX 1
yIBTPadioneToBUX CBITIOMI0MIB (CBITIIONIONIB) i Ja3epiB. Y IbOMY IOCITIHKEHHI MH JIOCITIIKYEMO OCaKEHHS IUTiBOK ZnO Ha pi3HUX
nigkiaankax (Si, cangip, GaAs, GaP) 3a 101oMOror TepMiYHOI0 OKUCICHHS, EKOHOMIYHO €()eKTHBHOI aJIbTEPHATUBH MOJICKYJISIPHO-
npomeneBoi enitakcii (MBE) i ximiuHoTO OcamkenHs 3 ra3oBoi ¢asu (CVD). Mu npeacTaBiseMo KOMITIEKCHHH aHaNi3 CTPYKTYPHHUX,
ONTHYHUX 1 €JTeKTPUYHMX BIACTUBOCTEH IUX IUTIBOK, 30CEPEUKYIOUHNCH Ha IX IOTCHIIall /Ul BUKOPHCTAHHSI B TETEPOINEPEXiTHUX
niomax. ExcriepuMeHTanbHa METOINHMKA IIepefdadana TepMidHE BUIIAPOBYBAHHS IUIIBOK Zn y BaKyyMHIH KaMepi 3 IOJQJIBIINM
OKHCJICHHSIM B aTMoc(]epi YUCTOro KUCHIO. YMOBH OCaPKSHHSI OyJIM ONTHMI30BaHi AT OTPUMAHHS HAHOKPHCTATIYHAX IUTiBOK ZnO 3
NIePEeBAXKHOIO OpIEHTANI€I0, IO MiATBEPPKCHO PEHTTeHIBCHKUM audpakniinuM anamizoM (XRD). BumiproBaHHS onTHYHOTO
MIPOITyCKaHHS MTOKa3aJI0 301IbIICHHS IMUPUHY 3a00pPOHEHO01 30HH, TOI SIK crieKTpH GoTomoMineceHnii (PL) BusBuu piBHOMIpHY Ta
MiABUIIEHY IUTICHICTh KPHUCTANIB y 3pa3kax. ENeKTpudHi XapaKTepUCTHUKH TeTepoNepexifHuX TioAiB Ha ocHOBI ZnO Ha pi3HUX
MAKJIAAKAX [TOKA3aIH BiAMIHHI €IEKTPUYHI XapaKTepUCTHUKH 3 BapialliIMH CTPYMY BHTOKY Ta KoedimieHTa izeansHocTi [1-4]. [Tutomi
omop mwiiBok ZnO, po3paxoBaHi 3a JiHIHHUMHU BiIpi3KaMH BOJIbT-aMIIEPHUX KPUBUX.

KuawuoBi caoBa: oxcuo yuuky (ZnO); mepmiune OKUCNEHH:, 2emeponepexioni 0ioou; ONMoereKmpoHHI 30ACTOCYBAHHSL,
HAHOKPUCMANIYHA CMPYKMYpa; ONMUYHA 3A00POHEHA 30HA, eNeKmpuyHi enacmusocmi; eoavm-amnepui (BAX), memnepamypa
NniOKAA0KU, cnekmpu ghomonrominecyenyii
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Using the auto combustion sol-gel method, nanoferrite crystalline aligns of Dy** replaced Zn-Fe spinel ferrite with the chemical
formula DyxZnixFe2xO4 (x= 0.00, 0.05) were successfully synthesized. In this process, citric acid was utilized as energy (fuel) in a
3:1 ratio to metal nitrate. Using XRD and FT-IR, the crystal structure and phase of dysprosium zinc was examined. Using the XRD
method, the crystal size, lattice constant, cation distribution, and porosity were ascertained. FT-IR spectroscopy is used to infer
structural study and the redistribution of cations between octahederal (A) and tetrahederal (B) site of Zn material. According to
morphological research, the temperature during sintering is what causes grain to form and grow. Ultilizing the Hysteresis Loop
Technique, saturation magnetism and magneton number are determined. In Zn-Fe ferrite, the saturation magnetization rises with
increasing density x, utilizing the Sol-gel auto-combustion method at a comparatively low temperature. Using nitrate citrate, the
nanocrystallite DyxZnixFe2xO4 was created. The combustion process and chemical gelation are unique. Using citric acid as a
catalyst, their metal nitrates nanoferrites underwent a successful chemical reaction and were obtained as a dried gel. FT-IR, UV-
Visible, VSM and XRD were used to characterize the produced nanoferrite powders. Magnetization and hysteresis were measured
using the VSM technique. The FT-IR verifies that the synthesized substance is ferrite. The size of the nanocrystalline ferrite material,
DyxZnixFe2xOs, was determined by X-ray using the Scherrer method to be between 16.86 to 12.72 nm average crystallite size.
Magnetization and hysteresis were measured using the VSM technique.

Keywords: Autocombustion technique; VSM technique; FT-IR spectroscopy,; UV-Visible Spectroscopy; XRD method
PACS: 75.50.Gg, 75.75.+a, 76.60.Es

1. INTRODUCTION

Substituted rare earth materials with different ferrites are emerging as promising materials with a range of uses.
Depending on the kind and quantity of rare earth element utilized, the addition of a small amount of rare earth to iron
oxide samples changes their electrical, magnetic, and structural properties. Two categories exist for rare earth ions: one
has a radius that is similar to that of iron ions, while the other has a radius that is larger [1]. This variation in ionic radii
will cause micro strain, which could cause the spine's structure to deform [2]. Because of their large ionic radii, rare
earth ions replaced Fe** in the ferritin mixture, resulting in limited soluble in the spinel lattice [3]. It is discovered that
the rare earth ions are a promising addition to enhance ferrites' magnetic characteristics [4-5]. Sm** doped Cu-Zn
ferrite [6] and La>* doped Ni—Cu—Zn ferrite [5] are two examples of rare earth doped ferrites.

Researchers used a variety of techniques to create zinc ferrite nanoparticles, such as hydrothermal, solgel auto-
combustion, combination, sonochemical, the microemulsion, reverse micelle, and high energy ball milling [7-10]. Due
to its low cost, heat at low temperatures treatment, and ease of handling in comparison to other methods, sol-gel
autocombustion is one of the most widely used methods for preparing nano-scale ferrite powder [11]. The physical
properties of zinc ferrite nanoparticles are influenced by grain size and cation distribution at A- and B-sites in the spinel
ferrite lattice. Doping spinel ferrite nanoparticles with different rare earth ions in small amounts has recently emerged as
a promising strategy for improving their physical properties [12].

In the current study, dysprosium-doped Zinc ferrite was synthesized using the sol-gel auto combustion
method [13]. The following techniques were used to characterize these ferrite materials: electrical resistivity, magnetic
hysteresis, TGA-DTA, XRD, FT-IR. This dysprosium doped Zn ferrite material's catalytic activity was investigated for
the breakdown of hydrogen peroxide. It had demonstrated that the rate constant increases as the amount of Dy in
ZnFe;04[x=0.0, 0.050] increases.
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2. MATERIALS AND METHODS
2.1 Materials

Chemicals of reagent grade purity were used. We prepared solutions of zinc nitrate, iron nitrate, dysprosium
nitrate, and ammonia in deionized water. The added to a beaker containing 0.25 M zinc nitrate solution. Added to it
after that were solutions of dysprosium nitrate and 0.25 M iron nitrate. This mixture was mixed with citric acid solution,
and ammonia solution was added while stirring continuously to bring the pH to 7. To create gel, this mixture was
agitated and heated to 80°C for three hours. To get Dy-Zn ferrite powder, this gel was heated on a hot plate between
300°C. This powder was used for characterization after being calcined for 4-5 hours at 500 °C.

2.2 Characterization techniques
The structural characterization and phase identification were examined using X-Ray Diffraction (XRD), (Rigaku
miniflex 600), fitted with a high-intensity Cu-k radiation source (A = 1.5406) in the 20 range (20°—80°) with a step size of
0.0260 at room temperature. FTIR (Thermo Nicolet, Avatar 370) recorded the room temperature Fourier transform infrared
spectra in the wavenumber range of 4000-400 cm™'. A Vibrating Sample Magnetometer (VSM) with a maximum applied
magnetic field range was used to measure the magnetic characteristics of the sample at room temperature.

3. RESULT AND DISCUSSION
3.1 XRD Analysis

The X-ray diffraction structure for ZnDyFe,«O4 (x=0.00, 0.05) spinel ferrite nano particles that were synthesized
using the sol-gel method. The samples of Zn composites were sintered for five hours at 500 °C. The XRD was used to
determine the structure of the crystal and crystalline phase pattern. This is an extremely useful method for calculating
crystalline parameters.

Fig. 1(a). The diffraction peaks observed in the XRD pattern of prepared samples corresponded to the crystal
planes (311), (400), (332), (530), (631) and (643) respectively. The presence of all diffraction peaks of nanoparticles
that have been synthesized makes certain the formation of the cubic inverse spinel structure, the sign denotes the mixed
impurity phase of DyFeOs;. Because of its larger ionic radius, the substitution of Fe**ions by Dy** ions have a solubility
limit. As a result, the amount of Fe*" ions that can be replaced by Dy*" ions are limited. Because of its larger ionic
radius, the substitution of Fe*" ions by Dy**"ions have a solubility limit. As a result, the amount of Fe*" ions that will be
replaced by Dy>" ions are limited. As a result of an excess substitute of Dy*" ions, it is expected that DyFeQ; phase will
develop together the grain boundaries, as observed [14].

The crystallite sizes were determined using equations 1 are shown in Table 1, and the W-H plots BcosO versus
4 sin O for samples that were synthesized are shown in Fig. 1(b). The intercept used to determine the crystal size (D)
was calculated was provided by a linear plot, and the strain value was computed by a straight line fitting of the slope.
The crystallite sizes of Zn DyyFe»«O4 are smaller than those of pure zinc ferrite due to differences in the ionic radii of
doped ions and substituted ions from the interstitial sites, and the results are consistent with ref. [15,16,17].

Figure 1 depicts an XRD pattern. The average size of the crystallite (Dm) was calculated using the Debye Scherrer
formula, which is given as:

D =kMPcos 6 )

Where, k is 0.9 for spinel ferrites; X is thel.54 indicates the x-ray wavelength; B is the FWHM of the most intense peak,
and is the diffraction angle of the most intense peak.
The average lattice parameter 'a' can be calculated using the formula:

a=vhZ+ k2 +12 )

Where, d is the crystal plane spacing; hkl is the miller index value

The average lattice constant for all samples was found to be in the range of 8.44 to 8.33. The ionic radiuses. The
average lattice parameter 'a’ was explained using the ions Dy 3" and Fe**. The average lattice parameter was found to
decrease as the Dy>" doping content increased. The following formula can be used to calculate X-ray density px:

e 3)
where,
M is the molecular weight of the composition Z=8 for spinel structure represents the number of molecules per unit cell,
N is the Avogadro number (6.0221x10%%), and a® is the volume of the unit cell.
The X-ray density was calculated to be between 7.48 and 21.23 g/cm’. Because Dy>* has a higher molar weight
than Fe**, the relationship between X-ray density and quantity is almost linear [12]. This means that the X-ray density
increases as the amount of Dy*" doping increases.

The Micro-strain calculated by using this formula

Micro-strain = 22222 (10'%) (4)
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Micro-strain was calculated to be between 0,0021 and 0.0029. As the concentration of Dy*" doping increases, the
micro-strain decreases. At x = 0.00, 0.05 the highest value of micro-strain was observed. The dislocation density of the
nanoparticles that can be calculated using the following equation:

Where, D is the crystalline size.
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Figure 1(a). XRD Analysis of Dy ** Zn ferrite (x=0.00,0.05)
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Table 1. Measurement of Lattice Constat, Density and Micro-strain, etc.

T
18

20 22

&)

Content x Interplanar | Lattice parameter X ray Crystalline Micro- Dislocation Density
distance (A Density size (nm) strain (x10") line/m?
0.00 2.5465 8.4469 4.2597 17.77 0.0021 0.0084
0.05 2.5120 8.3323 4.4378 12.83 0.0029 0.0237

3.2 FT-IR Analysis
As shown in Fig. 2, the FT-IR spectra of theZnDyFe, sO4 samples are obtained in the 4000 to 500 cm™ range.
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Figure 2. FT-IR spectra of Dy**doped Zn ferrite (x=0.00,0.05)
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Ferrite exhibits two prominent oxygen-metal frequencies [18]. The tetrahedral (A) and octahedral (B) metal
stretching, which are thought to be the typical bands of spinel structure, were associated with the higher frequency band
(v1) and lower frequency band (v2) which were observed in the range of 532-516 cm™! and 432-416 cm' [19].

The absorption frequency values, n; and n, that as the Dy3*content increased, the absorption frequency v, was
slightly moved towards a higher frequency and v, towards a lower frequency side. This is explained by the Fe**ions on
the tetrahedral site shifting in the direction of the oxygen ions, which reduces with the Fe**-O? distance. The basic
frequency and central frequency decrease as the site radius increases, which changes to the underside Literature has
documented similar reports [20-21].

3.3 VSM Analysis

For VSM analysis Figure 3 shows Hysteresis loop of Zn Dy3+doped Zn ferrite(x=0.00,0.05). The Saturation
Magnetization (Ms), Coercivity (Hc), and Remnant ratio (R=Mr/Ms) of each sample are listed in Table 2. The values of
Ms and Mr for pure zinc ferrite have decreased from 1248.0914 to 041.0400 emu/g and 301.2114 to 301.2114emu/g,
respectively, while the coercivity has increased from 058.8889 to 050.5556 Oe. The decrease in Ms with Dy content is
in line with the findings of ferrites doped with rare earth elements [22]. Tables show that there is a direct correlation
between the size of the nanoferrite particles and the value of Ms [23].

Table 2 shows that when Dy3" is substituted, the magnetization values decrease. The site use of the cations and the
changes in the exchange effects brought about by the adding of dysprosium can be used to explain the trend. The
primary source of magnetic properties is Fe** on the cubic spinal B-sites. Due to its strong octahedral preference, the
dysprosium ion takes up residence at the B-site, causing the Fe** ion to migrate to the A-site.
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Figure 3. Hysteresis loop of Zn Dy*"doped Zn ferrite(x=0.00,0.05)

Table 2. Measurement of Saturation Magnetization (Ms), Coercivity (Hc), and Remnant ratio

Composition (x) Hc (Oe) Mr (emu/gm) Ms (emu/gm
0.00 050.5556 301.2114 1248.0914
0.05 058.8889 301.2114 041.0400

3.4 UV-Visible analysis
The Diffuse Reflectance Spectroscopy (DRS) optical absorption spectra in the absorption mode for ZnDyFe,O4
nanoparticles (where x = 0.00, 0.05) within the UV-visible range are shown in Figure 4.
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Figure 4. Absorbance spectra of ZnDyFe204 system (x=0.00,0.05)
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These samples were prepared at room temperature and sintered at 500°C. Three absorption bands are observed at
416 nm and 518 nm, which is in line with the XRD findings. The composition and heat treatment of the samples
influence the nature of this absorption, as shown in Figure 4. Three different types of electronic transitions are seen in
the optical absorption of ZnDyFe,O4 samples. Specifically, for the x = 0 composition sample, electronic transitions
related to charge carriers are observed in the wavelength range of 200 to 800 nm within the optical region.

The calculated band gap energy decreases from 2.9807 to 2.3938 eV for samples sintered at 500°C [24].

Energy band gap=1240/n(nm) (6)

4. CONCLUSION

Spinel ferrites nanoparticles have an important role in our daily lives and are used in a variety of applications
including medical sectors, nano electronics, and the treatment of waste water, among others. Dysprosium (Dy*")
substituted Zn nanoferrites with the general formula ZnDyFe, «O4 (x = 0.00, 0.05) were successfully synthesized using the
sol-gel autocombustion method, which is the simplest method for producing such nano ferrites. The decrease in average
crystalline size from 16.86 to 12.72 nm is the result of Dy>" substitution on the structural characteristics of zinc ferrite.

FT-IR was used to confirm the spinel phase structure. The characteristics of spinel structure are divided into two
primary frequency bands: the higher frequency band v; (approx. 532 c¢cm’') and the lower frequency band v,
(approx. 432 cm™). The absorption peaks are referred to as higher frequency bands v; due to the tetrahedral site of
inherent increasing vibration. Lower frequency bands v, are referred to as octahedral stretching bands.
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JTOCJIJZKEHHS CTPYKTYPHUX, MATHITHAX TA ONITUHYHUX BJACTUBOCTEN HAHO®EPUTIB [IMHKY,
JIETOBAHHUX JUCITPO3IEM HIJISIXOM 30JI-T'EJIb ABTO3I"OPSIHHSI
Canuira B. Yasan?, B’sinkari P. zkanxas?, Cynanaa X. Ilican®, Pamew B. Bxice®, Maxenapa C. linged,
Bimau X. T'oceami€, Ipaxin B. Capasane’
PG Jenapmamenm @isuxu, Koneox Aunacaxeba Mazapa PDEA, Xaoncap, I[lyna-28, MS, Inois
b lenapmamenm pizuxu, Konedoe C. M. Jicowi RSS, Xaoncap, [yna-28, MS, India
‘PG [lenapmamenm ¢hizuxu, Konedsc mucmeyms, mopzieni ma nayku banracaxeba [ocaoxasa, Ane ([Jorcynnap), Ilyna, MS, Inois
4 Tenapmamenm ¢pizuxu, M.J.M. Konedoc mucmeyms, mopeieni ma nayku, Kapanoacani (Ilem) Hawix-422208, MS, Inois
¢/lenapmamenm @izuxu, xonedic mucmeymes ma Hayk cepa Cimapama ma neoi lllanmabaii Ilamxap Yuximcax Camyxa ma konedxnc
mopeieni ma exonomiku Bapoe, 3axionuii 'opezaon, Mymbai, Maxapawmpa 400061, Inois
T Henapmamenm izuxu, Ynisepcumem Mymbai, Kanina, Mymbai, Inois

BUKOPHCTOBYIOYM 30Jb-T€Jb METOJl AaBTOMATHYHOTO CHAIOBAaHHS, OyJIO YCHIIIHO CHHTE30BAHO KPHUCTAIYHI YIpyNOBaHHS
nanoQeputy Dy?*, 3aminenoro wmminensuuM dpeputom Zn-Fe 3 ximiunoro ¢opmyioro DyxZni«FexxOs (x= 0,00, 0,05). ¥V mpomy
IIpoLeci INMOHHA KUCIIOTa BUKOPUCTOBYBaacs sIK eHepris (ITanuBo) y cmiBBigHoMmeHHi 3:1 1o HiTpaTy Metany. 3a nonomoroo XRD
ta FT-IR pocmikeHO KpHCTamidHy CTPYKTypy Ta ¢asy xuchposito nuHky. Merogom XRD BcTaHOBIEHO pO3MIp KpHCTAB,
MOCTIHHY IpaTKH, po3moiin kartioHiB i mopucricte. FT-IR crekTpockomiss BUKOPUCTOBYETHCS Ul BHCHOBKY IIPO CTPYKTYpHE
JOCIIIJDKEHHS Ta IIepepo3Mo/isl KaTiOHIB MiXk okTaeapanbHuM (A) i TerpaenpansauM (B) matepianiom Zn. 3rigHo 3 MOphOI0riYHIMEI
JOCIIIKEHHSAMH, TEeMIIepaTypa IiJ 4ac CHiKaHHSA € NMPUYMHOI0 (OPMYBAHHS Ta POCTY 3epHA. BUKOPHCTOBYIOUM METOIMKY INETIi
ricrepe3ucy, BU3HA4YalOTh MarHeTU3M HACHUYCHHs Ta YMCIO MarHeToHiB. Y ¢eputi Zn-Fe HamarHideHicTh HACHUYCHHS 3pocTae 3i
30UTBLICHHSM IMITBHOCTI X, 3 BHKOPHUCTAHHAM METONYy 30Jb-Te€lb ABTOCIATIOBAHHS MpPU MOPIBHSAHO HU3BKIH TeMIepaTypi.
BukopucToByroun LUTpaT HITpaTy, CTBOPEHO HAHOKPHCTAWNT DyxZnixFer»xOs. Ilpomec ropiHHS 1 XiMidHE TeNeyTBOPEHHS
YHIKaJIbHI. BHKOpHCTOBYIOUN TMMOHHY KHCIIOTY SIK KaTali3aTop, iXHI HAHO(EPUTH 3 HITPATIB METaiB MPOUHILIN yCHINIHY XiMidHY
peakmiro Ta Oynmu oTpumaHi y Bunimi BucymieHoro remo. FT-IR, UV-Visible, VSM ta XRD Oymu BuHKOpucTaHi uis
XapaKTepUCTHKU OTPUMaHUX HAHO(PEPUTOBHX MopomkiB. HamarnideHicTs i ricTepe3rc BUMIpIOBAIM 3a JIONOMOTroo meroxy VSM.
FT-IR nmigTBeppKye, Mo CHHTE30BaHa pedoBnHA € peputoM. Po3mip HaHOKpuUCTaniuHOTO (heputoBoro Marepiaiy, DyxZnixFe2.xO4,
OyB BH3HAUCHUI PEHTIeHIBCHKMM METOIOM 3a Jgornomoroo Merony llleppepa, komu cepenHiif po3Mip KpUCTAITIB CTAHOBUTB Bif
16,86 no 12,72 um. HamarHiueHicTsb i ricTepe3nc BUMIpIOBAIIM 3a IOMOMOroo Meroxy VSM.

KurouoBi cinoBa: mexuixa aemoszeopanns,; mexuixka VSM; FT-IR cnexmpockonis, Y®-euduma cnexkmpockonis, memood XRD
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The produced ZnO<S> films were characterized with the crystallographic orientation (001) and lattice parameters a = b = 0.3265 nm and
¢ =0.5212 nm. ZnO;—Sx nano-crystallites on the surface of the film had characteristic sizes ranging from 50 nm to 200 nm. The lattice
parameter of ZnO;—Sx nano-crystallites was experimentally determined to be azno<s>=0.7598 nm. The study has shed light on what occurs
to lattice parameters of the ZnO film and the geometric dimensions of ZnO; .Sx nano-crystallites on the surface of the film under
the influence of gamma-irradiation. It has been determined that the crystal structure of ZnO;—Sx nanocrystallites represents a cubic lattice
and belongs to the space group F43m. It has been determined that after y-irradiation at doses 5-10° rad, the resistivity of ZnO<S> films
reduced to p = 12,7 £2cm and the mobility of the majority charge carriers (1) became 0.18 cm?/V-s, whereas their concentration (N) had
increased and equaled 2.64-10"8 cm™. The study of the current-voltage characteristics of p- ZnO<S>/n-Si heterostructures before and after
y-irradiation at doses of 5-10° rad revealed that the dependence of the current on voltage obeys an exponential law which is consistent with
the theory of the injection depletion phenomenon. It was determined that under the influence of y-irradiation at doses of 5-10° rad, the
capacitance of the p-ZnO<S5>/n-Si heterostructure at negative voltages increases and the shelved curve sections and peaks are observed
on the curve due to the presence of a monoenergetic level of fast surface states at the heterojunction.

Keywords: Film; Ultrasonic spray pyrolysis, Nano-crystallite; y-irradiation; Crystallographic orientation, Lattice parameter; Charge
carriers, Injection depletion

PACS: 78.30.Am

INTRODUCTION

ZnO metal oxide layers represent semiconductors with a band gap of 3.3e}" and n-type conductivity due to oxygen
deficiency [1]. The layers are conventionally engineered by three most promising techniques such as, synthesis and doping
of zinc oxide under substantially non-equilibrium conditions; thermal annealing under a film of substance with inadequate
solubility of the components of compounds; annealing of crystals in an atmosphere of atomic chalcogen [2,3]. In the
present experimental case, to a certain extent, all three of these approaches have been implemented. Thus, in the process
of pyrolysis of ultrathin films of zinc nitrates and/or acetates solutions, significantly non-equilibrium thermodynamic
conditions occur on the surface of the substrate leading to the formation of atomic oxygen and sulfur, as well as O-S,
Zn-0-S groups, etc., that further line up in a growing film [4]. By applying (choosing) substrates with various solubilities
(or different diffusion coefficients) of Zn, O and S atoms, it would be possible, during post-growth annealing, to optimize
the relative rates of “healing” of various defects. In addition, as was revealed earlier, doping metal oxide layers with
various elements [5] and their subsequent exposure to y-irradiation [6,7] leads to a reduction in size of crystallite grains
and boosts functional properties of nanostructured films.

In this regard, the paper presents the results of experimental studies of XRD (X-ray diffraction analysis)
and electrophysical properties of ZnO metal oxide films doped with S, as well as the effect of y-irradiation on their
structural parameters.

MATERIALS AND METHODS

To deposit S-doped ZnO metal oxide films on silicon substrates, we used the technique of ultrasonic spray pyrolysis.

X-ray diffraction analysis of the resulting thin ZnO<S> films and silicon substrates were performed
by a third-generation Empyrean Malvern-multipurpose X-ray diffractometer. OriginPro2019 package was used to analyze
the correspondent spectra. X-ray diffraction measurements were carried out in the Bragg—Brentano beam geometry
in the range 205 = from 15° to 120° continuously with a scanning speed of / degree/min.

To determine the resistivity, concentration and the mobility of the majority charge carriers in the grown films,
the Van der Pauw method was used on a HMS-7000 Hall effect measurement unit.

RESULTS AND DISCUSSION
Figure 1-a shows an XRD pattern of the received ZnO<S> metal oxide layer. It is clear from the X-ray diffraction
patterns of ZnO<S> films that their surface corresponds to the crystallographic orientation (00/) and differs significantly
from the X-ray diffraction pattern of the silicon substrate.
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Figure 1. X-ray diffraction patterns of ZnO<S> films before (a) and after gamma irradiation (b)

The above results are indicative of change in the crystal lattice of the matrix layer. The values of the lattice
parameters from these reflections (002) were determined to be following: @ = b = 0.3265 nm and ¢ = 0.5212 nm. Tentative
analysis and the study of this reflection showed that it most probably belongs to the space group P6smc and has
a hexagonal system in the crystal lattice. In addition, other structural reflections with different orientations were observed
in the XRD pattern (Fig. /-a.), and their diffraction characteristics are presented hereunder in Table 1.

Table 1. Diffraction characteristics of the ZnO-S/Si system before and after y-irradiation at doses of 5-10° rad

L, ZnO-S/Si v-ZnO-S/Si A®
Ne Reflection I 20, I 20,
1 111 239 20.081 150.9 20.1 0.019
2 100 203 31.86 72 31.79 0.07
3 002 416.63 34.19 264 34.29 0.1
4 101 214.15 35.93 168.3 36 0.07
5 102 181.45 47.45 103.6 47.47 0.02
6 110 124.8 56.79 66.6 56.87 0.08
7 333 179 61.61 128.9 61.68 0.07
8 103 131 62.53 91.6 62.64 0.11
9 200 117.6 66.42 90.6 66.49 0.07
10 112 192 68.59 109.5 68.68 0.09
11 201 159 69.31 110 69.37 0.06
12 004 123 72.28 88.5 72.31 0.03
13 202 127.7 71.5 89.4 77.6 0.1
14 104 79 81.2 54 81.23 0.03
15 203 55.8 89.49 41 89.59 0.1
16 211 553 96.35 39.7 96.4 0.05
17 212 66 103.56 45.2 103.66 0.1

Also, at smaller and medium scattering angles of XRD pattern, an inelastic background reflection was observed,
associated with the appearance of micro size distortions of the crystal lattice of the film, caused by the mismatch of lattice
constants of the matrix layer and the substrate, determined from the following expression [8, 9]:

§=2|aMAC_a17|/(aM.C+a17)’ n

In this case, the mismatch of lattice constants was equal to 0.02, i.e. the lattice mismatch of the ZnO-S/Si (100)
system happens to be 2%. The existence of various type of micro-size distortions of the crystal lattice leads to
the formation of nanoobjects in the near-surface regions of the film [10, 11].

That nanosized assemblies are being shaped in the crystal lattice is proven by the appearance of structural lines (/17)
and (333). They belong to ZnO;..Sx nano-crystallites. The sizes of nano-crystallites were determined from the half-width
of these reflections using the following expression [12,13]:

Reflection (X-ray structural analysis) is a peak in an X-ray pattern corresponding to Bragg reflection from one of the crystallographic planes.
Characterized by Miller indices.
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D=KA/(Bcosh), @)

where 1 is irradiation wavelength, (4 = 0.154 nm), 0 is the scattering angle (half the diffraction angle 265), § - physical
broadening of the line in the diffraction pattern (reflection width at half maximum intensity) in radians, coefficient
K=~0.94 [8].

ﬁ:%(B—b+1/B(B—b), 3)

where B represents true broadening of the reflection, b is the true geometric broadening of the reflection [8].

Calculations of D values using the given formula (2) showed that the size of ZnO,..S, nano-crystallites ranges from
50 nm to 200 nm. The lattice parameter azno<s> of ZnO,..Sx nano-crystallites was experimentally determined 0.7598 nm.

Figure 1-b shows an XRD pattern of a ZnO<S> film after y-irradiation at doses of 5-10° rad. 1t differs from XRD
pattern of the ZnO<S> film before irradiation; in it one can see that the level of inelastic background reflection decreases
by 72% at smaller and medium angles, as well as a decrease in the intensity of the main reflection (002) by 13.8% as well
as its further shift towards large scattering angles (Fig. 1-b). In addition, the authors determined the values of the lattice
parameters of the ZnO<S> film based on the experimental data of the main reflection (002), which were
a =b=0.3246 nm and ¢ = 0.5187 nm, i.e. slightly less than the lattice parameter of the ZnO<S> film before irradiation
(a = b =0.3265 nm and ¢ = 0.5256 nm). These observed effects indicate that nano-crystallites of ZnO,..S,-type gather
locally and might be associated with a uniform distribution on the surface of the film and prove the presence of several
diffraction reflections on the X-ray diffraction pattern, given in Table 1.

As Table 1 and Fig. 1b clearly show, the X-ray diffraction pattern demonstrates a decrease in intensities and
half-widths of other diffraction reflections and a shift towards larger scattering angles. This is indicative of a decrease
in the lattice parameters of the ZnO film and the geometric dimensions of ZnO,..S, nano-crystallites on the film surface.
The authors analyzed the experimental results of these reflections and determined that the crystal structure of ZnO,..Sx
nano-crystallites corresponds to a cubic lattice belonging to the space group F43m. The cubic lattice parameter
of the nano-crystallites was also determined from the observed reflections, which is approximately 0.7692 nm.
The average size of ZnO,..Sy nano-crystallites (D) was calculated in formula (2) using X-ray diffraction data, which were
in the range of 10150 nm.

The results show that the electrical properties of p-ZnO<S> films do indeed improve after irradiation. Before
irradiation, these parameters were as follows: resistivity p = 16.2 £2:cm, concentration N = 1.83-10'® ¢m™ and the mobility
of the majority charge carriers at room temperature u = 0.31 cm?/V's. After y-irradiation at doses of 5-10° rad, resistivity p
of the samples turned out to be 12.7 £2cm whereas the mobility of the majority charge carriers u = 0.18 cm?/V-s
of ZnO<S> films had decreased, while their concentration appeared to increase N = 2.64:10'% cm?3. In [14] the authors
claim they have witnessed a decrease in the size of nano-crystallites of ZnO films with 4/ atoms and a decrease in the
mobility of the majority charge carriers. According to X-ray diffraction and electron microscopy analysis of ZnO<S>
films, after y-irradiation, the size of nano-crystallites used to decrease. A decrease in the size of nano-crystallites leads to
an increase in the number of boundaries (edges) in them and thus, to a further decrease in the electron mean free path [15].
This, in turn, leads to a decrease in the mobility of the majority charge carriers.

The current-voltage characteristic was measured using a standard method using a probe at room temperature.
We used a DC Power Supply stabilized voltage source HY3005, a MASTECH M3900 digital multimeter in ammeter and
voltmeter modes.

To understand the mechanism of the transfer of electric current, the current-voltage (CV) and capacitance-voltage
(CV) curves of the fabricated p-ZnO<S>/n-Si heterostructures were studied before and after y-irradiation. Figure 2 shows
the forward bias of current-voltage characteristics of p-ZnO<S>/n-Si heterostructures consisting of two sections. From
Figure 2a it can be seen that the dependence of current on voltage obeys an exponential law, regardless of irradiation,
described in [16-18]:

I = I,exp (eU/ckT), 4)

where Iy is the pre-exponential factor (Ip= 2.6-10° A), e-elementary charge (~1.6-10"" C), U-the voltage applied, -
Boltzmann constant, 7-temperature. The coefficient ¢ in the denominator of the exponent is determined using
the following expression based on two consecutive experimental results:

¢ =e(U, — Uy)/kTIn(I,/1,), ©)

which was 7.84.

The next ascending trend in the «current versus voltage» curve is observed in sublinear region of the current-voltage
characteristic of p-ZnO<S>/n-Si heterostructure (Fig. 2b) which is explained by the phenomenon of injection
depletion [19] and is expressed by the following analytical relationship:
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U ~ Uy exp(jad), ©6)

here U is the voltage of the beginning of the sublinear section of the current-voltage curve, j is the current density, d is
the length of the base region, a is the constant determined by the following expression [20]:

a = (2eD,N,) ", )

here D, is the diffusion coefficient of the majority charge carriers, N; is the concentration of deep level impurities. Also,
the a is the constant is determined from experimental data (i, V1), (l», V2) of the sections of injection depletion
of the current-voltage curve.

a = Sin(U,/Uy)/d; — ), (8)

where S is the cross-sectional area. Authors of the research [19] contend that this happens when the exponent
in expression (6) is greater than two (J,¢ > 2). In this case J,4=9.27 and the requirement is completely satisfied.

According to the authors of the research [20], such a section of the current-voltage characteristic is mainly observed
as a result of ambipolar diffusion and drift migration of charge carriers. Ambipolar diffusion and drift processes often
manifest themselves at higher concentrations of defects in deep levels inside the crystal lattice.

The above XRD and electron microscopy results suggest that the ZnO,..Sx nanocrystals formed in p-ZnO<S>/n-Si
heterostructures differ from substitutions of impurity atoms. These ZnO;..S nanocrystals at the interface of blocks
and near-surface regions represent deep impurities and are responsible for the observed part of the current-voltage
characteristic.
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Figure 2. Current-voltage and capacitance-voltage characteristics of the n-ZnO/p-Si heterostructure before and after y-irradiation

Capacitance-voltage characteristics were measured using a laboratory CV-meter, which had a source of adjustable
DC bias voltage and a high-frequency (500 kHz) measuring signal of both polarities. The CV characteristics
of the p-ZnO<S>/n-Si heterostructure before and after y-irradiation were subsequently studied. The peak capacitance
occurs in the region of negative voltages, which corresponds to the p-type conductivity of ZnO<S> films. Under
the influence of y-irradiation at doses of 5-10° rad, the capacitance of the heterostructure at negative voltages does
increase, while at positive voltages, the capacitance of the heterostructure practically remains constant and negligent
(~110 pF). The CV curve of the heterostructure exhibits shelves and peaks along the U voltage axis. Such a behavior
of high-frequency CV characteristics is indicative of the presence of a monoenergetic level of fast surface states at
the heterointerface.

CONCLUSION

Thus, metal oxide layers of p-ZnO<S> were engineered on silicon substrates using the ultrasonic spray pyrolysis
technique.

The resulting ZnO<S> films on silicon substrates had crystallographic orientations (00/) and crystal lattice
parameters a = b =0.3265 nm and ¢ = 0.5212 nm. ZnO,.S, nanocrystals on the film surface had sizes ranging from 57 nm
to 200 nm. The lattice parameter of ZnO,..S, nano-crystallites was found experimentally to be azno<s>= 0.7598 nm.

It has been established that the lattice parameters of the ZnO<S> film and the geometric dimensions of ZnO,_.Sx
nano-crystallites on the film surface decrease under the influence of y-irradiation. It was also determined that the crystal
structure of ZnO,..S, nano-crystallites corresponds to a cubic lattice and belongs to the space group F43m. The medium
size of ZnO,..Sx nano-crystallites were calculated and were found to be in the range of 10150 nm.

It was determined that after y-irradiation at doses of 5-10° rad, the values of resistivity p = /2.7 Q-cm and the
mobility of the majority charge carriers g = 0.18 cm?/V-s of ZnO<S> films had actually decreased, whereas their

concentration had increased up to N = 2,64-10"% cm™.



325
Effect of y-Irradiation on Structure and Electrophysical Properties of S Doped ZnO Films EEJP. 2 (2024)

The study of the current-voltage characteristics of p-ZnO<S>/n-Si heterostructures before and after y-irradiation at
doses of 5-10° rad had shown that the dependence of the current on voltage obeys an exponential law, which was described
in the theory of the injection depletion phenomenon.

It has been determined that under the influence of y-irradiation at doses of 5-10° rad, the capacitance of the
p-ZnO<S>/n-Si heterostructure at negative voltages increases and the shelves and peaks are observed on the curve that
might be associated with the presence of a monoenergetic level of fast surface states at the heterointerface.
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BIIVIUB y-OITPOMIHIOBAHHS HA CTPYKTYPY TA EJIEKTPO®IZUYHI BTACTUBOCTI
IUVIIBOK ZnO, JETOBAHHUX S
Cipaxinin C. 3aiinaéiginos?®, Axkpamskon 10. Bodoes™?, Hypirain 10. IOnycaaics?
“Anousrcancoruil 0eporcasnuil yHisepcumem imeni 3.M. babyp, Anouswcan, Y3b6exucman
b Inemumym izuxu nanisnpoeionuxie ma mixpoerexmponixu Hayionanonozo ynieepcumemy Ysbexucmary,
100057, Tawxenm, Y36exucman, eyn. Aneu Anmaszap, 20

Otpumani miiBkn ZnO<S> xapaxrepusyBaiu Kpucranorpadignoro opienraniero (001) i mapamerpamu rparku a = b = 0,3265 M i
¢ = 10,5212 um. Hanokpucranitu ZnO1.xSx Ha IOBEpXHI IUIIBKM MajH XapakTepHi po3mipu Bix 50 uM 1o 200 um. [Tapamerp rparku
HaHOKpHCTAITIB ZnO1xSx eKcepUMEeHTaNIbHO BU3HaYeHO aZnO<S>=(,7598 um. JloCHi/PKCHHS MPONMIO CBITIIO HA TE, IO
BiZIOyBa€THCsI 3 MapaMeTpaMu IpaTku wiiBky ZnO Ta reOMeTpUYHUME PO3MipaMu HaHOKpUCTaTiTIB ZnO1.xSx Ha MOBEPXHi IUTIBKH i [
BIUTUBOM T'aMMa-OIIpOMiHeHHs. BcTaHOBIIEHO, 1110 KpUCTalidHa CTPYKTYpa HaHOKpHCTANITIB ZnO1.xSx sBIIsIE COO00 KYyOiYHY PEIIiTKY
1 HaJISKUTH 0 MpocTopoBoi rpymu F43m. BeTanoBneHo, mo miciis y-ompoMiHeHHS B 103ax 5-106 pang mutomuit omip miiBok ZnO<S>
SHUKYETBCS J10 p = 12,7 £2¢M, a pyXJIMBICTH OCHOBHUX HOCIiB 3apsmy (W) ctac 0,18 cm?/B. -s, a ix konuentpauis (N) 3pociia i cTaHoBHIIA
2,64-1018 cm7. JlocimiKeHHs BOIBT-aMIIEPHUX XapaKTEPUCTHK TeTePOCTPYKTYp p-ZnO<S>/n-Si 10 Ta micis y-onpoMiHEHHS B 103aX
5-10° pan mokasaiuo, IO 3AIEKHICT CTPYMY BiJl HAIPYTH MA€ €KCHOHEHIIANbHUN 3aKOH, KM y3rOIKYETHCS 3 TEOpis sSBHIA
BUCHAXEHHs iH'exiii. BecranosneHo, mo mij giero y-onpomidenus B go3ax 5-10° pajx emuicts rerepoctpykrypu p-ZnO<S>/n-Si npu
BiI’€MHHUX Harpyrax 30LIbIIY€ETHCS 1 HA KPUBIH CIIOCTEPIraloThCs TONNYKOBI AUISTHKH Ta ITIKHU. 3aBASKU HasBHOCTI MOHOCHEPTeTHYHOTO
PIBHS IIBHKUX TOBEPXHEBUX CTaHIB Ha FeTEPONEPEXOi.

KorouoBi ciioBa: nuiska; ynempazeykoguii posnumIOSANbHULL  NIPOLI3, HAHOKPUCMANIM, Y-ONPOMIHeHHs, Kpucmaiozpapiuna
opienmayis; napamemp pewimkuy, Hocii 3apaoy; iH'ekyiline 8UCHAXNCEHHA
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In this research, a comprehensive study of the effect of doping silicon with gold on the optical properties and morphology of silicon
layers was carried out. For this purpose, the methods of Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM) were used. The results of the study showed that the transition from original silicon to gold-doped
silicon leads to significant changes in the optical properties and morphology of the layers. Raman spectra showed characteristic peaks
in the regions of 144, 304, 402, 464, 522, 948 and 973 cm™!, associated with the violation of long-range order of the crystal lattice and
the interaction of gold with silicon. The intensity and position of the peaks in the spectra allowed us to draw conclusions about structural
changes, including a decrease in crystallinity and the formation of amorphous and nanocrystalline structures in the samples after
treatment at 1373 K. New peaks in the Raman spectra associated with Au-Au stretching and the formation of new bonds Si-Au, confirm
the processes in silicon layers when alloyed with gold. SEM studies provided information on the structure, chemical composition and
arrangement of n-Si-Au and p-Si-Au samples. The spherical arrangement of gold atoms on the surface of single-crystalline silicon was
experimentally established, which indicates the diffusion of gold and the formation of gold silicate, which introduces a positive charge
to the interface. Morphological changes included an increase in the number of agglomerates with nanocrystals smaller than 7-9 nm
and an increase in the transparency of the layer. These results indicate the possibility of improving the photosensitivity of
heterostructures with a Si—Au composite layer due to the quantum-size and plasmonic effects of inclusions containing silicon and gold
nanoparticles.

Keywords: Silicon;, Gold; Raman spectroscopy, Infrared spectroscopy, Diffusion; Scanning electron microscopy; Heat treatment;
Temperature;, Compound

PACS: 33.20.Ea, 33.20.Fb

INTRODUCTION

In recent years, structured silicon has attracted significant interest, since silicon itself is a promising material not
only for the field of electronics, but also for optoelectronics and solar cells [1-9]. Atoms of III-V elements (boron, arsenic,
phosphorus and others) are widely used for doping silicon with fast-diffusing impurities, while gold is a typical slow-
diffusing (deeply impurity) material. When an amphoteric gold atom diffuses into silicon via the Kick-out and Frank-
Tranbull mechanisms, the ionized gold atom recombines with an n-type (or p-type) silicon electron (or hole). Diffusion
gold atoms compensate for donors (or acceptors), which leads to an increase in silicon resistivity. Maximum resistance
(Fig. 1.) can be achieved when the concentration of gold atoms compensates for the concentration of donors (or
acceptors) [2].

Cold diffusion from the backside of the silicon device plays a crucial role in forming negative charge centers.

These centers compensate for the inherent positive surface charge at the silicon/silicon dioxide interface. Gold,
interacting with silicon, forms an intermetallic compound characterized by the presence of an electrovalent
bond (Fig. 2a.). This bond is less stable compared to the covalent bond between silicon atoms. Diffusion of gold from the
front side of the silicon device leads to the formation of a gold silicate compound, introducing a positive charge at the
interface [2-3]. One of the proposed models explaining the effects of gold centers at the silicon/silicon dioxide interface
is based on a three-layer structure of the actual surface (Fig. 2b.). This model suggests the presence of different layers,
including silicon, silicon dioxide, and a layer of gold silicate compound [3]. Interaction between these layers and the
emerging charge centers plays a key role in the electrochemical and physical properties at the material interface.

The purpose of this work is to study the defect structure of silicon doped with gold, as well as the synthesis of
composites on the Si-Au silicon surface by thermal firing at 1373 K. To study the structural and optical characteristics of
the samples, methods of scanning electron microscopy (SEM image) and Raman spectroscopy (Raman spectrum) and
Fourier transform infrared (FTIR) spectroscopy are used.

Raman spectroscopy is used to examine samples that are irradiated with monochromatic light, usually a laser. This
technique allows the study of vibrational states that are the same as those observed in infrared spectroscopy (FTIR).
Raman spectroscopy and infrared spectroscopy complement each other, since vibrations that are strong in the infrared
spectrum are usually weak in the Raman spectrum, and vice versa. This allows for a more complete analysis of chemical
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components and intramolecular interactions in samples. Raman spectroscopy is a non-destructive analysis method that
allows you to study the physical properties of samples without changing their structure or composition. It also operates
over a wide range from ultraviolet to near-infrared, making it a convenient and powerful tool for researchers.

Gold-doped silicon
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Figure 1. Changes in the properties of silicon after alloying with gold [2]
(A) Schematic illustration before and after doping silicon with gold; (B) Shift of resistivity curve after gold alloying process
(I: inner region, II: outer region, III: freezing region); (C) Energy diagram of silicon after the gold doping process
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Figure 2. Lattice structure of gold diffusion into silicon [3]

MATERIALS AND METHODS

Studies using a ZEISS Gemini SEM 300 scanning electron microscope made it possible to obtain information about
the structure, chemical composition and arrangement of n-Si-Au and p-Si-Au samples. The electron accelerating voltage
was 20 kV, and the pressure in the sample chamber was 10 mmHg.

Raman spectra (Raman) and Fourier transform infrared spectroscopy (FTIR) were performed on six samples,
including both types of pristine (n-Si and p-Si) doped with gold (n-Si<Au> u p-Si<Au>), as well as the resulting
composites (n-Si-Au and p-Si-Au). The obtained spectroscopic data further confirmed the presence of amorphous and
nanocrystalline structures on films annealed at 1373 K. Photoluminescence in the visible and near-infrared regions was
observed in films containing both amorphous and crystalline particles.
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To conduct the study, n-Si and p-Si silicon samples with an initial resistance of 0.3 Ohm-cm were selected. The
process of doping with gold (Au) impurities was carried out sequentially using the thermal diffusion method. The samples
were preliminarily chemically cleaned and etched with an HF solution to remove oxide layers from the surface. Then,
films of high-purity gold were deposited onto a clean silicon surface by vacuum deposition in evacuated quartz ampoules
at a vacuum level of 10%+10 Torr using an oil-free vacuum pumping system.

Diffusion annealing of the samples was carried out at a temperature of 1373 K for 2 hours, followed by fast and
slow cooling to uniformly dope the material and maximize the impurity concentration in silicon. Raman spectra were
studied using a Confotec MR350 3D scanning laser Raman spectrometer using a 532 nm laser in the wavenumber range
from 60 to 9500 cm’!, as well as using a Bruker Senterra Il Raman microscope using a 532 nm laser, in the wavenumber
range from 50 to 4265 cm!, at room temperature. Infrared (IR) spectra were obtained using an FSM-2201 Fourier
transform infrared spectrometer in the wavenumber range from 370 to 7800 cm™ using FSpec software.

RESULTS AND DISCUSSION
Figure 3 shows an SEM image of gold-doped silicon. The spherical arrangement of gold atoms on the surface of
monocrystalline p-type silicon doped with gold was experimentally established.
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SEM image of silicon doped with gold
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Figure 3. Surface properties of monocrystalline silicon doped with gold and subjected to heat treatment

Research results show that the structure of micro- and nanocomposites formed in silicon mainly depends on the
diffusion time and cooling rate of the samples after diffusion annealing. The results of the study showed that thin films
of gold with high silicon content were successfully prepared by thermal calcination, and n-Si-Au and p-Si-Au composites
were prepared by thermal calcination at 1373 K. The obtained scanning electron microscopy data and Raman spectra
were confirmed formation of both amorphous and nanocrystalline structures in films annealed at 1373 K.
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Photoluminescence was observed and interpreted as interband recombination in nanoparticles larger than 2.5 nm, as well
as carrier recombination through defect states in smaller nanoparticles.

Raman spectra for silicon samples doped with gold n-Si<Au> and p-Si<Au>, as well as composites obtained on
their basis n-Si-Au and p-Si-Au, are presented in Figure 4.
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Figure 4. Raman spectrum of two types of gold-doped n-Si<Au> and p-Si<Au>, and n-Si-Au and p-Si-Au composites

The Raman spectrum of the sample (Fig. 4) includes bands with maxima in the regions of 144, 304, 402, 464, 522,
948 and 973 cm!. The appearance of such bands in Raman spectra is explained by the violation of long-range order
(translation symmetry) of the crystal lattice, which removes the limitation imposed by the quasi-momentum conservation
law (q=0). Therefore, in Raman spectra, phonons with all wave vectors q are allowed, which ultimately reproduce the
density of vibrational states of the crystal lattice of the material under study [8-15].

The results show that the characteristic peaks of all four spectra examined are at the same spectral positions and the
peak intensities are essentially identical. Similarly, to characterize the homogeneity of n-Si and the resulting n-Si-Au
composites, we examined the most significant spectral regions (Fig. 5).

n-Si
4000 n- Slcontrol samples
1 n-Si<Au>
3000
11004
] -1200 | \
2000 2 [
E -1300 J K
.-%’ ] o] J bbbt
qu3 1000 1500
= 1 0 200 400 600 800 1000 1200
Raman shift (cm’")
0
-1000
-2000 T T T T T T T T T T 1
0 1000 2000 3000 4000 5000

Raman shift (cm™)

Figure 5. Comparative analysis of the Raman spectra of n-Si and gold-doped n-Si<Au>
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Then we used the same method to analyze the Raman spectra of the most significant regions of the spectrum of p-Si
and p-Si-Au composites obtained on their basis (Fig. 6). It was determined that in the studied spectra the main peaks
appear at 566, 628, 674, 796, 948, 973, 1087, 1225, 1463, 1558, 1678, 1784, 2002, 2140 and 2325 cm’', which are
consistent with literature data [11].
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Figure 6. Comparative analysis of the Raman spectra of p-Si and gold-doped p-Si<Au>

From the data given in Fig. 5. and Fig.6. it is clear that, when moving from the original n-Si, p-Si to gold-doped
n-Si<Au>, p-Si<Au>, the signals in the regions of 304 and 948 cm™ undergo some changes, such as the intensity increases,
they expand and will be mixed relative to the signals of the original n-Si, p-Si. It should be also pointed out that the main
intense signal manifested in the region of 522 cm’! upon transition from the original n-Si and p-Si to gold-doped n-Si<Au>,
p-Si<Au> noticeably broadens. This, in turn, indicates a decrease in the crystallinity of the original n-Si and p-Si.

When studying the obtained spectra, accurate determination of the band of nanocrystals is extremely important,
especially for films grown on n-Si and p-Si substrates. In nanocrystalline silicon films, the scattered light from the film
is quite intense, but the scattering from the substrate is significantly reduced due to absorption in the film. This means
that the shape and position of the band emanating from the nanocrystals should not be distorted when scattered on the
substrate. However, in the resulting n-Si-Au, p-Si-Au composites, the filling factor is relatively small, which can be about
10%. The intensity of the scattered light from the Si nanocrystals is quite low, while the Raman line remains strong due
to the n-Si substrate. From the given Fig. 5. and Fig.6, it can be seen that the strong band in all spectra has a maximum at
522 cm™! and a width at half maximum of 4.3 cm!. It is necessary to take into account the fact that scattering from Si
nanocrystals is quite weak and does not have a noticeable effect on the shape and position of the substrate strip. Since the
exact intensity level of the scattered light from the n-Si and p-Si substrate cannot be determined, we conclude that it is
impossible to correctly determine the size of Si nanocrystallites from the Raman spectra of the resulting low filling
coefficient n-Si-Au, p-Si-Au composites.

Fourier transform infrared spectroscopy (FTIR) was used to further study the changes in gold-doped n-Si<Au>
silicon from pristine n-Si. IR spectra in the region from 380 to 600 cm™! were carefully studied to identify structural
changes in n-Si and gold-doped silicon n-Si<Au>. The IR spectra of both the original n-Si and gold-doped silicon
n-Si<Au> are presented in Figure 7a.

When analyzing using IR spectrometry both n-Si itself, as well as silicon doped with gold n-Si<Au>, in addition
to the absorption of light by the atoms of the crystal lattice, there was also an absorption process associated with defects
and present impurities. When studying the obtained IR spectra, the following patterns were revealed: absorption bands at
1107 and 513 cm! of crystalline silicon are associated with oxygen (one must take into account the fact that oxygen in
crystalline silicon is located between the nodes and is an electrically neutral interstitial impurity) present in silicon, carbon
in crystalline silicon exhibits one antisymmetry typical stretching (v,s) vibration, the frequency of which is 609 cm.
n-Si doped with Au exhibits additional peaks in its IR spectra due to the presence of vacancies and defects in n-Si<Au>.
The peaks at 513 cm™! arise from the Si-Si stretching mode, and at 818 cm™ from the wagging mode of hydrogen.
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To consider changes in the IR spectra in the original n-Si and doped n-Si<Au> composition, we subsequently studied
in detail the regions from 400 to 1650 cm™ (Figure 7b). The resulting spectra clearly show all the changes that occur
during the transition from n-Si to doped n-Si<Au>.
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Figure 7a. IR spectrum of n-Si:
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Figure 7b. IR spectrum of n-Si (region from 400 to 1650 cm™"):
(red) n-Si; (green) n-Siconro; (blue) n-Si<Au>

A detailed study of the obtained IR spectra of n-Si, thermally treated n-Si and doped n-Si<Au> composition revealed
the following patterns:

1) when moving from n-Si to thermally treated n-Si, some signals are relatively smoothed out (for example, the region
from 400 to 500 cm™') and new signals appear, which can be explained by a mixing of characteristic frequencies;

2) upon transition from both types of n-Si (plain and control samples) to doped n-Si<Au> composition, for some
characteristic frequencies (513, 609, 739 and 1107 cm™) the intensity noticeably increases and new signals
associated with Au-Au stretching located between 2210 cm™ and 2350 cm™!. New signals at 2110 and 2124 ¢m’!
indicate the interaction of gold with silicon by the formation of new Si-Au bonds.

The same method was then used to analyze p-Si and doped p-Si<Au>. At the same time, it was determined that in
the studied spectra the main peaks appear at 513, 609, 619, 739, 891, 1107, 1302, 1449 cm’!, etc. The IR spectra of both
the original p-Si and the doped p-Si<Au> are presented in Figure 8a.

To consider changes in the IR spectra in the original p-Si and doped p-Si<Au> composition, we subsequently studied
in detail the regions from 400 to 1750 cm™ (Fig. 8b). The resulting spectra clearly show all the changes that occur during
the transition from p-Si to p-Si<Au> doping.
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When comparing the obtained spectra of both types n-Si and p-Si, as well as n-Si<Au> and p-Si<Au> obtained on
their basis, it should be noted that when going from n-Si<Au> to p-Si<Au> all peaks almost coincide but at the same time
the intensity of the signals increases noticeably (comparison of Fig. 7b and Fig. 8b) [16-21].
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Figure 8a. IR spectrum of p-Si:
(red) p-Si; (green) p-Siconrol; (blue) p-Si<Au>

Figure 8b. IR spectrum of p-Si (region from 400 to 1750 cm™):
(red) p-Si; (green) p-Siconwol; (blue) p-Si<Au>

CONCLUSIONS

The comprehensive analysis of silicon doped with gold and the subsequent synthesis of Si-Au composites have
provided a wealth of insights into their structural and optical characteristics. Utilizing advanced analytical techniques
such as scanning electron microscopy (SEM), Raman spectroscopy, and Fourier transform infrared spectroscopy (FTIR),
we have uncovered significant transformations in the materials' properties. SEM imaging has offered a detailed view of
the surface properties of monocrystalline silicon doped with gold, revealing a distinct spherical arrangement of gold
atoms. This arrangement not only confirms successful doping but also hints at potential surface interactions and structural
modifications induced by gold. Raman spectroscopy has been instrumental in identifying structural changes at the
molecular level. The Raman spectra of gold-doped silicon samples and their resulting composites exhibited characteristic
peaks indicative of altered vibrational states. Notably, the broadening and intensification of certain signals suggest the
disruption of long-range order and the introduction of new vibrational modes due to gold doping. Further insights were
gained through FTIR spectroscopy, which revealed shifts and enhancements in absorption bands associated with the
interaction of gold with silicon. The emergence of new Si-Au bonds, as evidenced by specific peaks in the IR spectra,
highlights the chemical modifications occurring upon gold doping.
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The detailed analysis of these spectroscopic data underscores the intricate interplay between gold and silicon, leading
to profound changes in the materials' structural, vibrational, and chemical properties. These findings are of significant
importance for understanding the fundamental mechanisms underlying gold doping in silicon and have promising
implications for the development of advanced optoelectronic devices and materials with tailored properties. In conclusion,
this study contributes valuable insights into the complex behavior of gold-doped silicon and paves the way for future
research aimed at harnessing these materials for a wide range of applications in electronics, photonics, and
nanotechnology.
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BILIMB 30JI0TA HA CTPYKTYPHI JE®EKTU KPEMHIIO
apiga b. Yramypanosa®, Illlaxpyx X. lanies?, Animep Xaiitoaes?, [lxoni0ex I:x. Xamaamon?,
Vayroek M. IOagoumes?, Auida [, laayanosa®
“Incmumym ¢hizuku HanienposioHuxie ma mikpoerekmpouixu Hayionanvroeo yHieepcumemy Ysoexucmany,
Tawxenm, eyn. Anei Anmazapa, 20, Y36exucman
bHyrycoruii deporcasnuti nedazoziunuii incmumym iveni Adocunisza, Hyxyc, Ysbexucman

VY mpoMy ocTipKeHHI OyII0 MPOBEICHO KOMIUIEKCHE JOCHTIIKEHHS BIUIMBY JIETYBAaHHS KPEMHIIO 30JI0TOM Ha ONTHYHI BJIACTHBOCTI Ta
Mopgoiorito mapiB KpeMHito. [ bOro BUKOPUCTOBYBAIM METOIHM PaMaHIBCBKOI CIIEKTPOCKOIIi, iH(pauyepBOHOI CIIEKTPOCKOMIi 3
neperBopeHHsaM Pyp’e (FTIR) ta ckanyrodoi enektpoHHOl Mikpockormii (SEM). Pesynbratu nOCTiKEHHS TOKa3alu, 10 Mepexia Bix
BHUXIiTHOTO KPEMHIIO JI0 JISTOBAHOTO 30JI0TOM KPEMHI0 MPHU3BOAUTH 0 3HAYHHMX 3MiH ONTHUYHUX BIACTHBOCTEH i Mopdoorii mapis.
Cnextpu KPC nokasanu xapakrepHi miku B obnactsx 144, 304, 402, 464, 522, 948 i 973 cm—1, moB’s13aHi 3 MOPYLICHHSIM JalbHHOTO
MOPSIAKY KPUCTAIIIYHOT PEIIITKY Ta B3aEMOIEI0 30J10Ta 3 KPEMHIEM. |HTEHCHBHICTD 1 MOJOKEHHS MIKIB Y CHEKTpax J03BOJIMIN 3pOOUTH
BHCHOBKH TIPO CTPYKTYPHIi 3MiHH, BKJIFOUAIOUYH 3HIDKCHHS KPHUCTANIYHOCTI Ta YTBOPEHHS aMOP(QHUX 1 HAHOKPUCTATIYHUX CTPYKTYP Y
3paskax micist 06pooku npu 1373 K. Hosi niku B ciektpax KPC, nos's3ani 3 Au Po3raryBaHHs -Au 1 yTBOPEHHS HOBHX 3B'I3KiB Si - Au,
T ITBEPUKYIOTH IPOIIECH B IIIapax KPeMHiIo IpH ciasi 3010toM. Hocnimkenast CEM nanm indopMalriiro npo CTpykTypy, XIMIYHHH CKI1az
i po3ramryBaHHs 3paskiB n-Si-Au i p-Si-Au. ExcriepuMeHTaIbHO BCTAaHOBIICHO C(hepHUHE PO3TAlIyBaHHS aTOMIB 30JI0Ta Ha ITOBEPXHi
MOHOKPHCTJIIYHOTO KPEMHII0, 1110 CBITYUTD PO U (DY3ito 30JI0Ta Ta YTBOPEHHSI CHIIIKATy 30J10Ta, SIKMI BHOCHTH HO3UTHBHUIM 3apsi HA
HOBEPXHIO po3ainy. Mopdosoriuni 3MiHH BKITFOYaIX 301TbLICHHS KUIKOCTI arJioMepariB 3 po3MipoM HAHOKPHUCTANIIB MeHIe 7—9 HM Ta
301sIbIIeHHS Ipo3opocTi mapy. Lli pe3ynpraTi BKa3ytoTh Ha MOXKIIUBICTD MOKpALIEHHS (POTOUYTIIMBOCTI TETEPOCTPYKTYD i3 KOMIIO3UTHHM
mapoM Si—Au 3a paxyHOK KBaHTOBO-PO3MIPHOTO Ta TIa3MOHHOTO €()eKTiB BKIIOYEHb, 1[0 MICTATh HAHOYACTHHKH KPEMHIIO Ta 30JI0Ta.
Ki104oBi c10Ba: KpemHiil, 3010Mo; pamaHiecbka CNeKMpOCKONis, IHQpauepeona chekmpockonis, Ou@ysii, CKaHylua eiekmpoHHA
MIKPOCKONIs, mepmiuna oOpobKa, memnepamypad,; KOMIAyHO
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The conditions and parameters for the synthesis of metal oxide films (ZnO, SnO2, and Zn2SnOs) by spray pyrolysis have been
determined. The films were synthesized from aqueous solutions; the main differences between the methods were in the composition of
the precursors, in the modes and time of deposition. The crystal structure of the Zn2SnOs film corresponds to the cubic lattice, which
belongs to the space group Fd3m with blocks 53 nm in size and lattice parameters a = 6.238 A. Films of SnO2 and ZnO nanocrystallites
28 and 31 nm in size coherently arranged with lattices in the volume of thin Zn2SnO4 films can exhibit quantum size effects, which is
of interest for modern nanotechnology. The crystals of the obtained SnO: films have a tetragonal Bravais lattice with the space group
P4 2/mnm with lattice parameters @ = b = 4.836 A and c = 3.245 A, and the size of the SnO> film subcrystals is 61 nm. The resulting
ZnO films belong to the C6/mmc space group and the crystal lattice has a hexagonal syngony with the wurtzite structure with parameters
a =b=10.3265 nm and ¢ = 0.5212 nm. It has been determined that, on the surface of the thin film grown, zinc oxide bumps with sizes
Lzn0 = 84 nm appear, which affect the unique properties of the samples. It is shown that the resulting thin Zn2SnO4, SnO2, and ZnO
films can be used in a wide range of applications from sensitive sensor elements to coatings in transparent electronics in terms of their
optical parameters.

Keywords: Film; Space group; Subcrystal; Nanocrystal; Quantum size effect; Lattice parameter,; Transparent electronics; Band gap
PACS: 78.30.Am

1. Introduction

Semiconductor metal oxides have been used in photovoltaic technology for many years. The versatility of their
properties and the possibility of using the simplest, inexpensive, and easily reproducible manufacturing methods make
them promising materials for the manufacture of photovoltaic devices [1, 2] Metal oxides (Sn, Zn) are semiconductors
with a band gap from 3 to 3.6 eV. Wide-gap semiconductors (ZnO, SnO,, Zn,SnOj4) [3-5] have n-type conductivity due
to oxygen vacancy and deviations from stoichiometry, and are transparent in the visible region of the optical spectrum.
Thin films of metal oxides are widely used in optoelectronics, gas sensors, and transparent electronics. The electrical
properties of metal oxides depend not only on their elemental composition, but also on the method of their synthesis. Thin
films of metal oxides can be obtained by sol-gel technology [6], magnetron sputtering [7], electron beam evaporation [§],
and other methods. In this work, the spray pyrolysis method was used in a way, which is not laborious and allows obtaining
the required materials with the necessary characteristics and a minimum number of technological operations. Spray
pyrolysis is a method that based on spraying an aerosol into a heated substrate. The aerosol, forming the necessary
substance in the course of a chemical reaction is obtained from a solution of metal salts; it evaporates and then after hitting
the substrate, sprayed under pressure [9,10].

The purpose of this work is to determine the optimal parameters for the production of metal oxide films by spray
pyrolysis, as well as to study the structural and optical parameters of the fabricated ZnO, SnO,, and Zn,SnOy films.

2. EXPERIMENTAL TECHNIQUE

The synthesis of SnO, and ZnO was carried out from aqueous solutions of the corresponding metal salts. To
synthesize a tin oxide film, tin chloride [SnCl,*2H,0] was used as a precursor; a zinc oxide solution was synthesized from
zinc acetate [Zn(CH3COO),*2H,0]. water in a volume of 200 ml. In order to avoid hydrolysis of the tin chloride salt in
water, hydrochloric acid was added in an amount of 1 ml. To synthesize a zinc stannate film, zinc acetate
(Zn(CH3CO0OO0),2H,0] and tin chloride [SnCl,*2H,0] were chosen as precursors. Zinc acetate (Zn(CH3;COQ),*2H,0] was
used as a source of zinc oxide, and tin chloride [SnCl,*2H,0] as a source of tin oxide in the synthesis of the compound
Zn,Sn0O,. The molar ratio of zinc acetate and tin chloride in the solution was selected as 2:1. The calculated amount of
tin chloride and zinc acetate was dissolved in distilled water to form two solutions. Hydrochloric acid HCI was added to
prevent hydrolysis of the salt, then the two solutions were mixed and a precipitate formed in the final solution, and more
hydrochloric acid was added.

The ZnO, SnO,, and Zn,SnO;4 films were deposited at an air pressure of 2 bar at a rate of 8 ml/min. The distance
from the spray head to the preheated glass slide was 85 cm. The film of ZnO, SnO,, and Zn,SnO4 was deposited in one
layer for 18 minutes. Multilayer deposition of the ZnO film took place for 1 min with a subsequent break of 30 seconds
to restore the substrate temperature.
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Structural studies of thin metal oxide films of SnO,, ZnO, and Zn,SnO4 were performed on an XRD-6100 X-ray
diffractometer. X-ray voltage 40.0 kV, current 30.0 mA. The scanning range is 8.0-9.0, the scanning speed is 2 deg/min,
the sampling step is 0.02 degrees. The experimental results obtained with the XRD-6100 were processed by the Rietveld
method using the Fullprof program.

3. RESULTS AND DISCUSSION
On Fig. 1a shows X-ray patterns of the Zn,SnO4 films and shown that a well-crystallized Zn,SnO film is obtained,
as indicated by clear peaks of reflections from different crystal planes, which can all be attributed to the zinc-stannate
phase. This indicates sufficient crystallization immediately after spray pyrolysis application. The X-ray pattern of the
Zn,SnO film has the following reflections, which are presented in Table 1.

Table 1. Diffraction positions observed in X-ray spectra of Zn2SnOs metal oxide films (HKL — crystallographic orientations,
d - interplanar spacing, 20 — angle)

20 hkl d A Composition
1 16.077 002 5.3954 SnO2
2 18.867 111 4.6513 Zn2SnOy
3 22.23 110 3.9871 ZnO
4 28.8 220 3.1258 Zn2Sn04
5 33.91 311 2.6417 Zn2Sn04
6 35.46 222 2.5313 Zn2SnO4
7 41.183 400 2.1921 Zn2SnO4
8 46.408 211 1.9572 ZnO
9 51.03 422 1.7918 Zn2Sn0y
10 54.372 511 1.6872 Zn2Sn04
11 59.65 440 1.5523 Zn2SnO4
12 67.57 620 1.3865 Zn2SnO4
13 70.42 533 1.3374 Zn2Sn04
14 71.357 622 1.3221 Zn2Sn04
15 76.82 444 0.8812 Zn2Sn0O4

Table 1 and the diffraction pattern show that the main high-intensity (5%10* pulses') reflection is present at
d/n=0.46513 nm (18.867) and this indicates that the film surface corresponds to the crystallographic plane (111). We
analyzed the experimental results of this reflection using the Fullprof program, and determined the crystal structure of the
Zn>Sn0Oy film corresponds to the cubic lattice, which belongs to the space group Fd3m (Fig. la). Also using the Nelson-
Riley extrapolation function [11]

& = (1/2)-[(Cos?6/0 + (Cos?6/Sind)], )
the cubic lattice parameter of the Zn,SnO4 film was determined from reflections — (111), which amounted to about
6.238 A.

The average subcrystal size of the Zn,SnOy film (D) was calculated by the Solyakov-Scherrer formula [11] using
X-ray data, which was 53 nm. The formula is given in the ratio, and the calculated values are given in table 1:
kA

D= (@)

wcos®’

where £ is a constant (0.94), D is the size of subcrystals (blocks in nm), A is the length
X-ray wavelength (1.5406 A), o is the full width at half maximum (FWHM in radians) and 0 is the Bragg diffraction
angle
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Figure 1. X-ray diffraction pattern of thin metal oxide films of Zn2SnO4 (@), SnO2 (b), and ZnO (c)
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However, films of SnO, and ZnO nanocrystallites 28 and 31 nm in size coherently arranged with lattices in the
volume of thin Zn,SnOy films can exhibit quantum size effects, which is of interest for modern nanotechnology.

The experimental data obtained using the X-ray diffraction method for thin layers of metal oxide SnO, are shown
in Fig. 10. An analysis of the X-ray diffraction pattern of the SnO> film shows that several structural reflections (Fig. 1)
of a selective nature with different intensities are observed in the diffraction pattern. The observed diffraction reflection
from SnO; films with an intense reflection of (110) SnO; at 20 = 26.8° and its other order of (101) SnO, at 20 = 34.1°,
their FWHM(110) = 6.1x10- rad and FWHM(101) =~ 4.33x107 rad) indicates the perfection of crystalline tin dioxide.
Intense reflections from different crystal planes and their analysis of experimental results show that SnO; crystals have a
Bravais tetragonal lattice with space group P4 2/mnm with lattice parameters @ = b = 4.836 A and ¢ = 3.245 A.

In addition, new structural reflections with different intensities appeared which are presented in Table 1.

Table 1. Diffraction positions observed in X-ray spectra of SnO2 metal oxide films (HKL — crystallographic orientations, d — interplanar
distance, 0, 20 — angle, I — intensity)

No. HKL d, A 0, deg 26, deg I
1 110 3.333 13° 23’ 26° 46’ 100
2 101 2.631 17° 03’ 34° 06 80
3 200 2.359 19° 05’ 38° 10’ 30
4 210 2.012 21° 10’ 42° 20/ 7
5 211 1.758 26° 00 52° 00’ 40
6 220 1.612 27° 09’ 54° 18’ 20
7 002 1.584 29° 04 58° 08’ 5
8 310 1.495 31° 02 62° 04’ 10
9 301 1.410 33° 10 66° 20’ 20
10 202 1.320 35° 44’ 71° 28’ 5

The average size of subcrystals of the SnO, film (D) was calculated by formula (2), which is 61 nm.

Fig. 1¢ shows an X-ray diffraction pattern of a thin film and, at low angle scattering, a broad diffuse reflection with
selective crystallographic orientation reflections is observed at d/n =0.2774 nm (20 =31.7°) (100), dn =0 .2723 nm
(26 =32.97°) at (002) and d/n = 0.249 nm (20 = 36.34°) (101). Structural line (002), observed at d/n =0.2723 nm
(20=32.97°) on the diffraction pattern, shows that it is high intensity (~10°pulses!) and thin width
(FWHM = 2.62-107 rad). This testifies to the high perfection of the lattice of the thin-layer crystalline film [12].
An analysis of the experimental results of this reflection showed that it belongs to the C6/mmc space group and has
a hexagonal syngony with the wurtzite structure in the crystal lattice (due to the bond between zinc-oxygen atoms).
The sizes of subcrystals determined from the half-width of this structural peak were 67 nm.

In addition, another diffuse reflection was observed in the X-ray diffraction pattern of a thin ZnO layer at a maximum
average angular scattering of 20 = 42.12° (FWHM = 3.03x10! rad). At the same time, in diffusion reflection of low intensity
atdm=0.1911 nm (20 = 47.63°); at (102)zn0, at (103)zs0 d/n = 0.1630 nm (26 = 56.67°), and d/n = 0.1481 nm (26 = 62.93°)
(110)zn0- selective reflections were also observed. Theoretical calculations presented in [12,13,14] and obtained on the basis
of the analysis of experimental data of X-ray diffraction patterns of a thin layer confirm that these structural reflections arise
on the surface of a thin layer due to the formation of ZnO nanocrystallites, while their average size is ZnO atd/n = 0.1911 nm
(26 =47.63°) (102)zn0, at dn=0.1630 nm (26 = 56.67°) (103)zs0 and d/n=0.1481 nm (26 = 62.93)° (110)z,0 which is
determined to be 84 nm using experimental results of selective reflections.

Optical data on the films were obtained on a SPECS SSP-715 M spectrophotometer. The transmission spectra of
Zn0, SnO,, and Zn,SnO4 are shown in Fig. 2. The transmission spectra for films SnO,, ZnO, Zn,SnO,4 have a transparency
of more than 80% in the visible and infrared parts of the spectrum. The transparency threshold is in the ultraviolet range.
This makes them suitable for use in transparent electronics and solar energy. In accordance with the literature data [15-18],
all synthesized metal oxides had a direct band structure.
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Figure 2. Transmission spectrum (transparency) of ZnO, SnO2,  Figure 3. Dependences of (ahv)? on the light energy for ZnO,
and Zn2SnO4 films Sn0z, and Zn2SnO4 films
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From the absorption thresholds, one can determine the absorption coefficient and band gap of the film in the
coordinates (ahv)? = f(hv). The calculation data for the band gap are shown in Fig. 3. The band gap was determined by
straightening the graph (ahv)? = f(hv) and amounted to 3.5 eV for Zn,SnO4, 3.3 eV for SnO, and 3.2 eV for ZnO.

4. CONCLUSION

Thus, based on the analysis of the technological modes of synthesis and the results of the studies of metal oxide
films (ZnO, SnO; and Zn,SnOy), the following conclusions can be drawn:

- the conditions and parameters for the synthesis of Zn,SnO4, SnO, and ZnO films using spray pyrolysis were
determined. The films were synthesized from aqueous solutions; the main differences between the methods were in the
composition of the precursors, in the modes and time of deposition;

-crystal structure of the Zn,SnOy film corresponds to the cubic lattice, which belongs to the space group Fd3m with
blocks sized 53 nm and lattice parameters a = 6.238 A. Films of SnO, and ZnO nanocrystallites 28 and 31 nm in size
coherently arranged with lattices in the volume of thin Zn,SnO; films can exhibit quantum size effects, which is of interest
for modern nanotechnology.

-crystals of the resulting SnO; films have a tetragonal Bravais lattice with space group P4 2/mnm with lattice
parameters a = b =4.836 A and ¢ = 3.245 A, and the subcrystal size of the SnO; film is 61 nm.

The resulting ZnO films belong to the C6/mmc space group and the crystal lattice has a hexagonal syngony with the
wurtzite structure with parameters a = b =0.3265 nm and ¢ = 0.5212 nm. It has been determined that, on the surface
of the thin film grown, zinc oxide bumps with sizes Lz,o = 84 nm appear, which affect the unique properties of the
samples.

- studies of the parameters of films Zn,SnO4, SnO, and ZnO were carried out to assess the possibility of using them
as structural elements of a thin-film solar cell. The band gap was determined from the light absorption spectra and was in
the range of 3.2 — 3.5 eV for oxides based on Zn and Sn.
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PEHTEIHOCTPYKTYPHI TA ®OTOEJIEKTPUYHI BJIACTUBOCTI SnO2, ZnO, TA Zn2SnO4
METAJIOOKCHUIHHX IIJIIBOK

Xoramazkon . Mancypos?, Akpamskon I0. Bo6oes™?, Jlsxaxourip A. Ypin6oes?

“Anoudicancokuti deporcasHull ynigepcumem imeni 3.M. baoyp, Anousican, Y3bexucman
bIuemumym ¢pizuxu nanienposionuxie ma mixpoenexmponixu Hayionanvnozo yuisepcumemy Ysbexucmany, Tawxenm, Yzbexucman
BuznaueHo yMOBM Ta mapamMeTpH CHHTE3y IUIBOK OKcHAiB MetaniB (ZnO, SnO2, Zn2SnO4) METOIOM pO3IMIIIOBATEHOTO MiPOJIi3Yy.
[TniBKY CHHTE30BaHO 3 BOJHHUX PO3YHHIB; OCHOBHI BIIMIHHOCTI METO/IB IOJIATAIN B CKIIAMl IPEKYPCOPIB, PEXKUMaXx 1 9acy oca/KEeHHSI.
Kpucraniyna crpykrypa miiBku Zn2SnO4 Bianosinae KyOiuHil IpaTii, 1[0 HAISKUTH 10 pocTopoBoi rpynu Fd3m 3 po3mipom 6110kiB
53 uM i mapamerpamu rpatku a = 6,238 A. Ilnisku nanokpucranitie SnO2 i ZnO poszmipom 28 i 31 HM, KOTEPEHTHO PO3TAIIOBaHi 3
I'PaTKaMH B 00’€Mi TOHKUX IUIBOK Zn2SnO4, MOXKYTb MPOSBISATH KBAHTOBO-PO3MipHi €)eKTH, 110 CTAHOBUTB iHTEpPEC ISl Cy4acHHUX
HaHoTexHouoriil. Kpucranu orpumannx miiBok SnO2 MaloTh TeTparoHajibHy IpaTky bpase 3 mpoctopoBoro rpymoto P4 2/mnm 3
mapaMeTpamu rpaTku a = b = 4,836 A ta ¢ = 3,245 A, posmip cybxpucranis muisku SnO2 cranoButs 61 EM. OTpumani miisku ZnO
HaJeXaTh A0 mpoctopoBoi rpymu C6/mmc, a KpUCTalidHa PemIiTKa Ma€ TeKCaroHaJbHY CHHTOHIIO 31 CTPYKTYpOIO BIOPIHTY 3
napamerpamu a =b =0,3265 um i ¢ =0,5212 M. BcraHoBIICHO, IO Ha MOBEpPXHI BHPOIICHOI TOHKOI IUTIBKM BHHUKAIOTH TOPOKH
OKcHy IMHKY 3 po3Mipamu LZnO =~ 84 HMm, sIKi BINTMBAIOTH HA YHIKAJIBHI BIACTHBOCTI 3pa3kiB. [Ioka3zaHo, 110 OTpHMaHi TOHKI IUTIBKH
Zn2Sn0s, SnO2 i ZnO MOXyTh OyTH BHKOPHCTaHI B LIMPOKOMY Jlialla30Hi 3aCTOCYBaHb BiJl YyTJIIMBHX CEHCOPHHMX EJIEMEHTIB IO
HOKPUTTIB B IPO30Piii €JIEKTPOHILIi 3 TOUKH 30pYy TX ONTHYHUX MapamMeTpiB.
KonrodoBi cioBa: nnisxa, npocmoposa epyna; cybkpucmai; HAHOKpUcman, egexm K8anmoso20 po3mipy; NaApamemp peutimiu;
nposopa enekmpoHixa; 3aboponena 3ona
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Inhomogeneities in the near-surface region of diffusion-doped silicon with manganese atoms were studied using the local photo-EMF
method and photovoltage and photoconductivity signals were detected. It has been established that the inhomogeneous region is located
at a depth of 3+35 um from the surface of the crystal. The magnitude of photo-EMF in these layers does not change monotonically
from point to point. It was revealed that the photo-EMF spectra depend on the wavelength of the irradiated light, while the shape of
the areas and their shift are related to the penetration depth of laser radiation. The photo-EMF signal increases to a depth of ~25 um
from the surface, then saturates and from ~30 um smoothly decreases and completely disappears at a depth of ~40 um. The magnitude
of the internal electric field was determined using the Tauc method. A model of the structure of the near-surface region of diffusion-
doped silicon with manganese is proposed.

Key words: Diffusion; Inclusion; Heat Treatment,; Inhomogeneity; Photo-EMF, Photoprobe; Scattering; Gradient; Twin
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INTRODUCTION

In recent years, for the controlled formation of the defect structure of silicon, so-called unconventional impurities
have been used - impurities of T-ions (transition elements), which create a number of deep levels in the band gap of
silicon. These specially introduced impurities interact with various uncontrolled impurities during technological
treatments [1-5].

This work presents the results of a study of the inhomogeneity of the surface layer of silicon formed during its
diffusion doping with manganese atoms. It was revealed that high-temperature heat treatment contributes to the formation
of an anomalous profile of the distribution of current carrier concentration, characterized by a sharp decrease in the latter
to a depth of 30-50 um from the surface of the crystal. This layer requires comprehensive studies of the mechanism of
impurity entry into the crystal volume and their interaction with both the matrix (main) atoms of the crystal and with
technological (background) impurities, as well as with structural defects [6-10].

EXPERIMENTAL PART

To determine the inhomogeneity, the local photoprobe method and the method of small-angle laser radiation
scattering were used. These methods make it possible to identify heterogeneous areas with high accuracy, especially areas
with large conductivity gradients.

Using the local photovoltage method, inhomogeneities were studied in the original, heat-treated and control silicon
crystals and doped Si <Mn> crystals having the shape of a rectangular parallelepiped of various sizes:
(0.3+0.5)%(0.3+1.6)x(0, 5+1.6) cm>.

The study was carried out on a sample with different surface conditions after each layer removal. There were basically
two types of surface: l-surface obtained after mechanical processing with M14, M7 and M4 powders, after etching
for 40-60 seconds, in boiling alkaline etchant (H,O,:NaOH = 1:3) followed by washing in double-distilled water [10].

Due to the fact that the formation of twins in the original single-crystal silicon leads to a change in the orientation
of the crystal, a method was used to determine surface defects when it was illuminated. It is known that a twin is a region
of a crystal whose orientation is a mirror image of the main crystal (twin orientation). A characteristic feature of a twin is
the presence of a flat boundary, which on the side surface of the crystal is the line of intersection of the twin plane with
the surface. On the cut plane, the twin boundary appears as a straight line.

Crystals that had no grain boundaries, twins, or twin lamellas were selected for the study.

Photoconductivity and photovoltage measurements [12,13] were carried out at room temperature on Si <Mn>
samples in which the bulk part of the crystal was overcompensated, i.e. n -type. The dimensions of the samples were as
follows: after doping with metal atoms - 0.3x0.4x0.5 cm® and 0.4x1.6x1.6 cm?, after cutting to study the photovoltage -
0.15%0,3x0.5 cm 3 and 0.3x1.5x1.6 cm?.
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To determine the heterogeneous areas, these samples were cut out as shown by the dashed lines in Fig. 1. Samples
cut in this way made it possible to compare the photoconductivity and photovoltage both from the cut surface of the
samples.

c. d.
Figure 1. Type of sample Si <Mn>, Si<Co>, Si<Cr> for studying photovoltage and photoconductivity:
a - sample 1 (initial); b — sample 2 (initial); ¢, d — samples after removal of 50 pm from three faces;
1 - near-surface area 2 - cut line; 3 - ohm contact; 4 - volume area.

RESULTS AND DISCUSSION
Figure 2 shows the results of light scanning for typical Si < Mn > samples when irradiated with light with a wavelength
of 0.63 pm, after removing a layer 3-5 pum thick from the surface. It is clear from the figures that the photo-signal does not
change monotonically from point to point. Changes in signal magnitude are highly localized. The average value of the photo-
signal changes slightly, while in some areas the photo-signal changes greatly. This behavior is associated with a change in the
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Figure 2. Light scanning results for one sample n-Si<Mn> when irradiated with light with 2 = 0.63 um

In Fig. 3. The results of light scanning are presented for one of the typical Si<Mn> samples at light wavelengths
Aequal to 0.63 pm, 1.15 pm and 3.39 pum after removing a 5 um thick layer from the surface. From figure it can be seen
that the amplitude of the photovoltage increases with decreasing wavelength of the irradiating light.
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Figure 3. Light scanning results for one sample p - Si < Mn > when irradiated with light of different wavelengths:
A) A=63um; B) A =115um; C) 1 =3.39 um.
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The dependence of the photovoltage on the thickness of the near-surface layer is shown in Fig. 4. It can be seen that
the photovoltage signal increases as the layer is removed to a depth of ~25 um, and then in a narrow region it saturates
and from ~30 um smoothly decreases and completely disappears after removal above 45+50 um.

To determine the internal electric field of the inhomogeneous region of the crystal, an external electric field of
Ei polarity, inverse to the internal electric field Ei, was applied to it. Studies have shown that at E = 0.9-1.2 V/cm, the
volumetric photovoltage current when illuminated with modulated light is zero. In this case, Ei can be determined
according to the expression:

B -2, )
2
where s is the cross section of the crystal, bis the ratio of electron and hole mobilities, i is the compensating direct current,
p and is the resistivity of the crystal.

i
s

Ly
rel. umits

(3]

Figure 4. Dependence of the photovoltage on the thickness of the surface layer n - Si <Mn >, T=300 K, 1 = 0.63 pm

When substituting the values into (1) b = p,/pu, = 3,p =1.3-10*0m-cm, i = 1.39-107°4, s =2-10"%cm? are
obtained E;= 0.8 V/cm.

Based on the results of complex studies, a model of the structure of the near-surface region of diffusion-doped silicon
with manganese is proposed. The near-surface region of compensated silicon is a large number of Schottky diodes (pairs),
connected in opposite directions, with a layer of silicon compensated by metal atoms between them, connected in parallel
and in series (Fig. 5).

CI.H Cln

!

Ru;

Figure 5. Model of the structure of the near-surface region of diffusion -doped silicon with manganese, chromium and cobalt
atoms. Rc— resistance of the compensated area, Cs, Rs — capacitance and resistance of the Schottky barrier, respectively.

This model is determined by the island nature of the inclusions of the second phase, located at a depth of ~3-45 pum
from the surface. This is also confirmed by the maximum value of the photovoltage at a depth of ~25-30 um (Fig. 4),
where, apparently, there is an optimal ratio between the number of islands (inclusions) and their surface, giving the
maximum total surface area of the silicon-second phase inclusions boundary.

CONCLUSIONS

1. It has been established that photovoltage spectra depend on the wavelength of light, and the area shifts and their
shape are related to the penetration depth of laser radiation. It has been shown that when using infrared radiation in
the near-infrared spectrum, it is possible to determine inhomogeneities in the crystal volume using the local
photovoltage method.

2. A study of the dependence of the photovoltage on the thickness of the near-surface layer of doped crystals showed
that the photovoltage signal increases as the layer is removed to a depth of ~25 um, and then in a narrow region it
saturates and from ~30 pum smoothly decreases and completely disappears after removing 40 pm.

3. The possibility of determining the internal electric field in an inhomogeneous region of a doped crystal using the
Tauc method has been demonstrated. It was established that in the n-Si <Mn> crystal, when an external electric field
E. =0.9-1.2 V/cm was applied, the internal electric field had a value of E; = 0.8 V/cm.
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4. Amodel of the structure of the near-surface region of diffusion-doped silicon with manganese is proposed. The near-
surface region of compensated silicon is a large number of Schottky diodes (pairs) connected in parallel-series, with
a layer of compensated silicon between them.
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JOCIAKEHHS HEOJHOPITHOCTE HAJJI KOMIIEHCOBAHHMX 3PA3KIB KPEMHIIO,
JIETOBAHUX MAPTAHIHEM
MLIL. Icaes?, Y.T. Acaros®, M.A. Tynameros®, C.P. Kogupos®, A.E. Pamxxka6os?
“Hayionanvuuii ynieepcumem Ysoexucmany, Tawxenm, Y3bexucman
b TawukenmcoKkuil XiMiko-mexHono2iuHutl incmumym, Tawkenm, Y30exucman
¢Vpeenucwvruii deporcasnuil ynisepcumem, Ypeenm, Yz6exucman
APinin Tawxenmcokozo ynisepcumeny ingopmayitinux mexnonoziti imeni Myxammeda anv-Xopezmi, Ypeenm, Ysbexucman

Mertonom sokansHoi (poTo-EPC nocmimkeHo HEOTHOPIAHOCTI PUIOBEpXHEBOi obnacTi Audy3iiiHO-IeroBaHOr0 aTOMaMK MapraHIlio
KPEMHIIO Ta 3apeecTPOBAHO CHUTHAIM (DOTOENEKTPUYHOI Hampyru Ta (OTOMpoBimHOCTI. BcraHOBNEHO, M0 HEomHOpiAHA OONAcTh
po3TamioBaHa Ha MUOuHI 3+35 MKM Bij moBepxHi kpuctana. Benmanna ¢poro-EPC B nux mapax He 3MiHIOETECS MOHOTOHHO BiJl TOYKH
10 Toukd. Bussneno, mo cnexrpu ¢Goro-EPC 3amexars Bif ZOBXHMHH XBHJII ONPOMIHIOBAHOTO CBIiT/Ia, a (opMa AUITHOK 1 IX 3CyB
TIOB's13aHi 3 IMOMHOIO IPOHUKHEHHS Jla3epHOro BunpoMinioBanHs. Curnan ¢oro-EPC 3pocrae 1o mmbuan ~25 MKM Bif ITOBEPXHI,
MOTIM HACUYY€EThCs 1 BiJl ~30 MKM IUIaBHO CIAIa€ 1 MOBHICTIO 3HUKA€E Ha MIHOHHI ~40 MKM. BennunHy BHYTPIIHBOTO €IEKTPUIHOTO
MOJIsl BU3HAYaId MeTofoM Tayka. 3armporOHOBAaHO MOJETb CTPYKTYPHU IPUIIOBEPXHEBOI obnacTi Andys3iiHO JIETOBAHOTO KPEMHIIO
MapraHueM.

KurouoBi ciioBa: oughysis, exniouenns; mepmoobpobra,; neoonopionicms,; pomo-EPC; pomoszond, posciosanms,; epadicum, 0GitiHuK
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The article examines the influence of structural defects, in particular dislocations, on the electrical and photovoltaic properties of silicon
four-quadrant p-i-n photodiodes. It was established that growth defects and defects formed during mechanical processing of plates can
cross the entire substrate and deteriorate the parameters of photodiodes. This phenomenon is particularly negative due to the placement
of defects in the space charge region. In this case, due to the presence of recombination centers in the space charge region, the life time
of minor charge carriers decreases and the dark current and responsivity of photodiodes deteriorate. Often, the placement of defects is
uneven, which provokes unevenness of parameters on responsive elements. It was also seen that the dislocation lines crossing the
responsive elements and the guard ring worsen the insulation resistance of the specified active elements. A method of determining the
final resistivity of silicon and the diffusion length of minor charge carriers by studying the pulse shape of the output signal is proposed.
Keywords: Silicon; Photodiode,; Point Defects; Dislocations; Dark Current; Sensitivity

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

Due to the dominance of silicon as the main electronics material, the issue of defect formation in single-crystal Si and
the influence of structural defects on the parameters of electronics elements made on its basis is still open.

There are two possible approaches to the problem of the influence of crystallographic defects on the electrical
properties of materials and devices. The first is to study the interaction of defects and impurities interacting with them and
with each other on the charge transfer properties in a semiconductor. The second approach is to study the influence of
impurities and defects on the performance of devices. The use of the second, more direct approach is an obligatory stage
in the development of the so-called "defect-free" technology for manufacturing devices [1]. It is the second approach that
will be the basis for this article.

It is known [2-4] that in the process of growing and processing, various crystallographic defects often occur in silicon
wafers, the presence of which can have a significant impact on electrical phenomena in devices manufactured on the basis
of such material. There are many so-called "gettering" methods that can reduce the harmful effects of crystallographic
defects in silicon. These methods include the technology for obtaining defect-free material [5-7], the production of defect-
free devices [8, 9], the "deactivation" of electrically active defects [10], and the structural use of defects deliberately
introduced into certain areas of crystals [11], etc.

Despite the considerable number of works devoted to the influence of structural defects on the electrical properties of
electronics elements in various fields of microelectronics, this problem remains relevant due to the wide variety of devices
whose parameters can be affected by defects in different ways. Thus, in this work, we investigated the effect of dislocations
on the electrical and photoelectric properties of four-quadrant silicon p-i-n photodiodes (PD). It should be noted that in [12]
and [13] we investigated the mechanisms of defect formation on the surface of silicon wafers during the diffusion of
phosphorus from planar solid-state sources and the liquid-phase diffuser PCls, and the effect of these defects on the dark
currents of p-i-n photodiodes; in [14] we proposed a method for reducing the density of dislocations on the surface of
photodiode responsive elements (RE). In [15], we also describe the effect of the chemical dynamic polishing on the
structural perfection of the surface of silicon wafers and [16] indicates possible causes of the formation of point defects in
the package during oxidation, the clusters of which can be the centres of generation of dislocation loops during subsequent
thermal operations. However, in this work, we will not discuss the mechanisms of defect formation, but will focus on the
effect of growth and acquired defects (in particular, dislocations) on the responsivity of the PD (Spuse) (in particular,
responsivity spread), the insulation resistance between the RE and guard ring (GR) (Rco»), the dark currents of the RE (/)
and their spread, the barrier capacity of the RE (Cgg), etc. The study of the effect of dislocations on the PD parameters is
the purpose of this article. The information provided on the nature of the influence of these structural defects on certain
parameters may be useful to specialists and technologists in the field of p-i-n photodiodes to determine the causes of
degradation of certain parameters or failure of devices.

EXPERIMENTAL
The research was carried out in the manufacture of silicon 4Q p-i-n PDs with GR for operation at wavelength
Aop = 1.064 um. PDs were made on the basis of single-crystal p-type silicon with resistivity p ~ 18-22 kQ-cm and [111]

Cite as: M.S. Kukurudziak, East Eur. J. Phys. 2, 345 (2024). https://doi.org/10.26565/2312-4334-2024-0-41
© M.S. Kukurudziak, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-2-41
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/

346
EEJP. 2 (2024) Mykola S. Kukurudziak

orientation. The samples were made by diffusion-planar technology according to the technological regimes given in [12].
The thickness of the crystals reached 500-510 pum.

During the serial production of photodiodes, it was found that dislocation lines and grids appear in certain areas of
the used wafers (most often on the periphery), which can be seen with the naked eye and without selective etching (Fig. 1).
These formations are not observed on the surface of the wafers before thermal operations, but become apparent after
thermal operations. The resulting dislocation complexes are characterized by uneven distribution and localization
(increased density in certain areas of the wafer). There may be several reasons for the formation of the indicated structural
defects. The first is the relaxation of mechanical stresses in silicon during heat treatment. These stresses could be formed
during ingot growth or machining. The other is the accumulation of point structural defects and microdefects, which are
zones of dislocation loop generation during thermal operations [1, 17].

S00pum
—_—

Figure. 1. Image of dislocation lines on the photodiode surface before selective etching

The crystals with the described surface formations had deteriorated parameters. A number of such crystals from
different series were selected for the study.

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

Determination of R.., and was carried out according to the method shown in [18].

Monitoring of current monochromatic pulse responsitivity was carried out by method of comparing responsitivity
of the investigated PD with a reference photodiode certified by the respective metrological service of the company.
Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1-10° W; load
resistance across the responsive element R= 10 kQ,

To investigate the defective structure of the substrates chemical treatment was performed in selective Sirtle's
etchant [19] with the following composition: HF — 100 cm?, CrO; — 50 g, H,O — 120 cm?. Then the surface was examined
in microscopes of different magnifications.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Influence of dislocations on the dark currents of photodiodes

The volt-ampere characteristics of each RE of the studied photodiodes were obtained (Fig. 2). For comparison,
the I-V characteristics of one serial standard sample are given (PDg).

As can be seen from Figure 2, the studied photodiodes had a significant variation in the dark currents of the RE.
To determine the causes of the I, unevenness, the PD crystals were processed in a Sirtle selective etchant (Fig. 3).

As can be seen from Figure 3, the photoiodines with a scatter of dark currents had an uneven density of dislocations
on the surface of RE. In PD; and PD,, in the areas of increased defectivity, the density of dislocations reached
Nuis = 10"-103c¢m? (Fig. 4a). In PD3-PDs, in the areas of increased defectivity, the density of dislocations reached
Nuis=103-10° cm™? (Fig. 4b). In serial PDg Nuii=10%-10° cm™ (Fig. 4c). However, we want to note that the dark current of a
photodiode does not depend on the actual density of dislocations on the surface of RE, since the determining component
of the dark current of a PD is the volumetric generation-recombination component (/;°)[1], which is much larger than the
surface generation component [12]. Accordingly, the location of dislocations is crucial. And a significant influence on
the value of the recombination current will be made by defects located in the space charge region (SCR).

1§ = et WAy, (1

where e is electron charge; #; is intrinsic concentration of charge carriers in the substrate; T is lifetime of the minor charge
carriers; ¥; is width of the space charge region, Agzis the area of responsive elements.
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The depth of the dislocations can be determined by layer-by-layer silicon etching followed by selective etching.
However, we found that the vast majority of dislocations formed as a result of phosphorus diffusion from planar solid-state
sources are located in the diffusion layer. When doping substrates from liquid-phase phosphorus sources, dislocations
may also be generated at some distance from the diffusion layer due to higher mechanical stresses caused by the high
concentration of phosphorus atoms in the interstices of the silicon crystal lattice [13]. However, it is worth noting that
dislocations formed as a result of growth defects or defects introduced during machining can cross the entire wafer and
make a significant contribution to the value of dark currents by reducing the lifetime of minor charge carriers. In order to
detect dislocations that cross the entire thickness of the silicon wafer, we also examined the reverse sides of the photodiode
crystals under study (Fig. 5).
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Figure 4. Zones of increased density of dislocations at a magnification of x500 for: a) PDj and PD2; b) PD3-PDs; c¢) PDs

As can be seen from Fig. 5, RE with high dark currents had dislocation grids of increased density in the projections
to the back side of wafers. This indicated the presence of dislocations in the entire thickness of the SCR of the RE with
increased /;. The REs of the studied PDs, which were not characterised by increased dark currents, also had some
dislocation density on the front side, but given the absence of these defects on the back side of these REs, it can be
assumed that they are not distributed over the entire thickness of the SCR and are located in the diffusion zone or near it.

In the case of the serial PDg, only a small density of dislocations was found on the reverse side (Nz<10? cm?),
which is typical for silicon after technological treatments. The spread of the dark currents of the serial photodiode was up
to 20%, in contrast to the defective samples under study, where the spread could reach 2 or more times.

The effect of dislocations on the electrical parameters of photodiodes and the properties of p-n junctions can be
manifested in two ways: first, the presence of dislocations can lead to the appearance of band gap levels due to the elastic
stress fields associated with dislocations. Dislocations can serve as areas of charge carrier recombination, and accordingly,
the presence of recombination centers in the depleted region of the p-n junction will be manifested in an increase in the
generation currents with a reverse shift of the p-n junction. Secondly, a more important effect is the influence
of dislocations on the properties of p-n junctions due to the accumulation of impurities on and around dislocations, since
dislocations can accumulate impurities due to their elastic fields, a dislocation decorated with impurities crossing a p-n
junction will lead to the penetration of a high density of generation-recombination centers in the space charge region
of the p-n junction, which again leads to an increase in the generation currents in the SCR at the reverse bias [1].
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PD3

PD4 PDs PDs
Figure S. Dislocation structure of the back side of PD crystals
B) The influence of dislocations on the insulation resistance between REs and the GR
A table of the insulation resistance of each REs of the studied PDs and the GR was obtained (Table 1).
Table 1. Values of Reon of the studied PDs

Reon, MQ

RE! RE2 RE3 RE4
PD: 30.8 2.5 20 31.7
PD: 20 40 26.7 12.5
PD3 1.5 6.9 74 2.8
PD4 3.6 6.7 6.7 1.4
PDs 4.8 3.7 1.4 2.8
PDs 8 6.7 7.1 8.3

As can be seen from Table 1, the PD,-PDs had a certain scattering in the R, It was found that the RE "connected"
to the GR by dislocation lines have a reduced insulation resistance. No scattering of R..,. was observed in the serial PDs,
since there are no dislocation lines crossing the RE and GR.

C) The influence of dislocations on the responsivity of PD

When measuring the responsivity of the photodiodes, we also observed some unevenness of this parameter across
the REs. This phenomenon will be studied in more detail on the example of PDs and PDs.The dependence
of the responsivity of each photodiode RE on the bias voltage is shown at Fig. 6.

As can be seen from Figure 6, the S, of each RE at a fixed voltage is different. It can also be seen that each curve
reaches saturation at a different Upiqs, although the maximum responsivity of the REs is approximately the same.
Differences in responsivity values can be caused by differences in the lifetime of minor charge carriers due to different
dislocation densities of each responsive element.

Note that the difference in the saturation voltage of responsivity can also be caused by the difference in the collection
coefficient of minor charge carriers (y) (2), which depends on the SCR width, which in turn depends on the material
resistivity. The responsivity of the PD reaches saturation when the collection coefficient of the charge carriers reaches its
maximum value, i.e. when all photogenerated charge carriers in the photodiode base are distributed by a p-n junction (3)
[20].

y = 1— e—a(Wi+Ln)’ (2)
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where a is the absorption index, L, is diffusion length of electrons

S, =(1-RTQYy=2 3)

1.24°

where R is the reflection coefficient, T is the transmission coefficient of the input window or optical filter; Q is the
quantum output of the internal photo effect.
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Figure 6. Dependence of the responsivity of RE on the bias voltage: a) PDs; b) PDs

The acquisition of the collection coefficient, and, accordingly, the responsivity, is possible when one of two
conditions is met (4):

X=L,+W, (4.1)

X=w, (4.2)

where X is the thickness of the high-resistance region of the photodiode (base).

To be able to differentiate between these two cases, it is necessary to consider the impulse characteristic of the PD
(Fig. 7). In the case (4.2), when the W; is extended over the entire high-resistance region of the photodiode, the
performance and inertial properties are determined by the drift mechanism of charge carrier transfer and the impulse
characteristic will take the form shown in Fig. 7a.

Figure 7. The pulse shape of the PD output signal: a) the case when the SCR occupies the entire high resistivity region of the PD;
b) the case when the sum of the width of the SCR and L, is is equal to the i-region of the photodiode

Figure 7a shows the Spus. characteristic of PDs RE; at Upi,s=130 V. With a decrease in the reverse Uy, the W;
decreases, but the responsivity does not decrease, since the diffusion mechanism of charge carrier transport begins to
operate. The Spue Will start to decrease when W;+L, is smaller than the i-region of the PD. In this case, the 4.1 condition
is met at Upi(es=90 V (Fig. 7b).

Knowing the thickness of the high-resistance region of the PD, which is ¥}, formula (5)[21] can be used to determine
the concentration of acceptors (N,) in the i-region:

—Un: 1
Wi — (2350 (¢c UbLas))E’ (5)

eNy

where g &are dielectric constants for silicon and vacuum, respectively; @. is contact potential difference.
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Knowing the concentration of acceptors, and assuming that all impurities are ionized at room temperature (p=N,),
it is possible to determine the resistivity of silicon from the formula for the electrical conductivity of a p-type
semiconductor [22]

1
0=_= eNp,. (6)

Knowing Ny, it is possible to determine W; in the case corresponding to equation (4.1). For this, it is necessary to
substitute the Usi,s corresponding to case (4.1) in equation (5). The difference in the SCR corresponding to cases 4.1 and
4.2 is the diffusion length of the minor charge carriers.

Using the given method of determining the p and L,, a table of data parameters for PDs was obtained (Table 2).

Table 1. Values of p and L, each RE of PDs

Parameter RE; RE> RE3 RE4
p, kQ 19.2 19.2 13.9 14.7
Ly, pm 60 80 35 30

As can be seen from Table 2, there is some variation in p and L, of PDs. If we compare the data obtained with the
dislocation density in the same PD, we can see that the RE with a higher dislocation density have a lower L,. This confirms
the fact that the lifetime of minor charge carriers decreases with increasing dislocation density. It can also be seen from
Table 2 that the L,, of the RE are correlated with each other as dark current. It can also be seen that an increase in the
dislocation density provokes a degradation of the resistivity. This, in turn, can contribute to the scattering of the Cgg,
since the barrier capacity of a PD is determined by the N4 and, accordingly, the p of the Si (7)[21]:

segeNpy (X

Cre = Are Gy g™

(7

As for the serial PDg, no responsivity variation was observed (Fig 6b). However, the Sy reached saturation at
slightly lower reverse bias voltages, which indicates a moderate degree of resistivity degradation. In this case, according
to the calculation by the above method p=~20.8 kQ and L,~90 um. This photodiode had a much lower defect density and,
as a result, slightly better final electrophysical characteristics of silicon, which provided better parameters than the studied
defective samples.

CONCLUSIONS

The effect of dislocations on the parameters of silicon four-quadrant p-i-n photodiodes was studied. The following
conclusions were made during the research:

1) Mechanical stresses formed in plates formed during growth or mechanical processing of ingots provoke the
formation of a high density of dislocations due to stress relaxation during thermal operations.

2) Formative defects are often placed unevenly on the plates and cause the unevenness of the parameters on the
responsive elements.

3) The described defects often cross the entire wafer to form recombination centers in the space charge region of the
photodiode.

4) The presence of recombination centers reduces the life time and diffusion length of minor charge carriers, as a
result of which the parameters associated with the specified characteristics deteriorate.
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BIUIUB CTPYKTYPHUX JEPEKTIB HA TAPAMETPU KPEMHIEBUX YOTUPUKBAJIPAHTHUX p-i-n ®OTOAIOAIB
Muxoaa C. Kykypymzak®®
YAT «Llenmpanvhe koncmpykmopcwoke 61opo Pummy, 58032, m. Yeprieyi, ya. I'onosna, 244, Yxpaina
bYepuiseyvruii nayionansnuii ynisepcumem imeni FOpia ®@edvrosuua, 58002, m. Yepnisyi, eyr. Koyrobuncokozo, 2, Vipaina

VY crarTi AOCHIIKEHO BIUIMB CTPYKTYPHUX Ae(EKTiB, 30KpeMa AWCIOKAIlid, Ha eNeKTpHYHI Ta ()OTOCNEKTPUYHI BIACTHBOCTI
KPEMHI€BUX YOTHPHUKBAJIPAHTHUX p-i-n (oTonioniB. BcraHoBieHo, mo pocToBi JedekTn Ta AeeKTH, SKi YTBOPIOIOTHCS IPU
MeXaHiuHiil 00poOIli MIaCTHH, MOKYTh TIEPETUHATH BCIO MiIKJIAIKy Ta MOTIpIIyBaTd mapametpu ¢oromiois. Lle sBuiie ocobauBo
HeraTHBHE Yepe3 po3MilieHHs Ae(eKTiB B 001aCTi IPOCTOPOBOTro 3apsiny. Y [bOMY BHIIAJIKY Yepe3 HasiBHICTh LICHTPIB pekoMOiHaii B
00J1acTi IPOCTOPOBOTO 3apsiy 3MEHIIYEThCS Yac JKUTTSI HEOCHOBHHX HOCIIB 3apsiiy, HOTipLIYEThCS TEMHOBHII CTPYM 1 4yTIHBICTH
¢doromioniB. Yacto medexTn po3MilieHi HEPIBHOMIPHO, IO IMPOBOKYE HEPIBHOMIPHICTH IMapaMeTpiB Ha (POTOUYTIMBUX €IEMEHTaX.
Taxox Oyno mobadeHo, M0 TUCIOKAIiifHI JIiHii, SKi MepPEeTHHAIOTh YyTIHBI €JIEMEHTH Ta 3aXUCHE KiJbLE, OTIPIIYIOTh OIIp 130wl
3a3HAYCHUX AKTUBHUX €JIEMEHTIB. 3allPOIIOHOBAHO METOJ BHU3HAYEHHS KiHI[EBOTO MHTOMOTO OIOPY KPEMHIIO Ta JOBXHHHU IUQy3il
HEOCHOBHUX HOCIIB 3apsiy HMIIIXOM JOCTIPKEHHS (JOPMH IMITyJIbCY BUXIJHOTO CHTHAITY.

KurouoBi ciioBa: kpemniil; pomodiod, uymaugicms, moukosuil degpekm, OUCIOKayis; memMHOBUI CIpPYM
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In this work, samples of single-crystalline silicon doped with tin were studied using X-ray diffraction and electron microscopy. It has
been established that at a scattering angle of 26 = 36.6° in the X-ray diffraction patterns of n-Si and Si<Sn> samples, structural
reflections (110) of the corresponding SiO2 nanocrystallites with lattice parameters @ = b = 0,4936 am 1 ¢ = 0,5212 nm and ¢ = 0.5212
nm, belonging to the hexagonal crystal lattice and space group P321. The formation of tin nanocrystallites with sizes of 9.1 and 8§ nm
in the near-surface regions of the Si<Sn> matrix crystal lattice was discovered.

Keywords: Silicon; Tin; X-ray diffraction; Subcrystallite crystal lattice; Nanocrystallite

PACS: 61.72. Ff, 61.72.Qq

INTRODUCTION

As is known, a number of physical properties of semiconductor materials can change as a result of doping with
various doping atoms [1-4]. In this case, it is important that the input atoms are evenly distributed throughout the volume.
But with traditional doping methods, in particular, in the process of growing bulk single crystals, it is difficult to control
a sufficient distribution of input atoms over the volume. This is why it is especially relevant to study how the input atoms
are arranged in the crystal structure [5,6]. In addition, it is known that the degree of mono- and polycrystallinity of the
silicon structure depends on the impurity composition, the perfection of the defect structure, the distribution of impurities
and the lattice mismatch parameters of the matrix and alloying elements [7-10].

In connection with this, the purpose of this work was to study various structural parameters of Si doped with tin
atoms using modern methods of X-ray diffraction studies.

EXPERIMENTAL TECHNIQUE

The initial material was samples in the form of wafers made of single-crystalline n-type silicon with a resistivity
of 40 Q-cm, grown by the Czochralski method. The main disadvantages of growing single-crystal silicon using the
Czochralski method include the increased content in the resulting crystals of background impurities of oxygen and carbon
atoms with concentrations of up to 2:10'® cm™ and up to 5-10'® cm=, respectively. Among background impurities, the
problem of the presence of oxygen atoms in silicon has remained very relevant for many years [11-14].

Doping silicon with tin atoms was carried out by diffusion from the gas phase at a temperature of 1100°C in quartz
ampoules under a vacuum of 1 mTorr for 2 hours, followed by rapid cooling.

The structural and phase states of the samples under study were monitored using an Empyrean Malvern X-ray
diffractometer. The OriginPro2019 program was used to determine the peak maximum. X-ray diffraction measurements
were carried out in the Bragg—Brentano beam geometry in the scattering angle range 26, = from 10° to 90° continuously
at a scanning speed of 0.33 degrees/min with an angular step of 0.0200 (deg).

RESULTS AND DISCUSSION

In Figure 1a shows the X-ray diffraction pattern of the n-Si sample (p=40 Q-cm), from which it follows that at small
scattering angles (in the range 26 = 12°+20°) there is a wide and low-intensity diffuse reflection on the X-ray pattern, as well
as above the level of inelastic background, structural reflections with different intensities are observed. Typically,
low-intensity diffuse reflection is due to the presence on the surface of n-Si samples of amorphous clusters with dimensions
of 1+1.5 nm, consisting of silicon oxide [8]. The silicon oxide layer on the surface of silicon samples reforms over time, so
the amorphous layer is usually removed by chemical etching before the process of doping impurity atoms [15].

In the given X-ray diffraction patterns at scattering angles of 26 = 28,52° with d/n = 0.3138 nm and 26 = 95,2° with
d/n =0.1045 nm (n is the serial number of the plane and d is the interplanar distance) there are two structural reflections
from lines of a selective nature with a main (111)Si peak with high intensity and a (333)Si peak with weak intensity,
respectively. The structure line (333) is the third order of the high-intensity reflection (111). At a scattering angle
of 20 = 25.68°, the [ reflection component (111) is observed. Analysis of the above structural results showed that the
surface of the n-Si sample wafers corresponds to the (111) crystallographic orientation.

Splitting of the structural reflection (111) into ¢; and ¢» components, having the values I(a.) = 2I(0.,), as well as its
half-width (FWHM = 4.1-103 rad) and high intensity (3-10%imp-sec’!) indicates a high degree of perfection of the lattice
of n-Si silicon samples (Fig. 2a).
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Figure 1. X-ray diffraction patterns of n-Si (a) and Si<Sn> (b) samples
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Figure 2. Shapes of the main (111) selective reflections (a), as well as structural (200), (101) and (110) lines (b) on the X-ray
diffraction pattern of n-Si and Si<Sn> samples

From the experimental data of the main reflection (111), it was determined that the average size (L) of subcrystallites
(blocks) in n-Si samples is determined by the Selyakov—Scherrer formula:

L=K-/3Cosb, )

where K is the dimensionless particle shape factor (Scherrer constant, which is equal to 0.94), 4 is the x-ray wavelength
(0.154 nm), Sis the reflection width (111) at half maximum (in radians) and @ is the diffraction angle (Bragg angle), and
the average size L = 6.5 nm.

Also, the lattice parameter of blocks in n-Si samples was determined from (111) reflections using the extrapolated
Nelson-Riley function (x) [15]

x = 1/2(Cos?0/Sin6+Cos?6/0), 2)

using the following relationship:

y=kx + b, 3)

where y is the lattice parameter, k is the slope of the linear trend. When extrapolating x—0 (8 = 90°), the value y=b
corresponds to the “true” value of the lattice parameter, the value of which is 0.5439 nm.

In addition, at a scattering angle of 26 = 58.68° with d/n = 0.1546 nm, the X-ray diffraction pattern of the n-Si sample
contains the second (222) Si order of the main structural line (111). In [16], the reason for the appearance of diffraction
reflection (222) in an X-ray diffraction pattern in a distorted lattice of single-crystal silicon was reported, and this
reflection is a forbidden reflection according to the selection rules. The value is determined to be 15-10* using the ratio
1(222)/1(111) and this value is partially greater than 10-*. This indicates the appearance of an unsaturated bond under a
nonuniformly distributed oxygen atom in the silicon lattice. Additional confirmation of the presence of inclusions of
oxygen atoms in the silicon lattice is provided by the SiOx (amorphous) and SiO, (crystalline) forms formed in locally
and defect-prone regions of the n-Si crystal lattice. Diffuse reflection related to the SiOx form is caused by amorphous
phases of silicon oxide [17], and diffraction reflection (110) related to the SiO» form is observed at a scattering angle of
20 = 36.6° (with d/n = 0.247 nm) of the X-ray diffraction pattern. This indicates the formation of SiO, nanocrystallites at
the interfaces between blocks in n-Si samples. The average size of these nanocrystallites was experimentally determined
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by formula (1), which is 17 nm. The lattice parameter of quartz nanocrystalites at room temperature was also determined
from the analysis of experimental results of (110) reflection using the expressions [18]:

1 4 [h%+hk+k? 12
dz(hkl) §[ a? ] tao )
A
and c = s ®)

Here, taking into account h=1, k=1 and 1 = 0 from reflection (110), the last term of expression (4) is equal to
zero, and from this expression a and b are determined by the following relation:

a=b=2d /%(h2+hk+k2). (6)

The lattice parameters are a = b = 0.4936 nm and ¢ = 0.5212 nm, respectively, which in turn showed that the unit
cell of these nanocrystalites belongs to the hexagonal crystal lattice and space group P3,1. Knowing the matrix lattice
parameters of silicon and quartz nanocrystalites, it is possible to determine their specific volume, which differs by almost
23%. This, in turn, indicates that the elastic energy associated with structural defects arising at the local boundaries of
silicon crystal matrix lattices as a result of the inhomogeneous distribution of oxygen is spent on the formation of
nanocrystalites at the interfaces between blocks of n-Si samples. Therefore, a forbidden diffraction reflection of the second
order (222) appeared in the X-ray diffraction patterns of n-Si samples under the influence of this process [16]. Low-
intensity (222) reflection indicates the presence of minor local defects in the matrix lattices surrounding the formed
nanocrystalites. If these nanocrystalites are not formed at the interfaces of blocks of n-Si samples, then in the diffraction
pattern there is an expansion of the main structural line (111) and an increase in the second-order structural line (222), as
well as defects leading to a change in the level of the inelastic background of the X-ray diffraction pattern, would be
formed in the matrix lattice [19].

In Fig. 1-a and Fig. 1-b shows X-ray diffraction patterns of n-Si and Si<Sn> samples, which are very different from
each other. Analysis and comparison of these drawings show that the intensity of the main reflection (111) in Si<Sn>
samples at a scattering angle of 260= 28.63 with d/n = 0.3144 nm decreased by 2 times and shifted towards larger angles
(A6 = 0.11°), also the appearance of its f-component was observed at a scattering angle of 26 = 25.75, respectively. This,
in turn, indicates that due to the fact that silicon and tin are isovalent atoms, they are partially interchangeable in the
matrix lattice of Si<Sn> samples, since the X-ray scattering intensity is proportional to the atomic number (Z) of the
constituent elements [18].

The sufficiently maximum intensity and half-width (FWHM = 9.6 10-rad) of the main reflection (111) means that
the Si<Sn> samples have a fairly perfect crystal structure and the direction of the surface of these samples corresponds to
the crystallographic orientation (111). From the experimental data of the main reflection (111), it was determined that the
lattice parameter of the blocks in the Si<Sn> samples according to formulas (2) and (3), which is equal to
asi<sp> = 0.5435 nm. The mismatch of the crystal lattice parameters of the blocks in the n-Si and Si<Sn> samples was
0.00037 when determined using the following expression [20]:

_ o 8si—asi<sn>
§=2 asit+asicsns> )

The average block size in Si<Sn> samples, estimated by formula (1) from the experimental results of this reflection,
was 29.9 nm. However, although this structural reflex shifts towards larger angles and exhibits its asymmetry, it is not
completely separated into its component ¢ and ¢ emissions (Fig. 2-b). This indicates that, as the authors of [21] note,
elastic microdistortions of a growth nature arise during the diffusion of impurity atoms into the silicon crystal lattice in
the temperature range 800°C + 1200°C. As we noted above, due to the formation of such microdamages in the crystal
lattice of Si<Sn> samples, a forbidden second-order reflection of the (222)Si main reflection is observed in the X-ray
diffraction pattern at a scattering angle of 260= 58.75" with d/n = 0.1570 nm. In addition, the ratio 1(222)/1(111) of I(111)
intensity to 1(222) intensity is 7.8x10* and this value is 2 times less than the value determined for n-Si samples. This, in
turn, indicates that the number of oxygen accumulations in tin-doped silicon samples is two times less than the number
of accumulations in the crystalline form of n-Si samples.

In addition, due to the chemical treatment to remove the oxide layer from the n-Si surface before doping with tin
atoms, which have the amorphous properties of silicon oxide, no diffusion reflection was observed in the X-ray diffraction
patterns of the Si<Sn> samples. However, the authors of [17] showed that oxygen atoms do not have a large effect on the
distortion of the silicon crystal lattice, but on the contrary, the formation of localized microdistortions in the silicon crystal
lattice occurs due to the difference in the ionic radii of silicon (0.42 nm) and tin (0 .71 nm), located at the nodes. Note
that in Fig. 2-a and 2-b, on the right side of the main reflection, a diffusion slope was observed, which, in turn, indicates
the formation of stacking faults in the silicon crystal lattice, which are often encountered in many cases. In most cases,
due to the difference between the covalent radius of a tin atom (RSn = 1.40A) and the covalent radius of a silicon atom
(RSi=1.14A), they prefer to be located at nodes at the interfaces of silicon subcrystallites [23]. This, in turn, allows the
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formation of new types of small tin nanocrystals of various sizes and crystallographic orientations in these places,
preventing the occurrence of a large number of microdistortions in the silicon crystal lattice [24].

In addition, three more structure lines are observed above this diffusion reflection of the X-ray diffraction pattern at
scattering angles of 260=30.67", 26=131.84"u 26 = 36.57 nm, respectively (see Fig. 2-a and 2-b). These structure lines
are caused by tin nanocrystallite phases with crystallographic orientation (200) and (101) between the d/n = 0.2948 nm
and d/n = 0.2814 nm planes. Also, a narrower (1.58x10rad) reflection (110) with d/n = 0.2469 nm, which belonged to
silicon dioxide nanocrystallites with an average size of 14 nm. From these half-width values (1.65x10? rad) and
(1.88x1072rad) (200) and (101) reflections, it was determined that the average sizes of these tin nanocrystallites, calculated
by formula (1), were 9.1 nm and 8 nm respectively. This, in turn, indicates that the formation of tin nanocrystallites in the
(101) and (200) crystallographic planes occur under the influence of the oriented matrix lattice of Si<Sn> (111) samples.
This case leads to an increase in the consistency between tin nanocrystallites and silicon matrix lattices, as well as to an
increase in the hardness of samples based on them [22].

In addition, tin nanocrystallites with sizes of 9.1 and 8 nm, formed on the matrix lattice of Si<Sn> samples, can
exhibit quantum-size effects, which are of great interest in modern nanotechnologies. Therefore, using the expression

1 [eeokT
/1D=; SSOT (3

The value of the Debye length (Ap) of screening for the samples under study was calculated, which is equal to
13.2 nm. Here, ¢ is the relative dielectric constant of Si<Sn> samples (¢ =11.7), g is the dielectric constant, k is
Boltzmann’s constant, T is temperature, ¢ is the electron charge, n is the concentration of current carriers, in this case
equal to 10'7 cm?. The average size of tin nanocrystallites determined from experimental data is less than the Debye
electron length.

Thus, we can conclude that tin atoms partially (in low concentrations) exchange places with silicon atoms, and the
rest combine in the near-surface regions of the Si<Sn> samples, forming tin nanocrystallites. If tin atoms were replaced
by homogeneous silicon atoms in the matrix crystal lattice, then the intensity of the main (111) and its third order (333)
reflections should increase. However, in the X-ray diffraction patterns of Si<Sn> samples, a decrease in the intensity of
structural reflections (111) and (333), as well as reflections related to tin nanocrystallites in other crystallographic
orientations, was observed. This, in turn, indicates that tin atoms accumulate in defective regions of the silicon crystal
lattice. Since in these regions of the lattice there is no saturation of the chemical bonds of the constituent atoms, they are
considered high-potential nodes and are formed at the boundary sections of blocks belonging to the category of near-
surface sections. The authors of the study [25] predicted that since the rate of diffusion of tin atoms through the surfaces
and border regions of silicon is twice the rate of bulk diffusion, the penetrating atoms will easily move and accumulate in
defective regions of the matrix lattice. Such diffusion processes cause the rapid formation of tin nanocrystallites in
defective regions and block interfaces in Si<Sn> samples. The formation of such nanocrystallites at block boundaries in
silicon samples may also be due to the fact that Esn-sp™>Esi-sn ¥ Esn-sn>Esi-si.

1 h2+k? 12
d2(hkl)  a? @ c2’ ®)
1 2
and c = ﬁm (10)

Here, taking into account that h =1, k = 0 and | = 0 from reflection (200), the last term of expression (9) is equal to
zero, and from this expression a is determined as follows;

a=d-h (1n)

and the lattice parameters are as, = 0.5831 nm and cs, = 0.3412 nm, respectively. The unit cell of tin nanocrystallites
has a body-centered tetragonal system corresponding to the space group 14;/amd.

CONCLUSIONS

Thus, it was found that in the X-ray diffraction patterns of n-Si and Si<Sn> samples, structural reflections (110) of
the corresponding SiO» nanocrystallites (quartz nanoinclusions) are observed at scattering angles of 20 = 36.6° with sizes
of 14 nm and 17 nm in the boundary regions of the samples. It has been established that the lattice parameters of the unit
cells of these nanoinclusions belonging to the hexagonal crystal lattice and space group P3,1 are a=b =0.4936 nm and
¢ =0.5212 nm. It was found that the intensity of the main reflection (111) at a scattering angle of 26=28.63° with
d/n = 0.3144 nm decreases by 23% and shifts toward larger angles (A8 = 0.11°) due to a decrease in the parameters of the
matrix crystal lattice samples of Si<Sn>, due to the interchangeability of silicon and tin atoms. It has been established
that the sizes of tin nanocrystallites are 9.1 and 8 nm in the near-surface regions of the matrix lattice of Si<Sn> sample
wafers. The unit cell of tin nanocrystallites has a tetragonal system with lattice parameters as, =0.5831 nm and
csn = 0.3412, corresponding to the space group 14;/amd.
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OCOBJMBOCTI BY10OBHU KPEMHIIO 3 JOMIIIIKAMH OJIOBA
lapida b. YTamypanosa, Baxoaip b. Bokies, [linopom C. IlynaTtosa
Incmumym ¢hizuku nanienpogionuxie i mikpoenekmponiku Hayionanvnoeo ynisepcumemy Yz6exucmany, Tawkenm, Y36exucman

VY naniif po60Ti METOIOM PEHTI€HIBCHKOI AN PAKIIii Ta eNEKTPOHHOT MIKPOCKOTIT JOCIiIKEHO 3pa3Kd MOHOKPUCTAIIYHOTO KPEMHIIO,
JIETOBAHOTO OJIOBOM. BcraHoBIeHO, mo mpu KyTi po3citoBaHHS 20 =36.6° Ha nudpakrorpamax 3paskiB n-Si Ta Si<Sn>
CrHoCTepiraroTecst cTpykTypHi peduiekcn (110) Biamoimumx HaHokpucrtaniTiB SiO2 3 mapamerpamu Ipatku. a=b =0,4936 um i
¢=0,5212 um i ¢=0,5212 HM, 10 HaNEXaTh JO IeKCArOHAJIBHOI KPUCTAIYHOI IpaTKu Ta HpocTopoBoi rpymu P321. Bussieno
YTBOPEHHS HAHOKPUCTAIIITIB 0j10Ba po3MipoM 9,1 Ta 8 HM y IPUIIOBEpXHEBUX 0OJIACTAX KPUCTAIIYHOT PELIiTKY MaTpull Si<Sn>.
KurouoBi cnoBa: xpemniii; 01080, penmeeniecoka oupparyis, cyoOKpucmanrimua Kpucmaniuna Ipama; HaHOKpUCmaiiim
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In this work the mechanism of current flow during illumination with hv>E; in the temperature range of 77+300 K is considered. It
is established that in the PtSi — Si<Pt>-M structure in the temperature range of 77+270 K the regime of space charge limited currents
(SCLCQ) is realized. The current-voltage characteristics of the structures show areas of linear and quadratic dependences of current
on voltage, as well as areas of a sharp increase in current. These features of the current-voltage characteristic are explained by the
presence of deep level structures and sticking levels for charge carriers in the base region. From the temperature dependence of the
SCLC, the concentration of adhesion levels was determined to be equal to (1.8+3) 10'> cm™ and the adhesion factor to be equal to
6.32-102. In the temperature range 77+115 K at voltages 0.2+1 V, the current-voltage characteristic obeys the law J ~ U"(n=3+4), and
above U — the law J ~ US, followed by a transition to the quadratic law.

Key words: Structure; Diffusion; Concentration; Level of Adhesion; Photoconductivity; Trap, Injection, Silicide; Silicon; Platinum
PACS: 33.20.Ea, 33.20.Fb

INTRODUCTION

Currently, complex theoretical and practical work is being carried out on the research of optical and electro-optical
properties of various wide bandgap materials [1-3].

The world's leading research institutes are studying the physical processes occurring in the bulk of monocrystalline
silicon after doping with impurities, creating deep levels [4-9]. In such crystals, the surface layer with a thickness of
150-200 microns were considered to be damaged and of no practical interest.

However, for an in-depth study of the process of diffusion doping of silicon with metals and atoms of rare earth
elements [10,11], it is relevant to consider such important issues as the physics of the formation of a heavily doped surface and
near-surface region, the nature of the formation of metal silicides, which are very different from the metal and semiconductor,
as well as the mechanism of current flow through the near-surface region and the bulk part of the crystal [12,13].

Therefore, in this work, the current-voltage characteristics (CVC) were studied through a structure consisting
of a near-surface and bulk part of diffusion-doped silicon with platinum atoms.

EXPERIMENTAL PART

To dope silicon with platinum, single-crystal silicon ingots of p-type KDB-10 grade, grown by the Czochralski
method, were used. Their initial parameters are as follows: for p-type silicon, resistivity p = 10 Ohm-cm, hole mobility
Hp =430 cm*/ Vs, hole concentration n, = 1.5-10'* cm™, oxygen concentration <1-10'* cm™.

Samples in the form of a parallelepiped with dimensions of 1.5%5x12 mm? were cut from single-crystal silicon
ingots using a diamond disk. The samples were ground using silicon carbide micropowder M-5, M-10. In order to remove
the surface layer damaged during grinding, the samples were degreased in toluene at a temperature 40-50 °C and subjected
to chemical etching in a solution of 1HF:5HNOs for 1+2 minutes, washed in deionized water and dried at a temperature
of no more than 100 °C. Silicon samples were placed in quantities of 3 in quartz ampoules, previously washed in a solution
of HNOs+3HCI and boiled in distilled water [14].

Metal powder of 99.999 purity in an amount of 3+5 mg was placed into the ampoule. Ampoules with samples and
diffusant were evacuated to a vacuum of ~10 mm Hg (1.33-10"" Pa) and sealed. Then the ampoules were placed in a
horizontal oven and annealed at a temperature of 9501000 °C for 50 minutes up to 2 hours. Temperature fluctuations in
the working area of the furnace did not exceed +5 °C. After annealing, the samples were quenched by cooling at a rate of
100-150 degrees/s by dropping the ampoules into water and kept to a crystal temperature of T = 15-20 °C. After opening
the ampoules, the surface of the samples had p-type conductivity.

Due to the fact that the samples had a surface layer with high conductivity, to eliminate its shunting effect, the
samples were ground off on three sides to a depth of about 40-50 um. Electrical contacts were connected to two opposing
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unpolished highlanders, and measurements were taken on the unpolished surface lying between them while successively
removing thin layers. It turned out that the conductivity profiles have two sections: the near-surface area with increased
conductivity and the volume area with conductivity close to its own. Parallel measurements of conductivity and the Hall
effect [15] at temperatures T=77+300 K showed that the near-surface layer has p-type conductivity, with a carrier
concentration of ~102°+10%! cm™ and Hall mobility py=2+6 cm?/V-s and volumetric — i-type conductivity, with carrier
concentration 10'°+10'2 cm™ and mobility p;=300+400 cm?/V's.

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

RESULTS AND DISCUSSION

PtSi-Si<Pt>-M structures were fabricated based on diffusion-doped silicon with platinum. The blocking contact
was created by applying NiGa or AlGa alloys to the side surface of the base area of the structures or by pressing a metal
contact on the same surface. When this structure is formed, the Longini-Green mechanism occurs, which consists in the
fact that the base region becomes highly resistive. Therefore, at low temperatures, when the level of thermal generation
is low, an analogue of the structure is a dielectric diode.

The current-voltage characteristics of the structure were studied at different temperatures. Carriers injected from
the contacts will fill stationary charged centers (SCCs) in the space charge region (SCR) [12]. From the solution of the
equation, it follows that the length of the SCR is proportional to /Ngc¢, i.e. with a decrease in the concentration of
immobile charged centers (Nsq¢), the length of the SCR increases and, ultimately, the length of the high-resistivity region
W decreases. At sufficiently small W, when the base is considered thin, the regime of space charge limited currents
(SCLC) will be realized in the structure.

The dark current-voltage characteristic of structures at T = 300 K is linear (Ohm’s law is satisfied) throughout the
entire range of applied voltage. However, when the temperature of the samples is lowered to T =77 K in the dark at biases
U > 10V, the value of the dark current decreases to 10+12 A, which makes it impossible to measure the current-voltage
characteristic [13-16]. Therefore, in order to study the injecting properties of contacts, current-voltage characteristics were
measured by photoexcitation with hv = 1.4 eV both in the near-contact and in the middle parts of the base region of the
structures. In this case, the power of the incident local radiation did not exceed 1+2 mW.

Figure 1 (curve 1) shows the direct current-voltage characteristic curve and curves 2—5 show a family of reverse
current-voltage characteristics in the temperature range T=77+145 K, and Figure 2 shows the direct current-voltage
characteristic (curve 1) and the reverse one (curve 2—6) in the temperature range from 160 K to 300 K. As can be seen
from the curves above, at U = 10 V the photocurrent increases with decreasing temperature.

1 L 1

10" 10 10" UV 100 10 10 UV
Figure 1. Current-voltage characteristics of the PtSi — Si<Pt>- Figure 2. Current-voltage characteristics of the PtSi — Si<Pt>-
M structure in the temperature range 77+145 K. 1 - 77145 K, M structure in the temperature range 160300 K. 1 - 160+300
“plus” voltage on PtSi, 2 — 77 K; 3-115 K; 4-125 K; 5-145 K; K, “Plus” voltage on PtSi, 2 — 160 K, 3 — 180 K, 4 — 250 K,
2+5 — “Plus” voltage on the metal 5-270K, 6-300K

Starting from a temperature of 250 K and below, a change in the course of the current-voltage characteristic curves
is observed: for the curve at T =250 K, a section J ~ V33 is observed, followed by a section with a quadratic dependence,
and for temperatures below 180 K on the current-voltage characteristic there are sections of a sharp increase in current
and quadratic dependence of current on applied voltage. The transition voltage, starting from which the section of sharp
increase in current turns into a quadratic section, does not depend on the temperature in the region T = 77250 K.
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The current-voltage characteristics at T=300 K were almost symmetrical and linear. Under illumination with
hv>1.2 eV, an increase in the photocurrent by 5—6 times relative to the dark current is observed in the case when a positive
bias is applied to the silicide contact, and approximately 2 times with reverse polarity.

At low temperatures, a current-voltage characteristic characteristic of an SCLC with ohmic, quadratic sections and
sections of a sharp increase in current is observed, followed by a transition again to quadratic sections. Another proof of
the SCLC mode in such structures is that the electric field with a physical base length of 45 um (determined from
capacitance measurements) at biases of 10+-15 V has a value characteristic of this mode of ~10° V/cm.

The presence of a vertical section preceding the quadratic section gives grounds to believe that there are
monoenergetic levels of attachment for holes located significantly below the quasi-Fermi level F, i.e. condition is met
(F-E)/kT>>1, because up to the voltage of completely filled traps (Ucrr), all attachment levels for holes are occupied by
electrons. In hole high-resistivity silicon, levels below the equilibrium Fermi level are occupied by electrons, i.e. “empty”
for holes, so Pi,=N;.

In this case, the concentration of adhesion levels is equal to (1.8+3)-10" c¢m™, the adhesion factor is equal to
6.32-10°2. Traps are sticking levels for holes, and the presence of such sticking levels is evidenced by the fact that long-
term relaxation of photoconductivity and residual conductivity, as well as thermally stimulated conductivity, are observed
in these structures.o dope silicon with platinum, single-crystal silicon ingots of p-type KDB-10 grade, grown by the
Czochralski method, were used. Their initial parameters are as follows: for p-type silicon, resistivity p = 10 Ohm-cm,
hole mobility p1,, =430 cm* / Vs, hole concentration n, = 1.5-10'* cm™, oxygen concentration <1-10'* cm.

CONCLUSION
As a result of the scientific research, we came to the following important scientific conclusions:
1. The current-voltage characteristics of PtSi — Si<Pt>-M structures in the temperature range 77+300 K were studied.
2. In the range T = 125+160 K in the voltage range above 1V, J ~ U® is observed.
3. In the range T=160 + 250 K, the power-law dependence J ~ U® turns into J ~ U? in the voltage range 0.1 — 1 V; in
this case, U > 1V, the quadratic dependence remains.
4. Above 250 K, the direct and reverse branches of the current-voltage characteristic transition to a linear law.
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CTPYKTYPA BAX PtSi - Si<Pt>-M B IIUPOKOMY AIAITA3OHI TEMIIEPATYP
Adayragyp T. Mamananimos?, Maxmyaxoxzka L. Icaes®, Toxipaxon Y. Aramip3aes®,
Iamcuanin H. Epuasapor?, Myxrop K. Kapimos®
“Incmumym ¢hizuxu nanienposionuxie i mikpoenexmpouixu Hayionanvnozo ynieepcumemy Yzoexucmany, eyi. Aneu Anmaszapa, 20,
bHayionanonuii ynisepcumem Ysbexucmany, Tawkenm, Ysb6exucmar
‘Hamaneancvxuil inscenepro-oyoisensrutl incmumym, Hamanean, Y30exucman
ITawkenmcoKuil XiMiKo-mexHono2iuHuLl incmumym, Tawkenm, Y30exucman
¢Ypeenucwruil deparcasnuil ynisepcumem, kageopa gisuku, Ypeenu, ¥Y3bexucman
Y po6oTi po3mITHYTO MEXaHi3M NPOTiKaHHS CTPyMy Ipu ocBimiieHHi 3 hv>Eg B inTepBani Temneparyp 77+300 K. Bcranosneno, mo B
cTpykTypi PtSi — Si<Pt>-M B intepBaii temmeparyp 77+270 K peanizyeTbcst pesxxuM 00MeXeHUX cTpyMiB 00’ eMHoro 3apsny (CK3).
Ha BonbT-aMIlepHHUX XapaKTepPUCTUKAX KOHCTPYKIIH CIOCTEpIraloThesl AUISHKY JIIHIHHOI Ta KBaJApaTHYHOI 3aJISKHOCTI CTPYMY BiJ
HAIpPYTH, a TAKOX 00JACTi Pi3koro 3poctanHs cTpyMy. Lli 0cOOIMBOCTI BOMBT-aMIIEpHOT XapaKTEPUCTHUKH ITOSCHIOIOTHCS HAsIBHICTIO
CTPYKTYp DNIMOOKOTO PiBHS Ta PiBHIB IPHIMNIAHHS HOCIIB 3apsiy B 6a30Biii obmacri. 3a remmneparypHoro 3anexnicTio CKJIK BuzHaueHo
KOHIeHTpalito piBHIB anresii (1,8+3) 1015 cm-3 i xoedimienT aaresii 6,32-10-2. B inrepBani temneparyp 77+115 K npu Hanmpyrax
0,2+1 B BonBT-aMIepHa XapaKTEPUCTHKA MiIKOPAEThCA 3aKkoHy J ~ Un(n=3+4), a Bume U — 3akony J ~ U6 3 HaCTyTHUM HIEpeX00M 110
KBa/IpaTHYHUH 3aKOH.
KunrouoBi cinoBa: cmpyxkmypa; oughysis, konyenmpayis,; pieens aoeesii; ¢pomonpogionicmv; nacmxa; in'ekyis,; cuniyud; Kpemuii,
naamuna
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The temperature dependences of the thermoelectromotive force of chromium mono and disilicides in the temperature range
200°C++600°C have been studied. For chromium disilicide, the dependence of the thermopower coefficient (o) on temperature (T) has
three sections. Chromium monosilicide is characterized by a smooth increase in thermopower with increasing temperatures up to 200°C,
and then its constancy. It was revealed that silicides rich in chromium atoms have lower thermopower values than silicides rich in
silicon. The maximum thermo-EMF values of 110 pV/K and 190 uV/K were observed for chromium mono- and disilicides,
respectively. It was revealed that for chromium silicides the dependence of the dimensionless parameter Q = Z-T on temperature is
linear. The possibility of predicting the technology of synthesis of semiconductor material with optimal thermoelectric properties using
the dependence of thermopower on conductivity and the parameter Q on temperature is shown.

Keywords: Silicide; Thermal EMF,; Hall Mobility; Doping; Saturation, Electrical Conductivity;, Phase Diagram; Temperature Gradient
PACS: 33.20.Ea, 33.20.Fb

INTRODUCTION

One of the pressing problems of microelectronics is the study of physical processes occurring in the surface and
near-surface regions of silicon, diffusion-doped with impurities that create deep levels [1-6]. In the near-surface region of
diffusion-doped silicon with chromium atoms, the formation of chromium silicides was revealed.

As is known [7-10], transition metal silicides are becoming the base material for new promising technological
schemes of future generations due to their resistance to aggressive environments and high-temperature treatments.
Therefore, a comprehensive study of the mechanism by which impurities enter the crystal volume and their interaction
with both matrix atoms of the crystal and technological impurities is relevant.

From this point of view, the study of the formation of chromium silicides in the near-surface region of silicon during
diffusion doping and the study of their thermal properties is of particular scientific importance in the context of the
creation of new materials for micro- and nanoelectronics [11-15].

These materials will be used in thermal converters of spacecraft, in the petrochemical industry, in the energy sector
and other industries.

In this regard, in this work, we studied the conductivity distribution profile of diffusion-doped silicon with chromium
atoms and studied their temperature dependence of thermopower.

EXPERIMENTAL PART

To dope silicon with chromium, single-crystal p-type silicon ingots of the KDB-10 brand, grown by the Czochralski
method, were used. Their initial parameters: resistivity 10 Ohm-cm, hole mobility 430 cm?/V's, hole concentration
1.5-10" ¢m™. Chromium powder in an amount of 5 + 6 mg was placed in the ampoule near the crystals. The ampoule
with samples and diffusant was evacuated to a vacuum of ~10~ mmHg. and soldered it.

The ampoules were placed in a horizontal diffusion oven and annealed at a temperature of 950-1020°C using laser
irradiation for 30 minutes to 2 hours. Temperature fluctuations in the working furnace did not exceed +5°C. After
annealing, the samples were quenched by cooling at a rate of 100-150 K/s by dropping the ampoules into a vessel with
water rotating at 33 rpm and kept to room temperature [16-19].

RESULTS AND DISCUSSION
The temperature dependences of the thermoelectromotive force of chromium silicides were studied in the
temperature range -200°C + +600°C, using a classical compensation scheme [20].
The dependence of the thermopower coefficient (o) on temperature for chromium monosilicides showed that o
increases linearly with increasing temperature up to 200°C, and then remains constant (Fig. 1).
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When studying this dependence for chromium disilicides, three sections were found in the curve: the first section
is a section of linear growth of o as temperatures increase to 150°C, the second is a saturation section (temperature range
+150°C + +250°C) and the third is a section of a smooth decrease in o with increasing temperature (+250°C + +600°C).
The first section is explained by the effect of drag of charge carriers by phonons.
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Figure 1. Temperature dependence of thermoEMF. 1 — CrSiz; 2 — CrSi

The o(T) dependence for chromium monosilicides is explained by the fact that a increases up to +200°C due to the
effect of hole entrainment by phonons, after 200°C a remains constant due to the disappearance of the effect of hole
entrainment by phonons and due to an increase in the hole concentration and the acquisition of thermal kinetic energy.

The studied crystals are characterized by the fact that silicides rich in chromium have lower thermopower values
than silicides rich in silicon. The maximum thermopower values of 1110 pV/K and 190 uV/K were observed for silicides

CrSi and CrSiy, respectively. Among the studied silicides, CrSi; has a linear dependence O(T) and can be used as a
material for electronic thermometers and thermogenerators.

From the literature [21-24] it is known that the value of thermopower depends on the temperature difference and the
type of material. When heating a metal silicide at high temperatures, the average energy of charge carriers and their
concentration will be greater than in the region where the crystal temperature is lower. Consequently, the temperature
gradient in such crystals leads to a gradient of the average energy of charge carriers and a gradient of their concentration,
as a result of which thermopower arises.

The bell-shaped nature of the thermopower of chromium disilicide is explained by a change in the ratio of the
concentration of charge carriers and their mobility in the temperature range of 150°C-250°C. In all other cases, a positive
thermopower is observed, which indicates the formation of a negative space charge at the hot end of the crystal.

The measured temperature dependences of «, ¢ and y are presented in Figs. 2 and 3.
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Figure 2. Temperature dependence of a and Figure 3. Temperature dependence of conductivity

To analyze the obtained thermoelectric properties of the samples, we will use generally accepted criteria.

The parameter Z, as well as the parameters O, p and y, is a single-valued function of temperature, therefore it is
practically more convenient to use the dimensionless parameter Q = Z-T, which is equal to 0.25, where T is the average
temperature of the thermoelement branch. The relationship between electrical conductivity (c) and thermoEMF ()
turned out to be a linearly decreasing function (Fig. 4).

The possibility of obtaining sufficiently high thermopower values in silicides was demonstrated by estimating the
ratio of the radii of the silicon atom to the metal atom in the compound. The criterion for this ratio (k) is 0.59. It has been
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established that at k <0.59 there is a conventional structure with embedded atoms. At k>0.59, a more complex structure
appears that has semiconductor properties, the thermoelectric figure of merit of which can exceed by an order of
magnitude the figure of merit of materials with a conventional structure. For chromium silicide k=0.94, which makes it
possible to obtain high values of the thermoelectric figure of merit Z.
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Figure 4. Dependence of thermopower on electrical conductivity

The convenience of the diffusion method for producing HCM of both electronic and hole type conductivity lies in
the fact that it becomes possible to create the N and P branches of a thermogenerator from a material with identical
electrical and thermoelectric properties.

Thus, the diffusion method for producing metal silicides opens up wide possibilities for varying parameters such as
electrical conductivity, thermal conductivity and thermopower, and ultimately thermoelectric figure of merit, all of which
contributes to the possibility of using chromium silicides as a promising material for thermoelectric converters in solar
engineering.

CONCLUSION

Chromium mono- and disilicides were obtained by diffusion doping of silicon.

The electrical parameters of chromium disilicide were measured: charge carrier mobility 19 ¢m?/V s, hole

concentration 5.9-10" cm?3, resistivity 1800 pOhm-cm, Hall constant 1.3-10-2 cm*/K1.

3. Studies of the dependence a (T) for chromium disilicide revealed the formation of three sections: the first section is
a section of linear growth of a as temperatures increase (-180°C + + 150°C), the second is a saturation section (-
150°C + + 250°C) and the third is a section of smooth decrease a with increasing temperature. Chromium
monosilicide is characterized by a smooth increase in thermopower with increasing temperature to 200°C, and then
its constancy.

4. It was revealed that for chromium silicides the dependence of the dimensionless parameter Q = Z-T on temperature
is linear. The possibility of predicting the technology of synthesis of semiconductor material with optimal
thermoelectric properties using the dependence of thermopower on conductivity and the parameter Q on temperature
is shown.
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JocmimpkeHO TeMmepaTypHi 3aJie)KHOCTI  TEPMOCNEKTPOPYIIIHHOI CHJIM  MOHO- Ta JUCWIIOUAIB XpOMYy B  IHTepBali
temneparyp -200°C + +600°C. dns aucuminuay Xpomy 3ajiexHicTs koedimienta TepMoEPC (a) Big remneparypu (T) Mae Tpu DinSHKH.
JI1s1 MOHOCHITIIIM Y XpOMY XapakTepHe IaBHe 3pocTaHHs TepMOEPC 3 minBumenssM temmeparypu 1o 200°C, a moTiM 11 HOCTIHHICTS.
BusiBiieHo, mo cuninuau, 6arari atToMmaMu XpoMy, MaroTh MeHI 3Ha4eHHs TepMOEPC, Hixk cuminuau, 6arari kpemHieM. MakcHMabHI
snaueHHs1 TepMOEPC 110 MxB/K Ta 190 MxB/K crniocTepiratroThest AJisi MOHO- Ta JMCHITIIMIIB XPOMY BiAMOBiIHO. BusiBieHo, 1o mis
CHJIILMIIB XPOMY 3aJIeXHICTh 6e3po3mipHoro mapamerpa Q = Z-T Bix Temieparypy mMae JiHiiHHI Xapaktep. [Toka3zaHO MOXKIIMBICTD
HPOTHO3yBaHH TEXHOJOTI] CHMHTE3y HAIiBIPOBIIHUKOBOIO Marepiany 3 ONTHMAaJbHUMH TEPMOCIEKTPHYHMMM BIACTUBOCTSIMH Ha
ocHoBI 3anexnocti TepMOEPC Bif enekTponpoBiaHOCTI Ta mapamerpa Q BiJ TeMOepaTypH.
Kuarouosi caoBa: cuniyuo; mepmo-EPC; xonniscoka pyxnugicmo, ne2y8anis; HACUYEHHs; eleKmponposionicms, gaszoea diazpama;
2padienm memnepamypu
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To study the formation of silicides, dislocation-free ingots of single-crystalline silicon with a diameter of 65+110 mm, grown by the
Czochralski method, were used. When studying such silicon samples using electron microscopy, small-angle scattering of CO: laser
radiation, three types of defects were identified: swirl defects, impurity micro inclusions and impurity clouds. It has been shown that silicide
inclusions with sizes of 8-20 pm are formed in the near-surface layer of doped silicon, and they decrease linearly deeper into the crystal.
The electrical parameters of semiconductor chromium silicide were determined: resistivity 1800 pOhm-cm, thermopower coefficient 180
uV/k, Hall constant 1.2-102 cm?/K1, hole concentration 6-10'° cm™, charge carrier mobility 18.6 cm?/V-s, band gap (0.29+0.02) eV.

Key words: Dislocation-Free; Etching; Defects; Swirl; Heterogeneity, Dissolution; Super-Large Circuits; Hardening; Inclusion;
Extrapolation

PACS: 33.20.Ea, 33.20.Fb

INTRODUCTION

Currently, an urgent problem is the study of physical processes occurring both in the bulk and on the surface, and in
the near-surface layers of a large-diameter single-crystal semiconductor, in particular, silicon in the process of diffusion
doping with impurities that create deep levels (DL) [1-6]. First of all, the need for these studies is due to the fact that in
the process of diffusion doping of a semiconductor material—silicon—it is possible to obtain compensated materials with
specified electrophysical, photoelectric and optical properties [7-12].

In diffusion-doped silicon crystals, a near-surface layer with a thickness of about ten microns is formed with an
impurity concentration that exceeds their solubility by 2+4 orders of magnitude, and with other electrophysical
parameters, namely, high specific conductivity and low mobility in relation to the parameters of the bulk part. In previous
works [13-16], studies in doped samples were focused mainly on bulk parts of the crystal obtained by removing the near-
surface region, since the near-surface layer was considered to be damaged and not of practical interest.

However, for an in-depth study of the process of diffusion doping of silicon with metals and atoms of rare earth
elements, it is necessary to consider such important issues as the physics of the formation of a heavily doped near-surface
region, the nature of the formation of metal silicides, which are very different from the metal and semiconductor, as well
as the physical and chemical processes occurring in the near-surface region (mutual diffusion, solid-phase reactions, etc.).

It is known that at present, transition metal silicides are becoming the base materials for new, promising
technological integrated circuits ((Very Large-Scale Integrated Circuit (VLSI)) of future generations due to their
resistance to aggressive environments and high-temperature treatments [17-19].

In particular, transition element silicides can be used to create Schottky barriers and ohmic contacts in integrated
circuit technology, serving as gates and interconnects.

In this regard, if we consider the formation of silicides by metallurgical interaction between a metal film and silicon,
then subsequent high-temperature heat treatment, which promotes diffusion doping of silicon, leading to the formation of
a distribution profile of the concentration of current carriers, requires comprehensive studies of the mechanism of
impurities entering the crystal volume and their interaction both with matrix (main) atoms of the crystal, and with
technological (background) impurities, as well as with structural defects.

Therefore, the study of silicides in the near-surface region in the process of diffusion doping of silicon is in itself
relevant, and the formation of a carrier concentration profile in the near-surface region of silicon doped with impurities
that create deep levels opens up ways to create new semiconductor devices.

EXPERIMENTAL PART
For the study, we used dislocation-free single-crystalline silicon ingots with a diameter of 65+110 mm, grown by
the Czochralski method, with p=10* Ohm-cm, because This method was the first to study such crystals. To convincingly
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prove our results, the experiment was carried out first for known crystals. The ingots were cut in cross section into
washers. Samples were cut from the washers in the form of a parallelepiped with dimensions
of (65+110)x(20+25)x(3+5) mm?.

After grinding, the samples were subjected to chemical etching in a solution in the following composition
(weight in %): HF - 36 = 30, CgOs - 15 + 18, water - the rest. Etching was carried out in a closed vessel for 8+10 minutes.
at a temperature of 80-100 °C.

Studies of high-purity non-heat-treated dislocation-free silicon samples using electron microscopy, X-ray
microanalysis and small-angle scattering of CO, laser radiation revealed that three types of defects were found in them:
swirl defects, impurity micro inclusions and impurity clouds.

Swirl defects are generated by a heterogeneous mechanism and are arranged in layers. The concentration of such
defects is 10%-10% cm™. By selecting the cooling rate when growing silicon, you can get rid of this type of defects [20].

The second type of defect is an impurity micro inclusion includes impurities of carbon, calcium, phosphorus,
chlorine, aluminum, sodium and some others. Micro inclusions have sizes from fractions of a micron and higher and a
concentration of ~107 cm™. It is assumed that these impurities are captured by the growing single crystal from the melt.
In a high-purity crystal that is undersaturated in impurities included in the micro inclusions, their partial dissolution can
occur. In this case, slowly diffusing impurities will form clusters around the inclusions with a size of about 10 microns.
Such local areas with an increased concentration of dissolved impurities are called impurity clouds [21]. Such defects
were detected by small-angle scattering of CO, laser radiation with A=10.6 um.

Thus, the proposed methods for monitoring the level of silicon homogeneity by the presence of microdefects in the
structure can be used in the production of large-diameter dislocation-free silicon, from which ultra-large circuits and
semiconductor devices are created.

The method of small-angle scattering of CO; laser radiation was used to determine silicide islands in the surface
layer of diffusely doped silicon with manganese, chromium and cobalt. The samples were made from p-type silicon of
the KDB-10 brand at a diffusion temperature of 1040-1100 °C for 20-120 minutes. The samples were hardened by cooling
at a rate of 100-120 °C/s with the ampoules being dropped into water. To identify silicide islands, five of the six sides of
the parallelepiped were polished to a depth of 50-100 um. On the remaining face, measurements were taken as a layer
3-5 pm thick was removed from the surface. Measurements showed that silicide inclusions with sizes of 8-20 microns are
formed in the near-surface layer. The determination of silicide inclusions by the small-angle scattering method is based
on light scattering caused by the deviation from the average value of the dielectric constant Ae for the crystal.
At A=10.6 um, the value of Ae for a charge carrier accumulation is three orders of magnitude greater than for a neutral
impurity accumulation with the same concentration. It is assumed that Ag for silicide islands is mainly due to holes.
Inhomogeneity such as impurity clouds scatters light at small diffraction angles 6~A/a, where a is the characteristic size
of the cloud. According to the Rayleigh-Gans theory [22], the scattered light flux per unit solid angle is determined by
the expression:

I=(0) =WCL|G|? (D

where: W is the initial light flux in the crystal, C is the concentration of scattering centers, L is the thickness of the sample,
G(0) is the integral over the volume of an individual inhomogeneity, the form of which depends on the polarization of
light.

The nature of the dependence of the intensity of small-angle scattering of laser radiation I (normalized to the power
of the incident beam and to the thickness of the sample) on the scattering angle 6 makes it possible to establish the radial
profile and size “a” of the silicide inclusion: the intensity lo extrapolated to 6 = 0 serves as a characteristic of the total
amount of electrically active impurity in silicide clouds.

RESULTS AND DISCUSSION

In Fig. 1. The dependence of the size of the silicide inclusion at three points of the crystal on the thickness of the
layer removed from the crystal surface is shown. It can be seen that the sizes of silicide inclusions decrease linearly deeper
into the crystal.

In Fig.2. The dependence of the concentration of silicide inclusions on the distance (into the crystal) is shown. From
Fig. It can be seen that on the surface of a crystal with a thickness of ~3 um, silicide inclusions are saturated, i.e. a
continuous film is formed. At depths from 3 to 30 um, the concentration of inclusions decreases smoothly.

It has been established that the concentration of silicide inclusions in the near-surface region of the crystal depends
on the type of substrate, the amount of diffusant, the diffusion temperature and the quenching rate.

The electrical properties of chromium disilicide were determined: band gap (0.29+0.02) eV, resistivity
1800 pOhm-cm, thermoEMF coefficient 180 pV/KI, Hall constant 1.2-10-2cm?/K1, hole concentration 6-10'° cm, charge
carrier mobility 18.6 cm?*/V-s, ZT = 0.25.

The experimental results obtained show that Cr, Mn, Co in silicon have increased reactivity: metal phases of
chromium, manganese and cobalt are not detected on the surface of the doped crystals. Mono- and di-higher metal silicides
are formed on the surface in the case of diffusion doping of silicon from the gas phase. The amorphous phase was observed
in the surface layer with a thickness of 3-10 um. At a depth of 10-50 um, various silicides were observed in different
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samples: for Si<Mn>, predominantly higher manganese silicide was observed, for Si<Cr> - chromium mono and
disilicides, and for Si<Co> - predominantly cobalt disilicide. When removing a layer from the surface of samples with a
thickness of more than 50 microns, silicides of the above metals were not detected.
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Figure 2. Dependence of the surface concentration of silicide
inclusions on the crystal depth

Figure 1. Dependence of the size of various silicide
inclusions on the crystal depth

The formation of cobalt silicides on polycrystalline silicon by direct implantation of metals was studied in the work
of M. Kozicki [23]. Co ions with an energy of 150-350 keV (at a dose of 7-10'° - 7-10'7 cm™) were implanted into single-
crystal silicon wafers. After implantation, the sample was annealed at a temperature of 950 °C for 10-20 s. The properties
of Si silicide layers were studied using Rutherford inverse scattering, X-ray diffractometry, and other methods.

A study of the kinetics of growth of the silicide phase along a cross section of samples in the case of annealing of
deposited manganese on silicon showed that the dependence of the thickness of the silicide layer (W) on the annealing
time (t) is parabolic (Fig. 3.). At lower values of't, this dependence is violated (Fig. 3, section AB), which is apparently
associated with limiting the reaction rate of silicide formation. The layers are formed in thickness proportional to the
square root of time (section BC). The thickness of the silicide layer W formed during time t is determined by the
expression

W = {[B- exp (- E,/kT1}t"/? 2

where B is a constant, E,, is the average activation energy of the growth process, k is Boltzmann’s constant, T is the
absolute temperature.

In the formation of the CoSi and Co,Si layer, the same t'/2 dependence of phase growth was also established. And
in the case of CrSi,, a linear dependence on time was discovered, suggesting interaction with a rate determined by the
state of the interface. The value of the diffusion coefficient D can be calculated from the slope of the time dependence
lines W.
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Figure 3. Dependence of the HCM layer thickness on annealing time.



369
Study of Silicide Formation in Large Diameter Monocrystalline Silicon EEJP. 2 (2024)

The activation energy of the phase formation process can be determined from the dependence of the diffusion
coefficient on the inverse temperature, i.e. according to Arrhenius plots [24]. The activation energies are 1.5 eV for CrSiy,
1.5 eV for CosSi, 1.9 eV for CoSi, and 1.4 eV for MnSi, 75s. Analysis of the results obtained shows that during the
formation of silicides, silicides rich in metal atoms are first formed, and then metal monosilicides, in the case of diffusion
doping of silicon from the gas phase. And in the case of metal-sputtered silicon, a metal silicide enriched with the latter
is formed at the interface between silicon and metal, after thermal annealing.

It should be noted that oxygen lines are observed in the spectrum during thermal annealing, which is the Me,O3
compound. Analysis of the results showed that the surface of the deposited metal during temperature annealing is covered
with a thin layer of Me,O3, which plays the role of a diffusion barrier for oxygen from the annealing atmosphere.

The formation of the annealing phase of silicides during thermal annealing obeys the rule of the formation of nuclei
at the metal-semiconductor interface. This rule is based on the postulate that initially the interface is a metal-glass with a
concentration close to the low-temperature eutectic. However, the experimental setup used is not able to show the
existence of such an intermediate layer in reality. There is no exact mechanism for the nucleation of metal silicides yet,
but it can be represented by the growth of metal grains and the diffusion of silicon atoms into a polycrystalline film of
chromium (or manganese, cobalt) mainly along the grain boundaries. This behavior of silicon was observed in the case
of iron-silicon interaction. Ryan et al. suggest that the growth of silicide when depositing pure metal on silicon creates
equilibrium conditions by lowering their interfacial energy.

Botha and Kritzinger [25] studied the diffusion mechanism in the formation of nickel, cobalt and platinum silicides
using traces of radioactive silicon. They created thin-film structures on Si(100) substrates using electron-beam heating.
Radioactive 3'Si (half-life 2.62 hours), obtained by irradiating pure natural Si in a nuclear reactor, was washed in organic
solvents, etched in a 10% solution of hydrogen fluoride, after which it was deposited on Si by evaporating the source.
Between layers of radioactive Si with thicknesses of 500 A and 700 A, layers of metal (Pt, Ni, Co) with thicknesses of
1000 A and 1600 A were deposited. After this, annealing was carried out at 10 Pa to form silicides. The profiles were
studied using layer-by-layer HF sputtering using Rutherford backscattering and Geiger-Muller methods. During the
growth of NiSi, diffusion of the metal was detected, while during the growth of CoSi and PtSi, predominantly Si diffuses.
The Co,Si transition occurs predominantly during Si diffusion along grain boundaries, while PtSi is formed from Pt,Si
both during Si diffusion at grain boundaries and through the vacancy diffusion mechanism. After nucleation, a reaction
of the form Me + 2Si — MeSi, occurs, occurring at the MeSi, — Me boundary.

The growth of silicides is limited by three factors:

1. The presence of surface silicon atoms;

2. Transfer of silicon atoms through an already formed MeSi, layer;

3. Reaction at the interface.

In the temperature range studied, an increase in the thickness of the MeSi, layer either leads to a decrease in the
growth rate or the second factor is limiting.

The lack of formation of metal silicides at temperatures below ~400 °C is explained by the increasing difficulty of
releasing silicon atoms from its covalent bond. At temperatures above ~400 °C, phonons can provide the necessary energy
to liberate a silicon atom.

Finally, when the growth temperature of the silicide decreases, the Si-MeSi, interface becomes rougher and
rougher, so that the exchange across the surface increases, which can explain the observed time dependence of t'? in the
case of the growth of manganese and cobalt silicides.

CONCLUSION
As a result of the scientific research, we came to the following important scientific conclusions:

1. Based on the study of surface morphology by electron and IR microscopy, the formation of impurity accumulations,
which represent the second phase on the surface of diffusion doped silicon with atoms of manganese, chromium and
cobalt, has been established. The sizes of the clusters were determined, reaching up to 30-40 um on the surface and
decreasing deeper into the crystal. Qualitative and quantitative analysis showed that atoms of the doped atom and
silicon are present on the surface of the crystals under study. Some crystals exhibit a granular structure, which is
explained by the diffusion condition.

2. By studying the kinetics of growth of the silicide phase along a cross section of samples, it was shown that during
the formation of silicides CoSi, Co,Si, CoSi,, MnSi, MnSi, 75, MnSi,, there is a quadratic dependence of the layer
thickness on the annealing time, and for silicides CrSi and CrSi, there is a linear dependence. The activation energies
of phase formation for the studied silicides were determined and are 1.4-1.9 eV.

3. It has been shown that the formation of silicide nuclei at the silicon-metal interface begins with the decomposition
of silicon atoms at the grain boundaries of the deposited metal layer. In this case, metal disilicides are formed. It has
also been shown that the formation of Cr, Mn, Co silicides occurs at temperatures above 400°C.

4. Using the method of small-angle CO; laser scattering, the formation of silicide inclusions with dimensions of
8+20 um in the near-surface region with a thickness of 3+40 pum in samples of diffusion-doped silicon with
manganese, chromium and cobalt was established. The determination of such inclusions is based on the deviation of
their dielectric constant from the average value for the crystal.
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5. The dependence of the size of silicide inclusions and their concentration on the thickness of the removed layer (depth
profile) was studied. A decrease in the size of silicide inclusions with depth of the crystal has been established, which
makes it possible to study the dynamics of growth of the silicide layer.
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Jlns mOCHi/KeHHST YTBOPEHHS CHJIIIM/IB BUKOPHCTOBYBAJIM OC3IMCIIOKAIIHI 3MTKA MOHOKPHCTAIIYHOTO KPEMHIIO JiaMeTpOM
65+110 mm, BupouieHi MetogoM Yoxpasbepkoro. IIpu OCHTIKEHHI TaKMX 3pa3KiB KPEMHII0 METOIOM eJIEKTPOHHOI MiKPOCKOIII,
MaJIOKyTOBOTO po3citoBanHsl BurpominioBanHs CO2-masepa BHSBICHO TpU TUNM AC(EKTIB: 3aBUXPEHi Ae(BEKTH, IOMIIIKOBI
MIKPOBKJIFOYCHHS Ta JOMIMIKOBI XMapH. [loka3aHo, II0 B MPHUIIOBEPXHEBOMY IIApi JIETOBAHOTO KPEMHIIO YTBOPIOIOTHCS CHITILUAHI
BKIIOUCHHS po3MipoMm 8-20 MKM, sKi JHIHHO 3MEHIIYIOTBCS BIIHO KpHCTana. Bu3HAYeHO ENEeKTpHYHI HapameTpu
HAaIiBIPOBIHAKOBOTO CHIINUAY XpoMy: muromui omip 1800 MxOwm-cMm, koedimienr tepmMoEPC 180 mxB/kx, crama Xomra
1,2:102 ¢m*/Ku1, koruenTparis aipok 6-10'° cm, pyxnusicts HOCiiB 3apsay 18,6 cM?/B. *s, mupuna 3a6oponenoi 3ouu (0,29+0,02) eB.
KirouoBi cuioBa: 0Oesducnoxayiiinuii;, mpasnenus; OeQekmu; 3a6UXPEHHA, 2eMepOSeHHICIb, POZUUHEHHA, HAOBENUKI CXeMil;
3MiYHEHHs; KAIOUEHHSA, eKCMPanonayisl
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In the fabrication of 3D p-n junctions, doping or surface modification caused by ion injection changes the electrical properties and
crystal structure of the semiconductor. In addition, as the size of the semiconductor device decreases, various quantum effects are
gradually appearing in them. This shows that the scope of application of classical device theory is now limited. In recent years, two-
dimensional (2D) materials with amazing atomically fine properties have attracted great interest. The electrostatic field properties of
some 2D p-n junctions, such as WS2, MoSz, MoSe2, WSez, and black phosphorus (BP), open the door to new possibilities for
semiconductors. Changes in the diffusion capacitances and differential conductance’s of 2D p-n junctions under the influence of an
microwave field, and the diffusion capacitances and differential conductance’s of 2D and 3D p-n junctions the change of
conductivities under the influence of microwave field is compared.

Keywords: p-n-junction; Diffusion capacitance, Differential conductance; Microwave field; 2D dimensional materials

PACS: 85.30. Kk

INTRODUCTION

p-n-junction rectifiers consisting of two types of semiconductors [1], photodetectors [1-5], photovoltaics [6-10],
and light-emitting diodes [11-12] are the basis of electronic and optoelectronic devices. In the fabrication of 3D
p-n junctions, doping or surface modification caused by ion injection changes the electrical properties and crystal
structure of the semiconductor. In addition, as the size of the semiconductor device decreases, various quantum effects
are gradually appearing in them. This shows that the scope of application of classical device theory is now limited.

In recent years, two-dimensional (2D) materials with amazing atomically fine properties have attracted great
interest. The electrostatic field properties of some 2D p-n junctions, such as WS2, MoS,, MoSe,, WSe,, and black
phosphorus (BP), open the door to new possibilities for semiconductors [9,13-18]. Using light as an external field to
diodes provides many additional advantages. For example, light can be sent from a distance. This is of great importance
for modern integrated optoelectronic connection circuits that are precisely controlled, fast switching and consume very
little energy [19-25].

In [26], the Poisson equation for a 2D p-n junction is combined with the drift-diffusion and continuity equations
and the Shockley equation for an ideal current-voltage characteristics is proposed. Fig. 1 shows the geometric scheme of
a 2D p-n junction. This structure is formed by the combination of p and n types at x=0 and lies in z=0 plane, the
structure along the y axis is large enough, so the effect of this direction on the properties is considered.

Dielectric z

Figure 1. Geometric scheme of 2D p-n junction [26]

Fig. 2 shows the quasi-Fermi levels and energy states obtained in the authors' numerical model for the physical
structure of a 2D p-n junction in thermodynamic equilibrium. At equilibrium, ¢ increases through the filling layer,
while at nonequilibrium, ¢ decreases or increases depending on the direction of the voltage.

In addition, in this work, the recombination and generation processes in the effective depletion layer (EDL) are
significantly deviated from the ideal, and the capacitances and conductance of the 2D p-n junction are considered. The
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barrier and diffusion capacities for the structure in the non-equilibrium state were analyzed. The barrier capacity was
calculated by the following expression:

2re
C =9 1
iy Q)
Diffusion capacity calculated by this expression:
2gn,(L, +L,)exp (q(])
C, = KT #)
v 2kT '

Using these expressions, capacitance plots are presented based on the authors' numerical model for a silicon-based
3D p-n junction and a 2D monolayer MoS,.
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Figure 2. Zone diagram of 2D p-n junction in thermodynamic equilibrium state (a); in the reverse direction (b) and in the forward
direction (c) [26]
However, in the above-mentioned studies, the changes of diffusion capacities and differential conductivities of
2D p-n junctions due to external influences have not been sufficiently studied, and the differences between 3D and
2D p-n junctions’ graphs of changes of diffusion capacities and differential conductivities as a result of external

influences are not compared.
The purpose of the work is to analyze the change of diffusion capacities and differential conductivities of 2D and

3D p-n junctions as a result of external influences.

COMPARISON OF 2D AND 3D p-n JUNCTION DIFFERENTIAL CONDUCTANCE
The differential conductivity of a p-n junction in 3D size is determined by the following relation [27]:

el eU
G=— i 3
kT eXp(ij )

Differential conductance of p-n junction in 2D size using the expressions presented in the work [27], we get the
following formula:

n’ (D, D U
G=-| 22 lexp(L), 4)
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From the expressions (3) and (4), 2D and 3D p-n junction differential conductivities were compared (Fig. 3).
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Figure 3. Rate dependence of p-n junction differential conductance in 2D and 3D dimensions

Fig. 3 shows the voltage dependence of the differential conductance of a 2D and 3D p-n junction. The obtained
results show that the differential conductance of the 3D p-n junction is smaller than the differential conductance of the
2D p-n junction. This shows that the 2D p-n junction is more efficient than the 3D p-n junction.

Electrons and holes in a 3D p-n junction are not heated under the influence of a weak microwave field, and if
only the perturbation of the potential barrier height is taken into account, we have the following expression for the
differential conductance of the p-n junction [28]:

J AU
G=2re W )

We have the following expression for the differential conductance of a 2D-sized p-n junction under the influence

of a weak microwave field:
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n

Using expressions (5) and (6), it is possible to compare the differential conductivities of 2D and 3D p-n junctions
located in a weak microwave field (Fig. 4).
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Figure 4. Dependence of applied voltage of the differential conductance of 2D and 3D p-n junctions located in a weak microwave field
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Fig. 4 shows the voltage dependence of the differential conductance of a 2D and 3D p-n junction located in a weak
microwave field. The obtained results show that the 3D p-n junction differential conductance located in the microwave
is smaller than the 2D p-n junction differential conductance. This shows that a 2D p-n-junction located in a weak
microwave field is more efficient than a 3D p-n-junction.

We have the following expression for the differential conductance of a 3D-dimensional p-n junction under the
influence of a strong microwave field:

e(gy-U-U2) egy)

Gy U-U1) ety -1
G _ k_T ze{ kT, er] +k_T ie[ KTy kT ) (7)
el \T, el, \IT, '

We have a differential expression for the differential conductance of a 2D-sized p-n junction under the influence
of a strong microwave field:
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Using expressions (7) and (8), it is possible to compare the differential conductivities of 2D and 3D p-n junctions
located in a strong UHF field (Fig. 5).
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Figure 5. Dependence of differential conductance of 2D and 3D p-n junctions located in a strong microwave field on applied voltage

Figure 5 shows Dependence of differential conductance of 2D and 3D p-n junctions located in a strong microwave
field on applied voltage. The obtained results show that the differential conductance of a 3D-sized p-n junction located
in a strong microwave field is small compared to the differential conductance of a 2D-sized p-n junction. This shows
that the 2D p-n junction located in a strong microwave field is more efficient than the 3D p-n junction.

Using the expressions (4), (6) and (8), the variation of the 2D p-n junction differential conductance without the
influence of the microwave field, under the influence of the weak and strong UHF field is shown in Fig. 6.
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Figure 6. Variation of the differential conductance of a 2D p-n junction under the influence of a strong microwave field



376
EEJP. 2 (2024) Muhammadjon G. Dadamirzaev, et al.

From the obtained results, it can be seen that the differential conductance of the 2D-sized p-n junction increases
under the influence of a strong microwave field.

COMPARISON OF DIFFUSION CAPACITIES OF 2D AND 3D p-n JUNCTIONS
For 3D-dimensional p-n junction diffusion capacitance [28]
eU

J Y

using the expression, its graph on a logarithmic scale can be obtained (Fig. 7).
The diffusion capacity of a 2D p-n junction is determined by the following relation [27]:

2.2
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C:Mexp(ﬂ)_ (10)
2kTN, kT

The graph of expressions (10) and (11) on a logarithmic scale is shown in Figure 8.
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Figure 7. Voltage dependence of the diffusion capacitance for a Figure 8. Voltage dependence of diffusion capacity for 2D
3D p-n junction monolayer SL MoS:

We compare the diffusion capacities of p-n junctions in 3D and 2D sizes from a theoretical point of view (Fig. 10).
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Figure 9. Comparison of barrier and diffusion capacities for Figure 10. Voltage dependence of p-n junction diffusion
silicon-based 3D p-n junction and 2D monolayer MoS: [26] capacitance in 3D and 2D dimensions

As can be seen from Figures 9 and 10, the theoretical calculations and experimental results show that the diffusion
capacity for 2D monolayer SL MoS; is larger than the 3D Si diffusion capacity.
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Electrons and holes in a 3D p-n junction are not heated under the influence of a weak microwave field, and we
have an expression for the diffusion capacity of a p-n junction when only the perturbation of the potential barrier is
obtained [29]:

I 7e(U+U,—47))
c=SLle (n
2kT

2D single-layer S MoS, diffusion capacitance, assuming equal electron and hole lifespan when the potential
barrier height is perturbed, that is, considering that 7, =7, =7, we have the following expression for the diffusion

capacity of a 2D monolayer SL MoS;:

C:M[&JF&JW{MJ _ (12)
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n

Using the expression (11) and (12), it is possible to obtain a graph of the applied voltage dependence of the 2D and
3D p-n junction diffusion capacitances located in a weak microwave field (Fig. 11).
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Figure 11. Dependence of the applied voltage of the 2D and 3D p-n junction diffusion capacitance located in a weak microwave field

As can be seen in Fig. 11, the theoretical calculations show that the diffusion capacity for 2D single-layer SL
MoS: in the weak microwave field is greater than the 3D Si diffusion capacity.

We have the following expression for the differential conductance of a 3D-dimensional p-n junction under the
influence of a strong microwave field:

(h-U-U) eq, e(=U,=U) ety
C_{[kle T, kT}_i_[kLh\/TTh . M krDll, (13)

e’Dn, eD,p, 2

Electrons and holes in a 2D p-n junction are heated under the influence of a strong microwave field, taking into
account the perturbation of the potential barrier height, the lifespan of electrons and holes are equal, that is, considering
that 7, =7, =7 , in 2D size we have the following expression for the diffusion capacity of monolayer SL MoS;:
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Using the expression (13) and (14), it is possible to obtain a graph of the applied voltage dependence of the
diffusion capacity of a single-layer SL MoS, in 2D and 3D dimensions located in a strong microwave field (Fig. 12).

It can be seen from Fig. 12 that the diffusion capacity for 2D monolayer SL MoS, located in a strong microwave
field is greater than the 3D Si diffusion capacity.

Using the expressions (10), (12) and (14), the variation of the 2D p-n junction diffusion capacitance under the
influence of the microwave field is shown in Fig. 13.

The obtained results show that the 2D p-n junction diffusion capacity increases under the influence of a strong
microwave field.
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Figure 12. Dependence of the applied voltage of the 2D and 3D Figure 13. Voltage dependence of the diffusion capacity for a
p-n junction diffusion capacitance located in a strong microwave field 2D single-layer SL MoS: in a strong microwave field

CONCLUSIONS

—  The differential conductance of a 3D p-n junction is smaller than the differential conductance of a 2D p-n junction.

—  The differential conductance of a 3D-dimensional p-n junction located in a weak and strong microwave field is
small compared to the differential conductance of a 2D-dimensional p-n-junction. This shows that the 2D
p-n junction located in weak and strong microwave field is more efficient than the 3D p-n junction.

—  Theoretical calculations show that the diffusion capacity for 2D single-layer S MoS, in both weak and strong
microwave fields is greater than that of Si in 3D.

—  The differential conductance and diffusion capacity of the 2D-sized p-n junction also increase under the influence
of a strong microwave field.
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MOPIBHAHHS TUPEPEHIIAJILHOI TPOBIJTHOCTI TA TU®Y3IITHOI EMHOCTI 2D I 3D P-N IEPEXOIY
Myxamankon I'. lanamip3aes, Mamypa O. Kocumona, C.P. Boiinenaes, Azamar C. Maxmynos
Hamaneancokuil inoicenepno-oyoisenvnutl incmumym, Hamanean 160103, YVzoexucman
[lixg wac BUTOTOBICHHS TPUBHMIPHUX P-N-TIEPEXOJIB JIeTyBaHHS a00 MOIUQiKalis MOBEPXHi, BUKIMKAHA iH €KIIE€I0 10HIB, 3MIHIOE
CJICKTPUYHI BJIACTHBOCTI Ta KPHCTATIYHY CTPYKTypy HamiBmpoBimHuka. KpiM Toro, y Mipy 3MEHIICHHS pO3MipiB
HaIiBIPOBIAHUKOBOTO IIPUJIASy B HUX ITOCTYIIOBO BUHHKAIOTH Pi3HOMaHITHI KBaHTOBI edekTH. Lle mokasye, 1mo cdepa 3acTocyBaHHS
KJIaCHYHOI Teopii MpHUCTpoiB 3apa3 oOMexeHa. OCTaHHIMM POKaMH BEJIMKHH IHTEpPeC BUKIIMKAIOTH ABOBHUMIipHI (2D) marepiamn 3
JMBOBI)KHMMH aTOMapHO TOHKMMH BJIACTHBOCTSIMH. BIIaCTHMBOCTI €JIEKTPOCTATHYHOrO TOJIsl AesKUX 2D p-n-repexoiiB, Takux SK
WS2, MoS2, MoSe2, WSe2 i gopuuii dochop (BP), BimkpuBaroTh aBepi i HOBUX MOKJIMBOCTEH [UIS HAMiBIPOBIAHUKIB.
TopiBusiHO 3MiHK auy3iiiHOT eMHOCTI Ta AM(epeHIianbHOT IPOBIAHOCTI IBOBUMIPHHUX p-n-niepexoxis mij BiuimBom HBU-nons ta

Iudy3IHIX eMHOCTEH 1 AudepeHIiaabHOT TPOBIAHOCTI IBOBUMIPHUX Ta TPUBUMIPHUX P-n-riepexoiB mija BrtuBoM HBY-moss.
KurouoBi cioBa: p-n-nepexio,; ougysitina emuicms,; oughepenyianvha npogioHicms, MiKpoOXeUibose noje; 0808UMIPHI Mamepiaiu
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In this work, the influence of alpha particles, protons and gamma rays on the crystal structure and structural characteristics of n-type
silicon (n-Si) single crystals was studied using X-ray diffraction. N-type silicon (KEF-40) was used for the study. The samples were
irradiated with protons with a dose of 9x10'* cm™ with an energy of 600 keV and a current of 1+1.5 pA, irradiated with alpha particles
with a dose of 6x10'* cm™? with an energy of 800 keV and a current of 0.5+1 pA and y— ®°Co quanta with a flux intensity
of ~ 3.2x10'2 quantum/cm?-s. Based on the results of X-ray diffraction analysis, it was established that distortions, vacancies and
amorphization of lattice parameters that arose after irradiation lead to an increase in lattice parameters.

Key words: Monocrystal; Silicon; Irradiation; Alpha particles; Proton; Gamma quantum,; X-ray diffraction

PACS: 78.30.Am

INTRODUCTION

In recent years, scientists around the world have paid great attention to research into the electrical properties and
structure of semiconductors. Because the basis of modern microelectronics is semiconductor materials and various device
structures based on them. Today, in the context of the rapid development of technology and technology, the creation
of sensitive and resistant to external influences devices with wide application possibilities and completely new
semiconductor materials that can serve as the basis for them is considered one of the urgent tasks [1-3].

In the technological processes of manufacturing semiconductor devices, semiconductor materials are subjected to
various mechanical, thermal, and radiation influences. These effects, in turn, can lead to a noticeable change in the initial
parameters of semiconductor materials [4,5].

Irradiation of silicon with protons and alpha particles leads to the formation of primary point radiation defects in the
crystal — vacancies and associated interstitial silicon atoms (Frenkel pairs), which are generated along the ion path as
a result of the development of cascades of collisions of ions with atoms of the crystal lattice. During irradiation at room
temperature, especially created pairs of Frenkel disappears as a result of reciprocal annihilation, and the isolated
components of the pairs, in the process of their movement, cooperate with each other and with impurity atoms of the
crystal, creating more complex and stable secondary radiation defects. Secondary defects are subsequently transformed,
for example, when exposed to temperature, complex complexes can decompose into components [6-7].

The main aim of this work is to investigate the effect of various types of radiation on changes in the crystal structure
and structural characteristics of n-type silicon single crystals using X-ray diffraction.

As is known [8], X-ray analysis is based on the Wulff-Bragg equation, which relates the interplanar distance (d),
angle of incidence of X-rays (0) and wavelength (1):

A=2dsin0. (D

The main advantages of X-ray diffraction analysis are that the solid body itself is examined in an unchanged state
and the result of the analysis is the direct determination of the substance or its components. X-rays examine the crystal,
just the connection itself. Moreover, in the case of polymorphic bodies, X-rays make it possible to distinguish individual
modifications characteristic of a given substance. To study a substance, a very small amount is required, which is not
destroyed during the analytical operation [9,10]. A crystalline substance of a certain chemical composition as a result of
any physical impact (mechanical, thermal) can greatly change its properties. For the most part, this is due to a change in
the crystal structure (phase transformation) or distortion of this structure under the influence of external forces or internal
stresses. Diffraction methods make it possible to detect the slightest changes in the state of the atomic lattice of a crystal
that are not detected by other methods.
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EXPERIMENTAL PART

For the experiments, n-type silicon (KEF-40) was used, grown by the Czochralski method. The resistivity of these
samples is 40 Ohm cm. The concentration of phosphorus dopant in the original n-Si single crystals was
7.3x1013+7.1x10" cm.

These samples were first divided into group 3 and irradiated with alpha particles, protons and gamma rays. Samples
of the first group were irradiated with alpha particles with an energy of 800 keV, a current of 1+1.5 pA and a dose
of 6.0x10'* cm™2. The samples were irradiated using the EG-5 electrostatic accelerator in the FLNP, JINR.

Samples of the second group were irradiated with protons with an energy of 600 keV at a current of 1+1.5 pA with
a dose of 9x10'* cm™. The samples were irradiated using the SOKOL EG-2 electrostatic accelerator at the Research
Institute of Semiconductor Physics and Microelectronics. The samples of the third group were irradiated at room
temperature with ®°Co y quanta with a flux intensity of ~ 3.2x10'> quantum/cm? -s.

Investigating of n-Si samples before and after irradiation with various types of radiation source were carried out on
X-ray diffractometer with a Miniflex 300/600 goniometer and a D/teX Ultra2 detector. CuKal radiation was used,
wavelength A = 1.541 A, with an accelerating 15 mA current and 40 keV voltage on the X-ray tube. Diffraction
measurements were carried out in the Bragg—Brentano beam geometry in the 26 range from 5° to 60° continuously with
a scanning speed of 10 degrees/min and an angular step of 0.02°.

RESULTS AND DISCUSSIONS

The influence of various radioactive methods on the structural properties of Si mono crystal was investigated. To
investigate the effect of radioactivity on the structural properties of single crystals after irradiation the analysis was carried
out using the X-ray method. As a result of research, it has been seen that the change of crystal lattice parameters was
basically the same. Change of characteristics was studied by the Rietveld method [11], Table 1. The measurements of the
material used in the experiment before and after irradiation are shown [12]. It was revealed that, after irradiation, an
increase in the value of the dimensions of the lattice constant is observed. The largest jump occurred after proton
irradiation.

Table 1. Crystal lattice parameter values determined by the Rietveld method

Name Type of Space group a(A) V (A)? Reliability Factors
radiation

Si initial Fd-3m 5.42989 (8) 160.093 (4) Rp: 9.4 Bragg: 10.2
Rf: 15.0

Si alpha Fd-3m 5.43184 (10) 160.266 (5) Rp: 10.1 Bragg: 11.0
Rf: 15.1

Si gamma Fd-3m 5.43368 (10) 160.429 (5) Rp: 10.2 Bragg: 11.0
Rf: 15.0

Si proton Fd-3m 5.43636 (14) 160.666 (7) Rp: 10.4 Bragg: 11.2
Rf: 15.3

After refining with the FullProf program, it was found that the diffraction peak is (7/1) indexed. In the initial state
of the sample, the diffraction peak itself is at an angle of 20=28.4473° has shown (Fig. 1). Depending on the type of effect
after alpha, gamma and proton radiation, the lattice of the crystal 4a, =0.00195°, Aa, = 0.00379° and 4da, =0.00647°
changes in parameter 20 to 28.4270°, 28.4368° and 28.4127° respectively caused a shift to the left. In Fig. 2. The shift is
clearly observed.
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Figure 1. Pre-irradiation X-ray spectrum of a Si mono-crystal

In order to see how the lattice parameters in the crystals change depending on the type of irradiation, the ratio of the
lattice parameters before and after the irradiation was looked at. Increasing the value of the lattice parameters shows
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a sharper change in the volume V/V). It can be said with certainty that after exposure to radiation, the process
of amorphization and defect formation in the crystal structure increased dramatically. Since the amount of distribution
of such disorders throughout the crystal increased after irradiation, it led to an increase in the value of the lattice volume
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Figure 2. Shift of X-ray diffraction peaks after different types of radioactive effects

It can also be clearly seen that the changes caused by defects and lattice distortions after proton irradiation had the
greatest effect on the values of the lattice parameters, and the smallest in alpha irradiation in Fig. 3.
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Figure 3. Characteristics of changes in lattice parameters after different types of irradiations

The crystal had a very long ordered structure before irradiation. After irradiation, this regularity decreased
dramatically. By the method of integration of diffraction peaks (similarly as in this articles [13,14]), it was determined
how much this change changes in which radiation. Calculations show that after alpha, gamma and proton irradiation, the
long-range order in the crystal is reduced by 98.09%, 97.17%, and 97.92%, respectively. This is due to the inability of the
crystal to maintain its regular structure after irradiation.

The authors [15] work with alpha-irradiated silicon monocrystalline samples with energy of 5.4 MeV. They wrote
that when studying irradiated silicon samples, the presence of thin amorphized layers was observed near the surface of the
samples. Irradiation of silicon with alpha particles with an energy of 5.4 MeV with doses in the range from
4x10'° to 8x10!! particles/cm? can lead to the development in the near-surface region of a compensating layer caused by
excess concentrations of A-centers and complexes based on vacancies, including divacancies.

In [16], using high-resolution X-ray diffraction analysis, the transformation of radiation defects in n-type silicon
crystals irradiated with protons was studied. It was shown that the proton-irradiation of silicon structures with energy
of 100, 200 or 300 keV respectively with a dose of 2 x 10'® cm™ causes the creation of a amorphous layer 2.4 pm thick
with a large crystal parameters. The layer is formed at the same time with the congestion of its own radiation defects,
such as vacancies and interstitial ones.

From those results [15, 16], it can be assumed that irradiation of a silicon single crystal with various types of radiation
leads to the formation of radiation defects, the creation of amorphous layers and the deterioration of the crystalline
structure of silicon samples.

CONCLUSION

The response of the Si crystal to all applied radioactive influences was similar regardless of the type of irradiation.
From the results of the X-ray diffraction experiment, it was found that the distortions, vacancies and amorphization that
occurred after the irradiation of the lattice parameters led to an increase in the lattice parameters. After the theoretical
calculations, it was found that the increase of the lattice parameters of the crystal is up to 0.12% after proton irradiation.
Disruption of the long-range regularity of the lattice due to the influence of radiation shows itself in different values
depending on the type of radiation. The results show that the long order of the crystal is destroyed by more than 98 %
under the influence of alpha rays. From this, we can conclude that the main reason for the increase in the size of the lattice
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is the vacancies created by different types of effects, and it is assumed that as the duration of the effect changes during
irradiation, these vacancies are grouped and covered in a cluster shape.
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BILINB PI3HUX BUAIB BUTITPOMIHIOBAHHS HA KPUCTAJITYHY CTPYKTYPY
MOHOKPUCTAJIIB KPEMHIIO n-Si
Ilapida b. Yramypanora?, linmypon A. Paxmanos?, Adgcyn C. Adies?*d
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VY wmiit po6OTi METOIOM pPEHTIeHiBCHKOI MUMPAKIii JOCTIPKCHO BIUIMB aib(a-4acTHHOK, MPOTOHIB i raMMa-BHIIPOMIHIOBAHHS Ha
KPHUCTAIIYHY CTPYKTYPY Ta CTPYKTYpPHI XapaKTePUCTUKU MOHOKPHCTAIB KpeMHito n-Tumy (n-Si). st OCIiKeHHsI BAKOPUCTOBYBAJIN
kpemuiiit N-tuny (KEF-40). 3pa3ku onpomiHoBaau npoToHamu 103010 9x1014 cm? 3 enepriero 600 keB i cunoro crpymy 11,5 MKA,
onpomiHoBaIK aib(a-yacTuHKamMu 103010 6x10' cm? 3 enepricro 800 keB i crpymom 0,5+1 MkA Ta xBanmtamm y— “Co 3
iHTEHCHUBHICTIO OTOKY ~ 3,2x10'2 kBanT/CM?-C. 3a PE3y/IbTaTAMU PEHTIEHOCTPYKTYPHOTO aHANIi3y BCTAHOBJIEHO, 110 CIIOTBOPEHHS AKi
BHUHUKJII TTiCTIS] OIPOMiHEHHSI, BaKaHcii Ta amop@izaliis mapaMeTpiB IpaTKu MPU3BOAATH 10 30UTBIICHHS ApaMeTpiB IPATKH.
Ku1104o0Bi ci10Ba: MoHOKpucman; KpemHiil; OnpoMiHeHHs, anb@a-uacmuHKy, NPOMOH, 2AMMA-KEAHM, PEHM2EHIBCbKA OUPPaKyis





