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ELECTROPHYSICAL PROPERTIES OF NB THIN FILMS DEPOSITED ON THERMALLY OXIDIZED
Si0,/SI1(111) SUBSTRATES BY DC AND RF MAGNETRON SPUTTERING
Abstract; In this study, the electrophysical properties of niobium (Nb) thin films deposited on thermally oxidized SiO,/Si(111)
substrates by DC and RF magnetron sputtering were investigated. The crystal structure of the deposited films was characterized by X-
ray diffraction (XRD), while their electrophysical parameters were determined using the Van der Pauw method with an HMS-5000
Hall Effect Measurement System. The current—voltage (I-V) characteristics, electrical conductivity, electrical resistivity, and the
temperature dependence of charge carrier mobility were comparatively analyzed. The experimental results demonstrated that the
magnetron sputtering mode has a significant influence on the electrophysical properties of Nb thin films. XRD analysis confirmed a
higher degree of crystallinity in the films deposited by the RF magnetron sputtering mode. Hall effect measurements further revealed
that the RF-deposited films exhibited higher electrical conductivity and charge carrier mobility, together with lower electrical resistivity,
compared with those prepared by the DC mode. These findings indicate that RF magnetron sputtering is a more effective deposition
mode for producing Nb thin films with improved electrophysical properties.
Keywords: niobium, Nb thin films, SiO,/Si(111) substrate, DC magnetron sputtering, RF magnetron sputtering, Hall effect,
Van der Pauw method, electrical conductivity, electrical resistivity, charge carrier mobility.

DC VA RF MAGNETRON CHANGLATISH USULLARIDA TERMIK OKSIDLANGAN SiO,/S1(111)
TAGLIKLARDA OLINGAN NB YUPQA PLYONKALARINING ELEKTROFIZIK XOSSALARI
Annotatsiya; Ushbu ishda termik oksidlangan SiO,/Si(111) tagliklarda magnetron changlatish qurilmasining DC va RF
rejimlarida olingan niobiy (Nb) yupga plyonkalarining elektrofizik xossalari tadqiq qilindi. Namunalarning kristall tuzilishi rentgen
difraksiyasi (XRD) usuli yordamida baholandi, elektrofizik parametrlari esa Hall effekti asosidagi HMS-5000 qurilmasi yordamida Van
der Pau usuli yordamida aniglandi. Tok—kuchlanish (I-V) xarakteristikalari, elektr o* tkazuvchanlik, solishtirma elektr qarshilik hamda
zaryad tashuvchilar harakatchanligining temperaturaga bog‘ ligligi qiyosiy ravishda tahlil gilindi. Tadgiqot natijalari magnetron
changlatish rejimi Nb yupqa plyonkalarining elektr xossalariga sezilarli ta’sir ko‘ rsatishini ko* rsatdi. XRD tahlili RF rejimida
olingan plyonkalarning kristallanish darajasi yuqoriroq ekanligini tasdigladi. Hall effekti o* Ichovlari esa RF magnetron changlatish
usulida tayyorlangan namunalarda elektr o* tkazuvchanlik va zaryad tashuvchilar harakatchanligi ortishi, solishtirma elektr qarshilik
esa kamayishini ko* rsatdi. Olingan natijalar RF magnetron changlatish usuli elektrofizik parametrlari yaxshilangan Nb yupqa
plyonkalarini olish uchun samaraliroq texnologik rejim ekanligini tasdiglaydi.
Kalit so* zlar: niobiy, Nb yupqa plyonkalari, SiO./Si(111) taglik, DC magnetron changlatish, RF magnetron changlatish, Hall
effekti, Van der Pau usuli, elektr o* tkazuvchanlik, solishtirma elektr garshilik, zaryad tashuvchilar harakatchanligi.

DAEKTPOPUBNYECKUE CBOVMICTBA TOHKUX IIIEHOK Nb, TIOAYYEHHBIX HA TEPMUYECKU

OKMCAEHHBIX ITOAA0KKAX SiO./Si(111) METOA4AMMI DC I RF MATHETPOHHOT O PACIIBIZIEHNSI
Annomayus; B darnoil pabome uccaedosarvl IreKmpodusuieckue c6oticmea monkux naenox Huobus (Nb), noryuentorx na
mepmuieckyu oxucaernvix nooroxxax SiO,/Si(111) memodamu DC u RF maznempontozo pacnvirenus. Kpucmarruuecxas
cmpykmypa o00pasuos Oviaa uccredosana memodom penmeerosckoi dudpaxuuu (XRD), a arexkmpodusuveckue napamempul
onpedereriot memodom Ban dep Ilay c ucnorvsosanuem ycmarosxu HMS-5000 daa usmeperus adpgexma Xoara. Ilposeden
CPAGHUMEAbHDLE AHAAUS 60Abm-aMnepHux (I-V) xapaxmepucmux, arexmpuueckoil nposooUMOoc, YOeAbHO0 IAeKMPU1EcKoz0
CONPOMUGACHUS, A MAKXKe 3A6UCUMOCTIU NOJSUXKHOCHU HOCUMeAell 3apada om memnepamypol. Pesyrvmamuvl uccaedosanus
NOKA3AAU, YN0 PEXUM MAZHEMPOHHOZ0 PACNBIACHUS 0KASLIEAEN CYU,eCBeHHO0e GAULHIE HA AAEKMIPUUECKUE CO0TCIEA MOHKUX
naerox Nb. Penmzenodudpaxuyuonnuiii anaius nodmeepour 0oAee 6bICOKYI0 CHIENeHb KPUCHAAAUNHOCIY NAEHOK, NOAYUeHHDIX
memodom RF maznempornozo pacnvirenus. Msmepenus appexma Xoara noxasaru, umo o0pasyvl, noAyuerroe memodom RF

=51 -


mailto:N.Z.Sayfullaeva@Mail.Ru
mailto:N.Z.Sayfullaeva@Mail.Ru

NamDU Ilmiy Axborotnomasi 2026-8-son 01.00.00-Fizika-Matematika fanlari
MAZHEMPOHHO20 PACBIACHUS, XAPAKMEPU3Ytomces Ooree 6bIcOKOT AACKHPULECKOLl NPOGOOUMOCIIbIO U NOOGUXHOCHIBIO HOCUMEALT
3apa0a, a MmakxKe MeHObULUM YOCADHVIM IACKMPUHECKUM CONPOMUBACHUEM 1O CPAGHEHUIO ¢ 00paSUAMU, NOAYUEHHDIMU MEMOJOM
DC mazrempotiriozo pacnvirerus. Iloayuentivie pesyrvmamot nodmeepsoatom, umo RF mazremporitoe pacnvirerue s6Aaemcs ooaee
2PPeKMUSHBIM MEXHOAOZUUECKUM PEXUMOM OASL NOAYHEHUA MOHKUX nAenok Nb ¢ yAyuueHHOoIMU dAeKMPpoPusU1ecKumu
C60UCMEAMU.

Katoueevie croea: nuobuii, monxue naenxu Nb, nodroxxa SiO./Si(111), DC wmaznempornoe pacnviretiue, RE
Mmaziemponioe pacnvirerue, apdexm Xoara, memod Ban dep Ilay, arexmpuueckas nposoouMochv, YOeAbHOe dAeKMpuveckoe
conpomusAetue, NodGUXHOCHb HoCUmeAetl 3apsoa.

Introduction

Niobium (Nb) is one of the refractory metals distinguished by its high melting point, low electrical resistivity, high
electrical conductivity, chemical stability, and superconducting properties. Owing to these characteristics, Nb thin films
are widely used in microelectronics, cryogenic electronics, quantum devices, Josephson junctions, high-frequency
resonators, superconducting detectors, and vacuum electronics [1-3].

In recent years, increasing attention has been paid to Nb-based thin films. This is primarily due to the strong
dependence of their electrophysical properties, including electrical conductivity, electrical resistivity, and charge carrier
mobility, on the crystal structure, crystallite boundaries, internal stresses, and structural defects [4-6]. Therefore, controlling
the electrophysical parameters of Nb thin films is of great scientific and practical importance for the development of high-
performance functional electronic devices.

Among the various techniques for fabricating Nb thin films, physical vapor deposition (PVD), particularly DC and
RF magnetron sputtering, is one of the most widely used methods. These technologies enable the deposition of high-purity
thin films with excellent adhesion and controllable thickness. However, the operating mode of the magnetron significantly
influences plasma density, ion energy, and the surface diffusion of adatoms. Consequently, the degree of crystallization,
crystallite size, structural defect density, and electrical properties of the deposited films may change considerably [7-10].

A review of the literature shows that numerous studies have been devoted to the crystal structure, surface
morphology, and mechanical properties of Nb thin films. However, comparative investigations of the electrical parameters
determined by the Hall effect for Nb thin films deposited on thermally oxidized SiO,/Si(111) substrates under DC and RF
magnetron sputtering conditions remain relatively limited [11-15]. Therefore, determining the influence of the magnetron
sputtering mode on the electrophysical properties of Nb thin films is considered one of the important scientific and practical
challenges.

The scientific novelty of this study lies in the comparative evaluation of the electrophysical parameters of Nb thin
films deposited on thermally oxidized SiO,/Si(111) substrates by DC and RF magnetron sputtering, as determined by the
Hall effect, in revealing their relationship with the crystal structure, and in explaining the influence mechanism of the
magnetron sputtering mode on the electrical properties of the films.

The aim of this work is to investigate the electrophysical properties of Nb thin films deposited on thermally oxidized
5i0,/Si(111) substrates by DC and RF magnetron sputtering using the Hall effect based on the Van der Pauw method, to
determine the temperature dependence of electrical conductivity, electrical resistivity, and charge carrier mobility, and to
comparatively analyze these results in relation to the crystal structure characteristics determined by X-ray diffraction. The
use of a thermally grown SiO; layer modifies the interfacial properties between the substrate and the metallic film and may
significantly affect the electrical parameters. Therefore, investigating the electrical properties of Nb thin films deposited on
5i0,/5i(111) substrates is of particular scientific and practical interest [12-15].

Literature Review

Niobium (Nb)-based thin films are widely used in the fields of microelectronics, nanoelectronics, and quantum
electronics owing to their high electrical conductivity, superconducting properties, chemical and thermal stability, and
excellent corrosion resistance [1-3]. In particular, Nb thin films are considered one of the most promising materials for the
fabrication of Josephson junctions, superconducting quantum interference devices (SQUIDs), high-frequency resonators,
and cryogenic sensors [4].

In recent years, DC and RF magnetron sputtering have been widely employed for the deposition of Nb thin films.
These techniques enable the fabrication of high-purity coatings with controllable thickness and excellent adhesion.
Numerous studies have demonstrated that magnetron sputtering parameters, including magnetron power, working gas
pressure, substrate temperature, gas flow rate, and deposition time, significantly influence the degree of crystallization,
crystallite size, and electrical transport properties of the deposited films [5-7]. Nivedita et al. [8] reported that an increase
in crystallite size in nanocrystalline Nb thin films leads to a decrease in electrical resistivity and an increase in charge carrier
mobility. Rao ef al. [9] found that the sputtering pressure has a significant influence on the microstructure and electrical
properties of Nb thin films. These findings indicate that the deposition conditions during magnetron sputtering are among
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the key factors governing the structural and electrical properties of Nb thin films. Wu et al. [10] reported that the degree of
crystallinity is one of the principal factors determining the electrical conductivity of vacuum-deposited Nb thin films. Kim
et al. [11] investigated the influence of magnetron sputtering parameters on the optical and structural properties of
Si0,/Nb,Os multilayer systems. Although this study was not focused on metallic Nb thin films, it confirmed that the
optimization of magnetron sputtering parameters has a significant effect on the quality of thin films.

Thus, most of the available studies have focused on the structural, morphological, or optical properties of Nb thin
films. In studies dealing with electrophysical parameters, attention has generally been limited to a single sputtering mode

or to the influence of individual technological parameters. However, a comparative evaluation of the electrophysical
parameters determined by the Hall effect for Nb thin films deposited on thermally oxidized SiO,/Si(111) substrates under
DC and RF magnetron sputtering conditions, together with their correlation with structural characteristics, has not yet been
sufficiently investigated. This scientific gap constitutes the basis of the present study.

Table 1. Comparative Analysis of Recent Studies on Nb Thin Films

h L
Author Substrate ¢ aracte.r1zat1on Key Findings Limitations
(Year) Techniques
. . A comparative study
XRD, SEM, The relationship jbe.tween the of DC and RF
WuG. et al. Si clectrical degree of crystallinity and the maenetron soutterin
(2005) [3] electrical conductivity of Nb 8 P &
measurements . . modes was not
thin films was established.
performed.
The influence of
o An increase in crystallite size different magnetron
Nivedita . . .
. XRD, SEM, resulted in lower electrical sputtering modes on
L.R. etal. Si e . .
(2020) [4] AFM, Hall effect | resistivity and higher charge the electrophysical
carrier mobility. properties was not
evaluated.
The optical and structural Metallic Nb thin films
Kim S. et al. Class XRD, UV_Vis propertles of. Sle/szOs and Hall-effect
(2023) [1] multilayer thin films were parameters were not
investigated. studied.
The deposition pressure was A comparative
XRD, SEM, found to have a significant analysis of DC and RF
Rao P.N. et . . - .
Si electrical influence on the magnetron sputtering
al. (2024) [5] . : .
measurements microstructure and electrical | modes was not carried
properties of Nb thin films. out.
The surface morphology and Neither the
Dovranov microstructure of Cu electrophysical
Q.T. etal. Glass SEM, EDS nanofilms deposited by DC parameters nor Nb
(2026) [2] and RF magnetron sputtering thin films were
were investigated. studied.
A comparative analysis of the
Thermall XRD, Hall effect Hall-effect parameters and
) 1 Y (Van der Pauw), | XRD results of Nb thin films
This work oxidized . —
, . -v deposited by DC and RF
SiO/Si (111) . .
characteristics magnetron sputtering was
performed.

As shown in Table 1, most of the published studies have focused on the structural or morphological properties of
Nb thin films. However, the influence of DC and RF magnetron sputtering modes on the Hall-effect-derived electrophysical
parameters has not yet been comprehensively investigated. Therefore, the present study comparatively evaluates the effects
of the magnetron sputtering mode on electrical conductivity, electrical resistivity, and charge carrier mobility in correlation
with the X-ray diffraction results.
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Research Methodology

The research object of this study was niobium (Nb) thin films deposited on thermally oxidized SiO./Si(111)
substrates. Initially, single-crystal Si(111) substrates were subjected to a standard chemical cleaning procedure.
Subsequently, they were thermally oxidized in an electrically heated muffle furnace at 800 °C for 2 h, resulting in the
formation of a dielectric SiO, layer on the surface. The prepared SiO,/Si(111) substrates were used as the substrates for the
deposition of Nb thin films.

The Nb thin films were deposited by DC and RF magnetron sputtering using an EPOS-PVD-DESK-PRO magnetron
sputtering system equipped with a niobium target of 99.95% purity, 76.2 mm in diameter, and 4 mm in thickness. High-
purity argon (Ar) was used as the working gas. Before the deposition process, the base pressure inside the vacuum chamber
was 107 Torr. During sputtering, the argon gas flow rate was maintained at 70%, the working pressure was 10~ Torr, the
magnetron power was 300 W, the substrate temperature was 300 °C, the deposition time was 5 min, and the target-to-
substrate distance was 100 mm. All technological parameters were kept constant for both DC and RF sputtering modes,

while only the operating mode of the magnetron was changed. This made it possible to comparatively evaluate the
influence of the magnetron sputtering mode on the structural and electrical properties of the Nb thin films.

The crystal structure of the deposited Nb thin films was investigated using a Rigaku XRD-6100 X-ray diffractometer
with Cu Ka radiation (A = 1.5406 A). Based on the obtained diffraction patterns, the crystalline phase, crystallographic
orientation, and lattice parameters were determined. The crystallite }Lsize was estimated using the Scherrer equation:

K
PBcosB

where D is the crystallite size, K is the Scherrer constant (0.9), A is the X-ray wavelength, {3 is the full width at half
maximum (FWHM) of the diffraction peak, and 0 is the Bragg diffraction angle.

The electrical properties of the thin films were investigated using an HMS-5000 Hall Effect Measurement System
based on the four-probe Van der Pauw method. The Hall effect measurements were used to determine the Hall coefficient,
charge carrier concentration (n), charge carrier mobility (u), electrical conductivity (o), and electrical resistivity (). In
addition, the current-voltage (I-V) characteristics of the samples were recorded, and the ohmic behavior of the electrical

contacts was evaluated.
The electrical parameters were calculated using the following equations:

p 1
H_qn
0 =qny

where q is the elementary charge, n is the charge carrier concentration, and | is the charge carrier mobility.

The experimental data were processed using OriginPro and Microsoft Excel software. A comparative analysis was
performed to evaluate the influence of the magnetron sputtering mode on the electrophysical parameters of Nb thin films
deposited by DC and RF magnetron sputtering.

Results and Discussion

The crystal structure of Nb thin films deposited on thermally oxidized SiO,/Si(111) substrates by DC and RF
magnetron sputtering was investigated using X-ray diffraction (XRD). Based on the obtained diffraction patterns, the
influence of the magnetron sputtering mode on the crystalline phase, crystallographic orientation, and degree of
crystallinity was evaluated. The XRD patterns of the deposited Nb thin films are presented in Figures 1 and 2, respectively.
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Figure 1. XRD pattern of the Nb thin film deposited by DC magnetron sputtering.

Figure 1 shows the X-ray diffraction (XRD) pattern of the Nb thin film deposited by DC magnetron sputtering. The
diffraction pattern exhibits two major diffraction peaks located at 20 = 36.7° and 42.7°. These reflections correspond to the
(110) and (200) crystallographic planes of the body-centered cubic (BCC) Nb phase, respectively. The calculated interplanar
spacings were di10=2.442 A and da =2.115 A, which are in good agreement with the standard X-ray diffraction data for
metallic niobium [8,14].

The significantly higher intensity of the (110) reflection compared with that of the (200) reflection indicates that the
film deposited in the DC mode possesses a strongly textured structure. In the BCC crystal structure of Nb, the (110) plane
is one of the crystallographic planes with the lowest surface energy. Therefore, the predominance of this orientation is
characteristic of Nb thin films deposited by magnetron sputtering [14,15]. Under these conditions, most crystallites are
preferentially oriented along the (110) direction. Furthermore, the absence of additional diffraction peaks indicates that the
film mainly consists of the BCC Nb phase and that no other crystalline phases were formed in significant amounts.

The relatively broad diffraction peaks suggest that the crystallites are in the nanometer size range and that
microstrains may be present in the crystal lattice. Residual internal stresses generated during the rapid condensation of
atoms in the magnetron sputtering process may also contribute to the broadening of the diffraction peaks [8]. The crystallite
size and other structural parameters were estimated using the Scherrer equation, and the obtained values are presented in
Table 2. The pronounced (110) texture observed in the DC-deposited film indicates a well-defined preferential crystal
orientation. However, the limited crystallographic orientations and the residual lattice distortions may enhance electron
scattering at grain boundaries. Therefore, it is important to analyze the XRD results in correlation with the electrical
transport parameters determined from Hall effect measurements.

Table 2.
Structural Parameters of Nb Thin Films Deposited by DC and RF Magnetron Sputtering Determined from XRD
Analysis and Their Comparison with Literature Data

Parameter DC (This Work) RF (This Work) Literature
Crystal phase BCC Nb BCC Nb BCC Nb [14,15]
Main diffraction peaks (110), (200) (101), (200), (201) (110), (200), (211) [14,15]

Interplanar spacing, d ) ) ) Consistent with
A) 2.442;2.115 2.333; 2.115; 1.651 PDF/JCPDS data
Crystallite size, D (nm) 18-25 28-35 20-30 [2,24]
Microstrain, € (2-3) x 10 (1-2) x 10 ~107 [24]
DISIOcatl((r)Irll'genSIty, ° 2.5 x 101 1.0 x 105 1014105 [2,24]
Preferred orientation (110) Multiple orientations (110) te>;’c111r§50]bserved
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Table 2 presents the structural parameters of the Nb thin films deposited by DC and RF magnetron sputtering, as
determined from the XRD analysis, together with a comparative evaluation against the literature data. The BCC Nb phase
was identified in both samples. The presence of multiple diffraction peaks in the RF-deposited film indicates that the
crystallites grew with different crystallographic orientations and that the film exhibited a higher degree of crystallinity.
Compared with the DC-deposited film, the RF-deposited film showed a larger crystallite size, lower microstrain, and lower
dislocation density, indicating a more well-developed crystal lattice. The obtained structural parameters are in good
agreement with the literature data and provide a basis for explaining the variations in the electrophysical properties

discussed in the following sections.
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Figure 2. XRD pattern of the Nb thin film deposited by RF magnetron sputtering.

Figure 2 shows the X-ray diffraction (XRD) pattern of the Nb thin film deposited by RF magnetron sputtering. Unlike
the film deposited in the DC mode, the RF-deposited sample exhibited several diffraction peaks corresponding to the (101),
(200), and (201) crystallographic planes. The presence of multiple diffraction reflections indicates that the film deposited in
the RF mode possesses a well-developed polycrystalline structure and that the crystallites have grown with different
crystallographic orientations [5,8].

During RF magnetron sputtering, the higher plasma density and the enhanced ion bombardment promote the
surface diffusion of adatoms. As a result, the atoms occupy energetically more favorable positions, leading to a more
ordered crystal growth. Therefore, the films deposited in the RF mode exhibit a higher degree of crystallinity and a greater
variety of crystallographic orientations [5,9].

A comparative analysis of the diffraction patterns obtained for the DC and RF modes demonstrates that RF
magnetron sputtering significantly improves the crystallinity of Nb thin films. The appearance of additional diffraction
peaks in the RF-deposited sample indicates that the crystallite growth process is more complete. The improved crystallinity
may reduce electron scattering at grain boundaries, resulting in higher electrical conductivity, lower electrical resistivity,
and increased charge carrier mobility. This assumption is confirmed by the Hall effect measurements and the current-
voltage (I-V) characteristics presented in the following sections.

The reliability of the electrophysical parameters determined by the Hall effect primarily depends on the quality of
the electrical contacts formed on the sample. Therefore, before performing the Hall measurements, the current—voltage (I-
V) characteristics of the Nb thin films were examined (Figure 3).
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Figure 3. Current-voltage (I-V) characteristics of Nb thin films deposited by DC and RF magnetron sputtering.

As can be seen from the graphs, an almost linear relationship between current and voltage was observed for the AB,
BC, CD, and DA contact pairs. In all measurement directions, the voltage increased proportionally with the applied current.
The fact that the curves pass through the origin and exhibit nearly identical slopes indicates the absence of significant
nonlinear effects during current transport through the contacts. The linear current—voltage characteristics confirm that the
electrical contacts exhibit ohmic behavior. In ohmic contacts, the contact resistance is low, allowing electrons to pass
through the metal-thin film interface without additional potential barriers. Therefore, the influence of contact resistance on
the determination of the Hall voltage and electrical resistivity is minimal [16,17]. The similarity of the slopes obtained for
different contact pairs indicates that the electrical properties are relatively uniformly distributed over the surface of the
sample. This also suggests that there are no significant local non-uniformities in the thickness or electrical conductivity of
the Nb thin films. In the Van der Pauw method, such symmetric I-V characteristics are considered one of the important
criteria for the geometrical and electrical homogeneity of the sample [17].

The absence of hysteresis or nonlinear regions in the [-V characteristics indicates that the electrical conduction is
predominantly metallic in nature. Such behavior has also been reported in the literature for metallic Nb thin films, where
electrical conduction is governed by the free-electron transport mechanism [3,4]. The obtained results are in good
agreement with these reports. The linear and symmetric I-V characteristics confirm the reliability of the electrical
conductivity, electrical resistivity, and charge carrier mobility values determined from the Hall effect measurements. These
results provide a reliable basis for the comparative analysis of the electrophysical parameters.

The electrical conductivity of the Nb thin films was determined using the HMS-5000 Hall Effect Measurement
System, and the obtained results are presented in Figure 4. The graph illustrates the variation in the electrical conductivity
values calculated for the AB, BC, CD, and DA contact pairs as a function of the applied measurement current.
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Figure 4. Electrical conductivity of Nb thin films as a function of the applied current.

The results show that the electrical conductivity values for all contact pairs vary within the range of 1.81-1.89
pnQ1-cm. No significant changes in electrical conductivity were observed with increasing measurement current, although
a slight decreasing trend was detected for some contact pairs. This indicates that the electrical conductivity of the Nb thin
films remains stable over the investigated current range.

Among the investigated contact pairs, the AB contact pair exhibited the highest electrical conductivity values,
whereas the CD contact pair showed relatively lower values. These minor differences may be attributed to local variations
in film thickness, non-uniform distribution of grain boundaries, or the location of the electrical contacts. Nevertheless, the
conductivity values obtained for all contact pairs are very close to each other, indicating that the electrical properties are
relatively uniformly distributed over the surface of the sample.

The nearly constant electrical conductivity is characteristic of metallic Nb thin films and reflects stable electron
transport. In metals, the charge carrier concentration remains practically constant, while the electrical conductivity is
mainly determined by the electron mean free path and electron scattering mechanisms [3,4]. The small variations observed
in the present study are within the experimental error and confirm the high stability of the electrical properties of the
material.

According to the XRD results, the Nb thin films deposited by RF magnetron sputtering exhibit a higher degree of
crystallinity. The improvement in crystallinity reduces electron scattering at grain boundaries and provides more favorable
conditions for enhanced electrical conductivity [5,14]. Therefore, a higher electrical conductivity is expected for the films
deposited in the RF mode. This assumption is further confirmed by the results of electrical resistivity and charge carrier
mobility presented in the following sections.

Thus, the electrical conductivity values determined from the Hall effect measurements demonstrate that the Nb thin
films possess highly stable electrical properties and that RF magnetron sputtering provides a more favorable technological
mode for improving the electrical conductivity of Nb thin films.
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Figure 5. Temperature dependence of the electrical resistivity of Nb thin films deposited by DC and RF magnetron

sputtering.

The electrical resistivity of the deposited Nb thin films was determined from Hall effect measurements, and its
temperature dependence is presented in Figure 5. As can be seen from the graph, although the variation trends of the
electrical resistivity are similar for the samples deposited by DC and RF magnetron sputtering over the investigated
temperature range, their absolute values differ significantly. Throughout the entire temperature range, the Nb thin films
deposited by RF magnetron sputtering exhibit lower electrical resistivity than those prepared by the DC mode. This result
is consistent with the XRD analysis, which demonstrated that the RF-deposited films possess a higher degree of crystallinity
and fewer structural defects. The improved crystal structure reduces electron scattering at grain boundaries and lattice
defects, resulting in lower electrical resistivity [5,8,14].

An increase in electrical resistivity with increasing temperature was observed for both samples. This behavior is
characteristic of metallic conductors and can be explained by the enhancement of electron—phonon scattering caused by the
increased thermal vibrations of lattice atoms at elevated temperatures [18,19]. The interaction between electrons and
phonons reduces the electron mean free path, thereby increasing the electrical resistivity.

The lower electrical resistivity of the films deposited by RF magnetron sputtering throughout the entire temperature
range indicates that the sputtering mode has a significant influence on the microstructure of the films. Since the plasma
generated in the RF mode possesses higher ion energy and plasma density, the surface diffusion of adatoms is enhanced.
Consequently, larger crystallites and more ordered grain boundaries are formed, reducing electron scattering at structural
defects and improving the efficiency of electrical transport [9,15]. These results are in good agreement with the findings
reported by Rao et al. [5] and Nivedita et al. [8] for Nb thin films deposited by magnetron sputtering. Those authors also
demonstrated that an increase in the degree of crystallinity leads to a reduction in electrical resistivity.

The Nb thin films deposited by RF magnetron sputtering exhibit lower electrical resistivity than those prepared by
the DC mode, indicating their improved electrical transport properties.
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Figure 6. Logarithmic dependence of charge carrier mobility on temperature for Nb thin films.

Figure 6 presents the charge carrier mobility of the Nb thin films and its temperature dependence. The graph shows
the dependence of the logarithmic mobility (Inpt) on 1000/T. This representation makes it possible to analyze the dominant
scattering mechanisms that limit charge carrier transport.

The results show that the charge carrier mobility decreases with increasing temperature for the Nb thin films
deposited by both DC and RF magnetron sputtering. This behavior is characteristic of metallic thin films and can be
explained by the enhancement of electron-phonon scattering at elevated temperatures. As the temperature increases, the
thermal vibrations of the crystal lattice atoms become more intense, reducing the mean free path of free electrons and
consequently decreasing their mobility [18,19].

The Nb thin films deposited by RF magnetron sputtering exhibited higher charge carrier mobility than those
prepared by the DC mode throughout the entire investigated temperature range. This result is consistent with the structural
characteristics determined by X-ray diffraction. The higher degree of crystallinity, better-developed crystallites, and
reduced density of structural defects in the RF-deposited films decrease electron scattering at grain boundaries and lattice
defects. As a result, the charge carrier mobility increases [5,8].

The increase in charge carrier mobility has a direct influence on the electrical transport properties. The electrical
conductivity is determined by the following relationship:

0 =qnu

where o is the electrical conductivity, q is the elementary charge, n is the charge carrier concentration, and p is the
charge carrier mobility.

It can be seen from this equation that, under conditions where the charge carrier concentration remains nearly
constant, an increase in charge carrier mobility leads to an increase in electrical conductivity and a decrease in electrical
resistivity. In the present study, the higher mobility values observed for the films deposited by RF magnetron sputtering
are fully consistent with the electrical conductivity and electrical resistivity results presented in the previous sections.

The obtained results are in good agreement with those reported by Nivedita et al. [8] and Rao et al. [5] for Nb thin
films deposited by magnetron sputtering. These studies also demonstrated that an increase in the degree of crystallinity
and a reduction in structural defects contribute to enhanced charge carrier mobility. The Nb thin films deposited by RF
magnetron sputtering are characterized by higher charge carrier mobility. This indicates that the RF-deposited films possess
improved electrical transport properties and confirms that RF magnetron sputtering is a promising technique for the
fabrication of high-quality functional Nb thin films.

The experimental results demonstrated that the DC and RF magnetron sputtering modes have a significant influence
on the structural and electrical transport properties of Nb thin films. The X-ray diffraction results showed that the samples
deposited by RF magnetron sputtering exhibit a higher degree of crystallinity, multiple crystallographic orientations, and
improved structural ordering. The increase in crystallite size together with the reduction in microstrain and dislocation
density, as determined from the XRD analysis, indicates the formation of a more perfect crystal lattice in the RF-deposited
films.
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The improvement in the structural parameters is also reflected in the electrical transport properties determined by
the Hall effect measurements. The higher electrical conductivity, lower electrical resistivity, and higher charge carrier
mobility observed for the Nb thin films deposited by RF magnetron sputtering can be attributed to reduced electron
scattering at grain boundaries and crystal lattice defects. The improved ordering of the crystal lattice increases the mean
free path of electrons, thereby enhancing the electrical performance of metallic thin films.

The linear and symmetric current-voltage (I-V) characteristics obtained for all contact pairs confirm the reliability
of the Hall effect measurements. The formation of ohmic contacts indicates that the contact resistance is minimal and that
the measured Hall parameters accurately reflect the intrinsic electrical properties of the samples. Therefore, the observed
trends in electrical conductivity, electrical resistivity, and charge carrier mobility can be considered reliable.

The increase in electrical resistivity and the decrease in charge carrier mobility with increasing temperature are

consistent with the electron—phonon scattering mechanism characteristic of metallic conductors. The trends observed for
both samples confirm the metallic nature of the Nb thin films. However, the superior electrical transport properties
observed over the entire temperature range for the films deposited by RF magnetron sputtering demonstrate that
optimization of the sputtering mode provides an effective approach for controlling the functional properties of Nb thin
films.

According to the experimental results, the XRD analysis, current-voltage (I-V) characteristics, and Hall effect
measurements are in good agreement with one another, demonstrating that RF magnetron sputtering is a more effective
deposition mode for producing Nb thin films with superior structural quality and improved electrical transport properties
on thermally oxidized SiO,/Si(111) substrates.

Conclusion

The structural and electrical transport properties of Nb thin films deposited on thermally oxidized SiO,/Si(111)
substrates by DC and RF magnetron sputtering were comprehensively investigated. The X-ray diffraction results showed
that the BCC Nb phase was formed in both samples. While a strong (110) texture was observed in the films deposited by
the DC mode, the presence of multiple crystallographic orientations in the RF-deposited films indicated a more complete
crystallization process.

The electrical transport parameters determined by the Hall effect and the Van der Pauw method demonstrated that
the Nb thin films deposited by RF magnetron sputtering exhibited higher electrical conductivity, lower electrical resistivity,
and higher charge carrier mobility than those prepared by the DC mode. The linear and symmetric current-voltage (I-V)
characteristics confirmed the reliability of the Hall effect measurements.

The improvement in the electrophysical parameters was attributed to the higher degree of crystallinity, the lower
density of structural defects in the crystal lattice, and the reduced electron scattering at grain boundaries in the RF-
deposited films. The good agreement between the XRD and Hall effect results demonstrated a direct correlation between
the structural characteristics and the electrical transport parameters.

The scientific novelty of the present study lies in the comprehensive comparative evaluation of the Hall-effect-
derived electrical transport parameters of Nb thin films deposited on thermally oxidized SiO,/Si(111) substrates by DC and
RF magnetron sputtering in correlation with their structural characteristics.

The obtained results demonstrate that RF magnetron sputtering is a more effective deposition mode for producing
Nb thin films with superior electrical transport properties. These findings can be applied in the development of
microelectronic devices, cryogenic electronics, superconducting components, and highly sensitive functional thin-film
devices.
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	EE (Emotional-Evaluative Component): emotsional intensivlik – qisman pasaygan (P2). Tomning javobida esa ingliz tilidagi nostandart “I ain’t” shakli qoraqalpoqchada: “Өтирик айтып турғаным жоқ” tarzida mazmunan va kommunikativ jihatdan qayta yaratilga...
	Bundan tashqari, muallifning keyingi izohi mazkur ishonchsizlikni situativ emas, Tom va Polli xola munosabatlariga xos barqaror shaxslararo pragmatik model ekanligini koʻrsatadi. Polli xola devorning haqiqatan ham oqlanganini koʻrganidan keyingina Tom...
	Shunday qilib, mazkur misolda pragmatik potensialning komponentlari differensial tarzda saqlangan:
	CI – kommunikativ intensiya: P1;
	SA – da’vo / ogohlantirish: P1;
	EE – emotsional-baholovchi intensivlik: P2;
	IM – oldindan mavjud ishonchsizlik presuppozitsiyasi: P1;
	ST – Tom nutqidagi nostandart grammatik marker: P2/P4.
	Asosiy tarjima strategiyasi: funksional-pragmatik ekvivalentlik + qisman stilistik transformatsiya.
	Umumiy natija: P1/P2 – asosiy kommunikativ-pragmatik potensial saqlangan, biroq emotsional va ayrim stilistik komponentlar qisman transformatsiyalangan. Natijada: nutq + oldingi bilimlar → pragmatik talqin mexanizmi yuzaga keladi. Bu presuppozitsiya t...
	5. Qonli qasamyod: ritual va pragmatik kuch. Tom va Geklberri qabristondagi jinoyatga guvoh boʻlgach, voqeani hech kimga aytmaslik haqida qasamyod qilishadi. Oddiy ogʻzaki va’da bolalar uchun yetarli hisoblanmaydi; sir saqlash ritualistik shaklda must...
	ST: (2)
	“Now, Tom, let’s tie ourselves to each other with an oath, and then we can never tell.”
	“No, that wouldn’t do for this. That’s good enough for little rubbishy common things... but there orter be writing ‘bout a big thing like this. And blood.”
	TT: (2)
	“- Енди, Том, бизлер бир-биримизге айтпаслығымызға ант берейик – болмаса мүмкин емес.
	- Мейли, мен қайылман. Ең жақсысы усы. Қәне, онда қол қысып... ант етейик.
	- Жоқ, бул болмайды. Бул қандай-да бир әйтеўир ислер ушын... Ал бул мәселе болса, жүдә әҳмийетли... жазба түрде ант етиў керек.”
	6. Qabriston epizodida qoʻrquv va yashirin tahdid. Qabristondagi qotillikdan keyin Tom va Gekning kommunikativ xatti-harakatlarini Injun Joedan qoʻrquv boshqaradi. Ushbu epizodning pragmatik jihatdan muhim xususiyati shundaki, tahdid dastlab Injun Joe...
	Qotillik sodir boʻlganidan keyin Tom va Gek yashiringan joylariga yetib kelib, voqeaning qanday oqibatlarga olib kelishini muhokama qiladilar.
	ST: (3)
	“Hucky, do you believe the dead people like it for us to be here?”
	[...]
	“Huck, I’ll tell you one thing that’s mighty curious. Muff Potter don’t know it. How can he tell?”
	[...] (1)
	“Huck, if Injun Joe’s evidence don’t hang Potter, he’ll kill us some time or other, just as dead sure as we’re a laying here.”
	Ushbu kontekstda bolalarning asosiy xavotiri jinoyatning oʻzi bilan cheklanmaydi. Ular voqeani oshkor qilish Injun Joe tomonidan qasos olishga sabab boʻlishi mumkinligini anglaydilar. Bu xavf ularning keyingi kommunikativ xatti-harakatini – sukut saql...
	Qoraqalpoqcha tarjimada mazkur qoʻrquv quyidagicha ifodalangan:
	TT: (3)
	- Ал ким айтып барар екен? Бизлер-ме?
	- Не айтып отырсаң? Ойлап бола-ма. Ал қапелимде Индей Джоны дарға аспаса не қыламыз? Ол бизлерди ҳәзир болмағаныменен, кейин өлтиреди-ғой, онда қутыла алмаймыз.
	- Мен өзим-де солай ойлаған едим, Гек.
	Mazkur dialogda Gekning “кейин өлтиреди-ғой” mazmunidagi fikri Injun Joening bolalarga shu paytda bevosita tahdid qilmaganiga qaramay, ular vaziyatni oʻz hayotlari uchun real xavf sifatida interpretatsiya qilayotganini koʻrsatadi. Qoraqalpoqcha tarjim...
	Ushbu mikrokontekstning pragmatik tuzilishini quyidagicha ifodalash mumkin:
	witnessing the murder
	↓ (2)
	knowledge of Injun Joe’s violence
	↓ (3)
	inference of possible revenge
	↓ (4)
	fear
	↓ (5)
	decision to remain silent.
	Demak, bu epizodda pragmatik ma’no faqat eksplisit aytilgan gaplardan tashkil topmaydi. Tom va Gekning xatti-harakatlari ular mavjud kontekst asosida chiqargan xulosaga bogʻliq.
	Ayniqsa, “Ал ким айтып барар екен? Бизлер-ме?” savoli yuzaki jihatdan axborot soʻrashga oʻxshasa-da, pragmatik jihatdan haqiqiy interrogativ nutq akti emas. Tom aslida “biz bu haqda aytmasligimiz kerak” degan xavotirni ifodalamoqda. Gekning bunga: “Не...
	Shu tariqa savol-javob shaklidagi dialog ortida quyidagi implikatura yuzaga keladi:
	If we tell the truth → Injun Joe may escape punishment → he will take revenge → our lives will be in danger.
	Shuning uchun:
	telling the truth = danger;
	remaining silent = self-preservation.
	Bu holat Grays nazariyasi nuqtai nazaridan kontekstual implikatura bilan bogʻliq boʻlsa, relevans yondashuvi nuqtai nazaridan personajlarning mavjud kontekstual bilimlardan foydalanib yangi inferensial xulosaga kelishi sifatida talqin qilinishi mumkin.
	Mazkur pragmatik mexanizm keyingi epizodda yanada yaqqol namoyon boʻladi. Tom Gekdan ehtiyotsizlik bilan sirni aytib qoʻymasligini yana soʻraydi:
	TT: (4)
	Гек, сен абайсызда айтып қоймайсаң-ба?
	Shundan keyin muallif ikki bolaning qoʻrquv holatini tasvirlaydi: ular shaharga qaytishda qorongʻilikdagi har bir daraxtni ularni quvib kelayotgan dushman deb tasavvur qiladilar va qoʻrquvdan holdan toyadilar.
	Bu muallif tasviri dialogda shakllangan xavf inferensiyasining perlokutiv natijasini koʻrsatadi. Qoʻrquv faqat verbal-emotsional holat boʻlib qolmay, personajlarning atrof-muhitni idrok etish usulini ham oʻzgartiradi. Shu sababli mazkur mikrokontekstd...
	CI – kommunikativ intensiya: sirni oshkor qilmaslik va oʻzini himoya qilish;
	IM – implikativ-kontekstual ma’no: “agar gapirsak, Injun Joe bizdan qasos oladi”;
	EE – emotsional-baholovchi komponent: “kuchli qoʻrquv va xavotir”;
	SA – nutq akti: “savol shaklida ifodalangan ogohlantirish va sukut saqlashga undash”;
	AR – adresatga ta’sir: “suhbatdoshni sirni saqlashga ishontirish”.
	Ayniqsa, IM komponenti mazkur misolda markaziy oʻrin egallaydi. Chunki bolalarning qoʻrquvi Injun Joening ularga bevosita “sizlarni oʻldiraman” degan tahdididan emas, uning oldingi xatti-harakati va mavjud kommunikativ vaziyat asosida chiqarilgan infe...
	Qoraqalpoqcha tarjimada ham ushbu inferensial zanjir saqlangan: voqeani aytish ehtimoli, Injun Joening jazodan qutulishi va keyinchalik bolalarni oʻldirishi oʻrtasidagi sababiy aloqa aniq ifodalangan. Shuning uchun tarjima adresati ham personajlarning...
	Pragmatik model: context → inference → anticipated threat → fear → silence
	Yetakchi komponentlar: IM + EE + CI + AR.
	Asosiy tarjima strategiyasi: kontekstual-pragmatik ekvivalentlik va implikaturani saqlash.
	Natija: P1 – asliyatdagi asosiy pragmatik potensial, xususan, yashirin tahdid, undan kelib chiqadigan qoʻrquv va sukut saqlashga undovchi kommunikativ motivatsiya qoraqalpoqcha tarjimada funksional jihatdan saqlangan.
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	1. Koʻnikma hosil qiluvchi mashqlar
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	Abstract: This article examines a methodology for using non-standard problems in teaching Kirchhoff’s laws (current and voltage rules) to prospective engineers in higher education institutions. The relevance of the study stems from the fact that, unde...
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