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This study investigates the impact of the resistivity of Aluminum-doped Zinc Oxide (AZO) films on the electrical characteristics of
AZO/p-Si heterojunctions. AZO films were deposited using a thermal evaporation technique on p-Si substrates, with varying deposition
temperatures to control film morphology and resistivity. Comprehensive current-voltage (I-V) and capacitance-voltage (C-V)
measurements were conducted to evaluate the diode performance and interface state dynamics. The results show that samples with
higher resistivity, particularly those deposited at room temperature (S1 and S2), exhibit MOS-like behavior, indicating higher
concentrations of interface states and defects. In contrast, samples deposited at elevated temperatures (S3, S4, and S5) demonstrate
improved diode characteristics, with lower resistivity, enhanced carrier mobility, and better crystalline quality. Mott-Schottky and
capacitance-frequency (C-f) analyses further reveal the significant role of interface states in determining the heterojunction's electrical
response, especially at lower frequencies where charge trapping dominates. Additionally, photoluminescence (PL) spectra confirm the
presence of oxygen vacancies in the AZO films, with strong visible emission observed in S1 and S2, linked to deep-level defect states.
This work highlights the critical influence of deposition conditions on the resistivity and performance of AZO films in heterojunction-
based optoelectronic devices, offering valuable insights into optimizing material properties for improved device efficiency.
Keywords: AZO films; Resistivity, p-Si heterojunction; I-V characteristics;, C-V characteristics;, Mott-Schottky analysis; Interface
states; Photoluminescence (PL) spectra; Oxygen vacancies; Thermal evaporation; Charge trapping
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INTRODUCTION

Aluminum-doped Zinc Oxide (AZO) films have garnered significant attention in recent years due to their versatile
electrical and optical properties, making them suitable for various optoelectronic applications such as transparent
conducting electrodes, photodetectors, and solar cells [1,2]. The combination of low resistivity, high optical transparency,
and chemical stability has made AZO a compelling alternative to conventional transparent conductive oxides (TCOs)
such as Indium Tin Oxide (ITO), especially considering the abundance and lower cost of zinc compared to indium.

The performance of AZO films in heterojunction-based devices, however, is highly sensitive to their resistivity,
which is influenced by deposition conditions, doping concentration, and the film's crystalline quality. In particular, the
resistivity of AZO films directly affects the interface properties between the AZO layer and the silicon (p-Si) substrate in
heterojunction structures [3]. High-resistivity AZO films tend to introduce more interface states and defects, such as
oxygen vacancies, which can trap charge carriers and hinder device performance by promoting non-radiative
recombination. Conversely, lower-resistivity films typically result in improved electrical characteristics, including
enhanced carrier mobility and reduced recombination losses, making them more suitable for high-efficiency devices.

Previous studies have explored the structural, electrical, and optical properties of AZO films in various device
architectures, but limited work has focused on the direct correlation between film resistivity and the electrical behavior of
AZO/p-Si heterojunctions. Understanding how resistivity influences the current-voltage (I-V) and capacitance-voltage (C-V)
characteristics, as well as the role of interface states, is crucial for optimizing the performance of these heterojunctions.

This study aims to systematically investigate the effects of AZO film resistivity on the I-V and C-V characteristics
of AZO/p-Si heterojunctions. By varying the deposition conditions of the AZO films, we were able to tailor their
resistivity and evaluate the corresponding changes in electrical behavior. In addition, photoluminescence (PL) spectra
were measured to analyze the presence of defect states, particularly oxygen vacancies, which are known to influence the
material's optoelectronic properties. The results of this study provide valuable insights into optimizing the deposition
process to enhance the performance of AZO-based heterojunctions for advanced optoelectronic applications [2,3].

EXPERIMENTAL DETAILS
Substrate Preparation and Cleaning. The experimental process began with the meticulous preparation of p-type
silicon (p-Si) substrates. These substrates were subjected to a rigorous cleaning process involving sequential immersions
in deionized water, a mixture of hydrogen peroxide (H,0O,), and ammonium hydroxide (NH,OH), followed by a thorough
rinse. A second cleaning phase with a solution of hydrogen peroxide and hydrochloric acid (HCI) was applied to ensure
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the removal of all contaminants [5,7]. This step was critical for achieving a pristine surface, essential for high-quality film
deposition and effective heterojunction formation.

Film Deposition. Aluminum-doped Zinc Oxide (AZO) films were deposited using a thermal evaporation technique.
A blend of high-purity zinc oxide (ZnO) powder and aluminum (Al), with a doping concentration of 2%, was prepared
and placed in a tungsten boat within the evaporation chamber. The chamber was evacuated to a base pressure of 107°
mmHg to ensure a contaminant-free environment. The mixture was then heated to 1753 K, allowing the ZnO and Al to
evaporate and deposit on the prepared substrates under a controlled atmosphere of 16 mTorr oxygen. The deposition
process was carefully monitored with a quartz crystal microbalance to maintain the film thickness between 100 nm and
150 nm.

Contact Formation and Structural Analysis. Following deposition, aluminum was evaporated onto the reverse
side of the p-Si substrates to serve as the bottom contact. On the top side, gold contacts were defined in two areas, 0.01
cm? and 0.5 cm?, to establish the top contacts for the heterojunction. The structural and morphological properties of the
AZO films were then characterized using scanning electron microscopy (SEM) and atomic force microscopy (AFM),
providing detailed insights into surface topography and film uniformity.

Electrical Characterization. The resistivity, carrier mobility, and concentration of the AZO films were measured
using a Hall effect measurement system, which provided detailed insights into the electronic properties of the films. The
four-point probe method was utilized to assess the resistivity and doping concentration of the p-Si substrates.

Electrical and Optical Measurements. Comprehensive electrical characterization was performed under dark
conditions to avoid light-induced effects. Current-voltage (I-V), capacitance-voltage (C-V), and capacitance-frequency
(C-f) measurements were carried out using a semiconductor parameter analyzer. These tests were crucial for evaluating
the heterojunction's electrical behavior under various electrical biases, ranging from —5 Vto 5 V.

Finally, the optical properties of the AZO films were analyzed using photoluminescence spectroscopy. An Avantes
spectrometer, equipped with a 266 nm laser as the excitation source, was used to examine the energy band structure and
defect states within the films. This structured approach, employing state-of-the-art techniques, ensured the high fidelity
of the data collected, which is essential for understanding the effects of AZO film resistivity on the electrical
characteristics of AZO/p-Si heterojunctions.

RESULTS AND DISCUSSION
The electrical and optical properties of the AZO/p-Si heterojunction samples were investigated through I-V, C-V,
and photoluminescence (PL) measurements. These analyses allowed for the evaluation of the effects of AZO film
resistivity on diode performance and the role of interface states in determining the overall device characteristics. The
results, presented below, highlight the significant influence of deposition conditions and material resistivity on the
heterojunction behavior [6].

Figure 1. Surface morphology of AZO thin films at different deposition temperatures

Figure 1. Shows the surface morphology of Aluminum-doped Zinc Oxide (AZO) thin films deposited at two distinct
substrate temperatures: room temperature and 573 K.

- (A) AZO deposited at room temperature: the surface morphology of the AZO film deposited at room temperature
displays a rough surface with relatively smaller grains. The lack of thermal energy limits the mobility of adatoms on the
substrate, leading to a highly textured, disordered structure. Grain boundaries are more pronounced, and the overall
roughness is higher, reflecting the insufficient crystallinity development at lower temperatures.

- (B) AZO deposited at 573 K: In contrast, the AZO film deposited at 573 K demonstrates a smoother surface with
larger, well-defined grains. The increased substrate temperature allows for greater adatom mobility, promoting improved
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crystalline growth. This results in larger grain sizes and a more uniform surface morphology, indicative of enhanced
crystallization. The smoother surface correlates with a decrease in surface roughness and improved film quality.

Scale bar: each image contains a 1 um scale bar, providing reference for the relative size of the surface features. The
significant difference in grain size and surface smoothness between the two deposition conditions highlights the role of
substrate temperature in controlling the physical properties of AZO thin films. At higher temperatures, the films exhibit
enhanced structural characteristics, which can influence their electrical and optical performance in semiconductor
applications.

8 S
6 L
g
24
(=
g
3
O
2 5
0 5
3 =2 = 0 1 2 3
Voltage (V)

Figure 2. Current-Voltage (I-V) characteristics of AZO/p-Si heterojunction samples S1-S5

The I-V characteristics presented in Figure 2 show case the impact of deposition conditions and resistivity variations
in AZO/p-Si heterojunctions for samples S1, S2, S3, S4, and S5. These samples exhibit distinct differences in electrical
performance due to the resistivity and morphology of the AZO films, as well as the deposition temperatures used during
fabrication. S1 and S2 have significantly higher resistivity compared to S3, S4, and S5. The resistivity ranges from
103 Q cm for S5 to 107 Q ¢m for S1. Higher resistivity in S1 and S2 results from room-temperature deposition, which
limits atomic mobility and hinders film crystallinity. In contrast, S3 to S5 were deposited at elevated temperatures,
reducing resistivity and improving electrical conductivity due to better atomic arrangement and crystallization. Also, S1
and S2 were deposited at room temperature, leading to higher resistivity and smaller grain size. The lower deposition
temperature restricts atomic movement, causing smaller, less ordered grains and higher surface roughness. S3, S4, and
S5 were deposited at progressively higher temperatures, reaching up to 573 K. This increase in substrate temperature
improves the crystalline quality of the AZO films, leading to larger grain sizes and smoother surfaces. Consequently, their
resistivity is lower, and they exhibit better electrical characteristics. Samples S1 and S2 exhibit smaller grain sizes and
rougher surfaces, contributing to their higher resistivity and poorer electrical performance. Samples S3, S4, and S5 show
larger grains and smoother surfaces due to the higher deposition temperatures. These morphological improvements
correlate with lower resistivity and better carrier mobility, resulting in improved diode characteristics [8-10].

The I-V curves (Figure 2.) for S1 and S2 indicate MOS-like behavior, particularly in the reverse-bias region, where
the films act as insulating layers. This is due to the higher resistivity of the AZO films in these samples, which inhibits
current flow even under forward bias. S3, S4, and S5 exhibit typical p-n junction behavior, with lower resistivity and
higher carrier mobility. These samples show a steep increase in current once the forward bias exceeds the built-in
potential, indicative of efficient diode behavior. The built-in potential (Vy;) varies across the samples, with S3, S4, and
S5 showing values closer to typical n-ZnO/p-Si heterojunctions, while S1 and S2 exhibit larger Vy; values due to their
MOS-like characteristics. The I-V curves (Figure 2.) reveal several distinct characteristics across the five samples:

- S1 and S2 exhibit a delayed onset of current in the forward bias region, indicating higher resistivity and MOS-like
behavior. Their reverse current remains near zero, with S1 showing slightly higher leakage current, possibly due to defects
or interface states.

- 83, S4, and S5 show more typical p-n junction diode behavior, with lower threshold voltages and steeper slopes in
the forward bias region. This reflects lower resistivity and better carrier mobility.

- S5 has the lowest current values in the positive voltage region, indicating it has the highest resistivity among the
lower-temperature deposited samples.

The variations in deposition conditions, particularly substrate temperature and laser fluence, directly affect the
resistivity, morphology, and I-V characteristics of AZO/p-Si heterojunctions. S1 and S2, deposited at room temperature,
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display MOS-like behavior with higher resistivity and poor diode performance, while S3, S4, and S5, deposited at higher
temperatures, exhibit better diode characteristics due to lower resistivity, improved film morphology, and higher carrier
mobility. These findings highlight the crucial role of deposition conditions in optimizing the performance of AZO-based
heterojunctions for semiconductor applications.

The Mott-Schottky analysis, a cornerstone in semiconductor diagnostics, allows for the detailed investigation of
junction properties through the assessment of the space charge capacitance across semiconductor interfaces. Figure 3
exemplifies this approach by depicting the inverse square of the capacitance (1/C?) as a function of applied voltage (V),
thereby facilitating a quantitative analysis of the semiconductor's doping density and flat-band potential [11]. The
capacitance (C) in the depletion region of a semiconductor can be expressed by the equation:

€A
W
where e-represents the permittivity of the semiconductor, 4 - the cross-sectional area of the junction, and W - the width
of the depletion layer. The Mott-Schottky plot (Figure 3) utilizes this relationship, presenting (1/C?) plotted against the

applied voltage for samples S1, S2, and S3, each corresponding to different experimental conditions or semiconductor
materials.
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Figure 3. Mott-Schottky analysis of semiconductor junctions: Capacitance-Voltage characteristics for samples S1, S2, and S3

From the slopes and intercepts of these plots, critical semiconductor parameters are derived. For instance, the slope
(m) of these plots, calculated from the linear fit to the data, is inversely proportional to the doping concentration (Np) and
is given by:
2

"= qeNp

Here, g denotes the elementary charge (approximately 1.602x107" Coulombs). Suppose the slope from the plot for
Sample S1 is 5x10"°F-2V-| applying the semiconductor permittivity for silicon (e5; & 11.7 X &), one can calculate the
doping concentration Np as follows [12]:
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Additionally, the flat-band potential (V#35) is determined from where the plot intercepts the voltage axis, indicating the
voltage at which the semiconductor's internal electric fields are neutralized, leading to no band bending. Accurate
determination of is Vg crucial for understanding the intrinsic electronic properties of the material. This detailed
characterization using the Mott-Schottky plot not only enhances our understanding of semiconductor physics but also
supports the development of semiconductor devices by providing a method to precisely control material properties based
on their doping characteristics [13-15].

In AZO/p-Si heterojunctions, the Mott-Schottky analysis helps to assess the quality of the interface and the doping
uniformity of the AZO layer. Samples with higher resistivity (such as S1) show more pronounced deviations due to higher
defect densities and interface states, while those with lower resistivity (such as S3) demonstrate improved junction
properties with lower interface state densities. Figure 3. Mott-Schottky plots (1/C? vs. V) for AZO/p-Si heterojunction
samples S1, S2, and S3. The slopes of the linear regions are inversely proportional to the doping concentrations, revealing
that Sample S1 has the lowest doping density while Sample S3 has the highest. The x-intercepts correspond to the flat-
band potentials (Vrp), indicating variations in built-in potentials due to differences in resistivity and interface state
densities. Deviations from linearity in the high-resistivity samples (S1 and S2) suggest a higher concentration of interface
states and trap levels, which degrade the junction performance.
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Figure 4 illustrates the capacitance-frequency (C-f) characteristics of the AZO/p-Si heterojunction samples (S1 to
S5) measured at zero bias, across the frequency range from 1 kHz to 1 MHz. The C-f plot provides insight into the
influence of interface states and the overall electrical behavior of the heterojunctions. At lower frequencies (1 kHz), the
capacitance density is highest for samples S1 and S2. This can be attributed to the significant contribution of interface
states, which are able to follow the low-frequency AC signal. The high capacitance at low frequencies suggests that
interface states are readily available and contribute to charge accumulation. As the frequency increases, the ability of
these interface states to respond diminishes due to their finite trap times, resulting in a general decrease in capacitance for
all samples.
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Figure 4. Capacitance-frequency characteristics of AZO/p-Si heterojunctions at Zero Bias

The capacitance decrease is more pronounced in samples S3, S4, and S5, indicating fewer or less responsive interface
states. These samples show more typical behavior of a p-n junction, where the depletion capacitance dominates at higher
frequencies, and the contribution from interface states becomes negligible. Conversely, samples S1 and S2 exhibit a
"shoulder" between 10 kHz and 100 kHz, which points to the presence of faster interface states that can still respond to
higher-frequency signals. The distinct behavior of S1 and S2 across the frequency range can be explained by a higher
density of interface states with shorter trap times, which are still active at high frequencies. At 1 MHz, these samples
retain higher capacitance values compared to S3, S4, and S5. This suggests that even at high frequencies, some interface
states in S1 and S2 are still capable of following the AC signal, indicating a high concentration of these states at the
AZO/p-Si interface. In contrast, the capacitance of samples S3, S4, and S5 continues to decrease as frequency increases,
indicating that these samples are dominated by depletion capacitance at high frequencies, with a minimal contribution
from interface states. This is consistent with a lower interface state density, likely due to differences in deposition
conditions or structural variations between the samples. The C-f behavior observed in Figure 4 is crucial for evaluating
the quality of the AZO/p-Si heterojunctions, particularly in terms of interface state density and their impact on device
performance. Interface states can introduce charge trapping and detrapping effects, which influence the overall
capacitance, especially at lower frequencies. Therefore, understanding and controlling these states is critical for
optimizing the electrical properties of heterojunction-based devices such as photodetectors and solar cells. Samples S1
and S2, which were deposited at room temperature, display higher resistivity and a more pronounced MOS-like response,
suggesting higher interface state densities. In contrast, the lower capacitance at higher frequencies for samples S3, S4,
and S5 indicates more typical p-n junction behavior with fewer active interface states. These variations in capacitance-
frequency characteristics can be correlated with structural differences, such as grain size and resistivity, between the
samples. Figure 4 highlights the importance of interface state dynamics in the capacitance response of AZO/p-Si
heterojunctions. The observed frequency-dependent behavior provides valuable information for optimizing the deposition
process and interface quality in order to enhance the performance of semiconductor devices. By tailoring the interface
state density and improving material quality, the electrical properties of heterojunction-based optoelectronic devices can
be significantly improved, leading to better device efficiency and reliability.

Figure 5 presents the photoluminescence (PL) spectra of samples S1 through S5, measured in the wavelength range
0f 300 nm to 700 nm. The intensity of the PL emission provides critical insights into the defect states, optical transitions,
and material quality of the samples. The PL spectra for samples S1 and S2 exhibit prominent peaks around 520-550 nm,
corresponding to visible luminescence. This emission is typically associated with oxygen-related defects in ZnO or AZO
materials, specifically ionized oxygen vacancies (Vo). These mid-gap states, located within the bandgap, contribute to
green luminescence through non-radiative recombination pathways. The higher intensity of these peaks in S1 and S2
suggests a higher concentration of such defects, which act as deep-level traps for charge carriers.

Samples S3, S4, and S5 display much lower PL intensities across the entire wavelength range, with only minor
oscillations around a baseline intensity. This indicates a significantly lower defect density in these samples, which results
in reduced non-radiative recombination. The weak PL intensity is a sign of improved material quality, particularly in
terms of fewer oxygen vacancies or other defects that contribute to visible light emission [16]. The broad green emission
centered around 520-550 nm for S1 and S2 aligns with the photon energy of ~2.4 eV, which corresponds to the
recombination of electrons and holes trapped at oxygen vacancies. The intensity of this green emission typically reflects
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the number of recombination centers in the material. For S3, S4, and S5, the lack of significant visible emission suggests
fewer recombination centers and a higher degree of crystallinity.
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Figure 5. Photoluminescence (PL) spectra of S1 to S5 samples: defect states and optical transitions

The sharp and high-intensity PL peaks in S1 and S2 are indicative of a higher concentration of defect states, which
could impair the electrical properties of these samples. In contrast, the lower and more stable PL response in S3, S4, and
S5 suggests better crystalline quality, leading to enhanced carrier mobility and fewer trapping events. This makes S3, S4,
and S5 more suitable for applications requiring high-quality semiconductor films with fewer defects, such as
photodetectors or optoelectronic devices. The visible green emission observed in S1 and S2 is often linked to deep-level
defects within the material. Oxygen vacancies, in particular, play a significant role in this emission. These vacancies
create defect levels within the bandgap, allowing for non-radiative recombination of charge carriers, which contributes to
the green luminescence. The higher defect density in S1 and S2 correlates with lower carrier mobility and higher
resistivity, as carriers become trapped at these defect sites. Samples S3, S4, and S5, with their low PL intensity,
demonstrate better structural integrity and reduced defect-related recombination. This lower defect density results in
improved optoelectronic properties, making these samples more ideal for high-efficiency devices. The PL spectra in this
graph highlight the role of defect states, particularly oxygen vacancies, in determining the optical and electronic properties
of the samples [17,18]. The strong visible emissions in S1 and S2 suggest a high concentration of defects, while the weak
emissions in S3, S4, and S5 point to better material quality. This information is critical for optimizing the performance of
ZnO or AZO-based heterojunctions, with S3, S4, and S5 showing greater potential for high-performance optoelectronic
applications.

CONCLUSIONS

This study comprehensively analyzed the effects of AZO film resistivity on the electrical and optical properties of
AZO/p-Si heterojunctions. Through detailed I-V, C-V, and photoluminescence (PL) measurements, it was demonstrated
that the resistivity of the AZO films plays a critical role in determining the diode performance, particularly in terms of
carrier transport, interface state density, and defect-related recombination. Samples with higher resistivity, such as S1 and
S2, exhibited higher concentrations of interface states and oxygen vacancies, leading to increased leakage currents, higher
turn-on voltages, and strong mid-gap emission in the PL spectra. In contrast, samples with lower resistivity, such as S3,
S4, and S5, showed improved electrical characteristics with lower turn-on voltages, reduced reverse leakage, and
diminished PL intensity, indicating fewer defects and better crystallinity.

The study underscores the importance of optimizing the deposition conditions, particularly the substrate temperature,
to control the resistivity and defect density of AZO films. These findings offer valuable insights for the development of
high-performance AZO/p-Si heterojunction-based optoelectronic devices, where the careful tuning of film resistivity is
essential for enhancing device efficiency and stability [19].
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BILINB OIMOPY HA EJIEKTPUYHI XAPAKTEPUCTUKU 'ETEPOCTPYKTYP AIJIETOBAHOI'O ZnO/p-Si
®@axpimain T. FOcynos, Mexpigain ®@. Axmanxonos, lagaxon L. Xigipos, dinmyxamman X. Toaadoes, Ixtiop M. TypcyHos
Depeancokuil norimexuiunull incmumym, Qepeana, Y36exucman
Ile nocmifkeHHS BHBYA€E BIUIMB IMHTOMOTO ONOPY IUTIBOK OKCHAY LHMHKY 3 JAoMilikamu amoMiiio (AZO) Ha enekTpudHi
xapakrepuctku AZO/p-Si rereponepexoais. [LniBku AZO Oynu ocamkeHi METOIOM TEPMIUYHOTO BUIIAPOBYBAHHS Ha IMiJKJIAJKaX 3 P-
Si, mpuyomy Temmeparypa ocaKeHHS 3MiHIOBaIacs ISl peryIroBaHHs MOP(HOJIOTii ITIBOK Ta iXHFOTO TUTOMOTO oropy. Jlms omiHku
po6oTH mioza Ta TMHAMIKU CTaHIB HA MEXi PO3LTY OyiH MPOBeIeHI KOMIUIEKCHI BUMIpIOBaHHS CTpyMo-HanpyroBux (I-V) ta emHicHO-
Hanpyrosux (C-V) xapakrepuctuk. Pe3ynbraTté mokasany, o 3pa3ky 3 BUIIAM TUTOMUM OIIOPOM, OCOOJIMBO Ti, [0 OyJIM OcamKeHi
Ipu KiMHaTHIH Temmepatypi (S1 Ta S2), IeMOHCTpYIOTh MOBeAiHKY, momiOHy mo MOH-cTpykTyp, 1Mo BKasye Ha IiIBHINCHY
KOHIICHTPAIIi}0 CTaHIB Ha MEXi po3ainy Ta nedekris. HaromicTh 3pa3ku, ocapkeHi npu miBUIICHHX Temmepartypax (S3, S4 ta S5),
JIEMOHCTPYIOTh OKPAILCHI XapaKTePUCTHKH J[0/1a 3 MEHIIIMM UTOMHM OIIOPOM, ITiIBUIIICHOIO PYXJIUBICTIO HOCITB 3apsiIy Ta KpaIo
KpUCTaNi4HOI0 sikicTio. AHanizu Motrta-lloTTki Ta emHicHO-4acToTHI (C-f) BUMIpIOBaHHSI TaKOX BUSIBIWIM 3HA4HY POJIb CTaHIB Ha
MEXI1 pO3/iidy y BH3HA4YEHHI €IEKTPUYHOrO BIATYKY IeTepornepexojy, 0COOIMBO Ha HU3bKHMX YacTOTaxX, 1€ IEPEeBaKa€e 3aXOIUICHHS
3apsany. Kpim toro, criektpu doromominecenuii (PL) miaTBepkyoTh HasABHICTh KHCHEBUX BakaHCiil y rutiBkax AZO, 3 CHIBHUM
BHIMMHUM BUIIPOMiIHIOBaHHSM, IO CITOCTEPITa€eThes y 3paskax S1 ta S2, sike moB's13aHe 3 TAMO0OKAME AeeKTHUME cTaHaMu. LI pobora
MAKPECIIIOE KPUTHYHUH BIUIMB YMOB OCA/DKCHHS Ha NUTOMHUH OIip Ta NPOAYKTHBHICTH INIBOK AZO y TreTepoCTpyKTYPHHX
ONTOCNIEKTPOHHHUX MPHUCTPOSAX, HANAIOUM I[IHHY iH(OpMAIio JUId ONTHMI3allii BIACTUBOCTEH Marepialy 3 METOIO ITiIBHIICHHS

e(eKTUBHOCTI PUCTPOIB.
Kawuosi cnoBa: A30 nnisxku, numomuti onip; p-Si eemeponepexio;, BAX; C-V xapaxmepucmuxu, auaniz Momma-Illommxi;
npomigicui cmanu, cnekmpu gpomoniominecyenyii (DJI); kucnesi éakancii; mepmiune GUNAPOBYBANHSL, YIOGIIOBANHS 3aPsOY



