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CONCEPTUAL GUIDELINES OF RESEARCH

Actuality and importance of the topic

Wide bandgap oxides, especially those in nanostructured form, have a wide range of
applications, such as gas sensors, fuel cells, advanced ceramics, chemical sensors, biosensors,
batteries, solar cells, pyroelectrics, super-capacitors, catalysts and anti-corrosion coatings [1]. Wide
bandgap oxides have been increasingly used in the last 5 years in obtaining oxide film based
transistors for flat panel displays, due to their high mobility and transparency [2]. A key strategy in
these developments was based on the use of heterojunction [3]. ZnO is an important semiconductor
and piezoelectric material among oxide compounds, which has a high potential for many applications
such as transparent conductive films, field emission devices, varistors, piezoelectric transducers,
resonators and sensors [4]. The last decade has seen an explosion in the study of ZnO nanostructures
for gas sensors and sensitized solar cells [5-7]. There is also a significant interest in ZnO-based UV
radiation sensors [8,9], for the development of which there is a stringent need in obtaining solid
solutions for the control the material's band gap and spectral sensitivity range [10]. The MgxZn1.xO
alloy system covers a wide spectral range of ultraviolet (UV) radiation between the direct band gap
of 3.36 eV for ZnO to 7.8 eV for MgO at room temperature [10-12].
The issue of developing optoelectronic devices for the ultraviolet (UV) range of the optical spectrum
is of great current interest. The most common optoelectronic devices are radiation detectors and
emitters, such as light emitting diodes (LEDs) and lasers. Currently, such devices for the UV spectral
region are fabricated on the basis of diamond [13] or gallium nitride (GaN)-based materials [14,15].

However, diamond is a too expensive material, while for GaN-based devices there is a lack of
technologies for producing bulk GaN wafers to be used as a basis for the fabrication of devices.
Typically, GaN layers are grown on substrates from other materials, such as sapphire, silicon carbide
etc., leading to stresses and defects in the GaN layers. A viable alternative for such devices is zinc
oxide (Zn0O), since it does not contain expensive metals such as Ga. Apart from that, large single-
crystal substrates of sufficient purity for the development of ZnO-based optoelectronic devices are
obtained by the hydrothermal method and they are delivered commercially. Photodetectors based on
ternary oxides cover a large part of the visible, UV-A, UV-B, and UV-C spectral ranges, they having
high and well-established parameters, which are of major importance in optical radiation detection or

dosimetry, including antibacterial treatment.

Description of the situation in the research area and identification of problems
It was found that the characteristics of ZnO films can be radically changed by doping with

different elements of groups I1-111-VI11 of the periodic table, such as Mg, Al, Ga, In, Ni, Pd. In order
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to change the band gap of the material and, respectively, to shift the spectral range of sensitivity (in
the case of radiation detectors) towards shorter wavelengths from 365 nm to less than 200 nm, doping
with Mg would be efficient. This element is the most widely used one to modify the properties of
films and produce solid MgZnO solutions. The ionic radii of magnesium (0.57 A) and zinc (0.60 A)
are quite close to each other, so that Zn?* ions are easily substituted by Mg?* ones. Therefore, ternary
oxides can provide possibilities for modelling optical, luminescent and photoelectric properties over
a fairly wide range by extending the energy bandgaps of the films, through the composition tuning in
the system (the x parameter value). However, the crystal structure of zinc oxide is hexagonal wurtzite-
type with tetrahedral coordination, whereas magnesium oxide has a cubic (rocksalt-type) structure
with octahedral coordination. This difference of crystal structures limits possibilities of obtaining a
single-phase material. A single-phase material was reliably obtained only for the value of x=0-0.35
and 0.65 - 1, while a mixed phase material was formed with intermediate compositions [11,16].
Widening of the range of solid solutions compositions with singe phase structure is still an actual
issue.

MOCVD, ALD, PLD, and MBE technological methods have been basically user for obtaining
single phase MgZnO solutions. However, in spite of some advantages, these technologies are
expensive and they have a series of other disadvantages, such as a high temperature of deposition, a
need of high vacuum, toxic precursors etc. Spin coating and aerosol deposition method have the
advantages of ensuring the control of solid solutions stoichiometry, possibility of doping, and easy
preparation of homogeneous films with excellent photoelectrical and optical properties.

Injection photodiodes have been previously demonstrated on the basis of n-CdS/p-CdTe
heterostructures, multilayer n+-CdS—n-CdSxTe1x—p-ZnxCdixTe-Mo structures, and other
heterostructures with photosensibility in the spectral range of 500-800 nm wavelengths. At the same
time, possibilities of developing injection photodiodes based on MgZnO solid solutions remained

practically unexplored.

The aim of the research

The aim of this work was to elaborate and develop technologies for obtaining wide bandgap
oxides by cost-effective methods, including ZnO, MgxZn1xO, and (GaxInix)203 oxide films with
controlled composition and morphologically, and to explore their optical, luminescent and
photoelectric properties for applications in optoelectronic devices such as UV radiation

photodetectors.



The main objectives of the work

Development of technologies for obtaining ZnO films, oxide (GaxIni-x)203 compounds and
MgxZn1xO solid solutions with controlled composition and morphology by means of aerosol
deposition and spin coating method.

Study of the composition of obtained materials by means of energy dispersive X-ray (EDX)
spectroscopy, as well as the identification of the range of compositions of MgZnO solid
solutions with hexagonal (wurtzite), mixed and cubic (rock salt) structure, by means of X-ray
diffraction (XRD) and Raman spectroscopy methods.

Study of the optical properties of materials as a function of composition and crystal structure
by using absorption and luminescence spectroscopy.

Determination of the dependence of the morphology and roughness of the obtained films on
the technological conditions of production for each deposition method, using scanning
electron microscopy (SEM) and atomic force microscopy (AFM).

Study of the electrical and photoelectrical characteristics of the produced structures as a
function of composition, crystal structure and film morphology for further device
development.

Elaboration of different structures designs on Si substrates, such as metal-semiconductor-
metal (MSM) structures and heterostructures for UV optical radiation detection based on
ternary MgZnO oxides or (GaxIni-x)203 oxide compounds.

Study of optical radiation photodetector parameters (responsivity and detectivity) by electrical
(current-voltage) and photoelectrical characterization, depending on photodetector design and
component films properties.

Carrying out a comparative study of wide bandgap oxide materials such as (GaxIni-x)203
through determining the dependence of the morphology and crystal structure of the obtained
films on the technological conditions, by means of scanning electron microscopy (SEM) and
X-ray diffraction (XRD), as well as performing a study of the dependence of the optical
absorption edge on the composition of films and of photoelectrical properties of structures
based on them.

Scientific research methodology

In order to achieve the aim and objectives of the research, the literature was studied and the following

technological methods of deposition and film characterization were used:

For obtaining the oxide films of ZnO, MgxZn1xO, and (GaxIni-x)203, spin coating and aerosol

deposition methods were used.



e The developed films were characterized using the following techniques: the morphology of
films was investigated by scanning electron microscope (SEM); their quantitative chemical
composition was determined by energy dispersive X-ray (EDX) detector; the topographic and
roughness analysis of the films was investigated by atomic force microscope (AFM);
structural properties as well as crystallographic phase content in the oxide films were studied
by X-ray diffraction (XRD); determination of vibrational modes was performed using Raman
scattering  spectroscopy; radiative electronic transitions were investigated by
photoluminescence spectroscopy.

e The optical properties of the oxide films were measured at room temperature (300 K) by
means of absorption spectroscopy using a Jasco V-670 spectrometer.

e MSM photodiodes based on oxide films have been developed using photolithography.

e The design of different photodetector devices obtained on Si substrates was carried out by
developing the following heterostructures: n-MgxZnixO/p-Si  with different Mg
concentrations and multilayer devices such as Ag/N-Zno.coMo.400/n-Zno.90Mgo.100/p-
Si/Al and Ag/n-Zno.esMgo.350/n-ZNno.e5sMgo.150/p-Si/All.

e Photosensitivity parameters and charge transfer mechanisms in these structures were
investigated by measuring current-voltage characteristics in the dark and under illumination

with radiation of different wavelengths.

The scientific novelty and originality of the research

e The influence of technological parameters for obtaining ZnO, MgxZn1xO and (GaxInix)203
oxide films by cost-effective methods on their morphology, chemical composition, crystal
structure and vibrational properties was established.

e For thefirst time, a selective ultraviolet (UV) photoreceptor has been developed by depositing
from chemical solutions (spin coating deposition or aerosol deposition) a MgxZni-xO
absorption film with the value of x = 0 - 0.8 on a Si substrate, and a transparent MgxZn1.xO
film with a value of x being deposited on top of the absorption film, providing a bandgap at
least 0.1 eV higher than that of the absorption film (Patent No. 4618).

e Photodetectors have been developed that operate as injection photodiodes at forward bias,

their responsivity (R) being about 460 mA-W-1, while classical diodes operate at reverse bias.

The solved scientific problem is related to the development and optimization of technologies for

obtaining wide bandgap oxides with controlled composition and morphology by means of cost-



effective methods, and the study of their optical, luminescent and photoelectrical properties for

applications in electronic devices such as ultraviolet radiation photodetectors.

The theoretical significance and the applied value of the work

e The dependence of the bandgap and crystal structure of the ternary compounds on the Mg
concentration was established from the study of optical and structural properties of materials
with different compositions.

e The slow photoconductivity relaxation component of ternary oxide MgZnO as a function of
film deposition method was determined.

e The compositional range of MgZnO solid solutions with hexagonal (wurtzite), with cubic
(rock salt), and with mixed phase structures was identified by applying Raman spectroscopy
and X-ray diffraction (XRD).

e The applied value of the given work consists in the development of selective photodetectors
based on oxide films for UV radiation detection. Multilayer devices based on Zng.gsMgo.150/n-
Zno.65sMgo.350 oxide films with a responsivity of 460 mA-W have been demonstrated, while
single layer MgxZn1xO structures showed a much lower responsivity of only 3.0 mA-W™.
The given structures have been shown to work as injection photodiodes at forward bias, while
classical diodes work at reverse bias.

Main scientific results submitted for defense

1. The optimal technological conditions for obtaining MgxZn1-xO films by aerosol deposition are as
follows: deposition temperature of about 500 °C, chemical solution injection rate of 1 ml/min,
molar mass of each precursor of 0.35 M and the use of a carrier gas flow (O2 + Ar), while for
obtaining MgxZn1xO films by spin coating method the optimal technological conditions are as
follows: deposition in cycles of 20 seconds each at a rotational speed of 2000 rpm, followed by
heat treatment at 500 °C for one hour in an combined (O2 + Ar) atmosphere.

2. The crystallite sizes in MgxZn1xO films prepared by spin coating method decrease from 140 nm
to 30 nm with increasing Mg content, while in MgxZn1xO films obtained by aerosol deposition
the morphology changes from 100 nm crystallites to 250 nm conglomerate crystallites. The
morphology of the films deteriorates with increasing x-value above 0.8 for both technological
methods.

3. The wurtzite structure predominates in films of the ternary MgxZn;.xO compound obtained by
aerosol deposition and by spin coating method up to 60 % Mg content, while films with higher

Mg content contain inclusions with cubic phase of MgO (rock-salt). The incorporation of Mg into



the wurtzite structure is demonstrated by shifting the XRD (222) reflex to larger angles 2@ and
the Raman E2(®*) mode to higher wavenumbers.

4. The introduction of Mg up to a 60 % content is efficient for tuning the bandgap of MgxZn1.xO
solid solutions and for shifting the spectral range of sensitivity from 3.3 eV to 5.1 eV, while the
spectral range of sensitivity can be changed from 3.6 eV for In203 to 4.9 eV for Ga,0O3 by
introducing Ga into the composite (GaxInix)203 films.

5. The component of slow photoconductivity relaxation in the ternary MgZnO compound obtained
by the spin coating method is due to local fluctuations in the solid solution composition, which
leads to increased response time of photodetectors to UV light irradiation, while samples obtained
by aerosol deposition method show a faster photoresponse.

6. Elaboration of heterostructures on p-Si substrates with two layers of MgxZn1xO improves the
selectivity and photosensitivity parameters of the devices compared to single-layer devices. These
devices operate in the injection photodiode mode at forward bias, demonstrating a responsivity
of 460 mA-W* and a detectivity of 1x10%*° cm HzY2W L.

Approval of the scientific results
The main results of the research performed within the thesis have been presented at the following
national and international conferences and exhibitions:

¢ International Conference ,, Technical and Scientific Conference of Students, Master and PhD
Students", Technical University of Moldova, Chisinau, (2019, 2021, 2022);

e International Conference “Advanced Topics in Optoelectronics, Microelectronics and
Nanotechnologies ATOM N-2022”, X and Xl editions, Constanta, Romania (2020 and
2022);

e International Conference “Nanotechnologies and Biomedical Engineering”, Technical
University of Moldova, 4th and 5th editions, Chisinau, Republic of Moldova, (2019 and
2021);

e Applied Nanotechnology and Nanoscience International Conference - ANNIC 2021, Paris,
France, March 24-26, Online, (2021);

e International Conference ,, The 121" International Conference on Intrinsic Josephson
effect and horizons of superconducting spintronic', (SPINTECH-NANO-2021)", 22-25
September, Chisinau, Republic of Moldova, (2021);

e Bristol Center for Functional Nanomaterials Annual Conference, September 17 - 18, Bristol,
UK, (2020);


https://utm.md/blog/2019/03/22/conferinta-tehnico-stiintifica-a-studentilor-masteranzilor-si-doctoranzilor-2019/
https://utm.md/blog/2019/03/22/conferinta-tehnico-stiintifica-a-studentilor-masteranzilor-si-doctoranzilor-2019/
https://utm.md/blog/2019/03/22/conferinta-tehnico-stiintifica-a-studentilor-masteranzilor-si-doctoranzilor-2019/
https://utm.md/blog/2019/03/22/conferinta-tehnico-stiintifica-a-studentilor-masteranzilor-si-doctoranzilor-2019/
https://utm.md/blog/2019/03/22/conferinta-tehnico-stiintifica-a-studentilor-masteranzilor-si-doctoranzilor-2019/

e International Conference "Contemporary Trends in the Development of Science: Visions
of Young Researchers", editions VII, VIl and IX, USDC, Chisinau, (2018, 2019, 2020);

e International Conference ,, Telecommunications, Electronics and Informatics", 6th edition,
Technical University of Moldova, 24-27 May, Chisinau, Moldova, (2018);

e International Conference ,,Materials Science and Condensed Matter Physics", 9th edition,
25-28 September, Chisinau, Moldova, (2018);

e International Conference ,,Microelectronics and Computer Science”, 9th edition, Technical
University of Moldova, Chisinau, October 19 - 21, (2017);

e National Conference ,,The future belongs to us"”, VI edition, State University of Moldova,
Chisinau, Moldova, 6-7 October, (2016);

e National Conference ,,Scientific Annals of USM. Natural and Exact Sciences. Economic

Sciences", State University of Moldova, Chisinau, Moldova, September 26, (2016).

Publications on the thesis topic

The main results of the research related to the thesis topic have been published in 18 scientific
papers, including 3 articles in journals in the Web of Science and SCOPUS databases with impact
factor, 2 articles in national journals, 4 articles in the proceedings of scientific events included in the
Web of Science and SCOPUS databases, 9 publications at national and international conferences, 4

single-authored articles, the list of which is presented at the end of this Abstract.

The volume and structure of the thesis
The thesis consists of an introduction, five chapters, general conclusions and bibliographical
references consisting of 159 titles, and is set out on 123 pages of basic text, containing 70 figures and
21 tables.
Keywords: nanotechnologies, UV radiation photodetectors, optoelectronics, band gap

engineering, MgZnO, thin films, spin coating deposition, aerosol deposition method.
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THESIS CONTENT

In the introduction, the actuality and the importance of the research topics justified, the aim
and objectives of the thesis, the methodology of the scientific research, the scientific novelty of the
obtained results, the scientific problem solved, the theoretical and applied significance of the work,
the main scientific results submitted for defense, the approval of the scientific results, as well as the
volume and structure of the work are presented.

Chapter 1 includes a review of studies previously performed and reported in the scientific
literature on fabrication methods, crystal structure, vibrational, optical, photoelectrical properties and
current-voltage (1-U) characteristics of ternary MgZnO oxide. The description of oxide films such as
(GaxlIni1x)20s is also given. The literature data on optical radiation photodetectors based on MgxZni-
O, AlxGaixN and (GaxIni-x)20s films are also reviewed.

Chapter 2 presents the technological methods for the preparation of oxide films and the
experimental technique. The methods of aerosol deposition and spin coating are described, including
their main components, the technological procedures applied for obtaining the films, and how each
chemical solution was obtained. The methods of characterization and measurements of the obtained
samples are also described and discussed, such as scanning electron microscopy, identification of the
elemental composition of materials by means of energy dispersive X-ray spectroscopy, atomic force
microscopy, study of crystal structure by X-ray diffraction, Raman scattering spectroscopy and
measurement of photoluminescence spectra. The procedures for measuring the optical,
photoelectrical properties and current-voltage (I-U) characteristics of the obtained films are also
presented in this chapter, as well as the description of the elaboration of structures for photodetectors
based on oxide compounds.

In Chapter 3 the oxide films of MgZnO obtained by the spin coating method are
characterized. Figure 1 illustrates the morphology evolution of ternary MgxZnixO oxides as a
function of the Mg content of films (the x value) obtained by the spin coating method and subjected
to thermal treatment at 500 °C for 1 h in a combined atmosphere of (O2 +Ar). It can be seen that the
hexagonally shaped crystallites decrease in size from 140 nm (x = 0.0) to 30 nm (x = 0.6), and at a
concentration of 0.8 the crystallites become shapeless and conglomerated with each other with sizes
of about 20-150 nm. The roughness of the films was deduced from the AFM profiles, and the RMS
and RSkew values were found to be of 12 nm, and 0.272, respectively. The crystallite height was 63
nm at the scan size of (5x5 um?) for the ZnosMgo..O films obtained by the spin coating method. At
the same time, the EDX analysis results showed that the compositions of the MgxZnixO films are

stoichiometric within the instrument accuracy of + 5 %.
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(d)

Fig. 1. SEM images of MgxZn1-xO films deposited on Si substrate by the spin coating method

and thermal treated at 500 °C for 1 h in a combined atmosphere of (O2 +Ar). The x-values of

the films are as follows: 0 (a); 0.2 (b); 0.4 (c); 0.6 (d); 0.8 (e). The SEM image in cross-section
of a film with x = 0.4 is shown in (f)

The XRD picture of the MgxZn1xO films (0 < x < 0.8) obtained by the spin coating method is
shown in Figure 2 a. The XRD investigations demonstrate that the wurtzite phase is present in the
films up to the x value of 0.8. At the same time, reflections (002) and (202) of the cubic (rock salt)
phase appear at x values greater than 0.4. The position of the (002) reflection approaches the position
of a band, which represents an overlap of the (101) reflection from the hexagonal (wurtzite) phase
and the (111) reflection from the cubic (rock salt) phase. The XRD data are also confirmed by Raman
scattering spectroscopy results (Figure 2 b), which similarly demonstrate an efficient incorporation
of Mg atoms into the wurtzite lattice of MgxZn1<O films by shifting the E2(°) mode towards higher
wavenumbers. The peaks at about 100 cm™ and 438 cm™ are assigned to the ZnO non-polar optical
phonon E2"" (low-frequency) and E,"9 (high-frequency) modes, respectively. The band at 583
cm™ comes from a combination of A; (LO) and E: (LO) modes. In this chapter, the dependence of
morphology and crystal structure on the thermal treatment of MgxZn1.xO oxide films is also described.
It was determined that the critical and most important parameter in obtaining uniform and
stoichiometric oxide films is their treatment temperature after the deposition process. Figure 3 shows
the morphology of ZnosMgo.sO films with a thickness of about 100 nm subjected to thermal treated
in a combined atmosphere of (O2+Ar) at 500 °C for different process duration ranging from 15 to 60
min. It can be seen that the films are formed of crystallites with a nearly uniform distribution on the
film surface, while the average crystallite size increases from about 20 nm to 70 nm with increasing
treatment duration.

12
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Fig. 2. XRD pattern (a) and Raman spectra (b) of MgxZn1-xO films deposited on Si substrate
by the spin coating method

It was found that the films quality increased with increasing the thermal treatment temperature

up to 500 °C, while the further increase of the annealing temperature resulted in the degradation of

the film morphology, their cracking, and deviation of stoichiometry towards the oxygen excess.

Fig. 3. SEM images (top view) of ZnosMgosO films deposited on Si substrate by the spin
coating method and subjected to thermal treatment at 500 °C in a combined atmosphere of
(O2 +Ar) for 15 min (a), 30 min (b), 45 min (c), 60 min (d)

The XRD analysis shown in Figure 4 proves that the crystallite size increases and the crystalline
quality improves with increasing thermal treatment duration up to 60 min, as indicated by the increase
13



in XRD reflections intensity of the hexagonal (wurtzite) phase indexed according to PDF file no. 01-
078-3032. At the same time, the (200) reflex from the cubic (rock salt) phase increases in intensity at
thermal treatment duration longer than 30 min.
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Fig. 4. XRD pattern of ZnosMgosO films deposited on Si substrate by spin coating method
and subjected to thermal treatment in a combined atmosphere of (O2 +Ar) at 500 °C for
different process duration.

It has also been shown that the evolution of film morphology is also highly dependent on
thermal treatment in different atmospheres. Figure 5 shows the morphology of oxide films of
ZnogMgo.20/Si obtained by the spin coating method with no heat treatment, with heat treatment at

500 °C in air, or in a combined atmosphere of oxygen and argon (Osov%+Ar20%).

Fara tratare _ cr , _ 02 (80%) - Ar (20%

Fig. 5. SEM images (top view) of Zno.sMgo.2O/Si oxide films obtained by the spin coating
method and thermally treated in different atmospheres: I column - samples without heat
treatment with 15, 10, 5 layers (a, b, c); Il column - samples thermally treated in air with 15,
10, 5 layers (d, e, f); 111 column - samples thermally treated in atmosphere of (O2 +Ar) with
15, 10, 5 layers (g, h, i).
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It can be seen from SEM images that the films without thermal treatment are amorphous,
without any nanocrystallites, regardless of their thickness (Figure 5. a, b, c). Once the thermal
treatment is done in air, nanocrystallites are already evident (Figure 5. d, e, f). The most pronounced
nanocrystallites were formed in the samples with 10 deposited layers (Figure 5. e, h), reaching sizes
of about 10 - 70 nm. XRD analysis revealed a single-phase wurtzite structure of the ZnosMgo 2O film
after thermal treatment in air, while the highest crystalline quality and nanocrystallites size is obtained
after thermal treatment in combined atmosphere of (O2 +Ar) (Figure 5. g, h, i), indicated by the higher
intensity of XRD reflexes.

Another very important study comes from photoluminescence (PL) spectroscopy
investigations. As can be seen from Figure 6, the PL spectra of thermally treated films at 500 °C
consist of a broad emission band at both room temperature (300 K) and low temperatures (20 K),
which shifts towards higher photon energies with increasing Mg content in the alloy. The higher the
value of x, the larger the difference between the bandgap and the PL band maximum. Moreover, the
luminescence is excited by photon energy of 3.81 eV, which is much smaller than the bandgap for
thin film with x value of 0.40 (4.28 eV).
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Fig. 6. PL spectra of MgxZn1-xO films deposited on Si substrates by the spin coating method
with x values of 0.00 (1); 0.05 (2); 0.15 (3); and 0.40 (4), heat treated at 500 °C and measured
at a) 300 K and b) 20 K.

It was determined from the photoluminescence spectra that the slow component of
photoconductivity relaxation in spin coated films is due to local fluctuations in the solid solution
composition. Local potential fluctuations induced by composition fluctuations lead to the formation
of deep band tails in the bandgap with a width from 70 meV for x = 0.0 to 400 meV for x = 0.4, which
make it possible to excite photoluminescence at sub-band gap photon energies. A model for the band
tails distribution is proposed in Figure 7 for MgZnO films. Because the luminescence intensity is
higher at lower temperatures and, respectively, the position of the luminescence band maximum can
be determined more accurately, this model was developed for 20 K, however, the trends of increasing

“band tails” with increasing x are also valid at room temperature (300 K).
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Fig. 7. A model for the band tails distribution at 20 K in MgxZn1-xO films with the x value
composition of a) 0.10; b) 0.15; c) 0.25 and d) 0.40.

In Chapter 4, oxide films of MgxZn1.xO and (GaxIn1x)203 with thicknesses between 80 - 150
nm and uniform morphology obtained by aerosol deposition at 500 °C on p-Si (100) substrates are
characterized. SEM images of MgxZn1.xO oxide films with composition range of x = 0.00 - 0.80 are
shown in Figure 8. Hexagonal structures with sizes around 100 - 250 nm are formed in films with x
value up to about 0.30, while the shape of the crystallites becomes structureless with further increase
of Mg content, but retaining to some extent the crystallite size. This behavior is explained by the
increasing concentration of MgO inclusions with cubic structure in the hexagonal MgxZn1xO wurtzite
phase. The roughness parameters of the films were determined from AFM image analysis, so that the
RMS values were found to be 5.2 nm and RSkew 0.1163. The crystallite height was around 35 nm at

a scan size of (5x5 um?) for ZnosMgo 20 films obtained by the aerosol deposition method.

Fig. 8. SEM images (top view) of oxide films of MgxZn1-xO with the composition range of x =
0.00 - 0.80 deposited on Si substrates by aerosol deposition method.

XRD data and RAMAN analysis for MgxZn1.xO films obtained by aerosol deposition show the same
tendency as observed for films deposited by the spin coating method (Figure 9 a, b). These
investigations demonstrate that the wurtzite structure is present in MgxZn1.xO films even at 80 % Mg

content with some inclusions from the MgO cubic phase. Mg incorporation into the wurtzite structure
16



is demonstrated by shifting the XRD (222) reflection to larger 20 angles and the Raman E2!") mode

to higher wavenumbers.
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Fig. 9. XRD pattern (a) and RAMAN spectra (b) of MgxZn1xO films deposited on Si substrate

by the aerosol deposition method.

Oxide (GaxIn1x)203 films were also produced by aerosol deposition, and their morphology is

shown in Figure 10. From the SEM images one can see that the films consist of nanocristalites which

sizes increase with increasing Ga content from 70 nm to 180 nm, while the thickness of the films is

almost constant around 150 - 170 nm. EDX analysis results showed that the chemical composition of

the obtained films is nearly stoichiometric within the experimental instrument errors of +5%.

In,0,

e

Ing ,Ga, O

500 nm

Fig. 10. SEM images (top view and cross section) of oxide films of (Gaxlnix)203 grown on Si
substrates by aerosol deposition method.

XRD investigations prove the formation of a solid solution of (GaxInix).O3 with a cubic

structure, characteristic of In2Os crystals. The efficient incorporation of Ga atoms into this structure
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is indicated by the shift of the (222) reflections of the cubic phase towards higher values 2@ with
increasing Ga content (Figure 11 a). At values of x greater than 0.6 a biphasic composite is formed,
consisting of the (GaxInix)203 solid solution with cubic structure and crystallites of the B-Ga>O3
monoclinic phase. The position of the reflex (111) from the B-Ga>Os3 phase does not change with
increasing Ga content in the film. The Raman spectrum of a sample with In,O3 composition (Figure
11 b) confirms the volume-centered cubic phase (bcc) with (la-3) space group, while the Raman
modes of the cubic phase decrease in intensity with increasing the Ga content in films, new peaks
appearing in the spectrum at 198 cm™ and 415 cm™ related to the Aq (3) and Ag (6) symmetry modes
of the B-Ga>03 phase.
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Fig. 11. XRD pattern (a) and RAMAN spectra (b) of (Gaxlni-x)203 films deposited on Si
substrate by the aerosol deposition method.

In Chapter 5, photodetectors devices obtained from oxide films are described and analyzed.
The obtained MgZnO oxide films were tested for photodetection applications in metal-
semiconductor-metal (MSM) design configuration with Pd interdigital metal contacts. The films
showed sensitivity to UV light irradiation, where the photosensitivity was much higher for samples
obtained by spin coating compared to those obtained by aerosol deposition. The current-voltage (I-
U) characteristic curves are symmetrical for both polarization directions, and the characteristic
measured in the dark is linear for both growth methods demonstrating the formation of ohmic contacts
(Figure 12). The characteristic deviates from linear under UV light irradiation (200-400 nm, 2.2
mW/cm?), and the sample shows photosensitivity, which increases with increasing polarization. From
the current-voltage characteristics it was shown that the devices under illumination work like

Schottky diodes, both at reverse and forward bias.
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The investigation of photoconductivity excited under irradiation with different wavelengths for
oxide films obtained by both methods demonstrated photosensitivity in a fairly broad spectral range
from ultraviolet (UV) to infrared (IR).
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Fig. 13. Photocurrent relaxation measured at 300 K in vacuum under irradiation with
different wavelengths for oxide films of ZnosMgo.20 (a, b) and (GaxInix)20s3 (C).

Photocurrent relaxation in samples obtained by aerosol deposition and by spin coating method

(Figure 13 a, b) demonstrates two components: a fast relaxation component in the range of seconds
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and a slow relaxation component with a relaxation time of hundreds of seconds. The response time
when the optical radiation is switched on is around 250 ms for the aerosol deposition method, and it
is around 360 ms when the optical radiation is switched off. For the spin coating method, the response
time is around 260 ms when optical radiation is switched on, and it is around 1.25 s when the radiation
is switched off, as illustrated in Figure 13 b. A long relaxation component is also observed in the
(GaxlInix)203 films, which showed a response time of 370 ms when optical radiation is switched on
and off (Figure 13 c).

The performance of UV photodetectors in MSM configuration with interdigital Pd metal
contacts on the surface of ZnosMgo.2O/p-Si films was also characterized by responsivity (R) and
detectivity (D*) as compared to the (GaxInix)203 oxide films with different Ga content, and their
parameters are presented in Table 1.

Table 1. Parameters of photodetectors based on films of Zno.sMgo.2O and (GaxIni-x)203
for the UV domain.

Photodetector | U (R) (D*) Photodetector U (R) (D*)
structure V) | mAW? | cm-Hz¥2.w! structure (V) | mMAW | cm-HZY2.W-
(ASP/SC) (ASP/SC) L
1 10/21 | 6.7x10%1.6x10° | In ,Ga,,O/Si 18 13%10
ZnosMgo,O/Si | 2 | 33/60 | 1.5x10°/4x10° | In .Ga OfSi | ¢ 24 1.9x10'
3.1x10° :
5 | 79/150 108 In, Ga, ;O/Si 42 34 %10
10 | 264/380 | 9.7x10°/2x10® | In,,Ga, OIS 58 48%10

Injection photodiodes based on wide bandgap oxide films deposited on Si substrates have also
been studied in this chapter. The current-voltage characteristics represented in linear voltage
coordinates and logarithmic current coordinates do not fit the classical formula for a p-n junction, but
the characteristics fit a straight line in double-logarithmic coordinates, which means that the
characteristic corresponds to a power function lcoU", according to the Lampert's theory. Figure 14
shows the current-voltage characteristics of films obtained by the spin coating method plotted for
direct bias in double-logarithmic scale for x values of 0.1, 0.2 and 0.4. The value of n for the dark
current characteristics decreases from about 4 for MgxZn1-xO films with x value of 0.1 to about 3 for
x value of 0.2, and to about 2 for x value of 0.4. The ratio of the photocurrent to the dark current at 1
V bias is about 3 for all values of x. However, at 0.1 V bias, this ratio decreases from about 100 for x

value of 0.1, to about 10 for x value of 0.2, and to about 3 for x value of 0.4.
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Fig. 14. Design of an n-MgxZn1xO/p-Si photodiode (a) and current-voltage characteristics of
the devices plotted for double-logarithmic scale direct bias for x values of 0.1 (b), 0.2 (c) and
0.4 (d).

At the same time, the responsivity (R) is quite low at 0.1 V bias for all values of x, it being
around (10-30) uA-W. The responsivity is higher at 1 V bias, but decreases from about 3 mA-W
for x value of 0.1, to about 2 mA-W-? for X value of 0.2, and to about 0.1 mA-W for x value of 0.4.
The parameters of these devices are generally low, because the ratio of photocurrent to the dark
current decreases with increasing bias voltage, and the device operation at voltages higher than 1 V
becomes inefficient.

To overcome this disadvantage, a device structure with two layers of MgxZn1.xO with different
values of x has been developed, as shown in Figure 15 a, where the top layer of Zno.esMgo.350 with
higher band gap plays the role of a window, it is a transparent layer for UV-B radiation, which protects
the base (absorption) layer with ZnogsMgo.1s0 composition and is expected to reduce the density of
surface states. The charge carriers generated by the incident light are separated by the internal electric
field of the p-n junction. The band gap gradient formed in the Ag/n-Zno.65Mgo.350/n-Zno 8sMgo.150/p-
Si/Al favors the movement of charge carriers due to the internal electric field resulting from the
gradient of the ternary oxide composition, and the photodetector sensitivity maximum is determined
by the composition of the absorption layer.
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voltage characteristics of the device fabricated by aerosol deposition method, plotted for
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The thickness of the absorption film was 300 nm and that of the transparent window
approximately 160 nm. Moreover, unlike a classical p-n junction, which functions as a photodetector
only at reverse bias, the investigated heterojunction functions as a photodetector at both forward and
reverse bias voltages. The value of n is about 2-3 at forward bias, while at reverse bias voltages the
value of the parameter n varies from 1 to 2 both in the dark and under UV light irradiation. The ratio
of photocurrent to the dark current increases from 2 to 36 with increasing forward bias from 0.6 V to
5V, while this ratio is equal to 23 for reverse bias of -5V, i.e. the sensitivity of the photodetector is
1.5 times higher at forward bias compared to reverse bias (Figure 15 b, ¢). The responsivity of such
a device at forward bias (5 V) is of 460 mA-W, while at reverse bias (-5 V) it is only of 35 mA-W-
1.

Consequently, it can be seen that devices made of two junctions are not sensitive to infrared
(IR) radiation, unlike devices with a single junction of MgxZn1xO (Figure 16). The responsivity of a
single-layer device decreases with increasing the Mg concentration down to 0.1 mA-W for x value
of 0.4 at direct bias of 1 V. On the other hand, the device based on n-Zno.gsMgo.150/n-Zno.esMgo.350
multilayer structure is 8 times more sensitive to UV radiation than to visible radiation, while this ratio
is 4 for the n-Zno.9oMgo.100/n-Zno.60Mgo.400 film device and it is about 2.5 for the Zno.gMgo.200
single film device.

The parameters of the developed photodetectors based on oxide films of MgxZn1xO are
summarized in Table 2.
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Fig. 16. Photocurrent relaxation measured at 300 K with irradiation at different wavelengths
for a photodetector with a Zno.soMgo.200 film (a), a photodetector with n-Zno.soMgo.100/n-
Zno0.60Mgo.400 films (b) and a photodetector with n-Zno.ssMgo.150 /N-ZNno.6sMgo.350 films (c).

Table 2. Parameters of photodetectors based on MgxZn1-xO films for the UV range.

Photodetector structure Responsivity (R), Detectivity (D*),
mA-W cm-Hz¥2.w
Zno,gMgo,10/Si 3.0 2.0 % 108
Zno,gMgo,zo/Si 2.2 1.8 x 108
ZnsMdo.4O0/Si 0.1 2.0 x 107
ZNo.9sMgo.10/Zno sMgo.4O/Si 150 3.5 x 10°
Zno,gsMgo,150/Zno_55Mgo,350/Si 460 1.0 x 10%°

The energy band of MgZnO films increases with increasing Mg concentration. The optical
bandgap of films was determined from the point of intersection of the linear segment of the function
(ahv)?, presented in Figure 17, with the photon energy axis, according to the Tauc formula, and the
mathematical relationship is written as follows (1) [17]:
(ahv)? = B(hv-EQ) (1),
where, a is the absorption coefficient, hv corresponds to the photon energy, B is a constant, and the
exponential factor 2 corresponds to the allowed direct optical transitions, which can be attributed to
the semiconductors of the ZnO family.

A direct bandgap of 3.37 eV results from Figure 17 for the ZnO (curve 1), while bandgaps of
3.75 eV, 4.02 eV and 4.35 eV are estimated for x values of 0.2 (curve 2), 0.3 (curve 3) and 0.4 Mg
(curve 4), respectively. The bandgap increases up to 5.2 eV with increasing x value up to 0.6 (curve
5) for samples prepared by both technological methods (spin coating and aerosol deposition).
Therefore, one can see that the sensitivity range of the films can be adjusted from UV - Ato UV -C

by changing the value of x from 0.00 to 0.60.
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Fig. 17. Tauc plot of optical absorption spectra measured at room temperature for MgxZn1-xO
films deposited on quartz substrates by spin coating (a) and aerosol deposition method (b).

Figure 18 shows the optical band gap deduced from the Tauc plot as a function of the Mg
content in films (x). The obtained data are compared with data previously reported in the literature
for films prepared by PLD. The experimental data are also fitted to the standard bowing equation,
corresponding to the cubic (rock salt) phase (upper curve) and to the wurtzite phase (lower curve).
According to the reference [18], the bandgap fits the wurtzite phase up to the value of x of 0.27, while
it fits the cubic phase for the value of x higher than 0.4. On the other hand, our results show that the
band gap of films prepared by both the spin coating and aerosol deposition methods fit the curve
corresponding to the wurtzite phase up to the value of x of 0.6. These data demonstrate that, despite
the fact that the films represent a mixture of wurtzite and cubic phases at x-values higher than 0.4, as
indicated by the XRD data, the wurtzite phase is predominant and determines the optical bandgap of
films with x-values up to 0.6. This observation proves the possibility of extending the band gap of
wurtzite-type MgZnO films obtained by spin coating or aerosol deposition method towards shorter
wavelengths. So far, a 4.55 eV bandgap has been obtained for a wurtzite-type MgxZnixO film with
an x-value of 0.55 prepared by the MBE growth method on an Al.Os substrate using a quasi-homo
Mgo.17Zno.830 buffer layer. This buffer layer was applied to accommodate the host structural
discrepancies and therefore to avoid phase separation in a high Mg content film [21, 22].
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GENERAL CONCLUSIONS AND RECOMMENDATIONS

. Technological conditions for obtaining MgxZn:1xO and (GaxInix).03 oxides with broad energy
band directed composition and morphology have been developed and optimized by cost-effective
methods such as spray pyrolysis and spin coating deposition with reproducible morphological,
optical and photoelectric properties. (Subchapter 3.1 and 4.1)

. The optimal conditions for obtaining uniform, stoichiometric and highly crystalline MgZnO films
by the spin coating method is their thermal treatment in a combined atmosphere (O2 + Ar) at 500
°C within 60 minutes after the deposition process. (Subchapter 3.2)

It has been shown that increasing the Mg content leads to shapeless crystallites in the aerosol
method, while the spin coating method causes the crystallites to decrease in size from 140 nm to
30 nm. The morphology of the films (GaxIni1x).03 also changes, with crystallites increasing in
size from 70 nm to 180 nm. (Subchapter 3.1, 4.1 and 4.3)

. XRD and Raman scattering investigations demonstrate the efficient incorporation of Mg atoms
into the hexagonal wurtzite structure, on the grounds that the (100), (002), (101) reflexes are
gradually shifted towards higher values 2@, and the E2(°") symmetry mode shifts towards higher
wavenumbers. These investigations offer the possibility of extending the band gap of wurtzite-
type MgzZnO films with x-values up to 0.8. (Subchapter 3.1 and 3.2)

It has been shown that the band gap of all the oxide compounds investigated increases with
increasing Mg or Ga concentration in the films, so that for the ternary oxide MgxZn1xO with x =
0.6, the band gap increases to 5.1 eV, and for (GaxIni-x)203 it changes from 3.62 eV (x = 0.2) to
4.85 eV (x = 0.95). (Subchapter 5.3 and 5.4)

Based on MgxZn1.xO films, photodetectors were developed in MSM configuration, so that by the
spin coating method the values of the characterization parameters are R = 380 mA-W-! and D*
= 2x10%° cmxHzY?W-1, while by the aerosol deposition method the parameters are R = 260
mA-W-! and D* = 1x10%° cmxHz"2W-*. (Subchapter 5.1)

Heterojunctions operating at direct bias in the injection photodiode regime have been
demonstrated based on MgxZn1-xO films grown on Si substrates. To improve the photodetector
parameters, the MgxZn1.xO multilayer design was developed and in this way the responsivity of
the devices increased from 3 to 460 mA-W?, and the ratio of illumination current to the dark

current increased from 2 to 36. (Subchapter 5.2)
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RECOMMENDATIONS

. To obtain MgZnO films with composition and morphology directed by the spin coating method,
it is recommended to subject them to heat treatment at 500 °C in a combined atmosphere (O2 +
Ar) and the treatment time after the deposition process should not exceed 60 minutes.

. When preparing oxide films by the spin coating method, in order to obtain a uniform film
thickness similar to that obtained by aerosol deposition for 10 minutes, 10 deposition cycles are
recommended.

For energy band changing of MgxZn1xO films and obtaining the band gap value around 5 eV, Mg
content around 60 atomic % is recommended. In the case of ternary oxide (Gaxlni-x)20s, to raise
the band gap to 4.85 eV, it is recommended to set the x parameter in the precursor solution to
0.95.

For the production of UV radiation photodetectors in the MSM configuration with fast reaction
time, it is recommended to deposit the films of oxide compounds by the aerosol deposition
method, and for the development of photodetectors with higher photosensitivity, it is
recommended to apply deposition by spin coating method.

. To improve the responsivity, detectivity, UV selectivity and response time parameters of
heterojunction photodetectors based on MgxZn1.xO films on p-Si substrates, it is recommended to
use the two-film design, one of which plays the role of a window and the second is the absorption
layer.
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ADNOTARE

la teza cu titlul ,,Tehnologii de obtinere si proprietitile optice si fotoelectrice in sistemul ZnO -
MgxZnixO pentru aplicatii optoelectronice”, Tnaintatd de candidatul Morari Vadim, pentru
conferirea titlului stiintific de doctor 1n stiinte fizice, la specialitatea 134.01 - Fizica si Tehnologia
Materialelor.

Structura tezei: Teza este compusa din introducere, 5 capitole, concluzii generale si recomandari
bibliografie din 159 de titluri, 123 pagini text de baza, 70 de figuri si 21 de tabele. Rezultatele obtinute
au fost publicate in 18 lucrari stiintifice, dintre care 3 articole in reviste cu factor de impact, 2 articole
in reviste nationale si 9 lucrari la conferinte nationale si internationale.

Cuvinte cheie: filme oxidice semiconductoare, solutii solide MgxZn1.xO, depunere prin centrifugare,
depunere din aerosoli, microscopie electronica, difractie de raze X, banda interzisa, fotodetectori.
Scopul lucrarii: Elaborarea tehnologiilor de obtinere a filmelor oxidice cu banda interzisa larga prin
metode cost-efective, inclusiv a filmelor nanostructurate in sistemul ZnO-MgxZn1xO cu compozitie
si morfologie dirijata si explorarea proprietdtilor lor optice, luminescente si fotoelectrice pentru
aplicatii in dispozitive optice si optoelectronice, precum filtre de transmisie si fotodetectoare de
radiatie ultravioleta.

Obiectivele cercetirii: Elaborarea tehnologiilor de obtinere a solutiilor solide MgxZni1xO, a
compusilor oxidici (GaxInix)203 cu compozitie si morfologie dirijatd, prin metoda de depunere din
aerosoli si depunere prin centrifugare. Studiul proprietatilor morfologice, structurale, vibrationale,
optice si fotoelectrice ale filmelor obtinute in functie de compozitia lor si parametrii tehnologici
aplicati. Elaborarea si caracterizarea fotoreceptoarelor de radiatie optica in baza filmelor obtinute.
Efectuarea studiului comparativ a materialelor oxidice de (GaxIni-x)20s cu banda energetica larga.
Noutatea si originalitatea stiintifica: A fost stabilitd influenta parametrilor tehnologici de obtinere
a filmelor oxidice prin metode cost-efective asupra morfologiei, compozitiei chimice, structurii
cristaline si proprietitilor vibrationale, optice si fotoelectrice. In premiera au fost elaborate
fotodetectoare de radiatie UV 1n baza solutiilor solide MgxZni1xO, care functioneazad in regim de
fotodiode cu injectie la polarizare directa, iar in baza comparatiei parametrilor lor cu cei ai
fotodetectoarelor MSM a fost identificat design-ul optimal din punct de vedere al responsivitatii,
detectivitatii, selectivitatii si timpului de reactie al dispozitivului.

Problema stiintifica principala solutionata: Elaborarea si optimizarea tehnologiilor de obtinere a
filmelor oxidice cu banda energetica larga cu proprietdti fizice dirijate prin metode cost-efective
pentru aplicatii in dispozitive optoelectronice.

Semnificatia teoretici si aplicativii a lucririi: In baza analizei spectrelor de absorbtie optica a fost
stabilitd dependenta benzii interzise a filmelor oxidice de compozitia chimica, iar analiza spectrelor
de fotoluminescentd a scos in evidentd influenta tehnologiilor aplicate asupra distributiei starilor
energetice in banda interzisa, care au efecte asupra caracteristicilor fotoelectrice. Tehnologiile
elaborate au fost aplicate pentru elaborarea fotodetectoarelor de radiatie UV in diferite configuratii,
care acopera o parte din diapazonul vizibil, UV-A, UV-B si UV-C.

Implementarea rezultatelor stiintifice: Fotodetectoarele in baza filmelor oxidice de Ag/n-
Zno.6sMgo.350/n-Zno.gsMgo.150/p-Si/Al sunt aplicate pentru detectarea radiatiei optice, mai ales a
radiatiei UV de la UV-A spre UV-C (brevet de inventie Nr. 4618).
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ABSTRACT

of the thesis entitled ,,Technologies of obtaining and optical and photoelectric properties of the
ZnO-MgxZn1xO system for optoelectronic applications”, presented by the candidate Morari
Vadim, for obtaining the degree of Doctor in Physical Sciences with specialty 134.01 - Physics and
technology of materials.

Thesis structure: The thesis consists of an introduction, 5 chapters, general conclusions and
recommendations, bibliography from 159 titles, 123 pages of basic text, 70 figures and 21 tables. The
results were published in 18 scientific papers, including 3 articles in journals with impact factor, 2
articles in national journals and 9 papers at national and international conferences.

Keywords: Oxide semiconductor films, MgxZn1xO solid solutions, spin coating, aerosol deposition,
electron microscopy, X-ray diffraction, bandgap, UV photodetectors.

The aim of the work: Development of technologies for obtaining wide-bandgap oxide films by cost
effective methods, including nanostructured films of the ZnO-MgxZn1.xO system with controlled
composition and morphology, and exploring their optical, luminescent, and photoelectric properties
for applications in optical and optoelectronic devices, such as transmission filters and photodetectors
for UV radiation.

Research objectives: Development of technologies for obtaining films of MgxZn1xO solid solutions,
(GaxIn1x)203 oxide compounds with controlled composition and morphology, by means of spin
coating and aerosol deposition. Study of morphological structural, vibration, mechanic, optical and
photoelectrical properties of the produced films depending on their composition and technological
parameters. Development and characterization of optical radiation photodetectors based on the
produced films. Conducting a comparative study of (GaxInix)203 oxide materials with wide band gap
with the basic material researched in the thesis.

Scientific novelty and originality of the results: The influence of technological parameters for
obtaining the oxide films by cost-effective methods on their morphology, chemical composition,
crystallographic structure, and vibration, optical and photoelectric properties was established. UV
photodetectors working as injection photodiodes at direct bias have been developed for the first time
on the basis MgxZn1xO solid solutions films, and their optimal design from the point of view of
responsivity, detectivity, selectivity and response time of the device was identified through a
comparison of their parameters with those of MSM photodetectors.

The main scientific problem solved: Development and optimization of technologies for obtaining
wide-bandgap oxide films with controlled physical properties by means of cost-effective methods for
applications in optoelectronic devices.

Theoretical significance and practical value of the work: The dependence of the bandgap of oxide
films on their chemical composition was established as a result of the analysis of the optical
absorption spectra, while the analysis of the luminescence spectra highlighted the influence of the
applied technologies on the distribution of energy states in the bandgap, which impact the
photoelectric characteristics. The developed technologies have been applied to the development of
UV radiation photodetectors in various configurations, covering a part of the visible range, UV-A,
UV-B and UV-C wavelengths.

Implementation of scientific results: Photodetectors based on Ag/n-ZneesMgo3s0/n-
Zno.g5sMgo.150/p-Si/Al oxide films are applied to detect optical radiation, especially UV radiation from
UV-A to UV-C (invention patent No. 4618).
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AHHOTAIIUA

Hucceprauus ,,TexHoJorun moydeHuss U ONTHYeCKHE M (POTOIIEKTPUUYECKHEe CBOICTBA B
cucreme Zn0O-MgxZnixO /s ONTO3J1eKTPOHHBIX NMPUMEHEeHUIl”, npeacrapieHHOW Baanmom
Mopapb Ha COMCKaHUE CTETICHH JTOKTOpa (hU3MUecKuX Hayk mo crnernuanbHocTH 134.01 - dusuka u
TEXHOJIOTUSI MATEPHAJIOB.

Crpykrypa amccepranum: Jluccepranus COCTOUT W3 BBEAEHHUSA, 5 TIJaB, OOIIMX BBIBOJIOB U
pexoMenpauuii, Oubmuorpapuu u3z 159 nammenoBanwii, 123 cTpaHul OCHOBHOTO Tekcra, 70
pucyHKOB U 21 Tabnuil. Pe3ynbTaThl paboThl Omy0IMKOBaHbI B 18 HaydHBIX paboTax, B TOM uucie 3
CTaThU B JXypHaJlaX C MMIIAKT-(aKTOPOM, 2 CTaThH B OTEUECTBEHHBIX JXKypHajaX U 9 JOKIAag0B Ha
BCEPOCCUMCKUX U MEXYHAPOAHBIX KOH(PEPEHLIUAX.

KiroueBble cj10Ba: OKCHIHBIC TOJYIPOBOJHHMKOBBIE IUIEHKH, TBEpHAbIe pacTBOpBl MgxZnixO,
OCaXkJIeHHE ITyTeM LIeHTpU(YrupoBaHus U a3pO30JsIMH, 3aIPELIeHHas 30Ha, (POTONPUEMHUKH.
Heas padoTbl: Pa3zpaboTka TEXHONIOTHI AJIS TOTYYEHUS IMPOKO30HHBIX OKCHIHBIX IJICHOK, B TOM
qHcJIe HAHOCTPYKTYPHPOBAHHBIX IUIEHOK B cucteMe ZnO-MgxZni1-xO ¢ ynpaBisieMbIM COCTaBOM U
MOp(OJIOTHEH U UCCIIEIOBAaHUE X ONTUYECKUX, TIOMUHECHEHTHBIX U (DOTODIIEKTPUIECKUX CBOWCTB
U1l IPUMEHEHUS B ONITUYECKUX U ONTORJIEKTPOHHBIX YCTPOHCTBAX, TaKUX Kak Y ® (poTONpHEeMHUKH.
3agaum padoTbl: PazpaboTka TEXHOJIOTHIT I OTYYESHHUS TUIEHOK TBEPIBIX pacTBOPOB MgxZn1-xO,
okcuaHbix coenuHeHnid (GaxINix)203 ¢ ympaBinsieMbiM COCTaBOM U MOP(OJIOTUe, MeTo0M
HeHpU(YTUPOBaHUSA M OCAKACHUS M3 adpososiell. MccrmemoBanme MOpGOJIOTHH, CTPYKTYPHBIX,
KoJsie0aTeNbHbIX, MEXaHUUYECKUX, ONITHYECKUX U (POTOIEKTPUUECKUX CBOMCTB B 3aBUCHMOCTH OT UX
COCTaBa M TEXHOJOTHYECKUX TMapaMeTpoOB HX OcCaxaeHus. PazpaboTka M XapakTepu3aius
(OTONPHEMHUKOB ONTHUYECKOTO M3IYy4YCHHs Ha OCHOBE OKCHIHBIX IUIEHOK MgxZnixO u (GaxIni-
x)203-

HoBu3Ha U OPUIMHAJIBHOCTB: Y CTAaHOBJICHO BIMSHHUE TEXHOJIOTHYECKUX MApPaMETPOB OCAXKACHUS
OKCHJHBIX IUICHOK OSKOHOMHYHBIMH METOAaMH Ha MOPQOJOTHIO, XHUMHYECKHHA COCTaB,
KpHUCTaiorpaduyeckoit CTpyKTypbl, KoieOaTeabHbIX, ONTUYECKUX U (OTOITEKTPHUUECKUX CBOICTB.
BriepBrie paspaboTanbl GoTonpueMHUKH Y@ U3ITydeHUS Ha OCHOBE IUICHOK TBEPHBIX PacTBOPOB
MgxZnl-xO, paboTaromue Kak MHXEKIHOHHBIE (OTOIUOIBI MPH HPSIMOM CMELIEHHH, a MyTeM
CpaBHEHHSI X TTApaMETPOB C POTONPHEMHUKAMH TIOIYIPOBOTHUK-METAI-IIOYITPOBOTHUK HalIeHA
ONTUMaJIbHAasE KOHCTPYKIMS NpHOOpa C TOYKH 3PEHUS YYyBCTBUTEIBHOCTH, OOHApYXHUTEIbHON
CIOCOOHOCTH, U30MPATENILHOCTA U BPEMEHU OTKIIMKA.

Pemiennasi HayuyHasi mnpoOiaema: PaszpaboTka M ONTUMHU3ALUS TEXHOJIOTMH MOJIYyYEeHHUS
IIMPOKO30HHBIX OKCHIHBIX TUICHOK C YIPaBIsieMbIMH (PU3UYECKHIMH CBOMCTBAMH SKOHOMHYHBIMHU
METOAAaMU JJIsi IPUMEHEHUS B ONITOIEKTPOHHBIX MTpHOOpax.

Teopernyeckasi 3HAYMMOCTb M MPHUKJIAAHAS HEHHOCTHh padoThl: Ha ocCHOBE aHanmm3a CIEeKTPOB
OTITUYECKOTO TOTJIONIEHHS, OblJIa yCTAaHOBJICHA 3aBUCHUMOCTD 3aMpewéHHOU 30HbI OKCHIHBIX TIIEHOK
OT XUMHMYECKOI'O COCTaBa, a aHAJIW3 CIEKTPOB (POTONIOMUHECIEHIIMN BBISBUI BIMSIHUE
MPUMEHSEMBIX TEXHOJIOTHI Ha pacrpeesieHIe dYHEPreTHIeCKUX COCTOSHUM B 3alpelieHHON 30He,
KOTOpBIE CKa3bIBAIOTCS Ha (OTOIIEKTPHUUECKUE XapaKTepUCTHUKU. Pa3paboTaHHBIE TEXHOJIOTHU
MPUMEHEHBI ISl pa3paboTku (HoTonmpueMHUKOB Y D-u3NmydeHns B Pa3UYHBIX KOH(PHUTYpALUsX,
O0XBaTHIBAIOIIMX YaCTh BUJIMMOTO guanaszona, YP-A, YO-B u YO-C.

Peanu3zanmusi Hay4HBIX pe3yabTaToB: DOTONPHEMHHKH Ha OCHOBE OKCHIHBIX TUICHOK Ag/n-
Zno.6sMgo.350/n-Zno.gsMgo.150/p-Si/Al npumenstoTes st 00HapyKEHUS] ONITUYECKOTO H3ITy4YEeHUS, B
YaCTHOCTH, yinbTpaduoneroBoro usnydenus ot YD-A no YO-C (namenm na uzobpemenue Ne 4618).
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