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INTRODUCTION

Relevance of the topic: The relevance of research on ion-doped oxides is deter-
mined by the logic of the development of modern condensed matter physics and the
ever-growing need for the creation of new functional materials for photonics and
optoelectronics.

Silicon dioxide in crystalline and glassy forms plays a fundamental role in most
modern technologies [1, 2]. The most common form of crystalline SiO; is a-quartz,
which is considered a key material for high-precision oscillators and frequency
standards. Among the non-crystalline modifications of SiO,, an important place is
occupied by optical Silica glass, various grades of which have the widest areas of
practical application. Glassy SiO; is used, in particular, as a material for low-loss
optical fibers, in transmission and integrated optics systems, in optoelectronics and
nanophotonics [1, 2]. The functional properties of this material can be significantly
improved, and the area of practical applications is significantly expanded through
the use of special ion-beam treatment.

lon implantation is an effective way of modifying the structure and electron-optical
properties and functional materials based on SiO; [3, 4]. The action of an ion beam
on the structure of glassy SiO; leads to the creation of radiation defects and impurity
centers, initiates their clustering under high-dose irradiation [5, 6]. In this case, the
arising structural defects and optically active centers introduce new "defect" states
into the electronic energy spectrum of the initial Silica glass matrix. The nature of
the alloying elements also plays an important role, making it possible to control the
characteristics of the band energy structure and, accordingly, the complex of elec-
tron-optical properties of the material [7-10].

Impurity ions and point defects form complex complexes, creating new selective and
non-selective optical absorption (OA) and photoluminescence (PL) bands. In turn,
this leads to a change in the refractive index, the appearance of additional centers of
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localization of charge carriers, and, ultimately, to a modification of the optical prop-
erties of the material [11, 12].

In this case, rhenium is a very promising alloying element for optoelectronic and
photonic applications. Rhenium belongs to the transitional 5d-elements of the sixth
row of the VII group with a wide range of oxidation states (+2, +3, +4, +5, +6, +7).
In silicon dioxide implanted with rhenium, a wide variety of defect states can be
expected due to its polyvalence, which indicates additional possibilities for control-
ling the properties of SiO,.

The main problem for the practical use of rhenium as a modifying element in the
technology of optical materials science and instrumentation is the limited or com-
plete absence of the necessary data on the local structure, electronic states, and op-
tical properties of point defects and elementary excitations in amorphous modifica-
tions of SiO, doped with rhenium ions. This situation is typical both for materials
obtained by methods of traditional technologies, and, to the greatest extent, for Silica
glasses after ion-beam exposure.

Thus, the relevance of obtaining detailed and reliable information on the properties
of optically active defects in glassy silicon dioxide implanted with rhenium ions was
the determining factor for the formulation of aim and tasks of this work.

The degree of development of the research topic

Currently, there are many works devoted to the peculiarities of the atomic and energy
structure of SiO,, the role of defects in the formation of electron-optical properties
[7-12]. Much attention is paid to oxygen-deficient centers (Si-ODC (1), Si-ODC (Il),
Si-E ") [7-9], including centers formed by additives (Ge-ODC, Sn- ODC) [9, 13]. At
the same time, in the overwhelming majority of studies, glass doping is carried out
at the stage of glass production by introducing additives through the melt, while
studies devoted to ion implantation of Silica glasses are presented to a much lesser
extent.

There are a number of leading research centers in Russia and abroad that carry out
spectroscopic studies of Silica glasses implanted with various ions. The influence of
ions C, Si, Pb, Sn, Li, Na, K, Co [3-6, 8-12] and other elements is investigated.
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However, the works devoted to the effects of accelerated Re ions on SiO; are very
limited and belong mainly to a team of researchers from the Ural Federal University
[5, 13].

The results of published fundamental and applied research on spectral-lumines-
cence’s properties of crystalline, amorphous, and glassy modifications of SiO, with
various additives indicate a still unrealized potential for the creation of new efficient
devices for the transfer and conversion of energy, laser and LED radiation sources,
screens, optical sensors, sensors and solar cells. [14].

However, despite the available publications, many regularities of the influence of
the local atomic structure, elemental composition, synthesis conditions, and the de-
gree of disordering of the silicon dioxide matrix implanted with Re ions on the func-
tional properties of the material and the mechanisms of the processes occurring in it
have yet to be studied. Including the transfer of energy, as well as the relationship
between the local atomic structure and the optical properties of ion-modified defect
centers.

In general, the currently available information does not allow optimization of many
characteristics of materials that are important in a practical sense. In this regard,
there is a need for a systematic study and analysis of the energy structure, nature,
and electronic-optical properties of elementary excitations in Silica glasses im-
planted with rhenium, with control of the defectiveness, concentration of implanted
ions and the stability of their spectral-luminescence characteristics.

Therefore, this work is aimed at studying the nature and properties of optically active
point defects created in glassy silicon dioxide as a result of the implantation of rhe-
nium ions and their interaction with the matrix.

Purpose and objectives of the work:

The aim of the dissertation is to comprehensively study the optical properties of
point defects in glassy silicon dioxide implanted with rhenium ions, and their spec-
tral-luminescence parameters, which change under post-implantation effects.

To achieve the goal of the work, the following tasks were solved:
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. To analysis the literature data on silica glasses of different types and emerging in
their intrinsic and extrinsic defects.

. Perform certification of silica glass samples implanted with Re ions with energies
of 30 and 80 keV using X-ray photoelectron spectroscopy and SRIM-modeling.
. To investigate the properties of silica glasses implanted with Re ions by the
method of optical spectroscopy, to establish the peculiarities of changes in the
structure of glass under the influence of ion fluxes.

. Based on experimental data (optical absorption, photoluminescence, electron
paramagnetic resonance, X-ray photoelectron spectroscopy), obtain information
on defects in the SiO, matrix that have arisen under ion-beam exposure before
and after thermal annealing.

. Comparison of the spectral-luminescence characteristics of Re-modified ODC
centers and similar defects in SiO, glasses implanted with other heavy ions.
Scientific novelty:

. For the first time in glassy SiO, implanted with Re, the values of the parameters
of interband transitions, the values of the corresponding energy gaps have been
determined.

. First studied particular disordering SiO, glassy atomic structure upon implanta-
tion Re ions and their effect on the formation of the optical properties of the im-
planted samples.

. For the first time, new modifications of oxygen-deficient optically active centers:
Re-ODC (1) and Re-ODC (I1) have been discovered in samples of glassy silicon
dioxide implanted with rhenium ions. Data on the features of their energy struc-
ture have been obtained.

. For the first time, a comparative analysis of the features of the spectral-lumines-
cent characteristics of Re-modified ODC-centers and similar defects in SiO;

glasses implanted with Bi and Gd ions has been performed.
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Theoretical and practical significance of the work:

The results obtained extend the existing understanding of the physics of optical phe-

nomena with the participation of intrinsic and modified defects of glassy SiO; arising

under the action of ion fluxes with different energies and fluences.

The data obtained on the optical properties of Silica glass implanted with Re ions

are of interest for the development of functional materials for highly integrated pla-

nar photonic structures and optoelectronic devices.

The approach to the study of kinetic, spectral-optical, and luminescence properties

implemented in the course of this work can be adapted for further systematic study

of structure-sensitive optical effects in silicon dioxide and its analogs implanted with
ions of various types.

Thesis to defend:

1.  Modification of silica glasses of various types by accelerated Re ions leads to
an increase in the total structural disorder, the degree of which depends on the
type of matrix, ion beam energy and manifests itself as a smearing of the band
tails and a decrease in the energy gap.

2. Implantation with Re ions creates modified diamagnetic oxygen-deficient cen-
ters of the types Re-ODC (1) and Re-ODC (II) in the glassy SiO, matrix with
altered spectral-kinetic parameters and energies of intracenter optical transi-
tions.

3. Thermal annealing of SiO, samples implanted with Re ions causes the process
of conversion of paramagnetic defects such as E'-centers, which leads to an ad-
ditional increase in the concentration of modified diamagnetic Re-ODCs.

4.  As aresult of heavy ion implantation in glassy SiO,, oxygen-deficient defects
M-ODC (1) and M-ODC (11) mainly arise. The type of inserted ions (transition,
rare-earth, and typical elements) predominantly determines the quantitative fea-
tures of the energy structure of defects.

The degree of reliability of the work results was ensured through the use of certi-

fied samples, precise experimental equipment, modern and independent analytical
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methods for processing experimental results, as well as compliance with known lit-
erature data.

Approbation of work, the main results of this work were reported and discussed at
7 International and 2 In-Russian conferences, congresses, seminar.

International: 12th International «Symposium on SiO,, Advanced Dielectrics and
Related Devices Location» (Bari, ITALY 2018), 5 th International School and Con-
ference on «Optoelectronics, Photonics, Engineering and Nanostructures» (Saint Pe-
tersburg OPEN 2018), The VI International Young Researchers' Conference «Phys-
ics Technologies Innovation PTI 2019». (Yekaterinburg, Russia, 20-24, May 2019).
VII International Youth Scientific Conference. «Physics Technology Innovation»
(Yekaterinburg, Russia, 18-22, May 2020), Received certificate for the best poster
in XXIII Ural International Winter School on the Physics of Semiconductors
(UIWSPS-2020), Yekaterinburg -Alapayevsk, 2020, International Scientific Con-
ference «New Materials and Solar Technologies» (Institute of Materials Science of
the Academy of Sciences, Parkent Uzbekistan, May 20-21, 2021), V111 International
Youth Scientific Conference «Physics. Technologies. Innovations» (Yekaterinburg,
Russia, May 17-21, 2021).

In-Russian: VII Conference and School of Young Scientists and Specialists «Phys-
ical and Physicochemical Foundations of lon Implantation (Nizhny Novgorod No-
vember 7-9, 2018), Russian Conference and School of Young «Scientists on Actual

Problems of Raman Spectroscopy (Novosibirsk: May 28 - June 1 - 2018).
Personal contribution of the author, the purpose of the work was formulated by

the scientific supervisor, the formulation of tasks was carried out by the supervisor
with participation of the author.

The author performed a full range of spectroscopic measurements of optical absorp-
tion and photoluminescence, calculated the dynamics of relaxation processes, ana-
lyzed and interpreted the experimental results, and formulated conclusions. The au-
thor took an active part in the preparation of scientific publications and reports at

conferences.
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Experimental studies of luminescence and optical absorption of samples implanted
with Re with an energy of 30 keV were carried out with the participation of Ph.D.
D.Yu. Biryukov and Ph.D. Yu. Kuznetsova. Experimental studies by the XPS
method were carried out by Ph.D. D. A. Zatsepin.

Publications, the author has published 18 papers directly related to the electron-

optical properties of ion-implanted silica glasses, including 9 articles in peer-re-
viewed scientific journals, identified by the Higher Attestation Commission and the
Attestation Council of the Ural Federal University and included in the international
database Web of Science and Scopus; 9 abstracts presented at international and in-
Russian conferences.

The structure and scope of the thesis. The dissertation consists of an introduction,
5 chapters, a conclusion and a list of references. The volume of the thesis is 141

pages, including 52 Figures, 15 Tables and a bibliography of 193 titles.
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CHAPTER 1. POINT DEFECTS OF NOMINALLY PURE AND DOPED SIL-
ICA GLASS

1.1 Structure of amorphous silicon dioxide

The presence of defects in a crystalline or amorphous matrix may drastically modify
the electrical and the optical properties of the host material. Indeed, these deformities
exist in various confined electronic states that can cause optical exercises as reten-
tion and radiance with lower energies than the principal assimilation edge of the
material. Regardless of whether these advances are limited at the point imperfection,
the optical spectra will be impacted, to a more noteworthy or a lesser degree, by the
way that they are implanted in a lattice. In a disconnected chromophore, the energy
of the light quantum involved in a transition has to match exactly the difference
between the electronic levels whose spread is limited only by the excited state life-
time. At change, for a chromophore inserted in a network, the vitality of the frame-
work depends not just on the neighborhood electronic condition of the deformity,
yet additionally on its coupling with the earth. Along these lines, in an optical change
the moved vitality can be shared between a nearby electronic commitment and a
wide assortment of phonon excitations of the vibrational methods of the framework.
As a wide range of photon energies can be involved in the transition, the spectrum
of absorption or luminescence consists of broad bands.
The structure of the crystalline forms of silicon dioxide, the most common being o—
Silica, was extensively examined by X- ray and neutron diffraction studies. It was
concluded that the basic structural unit of these crystalline solids, apart from
Stishovite, is a SiO4 tetrahedron, having at the center a silicon atom bonded to four
oxygen atoms (See Figure 1.1) [1-2]. In a— Silica the bond length between silicon
and oxygen can be 1.60° A or 1.62° A, each tetrahedron having two short— bonds
and two long— bonds, and the O— Si— O bond angle takes the value 109.5¢. Tetrahe-
dra are connected by sharing an oxygen atom, forming an angle Si— O— Si = 144-
[15]. Unlike the crystalline structures of silicon dioxide, that of amorphous SiO»,

also called silica, is poorly understood. The most successful model in describing the
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structure of silica is the Continuous Random Network (CRN), based on X- ray and

neutron scattering results [16,17]

//‘ by
V4
o

"

|

o
6
Figure 1.1 — Model structure of SiO,. Red and Blue circles represent oxygen and
silicon atoms respectively

On the other hand, the fact that amorphous and crystalline forms of SiO, share the
same short-range order accounts for the similarities between some of their proper-
ties. Some of the properties are listed in the Table below [18]
In fact, the characteristics made silica one of the most used materials in many fields
of the modern technologies, as optoelectronics and microelectronics, as well as in
the production of devices as optical fibers, photonic crystal fibers and nanowires [1,
2, 19]. Furthermore, silica is commonly used as a model system for studying the
properties of amorphous materials due to its fairly basic chemical composition. For
many years, these facts have attracted natural desire in a — SiO,. Because their ex-
istence, which is commonly connected with optical absorbance (OA) and photolu-
minescence (PL) activities, can undermine the material's defining features, research-

ers have long paid close attention to the attributes of point defects in silica.
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Table 1.1 — Important Properties of silicon dioxide (SiO,)

Properties SiO;
Structure Amorphous
Melting Point (°C) Approximately 1600
Atomic weight (g/mol) 60.08
Density (gm/cm?) 2.27 /2.18
Refractive index 1.46
Dielectric constant 3.9
Dielectric strength (V/cm) 107
Infrared absorption band (um) 9.3
Energy gap at 300 K(eV) 8.9
Linear coefficient of thermal expansion
AL/LIAT (1/°C) 5107
Thermal Conductivity at 300 K (W/cm
degree K) 0014
DC resistivity at 25 °C (Q.cm) 1014-10%
Young modules (N/m?) 6.6x10%°
Poisson’s ratio 0.17

1.2 Silicon dioxide application

Following are some important applications of silicon dioxide:

1. Silica is used in the glass industry as a raw material for manufacturing glass.

2. Silica is used as a raw material for manufacturing concrete.

3. Silica is added to varnishes because of its hardness and resistance to scratch.7

4. Amorphous silica is added as fillers to the rubber during the manufacturing of
tires. This helps

reduce the fuel consumption of the vehicle.

5. Silica is used in the production of silicon.
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6. Silica is employed as a filler material in electronic circuits because it is an excel-
lent insulator.

7. Silica is employed in transducers because of its piezoelectric characteristics.

8. It is used as a desiccant because of its propensity to absorb moisture.

Silicon Dioxide is used in semiconductor fabrication especially for metal-oxide-
semiconductor (MOS) technology. In comparison to other materials that have one
or more flaws, SiO, has a number of desirable qualities and benefits. The following
are some of SiO,'s significant functions:

. Mask against implantation or diffusion of dopant into Silicon

. Passivation of the surface

. Isolation of the device

. Component in MOS architectures (gate oxides)

. Electrical isolation of multi-level metallization systems

. Thermal conductivity is high.

. No Cu or other ions diffuse into the dielectric

o N oo o A W N B

. There is no leakage between the conductors.
1.3 Silicon dioxide production methods

Temperature is the central ambient parameter used during silicon oxidation to mon-
itor oxide growth. However, in the reaction chamber, it is also possible to adjust the
hydrostatic pressure. The crystal orientation of the silicon wafer also has a role,
whether the oxidation state is wet (H2O or dry (O_) also plays a role in deciding the
growth rate.

Dry oxidation is a technique of oxidation in which oxygen is utilized as the oxidant.
When compared to wet oxidation, dry oxidation produces a more homogeneous and
denser thermal oxide with even higher dielectric strength. The pace of growth is the
most significant variation between wet and dry oxide growth. Wet oxide grows sig-
nificantly more slowly than dry oxide. As a result, dry oxides have a maximum
thickness of 1000 nm and are mostly utilized for thin gate and capacitor oxides that

require great uniformity and dielectric strength.
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The chemical reaction at consideration is as follows:

Si (solid) + 0, (Vapour) — Si0,(soild)
Wet Oxide method, the silicon wafer is put into the water vapor (H,O) atmosphere
during wet oxidation and the water vapor molecules react with the solid silicon at-
oms (Si) on the wafer's surface, resulting in a chemical reaction, with the release of
hydrogen gas (H>) as a by-product.
Si (solid) + 2H,0 (Vapour) — Si0,(soild) + 2H, (vapour)
It is evident that wet oxidation operates at much higher oxidation rates, up to around
600 nm/h, than dry oxidation. The explanation is the ability of hydroxide (OH") to
disperse much faster than O, through the already-grown oxide, effectively expand-
ing the bottleneck rate of oxidation while growing thick oxides, which is the diffu-
sion of species. Wet oxidation is commonly used where thick oxides are required,
such as insulation and passivation layers, masking layers, and for blanket field ox-
ides, because of the quick growth rate [20-22].
Pictures in the Figurel.2 are the non-heat-treated sample, the dry sample, and the
wet sample, respectively. The untreated sample's surface looked like frosted glass.
The difference in the flattening of a dry and wet sample can be clearly seen after
heat treatment at 1200 C for 48 h. In the dry sample, surface scattering undoubtedly
decreased; however, the wet sample realized increased flattening as well as better

surface luster [22].

Untreated

(a) (b) ©) 10 mm

Figure 1.2 — Photographs of samples with sizes of 20 x 20 x 1 mm?;
(a) untreated and after heat treatment for 48 h in (b) dry air and (c) wet air [22]
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1.4 Types of silica glasses

With the increasing requirements and changing the parameters of silica glass prop-
erties over the past two decades an increasing effort has been made in the silica melt
process. This growth is not over yet, but it is still advancing strongly in terms of
properties and structure, and we have to differentiate between the different types of
silica glass so far, there are about four types available commercially [23-25].

Type | (GE-105-USA), KI (Russia), Silica glasses are made by electrical fusion un-
der a vacuum or an inert atmosphere from natural Silica. They contain almost no OH
groups (about 5 ppm or less) but relatively high molecular impurities of 30-100 ppm
Al and 4 ppm Na, respectively (all in weight fractions) [23-25].

Type 11, GE-102(USA), KV (Russia), silica glasses are made from Silica crystal
powder by flame fusion (Verneuille-process). The metallic impurities are less than
in Type | silica glasses due to partial volatilization and the absence of any crucible
material, but the atmosphere of the hydrogen-oxygen flame creates an OH content
of about 150-400ppm. the optical transparency in the ultraviolet range silica glass
produced by thermal treatment in oxygen atmosphere [23-25].

Type 111, Corning 7940 (USA), KU (Russia), Silica glasses are synthetic vitreous
silica formed when sprayed into an oxygen-hydrogen flame by SiCl, hydrolyzation.
This substance is virtually free of metallic impurities, but contains a large quantity
of OH in the order of 1000 ppm and a quantity in the order of 100 ppm of the starting
material CI. [23-25].

Type 1V, Corning 7943(USA), KUVI (Russia), silica glasses are also synthetic vit-
reous silicas produced from SiCl, in a water vapour-free plasma flame. These silica
glasses are similar to type 111 but contain only about 0.4 ppm OH and about 200 ppm
Cl. [23-25].

1.5 Research methods of point defects related to SiO, and its main dopants

To generate the transition between trial-and a phenomenological and error-based de-

velopment model and a guided rational design of solar cell and specialty fibers, a
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deep knowledge on the atomic structure and related spectroscopic signature of point
defects is a basic requirement. In addition, clear maps of their formation and con-
version mechanisms have to be drawn. Experimentally, it is desirable to have access
to preforms and solar cell that are manufactured ad hoc to have a sufficient
knowledge and control on their chemical composition and manufacturing condi-
tions. The main and standard characterization techniques comprise EPR, optical ab-
sorption (IR, visible and UV) and luminescence. In special cases, also Raman might
provide with some insights [26-28] In order to identify centers together with their
corresponding generation and conversion mechanisms, it is necessary to monitor,
analyze and compare the behaviors of several fiber samples when exposed to differ-
ent radiation sources (photons, electrons, protons, neutrons...) and doses at different
conditions as, for example, temperature, or pressure.

Correlating some of the spectroscopic signatures and behavior to given center struc-
tures is, therefore, an expensive, formidable and cumbersome task which does not
guarantee the construction of a meaningful model for the underlying atomic-scale
mechanisms. In this context, atomic scale theoretical modeling might be a very use-
ful complementary tool. Theoretically, electronic and optical properties of defects
were historically (and sometimes still) addressed within the framework of Density
Functional Theory (time dependent or not), (TD)-DFT, or Hartree-Fock and Config-
uration Interaction in very small cluster models or molecular analogs [29-31] or in
bulks [32-37] After the precursory work of E. Chang et al.[38] that demonstrated
the accuracy of solving the Bethe-Salpeter Equation (BSE) within the GW approxi-
mation for modeling optical properties, the combination of both has become a stand-
ard in the field, that has allowed for univocal assignments between measured exper-
imental optical bands and atomic structure [38]. Indeed, the BSE accounts, in a com-
putationally efficient way, for screening and electron-hole interactions from first-
principles. The development of the GIPAW [39,40] formalism based on DFT has
represented also a revolution in the field that has opened the way for a parameter-

free calculation of the EPR parameters as Fermi contacts and g-tensors. The GIPAW
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has successfully been applied to relate measured EPR parameters with the underly-
Ing atomic structure [41- 43]. Figurel.3 describes at a glance the standards in mod-

eling and spectroscopic characterization tools.
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Figurel.3 — Hlustration of the coupled experimental /simulation approach used to
identify the structural and optical properties of radiation-induced point defects in

silica. More details can be found in [44-46]

1.6 Point defects in pure silica

There are various articles today concerning the optical and spectroscopic properties
of different silica defects [47-50]. First, only intrinsic defects that are commonly

found in silica glass are considered.
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Figure 1.4 — Electronic states structure of intrinsic silica defects from Refs [51,52]
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We will be dealing with relatively long-lived defects, so they can be identified even
at room temperatures for a long time after the injury. Figure 1.4 summarizes their
structures, electronic properties, optical absorption, and photoluminescence bands.
The properties of intrinsic and extrinsic ODC's have been treated in a large number
of experimental and theoretical works which evidenced some aspects concerning

their optical (OA and PL bands) and magnetic (EPR structures) activities.

1.6.1 Silicon dangling bond or the E' center

The EPR signal of the E' center was first detected in neutron irradiated a— Silica by
Weeks in 1956 [53]. The author attributed the observed EPR structure to a paramag-
netic defect consisting in an electron trapped in an oxygen vacancy. Silsbee [54]
observed an EPR doublet around the central resonance line of E' center on the basis
of these observations, Feigl, Fowler and Yip [55] proposed the currently accepted
theory for the basic structure of E' center in a— Silica. In their model, the E' center
originates by an asymmetric relaxation of a positively charged oxygen vacancy, with
the spin localized in a nonbonding sp? hybrid orbital on one Si atom and the opposite
Siion relaxed in the plane of its three ligand oxygens. It can be presented as a Si
danglingbond with a trapped electron generated in following reaction.

=Si—0—-Si=—>=Sie+e0—Si=

The name E’ centres describes a class of radiation induced paramagnetic point de-
fects, always present in irradiated silica. These different centres share the fundamen-
tal structural property of having an unpaired electron localized in a sp® hybrid orbital

of a threefold coordinated silicon (See Figure 1.5)

Figure 1.5 — Model of E'- center in SiO;
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The "E'- center” EPR signal [56,57] in glass is strongly related to the high absorption
band at 5.8 eV (see refs. in [58]), which is clearly related to the "dangling bond"
section of the center. Other forms of E'— centers have less precise optical absorption
capabilities, although the peaks can be expected to be in the 5-6 eV region.

Until now, several papers have evidenced that an absorption band centered at ~5.8
eV and with a FWHM of ~0.8 eV is characteristic of irradiated silica. A linear cor-
relation between the ESR signal of the E' centers and this OA band was originally
found in 1963. For instance, Guzzi et al. [59] found in neutron irradiated samples
that the growth of the intensity of 5.8 eV OA does not agree with that of the ESR
signal of E' center. Nishikawa et al [60] measured a 5.8 eV OA in unirradiated sam-
ple containing no ESR detectable E' center. Those authors suggested that OA bands
of different origin with respect to the E' center could exist in this spectral region.

Another unclear aspect is the nature of the electronic transition at 5.8 eV.

1.6.2 Two-coordinated Si or ODC(II)

An OA band located in the UV range at ~5.0-5.2 eV was originally observed both
in neutron irradiated and in as grown natural silica by Cohen in 1957 [61]. Moreo-
ver, several luminescence bands were found by exciting in this spectral region. In
particular, three emissions centered at ~4.2—4.4 eV, ~3.1 eV and ~2.7 eV were easily
detected both in as grown and in irradiated silica and were named «, g and y bands,
respectively [62].

At first, the OA band ODC(II) was tentatively and generically ascribed to an ODC
in the silica network either intrinsic (neutron irradiation— induced) or extrinsic (im-
purity— related) [61, 63].

In 1973, Arnold [64] found that the intensity of the B2 band was enhanced in H*
ion— implanted pure silica. On the basis of that observation, the author attributed this
OA band to an intrinsic oxygen vacancy produced by knock— on processes where
the oxygen atom is displaced by the H* ions. This assignment was supported by Imai
et al. [65] who observed the decrease of both the OA at 5.0 eV and the PL at 4.3 eV
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and the simultaneous increase of the ESR signal of E' center upon ArF laser irradia-
tion (hv=6.4 eV). Those authors assigned these OA and PL bands to a neutral unre-
laxed oxygen vacancy indicated by O=Si—Si=0. This differs from the structure
shown in fig. 1.6 (relaxed vacancy) because a Si atom is localized in the opposite

side with respect to the plane of its three-ligand oxygen

-
=

(1) (2)
Figure 1.6 — Model structures of (1) the ODC(II) and (2) the H(l) centres. Red, Blue

and Magenta circles represent oxygen, silicon and hydrogen atoms respectively [65].

Alternatively, Skuja et al. [51] proposed that the ODC(II) band centered at 5.03 eV
originate from a twofold coordinated Si whose model is shown in Figure 1.6. (2).
Moreover, they associated the two PL emissions at 4.3 eV and 2.7 eV to singlet—
singlet and triplet— singlet transitions occurring in the same defect.

The spectral features of the ODC(II) band were better identified by observations that
two different OA were accidentally overlapping at ~5 eV and two different emis-
sions contributed to the PL band « at ~4.2— 4.4 eV [66,67].

The distinction proposed by Tohmon et al [67] concerning the two activities A and
B was successively questioned and debated in a large number of works. In 1990, Pio
et al. [68] criticized the assignment of both the 4.4 eV and 2.7 eV emissions to a
single— center (A—type) and the 4.2 eV and 3.1 eV emissions to a single— center (B—
type), on the basis of differences detected in the excitation spectra of these PL bands.
Successively, Anedda et al. [69] observed that the PL at 4.4 eV was enhanced by
neutron irradiation, whereas the PL at 4.2 eV was destroyed. Those authors proposed

that the emission at 4.4 eV comes from an intrinsic defect and named it o, band (I
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stand for intrinsic). Moreover, they suggested that the PL at 4.2 eV probably origi-
nates from the same defect as is responsible for o, but perturbed by an unidentified

impurity. The PL at 4.2 eV was called «c (E stands for extrinsic).

1.6.3 Oxygen monovacancy or ODC(I)
This is a neutral vacancy for oxygen, with the formula (=Si—Si=). The EPR technique
cannot be applied to them since they are diamagnetic centers, and most knowledge

comes from optical studies.

Figure 1.7 — Neutral oxygen vacancy or ODC(I) defects observed in SiO,

An OA band centered at ~7.6 eV was originally observed in neutron irradiated SiO,
in 1957 by Mitchell and Paige [70] seen Figure 1.7. This band was named by those
authors "E— band" and tentatively assigned to an interstitial oxygen. Later, in 1979,
a correlation of this OA with the peroxy radical ESR signal was observed in irradi-
ated O,— containing glasses by Friebele et al. [71].

However, that correlation was not consistent with other reports [64,66] showing that
an OA band at 7.6 eV could be observed also in silica samples where no ESR signal
was detected, so indicating that the center responsible for the E band is diamagnetic.
In 1983 O'Reilly and Robertson [72], by theoretical calculations on defect energy
levels, reported that the OA at 7.6 eV was associated to the transition from the
ground to the first excited state occurring in a neutral oxygen vacancy Si— Si. This
assignment was successively supported by other authors. Imai et al. [65], on the

basis of the similarity between the OA at 7.6 eV observed in synthetic silica and the
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absorption peak in Si;Hg molecules [73]. Tohmon et al. [67], by ab initio calcula-
tions, showed that the 7.6 eV band was caused by a singlet— singlet transition occur-
ring in an oxygen vacancy.

Besides the relaxed oxygen vacancy, alternative models have been also sug-
gested as defect responsible for the OA band at 7.6 eV. Rupta [74] proposed a sili-
con vacancy, Trukin et al. [75] a complex defect consisting of a twofold coordi-
nated Si and a mobile impurity as H or Cl atom and Khalilov et al. [76] a positively
charged three— fold coordinated silicon. Moreover, it has been evidenced that the
emissions associated to the OA band B, can be also excited in the vacuum— UV
region [69,77,78]. Skuja [78] reported that the emissions at 2.7 eV and 4.4 eV and
at3.1eVand 4.2 eV are excited at 7.0 eV and 6.8 eV, respectively. In particular, the
two excitation energies 7.0 eV and 6.8 eV were associated to the transitions occur-
ring from the ground state SO to the second excited state S2 in a twofold coordinated
Si and Ge, respectively. Therefore, these transitions were not correlated with the OA
band E at 7.6 eV. Trukhin et al. [75] observed the two emissions at 2.7 and 4.4 eV
upon excitation at 7.6 eV and attributed this optical activity to a complex defect as
above mentioned. Anedda et al. [64] showed that the PLE spectra of the PL emis-
sions at 4.2 eV and 4.4 eV are both peaked at 7.6 eV as the OA band E, but no
excitation mechanism under vacuum— UV light was hypothesized by those authors.
Finally, Nishikawa et al. [79] reported that an emission at 4.4 eV is excited in vac-
uum— UV at two different energies, 6.9 eV and 7.6 eV. They proposed that this PL
band originates from an ODC existing in two configurations, probably a relaxed and
an unrelaxed oxygen vacancy as hypothesized in ref. [65]. So, to explain the emis-
sion at 4.4 eV excited within the E band, they suggested that a conversion of this

ODC from one configuration to the other is effective upon excitation at 7.6 eV

1.6.4 Non-Bridging Oxygen Hole Centre and Peroxy Radical
Non-Bridging Oxygen Hole Centres (NBOHC) and Peroxy Radicals (POR) are, to-

gether with the E’ centres, among the main radiation induced paramagnetic point
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defects in silica. As well as the E’ centre, they belong to the class of the dangling
bonds defects [80].

NBOHC was established to be an oxygen dangling bond, and the peroxy radical a
dangling bond on a peroxy group (See Figure 1.8).

Figure 1.8 — Model structures of Non-Bridging Oxygen Hole Centre (NBOHC).

Red and Blue circles represent oxygen and silicon atoms respectively.

The NBOHC give important contributions to the OA of irradiated silica in the visible
and ultraviolet spectral ranges. In fact, they are responsible for OA bands at 2.0 eV,
4.8 eV and 6.8eV [ 81, 82]. The assignment of the strong (oscillator strength f = 0:2)
absorption band at 4.8eV to NBOHC was controversial for a long time, due to its
overlap with a nearly identical 4.8 eV OA of interstitial ozone molecule [83], and
also because a part of NBOHC is EPR silent [84, 85]. A PL band at 1.9eV can be
excited inside these absorption bands [ 86, 87].

The spectral characterization of POR in bulk silica is instead more controversial
(Figurel.9). Their OA band on silica surfaces is found at ~5.4eV, with
FWHM ’1.2eV and oscillator strength / '0.06 [88]. The spectral parameters of this
band are very close to those of surface NBOHC (peak position’4.9eV,
FWHM ’1.2eV and /°=0.05). This fact, together with the existence of interconversion

processes between these two defects, made the identification of the spectral features
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of POR difficult. An OA band at 5.3eV with FWHM "1.3eV and 1" °0.05 is nowadays
attributed to POR [68].

Figure 1.9 — Model structures of Peroxy Radical (POR). Red and Blue circles rep-

resent oxygen and silicon atoms respectively.

Differently from other ordinary defects in silica, as the E’ centre, NBOHC and POR
have not analogous in a— Silica. This is probably due to the lack of appropriate sites
for these defects in the ordered structure of o— Silica. Several generation mechanisms
have been proposed for both these defects, involving different precursors. NBOHC
can be created by breaking strained Si— O bonds [89, 90]
=Si-0-Si=—>=Si-0'+Si=

The peroxy linkage = Si — O — O — Si = (POL) can be a precursor for NBOHC too.
=Si-0-0-Si=>=Si-0"+'0-Si=

POR can be created by reaction of interstitial oxygen molecules with an E’ centre [91]
=Si"+0,—->=8i-0-0O

or through the reaction of atomic oxygen with a NBOHC [92]
=S85i-0+0—-=S51-0-0O

They can also be generated through the breakage of a Si— O bond in a POL, with the
simultaneous formation of an E’ centre [93]

=S85i-0-0-8i=-=81-0-0"+"S1=



Toablel.2: Characteristics of point defects in silica

defect name(s) Suggested structural | Peak positions of the | FWHM | Peaks of PL | Oscillator PL decay | Refs
model(s) optical absorption, | (EV) bands (eV) strength f constant (ms)
PLE (eV)
oocan ' 6.8-7 0.4 4.4,2.7 0.1-0.2 [72,79,]
\ 4.95-5.05 0.3 4.3-4.43.1 0.15 4nm,10.2ms | [94]
3.15(ev) 0.32 2.75-2.8 1.60x10° 10.2ms
oDC(I) 7.6 0.62 4.4, 0.1-0.2 4.1 [65,72,79,]
bz"‘ 05 2.7- 2.1nm
E’ CENTER % 5.7-5.8 0.8 - 0.1-0.2 Not observed | [57,58]
Peroxy Linkage (Pol) c; . 1.3 - 1.3 [65]
L]
c® o
(-
Non-Bridging Oxygen 4.8 1.05 1.85-1.95 0.2 10-20 us [81,82]
Hole Centres (NBOHC) % 2 0.18 4x10°
Peroxy Radical (POR) 20> 1.97 0.175 - 5.7x10* - [86,87]
ﬁ 4.8 0.8
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1.7 Characteristics of rhenium

The chemical element rhenium has the symbol Re and the atomic number 75. It's a
heavy, silvery-gray sixth-row transition metal in the periodic table's group 7. Rhe-
nium is a rare element found in the Earth's crust. At 5903 K [95], rhenium has the
third highest melting point and the second highest boiling point of any stable ele-
ment. Rhenium is a chemically similar metal to manganese and technetium, and it is
mostly derived as a by-product of the extraction and refinement of molybdenum and
copper ores. Rhenium has a wide range of oxidation states in its compounds, ranging
from -1 to +7.

Rhenium has a high resistance to poisoning induced by sulfuric and hydrochloric
acids as well as corrosion by hydrogen, nitrogen, sulfur, and phosphorus. Re coat-
ings are applied in high-temperature rocket engines to reduce wear and arc erosion
[96]

Only tungsten and carbon have higher melting points than rhenium, a silvery-white
metal with one of the highest melting values of all elements. It also has one of the
highest boiling points among stable elements, and one of the highest among all ele-
ments. It is also one of the densest metals, with only platinum, iridium, and osmium
surpassing it. With lattice parameters of a = 276.1 pm and ¢ = 445.6 pm, rhenium
has a hexagonal close-packed crystal structure [97].

The most prevalent oxide is Re,O7, which is a volatile yellow oxide. The perovskite-
like structure of red rhenium trioxide ReO3 Re;0s, ReO,, and Re,Os are some of the
other oxides. ReS; and Re,S; are the sulfides. The action of ammonium hydrosulfide

can convert perrhenate ions to tetrathioperrhenate.
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1.8 Applications of rhenium

Rhenium is added to high-temperature superalloys used in jet engine parts, account-
ing for 70% of global rhenium output. Platinum—rhenium catalysts, which are prin-
cipally utilized in the production of lead-free, high-octane gasoline, are another key
application. [98]

Alloys

The inclusion of rhenium to nickel-based superalloys improved creep strength. Rhe-
nium is usually found in alloys at a concentration of 3% to 6%. Second-generation
alloys have a 3 percent rhenium content and were used in the engines of the F-15
and F-16, but the newer single-crystal third-generation alloys have a 6 percent rhe-
nium content and were used in the engines of the F-15 and F-16. Rhenium can pro-
mote microstructural instability in superalloys, resulting in undesirable topologically
tight packed (TCP) phases. To avoid this effect, ruthenium is employed in 4th and
5th generation superalloys. Tungsten's characteristics are improved by rhe-nium. At
low temperatures, tungsten-rhenium alloys become more ductile, making them eas-
ler to process. The stability at high temperatures has also been increased. Because
the effect rises with increasing rhenium concentration, tungsten alloys can contain
up to 27% Re, which is the solubility limit. Tungsten-rhenium wire was first devel-
oped in an attempt to make a more ductile wire after recrystallization. This enables
the wire to achieve specified performance goals, such as improved vibration re-
sistance, ductility, and resistivity. X-ray sources are one application for tungsten-
rhenium alloys. Both elements' high melting points, along with their high atomic
masses, render them stable in the face of prolonged electron impact. Thermocouples
made of rhenium tungsten alloys can measure temperatures up to 2200 degrees Cel-
sius.

Rhenium is useful in self-cleaning electrical contacts because of its high temperature
stability, low vapor pressure, superior wear resistance, and ability to survive arc cor-

rosion. The discharge that happens during electrical switching, in particular, oxidizes
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the contacts. However, because rhenium oxide Re,O- is unstable (it sublimates at
360°C), it is eliminated during the discharge. Rhenium, like tantalum and tungsten,
has a high melting point and low vapor pressure. As a result, rhenium filaments are
more stable when operated in an oxygen-containing atmosphere rather than in vac-
uum. These filaments are commonly found in mass spectrometers, ion gauges, and
photography photoflash lamps.

Catalysts

Catalytic reformation is a chemical process that converts low-octane petroleum re-
finery naphthas into high-octane liquid products. Rhenium, in the form of rhenium-
platinum alloy, is employed as a catalyst. Rhenium is found in 30% of the catalysts
used in this process all over the world [99]. The other reaction in which rhenium is
used as a catalyst is the olefin metathesis. This procedure is usually carried out with
Re,O; on alumina. [100] Rhenium catalysts are utilized in certain types of hydro-
genation reactions because they are resistant to chemical poisoning from nitrogen,

sulfur, and phosphorus [101].
1.9 Energy levels and electronic transitions of point defects

Because a point defect interacts strongly with the matrix via covalent interactions
and does not exist as a separate entity, it cannot be investigated in isolation. The
system's electronic structure is actually highly influenced by its vibrational modes
(electron-phonon coupling), and it is more appropriate to speak in terms of the de-
fect-matrix complex and its optical features in this regard. A cluster of the matrix
with a single flaw is treated as a molecular system in the theoretical method. This
strategy is commonly used in all computational studies where a focus is placed on
determining the correct cluster size. [102].

The calculation of eigenfunctions and the treatment of optical properties identified
with an atomic framework is a many-body issue thus it can’t be actually completed.
For this purpose, the Born-Oppenheimer or adiabatic approximation [103,104] is

commonly used, which assumes that the total eigenfunctions W(r, R) of a molecular
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system can be factorized into two terms: an electronic wave function y (r, R), which
depends on both nuclear, R, and electronic, r, coordinates, and a wave function ¢ (R)
associated with the nuclei and only their coordinates:

Y R) = x(r,R)¢(r,R) (1-1)
It is worth to take note of that the electronic wave work y (r, R) contains likewise
the electronic turn factors s and must be antisymmetric as for the electronic direc-
tion’s changes. Since in the accompanying of this area we won't manage the turn
factors, we don't expressly show the turn states. In concurrence with the adiabatic
guess, y (r, R) can be thought as the eigenfunction of the electronic subsystem with
the cores fixed at the positions R.
In the case of minor nuclear motions and assuming the system is in a stable config-
uration (harmonic approximation),we can express the cartesian directions R as far
as the ordinary vibrational modes Q of the deformity grid complex and factorize the
atomic wave work as a result of N single consonant oscillator eigenfunctions ¢;(Q;),
portrayed by the harmony position Q,; and vibrational vitality E; = hv;

@(Q) = [TiL; 9:(Q) (1-2)

In this framework, the energy eigenvalue associated with a ¥ (r, R) is
N
E = EO + z El(05 + mi) m; = 0,1, 2, (1 — 3)
i=1

where Ey is the energy of the system considering all the nuclei fixed in the equilib-
rium position, N is the number of the normal modes, and m; is the occupation number
of the i-th mode Qj, respectively.

In the zero-th request estimate, the fundamental commitment to a radiative transition
rises from the electric dipole minute between the included states, which are normally
the ground electronic state g and the principal energized electronic state u®. In the
accompanying, we will show the two states with ¥, (r, Q) = x, (1, @) ¢, (@) and

¥, (r,Q) = Xu(r; Q)(pu(Q): separately,
while the relating vitality eigenvalues are
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N

Eg = EOg + Elg(OS + Tli) n; = 0,1, 2, (1 — 4‘)
i=1
N

Eu = EOu + Z Elu(OS + ml-) m; = 0,1, 2, (1 — 5)
i=1

A helpful method to envision the energy levels plan related with the conditions (4)
and (5), and Figure 1.10. (1) shows the configurational outline of the linked optical
iImprovements. The defect-matrix complex's energy in the ground and excited elec-
tronic states is reported as a function of nuclear displacements, which are represented
by a single generalized normal coordinate, Q; Moreover, in concurrence with the
consonant estimate, we created parabolic wells for both the ground and excited
states. When a photon absorbs in the system, it excites it to the upper state, a few
configurational unwinding happens, changing the harmony position and diminishing
the aggregate electronic vitality. To demonstrate this method, the lower and upper
wells in Figure 1.10 (1) have been shifted and centered at different equilibrium po-
sitions (A represents their relative shift), with dashed arrows pointing toward the
new equilibrium position. Even if a system's relaxation entails a shift in the normal
mode set, this impact is typically irrelevant and it is for the most part right to expect
the same vibrational frequencies in the two states, for example E;;=E;, (linear cou-
pling approximation). Besides, Because the electronic wave work y (r, Q) is merely
a weak function of the nuclear coordinates [103]. It is commonly right to assume, in
zero-th request estimation, that it depends just on the harmony positions Qo of the
cores in the related electronic state (Condon approximation).

Because an electronic transition takes 10° seconds and typical nuclear dynamics
take ~1071? seconds, and because the electronic subsystem is much lighter than the
nuclear subsystem, it is reasonable to assume that: | the nuclei do not move during
the electronic transition (solid arrows in Figure 1.10 (1) must be vertical), and (2) no
changes in their momenta must be considered (i.e. the slowest subsystem does not

react).
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Figure 1.10 — (1) Configurational diagram of the possible energies of the ground
(9) In harmonic approximation, and excited (u) states as a function of a generalized
normal mode. (2) Energy dependency of the probabilities of change for absorption

and emittion. See text for details (Figure from [105]).

The simplest version of the Franck-Condon Principle is the assuming of both condi-

tions, and in this context, the electric dipole matrix element M,_,,, for 1 transition

from the ground to the excited state is:
My = Me [ ity @050 (@l (1-6)

where, accordingly to the Condon approximation,

M= eé [ 10,000 (D)7 )xa(r Q) dre  (1=7)

1=

{n;} and {m;} are the occupation numbers of the ground vibrational excited and lev-
els, respectively, e is the electron charge, € is the electromagnetic field polarization

vector and n is the number of electrons; The nuclear and electronic variables are
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used to determine the integrals in equations (1-6) and (1-7). The nu-clear coordinates
of the excited state in equation (1-6) were set equal to those of the ground state in

accordance with the Franck-Condon principle. Regarding the factor My, imy =
M, [ <p;{mi} (@) @gmy(Q)dry itis Franck-Condon factor or. Franck-Condon inte-

gral, it is determined by the ground state's initial vibrational levels {n;}, and the ex-
cited state's arri-val vibrational levels, {m;}. Only the vibrational ground level ({n;}
= {0}) will be used as a starting point in the following calculations, assuming the
system is at 0 K. With the Condon approximation, the electronic matrix element Me

IS a constant factor that varies only on the involved electronic states.

1.10 Absorption spectroscopy

The quantity of focuses that make the g —u optical transition by absorption radiation
per unit time is
Ng. By p(E).6(E — Eyy) (1-18)
where, p(E) is the energy density of the radiation field at the energy E, no is the
centers volume density in the g state E,q = E,-Eq, and B,_, ,, IS the transition proba-
bility, for absorption, defined as [105].
l6m* 1

B, ,,, =—.—.
g=u - 3p2 4neo|

Since this energy lost by the field after each promotion is E, the light intensity I(E)

My’ (1-9)

diminishes as the sample progresses, as predicted by the differential equation below.

dl I(E)

— 2 =0 Bg—u E §(E — Eyy) (1-10)

—
h L&)

where we repaced p(E) wit -

and ignored stimulated emission term. By integra-

tion of the equation (1-16) over the example thickness d, we acquire the notable
Lambert-Beer law [106,107], It establishes an empirical link between the light in-
tensity emitted by the sample and the incident light intensity, Io(E)

I(E) = I,(E).e~a(E)d, (1-11)

where we put
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E
a(E) = ny. Bgﬁu.z. S(E —Eyy) , (1-12)

which is termed absorption coefficient. The dimensional quantity experimentally
measurable is the absorbance, A(E) = log,,(I,(E)/I(E), and it is related to a(E)
by the formula

A(E)
a(E) = 2.303.—= (1-13)

To define the spectral form of a(E), we must first account for the homogeneous
broadening that arises from the excited state's short duration by replacing the -func-
tion with a Lorentzian spectral distribution.

E I

a(E) = ng. By~ T I T (1-14),
ug

where 2-I" = h/r. Others and more important contributions in vitreous systems are
due to the Franck-Condon factor, which is incorporated in the Einstein coefficient
B._.., makes additional and more significant contributions in vitreous systems. We
just present the final expression for o(E)because computing the relevant integral is

not easy and outside the scope of this thesis:

a(E, T =0)

4773 , N —S-Simi T
= 5o Mo E- M .z[mi] Kl_L:le lmi!> Sy ey g w1 K€
—15)

where the main summation is applied to the entire N-dimensional set of occupancy
numbers {m;} of the excited state's vibrational levels. Eqo is the energy associated
with the transition between the ground and excite states' lowest vibrational levels,
and it is equal to Eqo = Equ- Eoq (corresponding to the ni=0 and m;=0 levels in Figure
1.10 (1)), while the related transition is usually referred to as the zero phonon, or
pure electronic, transition. The linear coupling or Huang-Rhys, parameters S;is con-
stants. [108] and can be defined as S; = 0.5. E;. A?.The term
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M
Foo— ) miky, (1-16)
i=1

The Lorentzian lines, which are related with the transition from the lowest level of
the g state (T = 0 K) to the vibrational levels of the u state described by the numbers
{m;}, are focused at these energies. The warm reliance of the optical band's mor-
phologies should be obtained when the temperature rises, considering the superpo-
sition of the Frank-Condon factors for the transition from the vibrational levels of
the ground state ({n}i # {0} ) populated by the Boltzmann law. If all of the vibrational
modes and their associated Huang-Rhys constants are unknown, as is the case most
of the time, this methodology cannot be employed. The normal modes are divided
into high and low frequency modes, which are characterized by the condition. This
IS a convenient technigue to examine the effect of temperature. Ej > kg Tmax and E; <
KsTwmax, respectively; where Twvax is the highest temperature reached during the meas-
urements, and Kg is the Boltzmann factor. The latter are in charge of thermal effects,
which are defined by a temperature-dependent thermal distribution of the population
of vibrational levels in the ground state. On the other hand, because their population
Is constantly at the lowest vibrational levels, the contribution of high frequency
modes to the band structure is unaffected by temperature. The Einstein model, which
considers the coupling with these modes as due to a single mode characterized by a
mean vibrational energy (E;), a mean linear coupling constant S, and degeneration
N, which equals the number of low frequency modes, is commonly assumed to treat
the low frequency mode in a simplified manner. The absorption coefficient can be

stated in this way in this context [109].
, DB
a(E, T) =a(E, T=0Q way € 2 Wm? (1-17)

where the symbol @ indicates the convolution operator [109]

E
Eoo(T) = Ey — 0.25N,. (1 — R)).{E;;). coth (2<k;)T> ., (1-18)
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According to equation, the sole effect of temperature in the case of linear coupling
(Eig = Eiy) is a homogeneous broadening of the Lorentzian lines (1-18). Further heat-
Ing impacts on the band shapes are envisaged if the linear coupling approximation

Is not fully satisfied. In particular, if the vibrational energies of the two states are

marginally different, 0 < |EZ, — EZ | « EZ (quadratic coupling approximation),

The following equation predicts a shift in the zero-phonon energy, and consequently

the absorption band, as temperature rises:

E
Eoo(T) = Eo — 0.25N,. (1 — R)).(E;;). coth (2<k;>T> ., (1-19)

where, indicating with R; = E—Zg (quadratic coupling constant of the i-th mode), R, =

(R;;) is the mean of low frequency modes constants. In equation (1-19), E;, indicates
the zero-phonon energy in the case of linear coupling only (i.e. Ri=1).

So as to point out the effective role and the physical importance of the parameters in
equation (1-17), we will consider in the accompanying the instance of the coupling
with a single vibrational mode described by a vibrational energy E;. With this sus-

picion eq (1-17) becomes:

a(E, T =0)
T o E ML z 53" L (1-20)
= Mg E. : e : , -
3ch2gy  ° ¢ m m! (E — Eyg — XM, mE;)? — T2

As a result, the absorption band is formed by a series of Lorentzian lines encircled
by a Poisson function. The absorption band reaches its greatest at E, = Eyq + S. E},,
indicating that the value of the Huang-Rhys constant S represents the vibrational
level in the excited state with the highest transition probability.
For clarity, we shall represent the absorption coefficient (see equations (1-17) and
(1-19)) separately from the contribution of the Franck-Condon factor in the follow-
ing:

a(E,T) = ay.E.f(E—E,T) (1-21)

where we put
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 3ch?g,

The function f(E — E4, T) is the square of the Franck-Condon factor for the mean

ao .Tlo.|Me|2 (1_22)

absorption energy Ea, and it is a unitary area function, as previously described.

When the optical spectra don't have an obviously settled vibrational structure, which
Is the regular case in vitreous frameworks, the investigation of the test spectra as far
as equations (1-18) and (1-20) don't give dependable outcomes, However, by ana-
lyzing the spectral first (M;) and second (M) moments of the absorption band (mo-
ments method analysis [110], whose definitions are as follows), the vibrational dy-

namics of the system can be investigated.

M, = j+ooE.f(E — E,, T)dE, (1-123)
0

+00
M, = j E?. f(E — E4, T)dE — M%, (1—24)
0

M; and M, are the mean value and variance of the function f(E — E,, T), respec-
tively, according to these definitions. M; and M, are changed by temperature in the
same way that the zero-phonon energy and homogeneous broadening are impacted
by temperature (equations (1-18) and (1-19), respectively, in the same theoretical
backdrop illustrated in this chapter [111].

0 < <E1> )
Ml(T) = Ml - O.ZSNI. (1 - RI)'<EI>' coth ) (1 - 25)
2k, T

E
M,(T) = M2 + N,.S,.{E,). coth (2<k;>T> . (1-26)

In these equations MYis a measure of the most likely electronic transition from the
ground vibrational levels of the So state to the S; state in the case of linear coupling
only (R = 1); M2 accounts for the homogeneous broadening due to the lifetime of
excited states and the spectral distribution of high frequency normal modes, whose

vibrational levels cannot be populated in the investigative model [109]. M{and M?
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account for inhomogeneous dispersion due to site-to-site non-equivalences among

the point defects in the case of centers in a glassy matrix.
1.11 Luminescence spectroscopy

We'll look at the emission bands of a point defect in this section, which are defined
by the energy level system shown in Figurel.11. The system's vibrational normal
modes are coupled with all of the electrical states. The system is promoted from Sy
to an excited vibrational state of S; (Si¢miy) in a relatively short time (10> sec!) due
to the absorption of a photon. Then, by delivering energy to the host matrix, it relaxes
toward the lowest vibrational level of (Sio;) at a typical rate of 1012 sec™. Internal
conversion, also known as vibrational relaxation, is a radiation-free process that
competes with the S;—S, emission rate ks and the I1SC rate kjsc. When it comes to
B-type activity, at room temperature, both rates are less than 10° sec*[111-114] So
it is sensible to accept that the framework is totally loose to Si( before these empt-
ing procedures could be viable. After the framework comes to the least vibrational
level of S;, it can unwind or towards T;, by means of the ISC procedure with rate
Kisc, or towards So by discharge of a photon with rate ks, or by offering vitality to
the host framework through non-radiative forms with rate k. The framework which
moves to T; experiences a vibrational unwinding down to the least vibrational level
and afterward comes to Sy, or radiatively with a rate kt, or non-radiatively with a
rate Knr'.
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Figure 1.11 — The three energy levels scheme for a point defect. There are records

of potential transitions and of the respective normal rates [115]

In concurrence with the highlights of the B-type action, in the accompanying we will
accept kq° and k,," unimportant; accordingly, each energized focus will unwind to
the ground state by emanating a photon. A framework with this component is said
to be portrayed by a unitary emanation quantum yield (7). The quantity of produced
photons comparing to the changes S1— Sp and T1— Sg are, in a similar request, ns-ks
and nr-kt, where ns and nr are the individual number of focuses in S; and T;. With
the past presumption on k,° and k', the rate conditions related with the vitality
level plan in Figure 1.11. Are

dng
E = Pabs (Eex) - (kS + KISC)-nS
(1—=27)
dnp
T = klsc.ns - KT.nT

where p,;,s(E.,) 1S the pumping rate, i.e. the number of centers excited to S; in the

time unit, and it depends on the energy of the exciting photons E.x being

r I
pabs(Eex) = Nyp. Bg—»u- (Fex—Eng)?—T? -EO = I. ao-f(Eex - EA) (1'28)
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This equation is constructed using the same assumptions as the preceding section
(see equations (1-17) and (1-26)), but with a uniform excitation spectrum for con-

venience.

In the case of steady state conditions (dns/dt = dnT/dt = 0), we obtain

_ Io. ao-f(Eex B EA)

n
* ks + Kisc
Kisc Kisc Iy.ay. f(Eex — Ep)
Ny =——.Ng = : (1-29)
T K T ks + Kisc kr

The same theoretical theory of absorption can be extended to luminescence in terms
of spectral distribution of emitted photons, with the transition probability for emis-

sion determined by the relevant Franck-Condon factor (see Figure.1 (a) and (b))

Mys, = MY j 0: (@Qpu (Qdry w=S.T)  (1-30)

As a result of both the excited states life span and the electron-phonon interaction,

the spectrum dependence of the S; and T; emissions is altered by homogeneous

broadening.
KISC
S(Eemr Eex) = ks-ns = m-lo- aO-f(Eex - EA)-g(Eem - ES):
KISC
T(Eem Eex) = kr.np = W-IO- Qo f(Eex — Eg)-h(Eer — Er) (1-31)
S ISC

where T(E,,, Ecx)and S(E,.,, E.,;) are the distributions of the emitted photons due
to the transitions T1—Soand S1—So, respectively. The functions g(E,,, — Er)and
g(E.., — Eg)account for the respective line shapes and are equal to the square of the
corresponding Franck-Condon integral in equation (1-30). As the function
f(E., — E4), they are unitary area functions and centered in Er and Es, respectively.
Another essential amount is the emanation intensity, those energy emitted in the unit
time; it is identified with those ghastly thickness from claiming emitted photons by
the Emulating equations:
Is(Eem, Eex) = Eem-S(Eem, Eex)
Ir(Eemy Eex) = Eem-T(Eem, Eex) (1-32)
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It is worth to take note of that both the amounts characterized by equations (1-34)
and (1-32) are tentatively quantifiable and, at a fixed excitation energy E.x, we get
elements of the emanation energy Eem Which are by and large named photolumines-
cence (PL) groups. Since the trial set-up utilized for the estimations of this proposi-
tion straightforwardly gives the number of emitted photons instead of the emission
intensity (see next part), we will allude in the accompanying as PL groups (or spec-
tra) to the functions (1-31)
Since the vibrational wave functions of the excited and ground states are the same
and displaced by the same amount A; in the linear approximation, the amplitude of
the Franck-Condon factors associated with the Sijo; —Sogiy and the Sogoy —S1(miy
transitions, in the case of {ni} ={mi}, are the same.
This result reveals that the absorption and emission Franck-Condon factors obey a
mirror symmetry law with respect to the pure electron transition Se <>S1¢0y and the
zero-phonon energy, which can thus be calculated as the mean value between the
maxima of PL and OA bands. The PL band profile g(E,,, — Es)is centered at Es =
Eoo-SEr and, considering the respective result for the absorption, the Stokes shift is
directly related to S in the case of coupling with a single vibrational mode (single
effective vibrational mode approximation) with vibrational energy Eh and Huang-
Rhys constant S.

AE iones = Eq — Es = 2.S.Ey, (1-33)
Figure 1.10 (1) and (2) depicts all of these characteristics schematically.
It's worth noting that, in this homogeneous context, where all defects are supposed
to be equal, changing the excitation energy simply affects the overall intensity of PL
bands, not their form. In the event of a consistent spectral distribution of the light
source intensity, the excitation photoluminescence (PLE) spectra obtained by alter-
ing Eex at a fixed Een should have the same form of f(E,, — E,),, the absorption

coefficient divided by Ee.
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As talked about the absorption bands, since the optical spectra in vitreous frame-
works have not an obviously settled vibrational structure, an increasingly solid in-
vestigation comprises in contemplating the unearthly minutes. The singlet (Mos) and

triplet (Mor) zeroth minutes are

MOS(Eex) = j S(EemJ Eex)dEem = W-IO- aO-f(Eex - EA):
0 S ISC
” Kisc
Mor(Eex) = T(Eem) Eex)dEem = W-IO- ao-f(Eex —Eg), (1—34)
0 S ISC

Both f(E,, — E,) is solely dependent on the excitation energy, while their ratio {

— MOS(Eex) — kISC
MOT(Eex) Ks

doesn't rely upon the excitation and it is a proportion of the ISC rate concerning the

¢ (1-35)

radiative S1—So emanation rate. We recently saw that the excitation energy only
affects the amplitude but not the profile of the PL bands and the last two outcomes
are an undeniable result. For a similar explanation, the singlet (M1s) and triplet (M)
first moment are relied upon to be autonomous on E¢. Considering the properties of

the functions g(E,,, — Es) and h(E,,, — E1), we in fact get

1 oo
Mis = 5| S Ee) B = E

M;r T(Eem'Eex)dEem = Er (1—-36)

— 1 ”
Mo (Eex) fo

The I1SC rate kisc (see condition (1-16)) and the electron-phonon coupling with the
coupled low recurrence vibrational techniques of the S; state are both affected by

temperature.
1.12 Transient absorption spectroscopy

As talked about in the past segment, when an inside is eager to Sy, it is acquired a
non-balance position thus it unwinds toward the S1 harmony setup under the impacts

of inner transformation. At that point, in concurrence with the B-type movement
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conspire, the S; state will rot by radiative discharge in a nsec time scale. Concerning
the unwinding elements, they happen in a sub-psec time space.

Higher excited states, in particular the second excited singlet and triplet states S, and
T, as shown in Figure 1.11 (1), must be included in a fuller framework of the elec-
tronic levels of point defects responsible for B-type activity.

An S;—S; transition could be triggered before the S; decay if we consider the sys-
tem's S, state. A transient absorption (TA) is a process of absorption between excited
states, and the optimum experiment to quantify a TA has two steps: (i) an intense
light pulse (referred to as the pump) excites a large number of centers from Sy to S;
in order to maintain a sufficient population in S;, the starting state;(ii) a second pulse
(referred to as the probe) triggers the S;—S:> transition. A schematic diagram of a
TA is shown in Figure 1.12 (2). The depletion of the probe intensity Al in compari-
son to the probe intensity lo without the pump pulse is the measured quantity. The
theoretical treatment is identical to that of a typical absorption, but with the added
precaution of working in a linear regime.

We can assume L,y = Io. e ~*¢ obtaining

Al Iy—1
—= 1 P (1-37)

IO IO

Where lyrone 1S the probe intensity coming out of the sample, d is the sample thick-
ness, and is the absorption coefficient for the S1—S> transition. Furthermore, in the

situation of low absorption, the equation (1-37) can be approximated by:
—=a.d (1-38)

As a result, the experimentally measurable ratio Al/l, provides a direct measure of
the S1—S; transition's absorption coefficient. It's worth noting that, in comparison
to traditional absorption, time is introduced as a new parameter: the probe can be
purposely delayed with respect to the pump in order to investigate the S1 state at
various times after excitation. If the S;—S; transition occurs before or after total

internal relaxation, we can distinguish two regimes (see Figure 2.3(2)). In the first
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case, the atoms will not be in the S; equilibrium position, the S;—S, absorption
coefficient may be different in this configuration, and a temporal dependence of dur-
ing relaxation is expected. In the second case, the absorption mechanism is similar
to the Sp—S; transition already discussed. The main difference lies in the depend-
ence of a on the S; population ns (see equation (1-20)), which is time dependent,
accordingly to a pure exponential time decay with decay rate ks+kisc (see equation
(1-35) and related discussion). So, the probe depletion signal is expected to decrease

with the same time constant of the luminescence signal.
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Figure 1.12. (1) Sz and T, the second excited singlet and triplet states, are included
in the B-type energy levels system, respectively. (2) Schematic picture of a transient
absorption from Sz to S (see text). The internal conversion and the S;—So emission
are also shown. Three cases are depicted: the probe and the pump pulses are simul-
taneous (t=0); the probe induces the transition during the internal conversion (t'); the

probe arrives after the thermalization to S: minimum (t").



47

1.13 Conclusions

1. Areview of the data on the electronic structure of Silica glass showed that the
atomic structure of an ideal Silica glass network is determined by the short-
range and average order, which affect the electronic-optical properties of the
material.

2. The influence of dry and wet oxidation methods on the composition and opti-
cal characteristics of Silica glasses is considered. The dry oxidation method
has been shown to yield cleaner samples with a wider optical slit.

3. A review of all varieties of intrinsic defects of point and continual origin in a
real mesh of silica glass is performed. The main spectroscopic and lumines-
cent characteristics of intrinsic defects and their influence on the electronic
structure of the material are considered.

4. The performed review shows that point defects of pure silica glass have a de-
cisive effect on the optical properties of the material, and therefore their mod-
ification can be used to control the functional properties of SiO..

5. We outline gives an overview briefly the theoretical background on the opti-

cal properties of a generic point defect.
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CHAPTER 2. SAMPLES AND EXPERIMENTAL TECHNIQUES

The properties of defects in silica are studied in parallel studies using various meth-
ods of sample processing and measurement. The usual experimental method consists
in varying the concentration of defects, either during growth processes (synthesis,
doping), or using external agents in the produced material (irradiation, heat treat-
ment, drawing), as well as to search for interrelated changes in measurable proper-
ties. In particular, while diamagnetic defects are studied through their optical activity
as optical absorption (OA) and photoluminescence (PL), paramagnetic defects can
also be studied using electron spin resonance (EPR) spectroscopy, which is a pow-

erful tool for determining defect structures at the atomic level.
2.1 lon implantation

Solid-state image sensor technology has come a long way in the last four decades,
and it has found success in the market. Because of the exponential expansion of the
mobile phone market, picture sensor sales reached 4.2 billion pieces in 2015. Image
sensor applications are popping up all over the place, not only on mobile phones.
Various device and process technologies have been created during the history of
image sensors. lon implantation is one of the most essential process technologies for
Image sensors among them. Image sensors, on the other hand, are a critical applica-
tion for the development of ion implantation technology. To begin, numerous ion
implantation processes are used to manufacture particular structures, such as the
PPD (pinned photodiode) [116-117], unique isolation structure [118], and transistor
tuning at pixels [119]. High energy implantations with precise angle control, as well
as high aspect ratio resist patterns, are necessary to achieve deep PD (photodiode).
2.1.1 Basics of ion implantation technology

W. Shockley, one of the creators of transistors, filed an ion implantation technology
patent in 1949. In the early 1970s, it was used to a mass—production line. As a result,

it might be considered a relatively novel process technology. lon implantations were
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originally utilized to adjust the threshold voltage of MOS (Metal Oxide Semicon-
ductor) transistors. They've been customized for a variety of uses since then.

a. Controlling the voltage at which a threshold is reached.

b. Doping with a high density, such as source—drain formation.

c. SIMOX (oxygen implantation for separation) [120]. To obtain SOI (silicon on
insulator) wafers, silicon dioxide layer is generated via oxygen implantation.

d. Delamination [121] is a kind of delamination. At temperatures exceeding 500°C,
a delamination layer is formed by high-dose hydrogen implantation, and a thin sili-
con layer is split. A wafer—bonding approach is used to make SOI wafers using this
phenomenona.

e. Proximity gettingtering [122]. To produce gettering sites near the front active
layer, oxygen or carbon is implanted. The precision of ion implantation allows for
repeatable gettering site formation, and proximity gettering is effective because the
gettering sites are close to the front side active area.

f. Termination of a dangling bond [123]. To end dangling bonds, fluorine is injected.
The number of GR (generation recombination) centers in the interface state is re-
duced, and the leakage current is lowered. Also reduced is 1/f noise and random
telegraph signal (RTS) noise.

g. Amorphous formation [124] An amorphous layer is formed when a high dose of
implantation is used. It prevents the channeling effect from occurring, which will be
discussed later. It also aids in re-crystallization and electrical activation after ion im-
plantation during the annealing process.

h. Co—implantation [125] When dopant atoms are implanted with carbon, nitrogen,
or fluorine atoms, impurity diffusion is reduced. lon beam technology also includes
focused ion beam (FIB) and secondary ion mass spectroscopy (SIMS).

lon implantation offers the following distinguishing characteristics:

(1) The doping amount is exact enough throughout a five-decade period, ranging
from 10" to 10%ions/cm?,

(2) The ion energy determines the doping profile or depth.
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(3) Photo—resist patterns are used to select the doping area.

(4) If the ion energy is chosen correctly, doping can be done via a thin dielectric
layer on the surface.

(5) Atoms, molecules, and clusters of various species can be implanted.

(6) Sputtering occurs when ion beams are used. The advantages of ion implantation
method are (1) to (5), while metal contamination, damage, and channeling are
downsides for image sensors.

2.1.2 Advantages and general features of ion implantation technology

As a result of their use in semiconductor device manufacturing, ion beam accelera-
tors are now widely available for most ion species with energies up to hundreds of
keV. lon beams may require more energy to penetrate deeper into targets for optical
equipment, however there are various vans de Graaff accelerators that are suited for
gas ions. Surface change is only required on the scale of a few wavelengths for op-
tical effects, therefore the implanted layers will be only a few microns thick at most.
Semiconductor devices are noteworthy in that components can be densely packed
onto a silicon slice using sub-micron beam defining masks. Similar lithography is
required for optical applications, however bigger masks will be required in some
circumstances for deep implantation.

The following are some of the obvious benefits of ion implantation doping. | Be-
cause the ion beam is measured as a current, accurate control of the number of ions
implanted is straightforward. (ii) Because the ion energy controls the depth of the
implant, a careful selection of energy and dose can produce any desirable impurity
profile under the surface. (iii) In the case of ‘troublesome’ materials that disintegrate,
an overlay may be used to create the implant. (iv) Conventional solubility rules do
not limit the implant ion choice; any ion can be employed. (v) Different ions can be
positioned at various depths. (vi) Because implants can be manufactured at any tar-
get temperature, impurity doping can be used in low—temperature crystal phases.
(vii) Because ion accelerators produce isotopically pure beams, analysis methods

like EPR and NMR, which rely on nuclear spin interactions, are made easier.
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Thermal diffusion has been widely used to dope surface layers in semiconductor and
metal technologies. The approach is limited by the requirement for high tempera-
tures; the diffusion profile is peaked near the surface, and diffusion along dislocation
lines can proceed at unmanageable rates. When diffusion is combined with a mask,
the diffused material's lateral spread is comparable to the penetration normal to the
surface. Many of these characteristics are avoided in ion beam doping procedures,
but there is no reason why the two approaches should not be combined: ion beams
supplying a highly regulated, isotopically pure diffusion source or second-ary ion
beam doping of extensively doped diffused layers.

lon implantation has the apparent drawback of displacing many atoms in the target.
Because this radiation damage is undesirable in semiconductors, complex thermal
anneal cycles employing electron beams or lasers have been devised to remove the
damage while preventing the implanted ions from spreading. However, the term "ra-
diation dam-age" might be deceptive because in many applications, such as the pro-
duction of optical waveguides, the fundamental goal of the implantation is lattice
amorphization. To encompass both impurity doping and atomic displacements, it
would seem preferable to use the less emotive phrase "ion beam alteration of mate-
rials." For academic color center investigations or the use of ion beams to produce
new materials, cost issues may not be as relevant, and the ability to swiftly synthesize
a wide variety of composition is critical for novel materials. However, after a new
material has been chosen, production can resume using more traditional methods. If
ion Seams are to be used in a commercial process, they must provide a cost ad-
vantage, a quality control advantage, or something new. The rationale for semicon-
ductors is evident, as all of these qualities assist chip manufacture, and the devices

have a high inherent value per unit area.
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2.2 lon implantation of rhenium into silica glass

The description of the technology of synthesis of objects of research, measuring in-

stallations and experimental techniques is given.

Si0O; samples were represented by three types of glasses of the KI, KUVI and

Hongan brands (China, Hongan Silica Glass Store). The samples were irradiated

with Re ions using MEVVA (Institute of Electro-physics, Ural Branch of the Rus-

sian Academy of Sciences, Yekaterinburg) and Raduga-3M (Physics and Technol-
ogy Institute, State University, Nizhny Novgorod) in a repetitively pulsed regime.

1. Samples of KUVI glass (10 x 10 mm, thickness 1.5 mm) belonging to type IV
were implanted with Re ions with an energy of 30 keV ina MEVVA-type device
(Institute of Electro-physics, Ural Branch of the Russian Academy of Sciences,
Yekaterinburg). The rhenium ion beam was generated in a pulse-periodic mode
with a pulse duration of 0.4 ms and a repetition rate of 25 Hz. The used ions flux
densities were 5 x 10%°, 10'°, 5 x 10%¢, 10'" and 5 x 10" cm™.

2. Glasses brand KI 10 x 10 mm? and 0.5 mm thick, was implanted with Re ions
with an energy of 80 keV on an ion-plasma source "Raduga-3M" (Physics and
Technology Institute, Lobachevsky National Research University, Nizhny Nov-
gorod) in a pulse-periodic mode with a pulse duration of 0.2 ms and a pulse rep-
etition rate 30 Hz. The used ions flux densities were 5 x 10, 107, and 2.5 x 10
cm2. Thermal annealing of the implanted samples was carried out in air at 1000
° C for 1 h. X-ray photoelectron spectroscopy (XPS) was used to certify the ob-
tained samples. The measurements were carried out on a Thermo Scientific ™
K-Alpha + ™ XPS spectrometer.

To assess the effect of the type of ions on the change in the properties of silica
glasses of various brands, samples of Hongan glass made in China (Hongan Silica

Glass Store), implanted with various fluences of bismuth ions with an energy of 30

keV, were additionally used.
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2.3 Optical absorption spectroscopy

The optical absorption spectra at room temperature were recorded using a Perkin
Elmer Lambda 35 spectrophotometer equipped with an integrating sphere (Figure
2.1). The measurements were carried out in the spectral range 200-1100 nm. The
spectrophotometer is equipped with two automatically switching radiation sources -
a deuterium lamp operating in the wavelength range of 200-340 nm and a halogen
incandescent lamp operating in the wavelength range of 340-1100 nm. The spectral
width of the slit during measurements was 0.5 nm. The resolution was not less than
0.3 nm.

Spectra were recorded by automatic wavelength scanning in 1 nm increments. Tools

are controlled, data is obtained and processed using a personal computer and soft-

ware origin lab
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Figure 2.1 — Perkin Elmer Lambda 35 UV/Visible Spectrophotometer(left), Opti-
cal circuit diagram in a spectrophotometer Perkin EImer Lambda 35 (right)
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2.4 UV-VIS luminescence spectroscopy

The photoluminescence and excitation spectra at room temperature were recorded
using a Perkin Elmer LS 55 spectrometer. An excitation source was a 150 W xenon
lamp operating in a pulsed mode with a frequency of 50 Hz. The spectrometer is
equipped with two monochromators of the Monk-Gillison scheme, providing a
working wavelength range of 200-900 nm. The accuracy of setting the wavelength
Is = 1 nm. The spectral width of the slit of the input and output monochromators was
setat 2.5 nm. A high-precision R-928 photomultiplier was used as a detector, provid-
Ing a signal-to-noise ratio better than 750/1. The resolution was not less than 0.5 nm.
The luminescence decay curves were recorded in a dynamic mode with a stepwise
change in the delay time (At = 20 ps). The device was controlled using a personal

computer and FL WinLab software (Figure 2.2)

Source Detector
Mode: g Type:std
Fluor Yolt.:Auto
ExCorr..OFF EmCorr.:0FF

Ex. Mono Em. Mono

At365nm Ex. polariser Em. polariser AtA%5nm

Slit:10,0nm "1 §1it:10,0nm
E,u Filter:open

horizontal
polariser

vertical
polariser

Sampling Accessory

Figure 2.2 — Luminescence spectrometer Perkin Elmer LS 55 (left), Scheme of

photoluminescence measurements on Spectrometer Perkin Elmer LS 55 (right)
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2.5 Absorption and luminescence spectroscopy in vacuum ultraviolet

The temperature dependences of the absorption and luminescence spectra in vacuum
ultraviolet were obtained using the McPherson VuVAS 1000 PL spectroscopic com-
plex (Figure 2.3).

The unit is equipped with The Model 225 high-performance vacuum mono-
chromators, a focused deuterium light source, a sample chamber with the possible
fixation of several objects a set of detectors and a system of turbomolecular pumps,
providing a vacuum at a level of 10 Pa. Measurements were carried out at low
temperatures using a helium cryostat Janis CCS-450. The temperature of the samples
varied in the range of 8-300 K and was monitored using a resistance thermometer.

o morBl AR RS VOVEE 0 SSecrroerar
@ @ TG VACUM UV YR AND % EERsuRemenTs AT

-PLUS-
UV VISNIR NONCVACUUM) EMISSION DETECTION
SEqTROMETER UCORESCENCE, PHOSPHORE SCENCE.
MINESCENCE, ETC.

Figure 2.3 — Diagram of the optical path in the spectroscopic complex McPherson
ViVAS 1000 PL
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The spectral slots of the input and output monochromators were 0.5 nm, and the
accuracy of setting the wavelength was 0.1 nm. The resolution was not less than 0.1
nm. The operating wavelength range was 120-500 nm for the optical absorption
mode and 300-800 nm for the photoluminescence mode. The hardware capabilities
of the experimental complex make it possible to obtain detailed information on the
dynamics of short-lived excited states.

Optical absorption spectra were recorded on a McPherson VuVAS 1000 PL VUV
spectrometer in the wavelength range of 150-350 nm Figure 2.4. All measurements

were performed at room temperature.

|(¢\9 B oo

Collimating Sample
System Chamber

Diffraction
Grating

Sllt

Si02:Re
Slit

Computer

Deuterium Lamp

Figure 2.4 — Schematic image of the method for measuring the optical absorption
of SiO,: Re. lp and | are the intensities of the incident and transmitted radiation, re-

spectively.

The processing of the absorption spectra and the approximation of the spectral de-
pendences of the fundamental absorption edge was carried out using the Origin Pro
9.1 application.
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2.6 Electron paramagnetic resonance spectroscopy (EPR)

It is possible to apply EPR spectroscopy to structures with a non-zero electronic
magnetic moment resulting from electron spin and orbital angular momentum. The
sample under study is situated in two external magnetic fields pointing in orthogonal
directions in a standard EPR experiment. As a consequence of the interaction of the
electronic magnetic moment with H, the first field, H, causes the ground state energy
levels to scatter, the resulting splitting being around 0.3 cm™ for magnetic fields of
about 300 mT. The second external magnetic field, H1 (|H,| «< |H|), with a micro-
wave frequency oscillating amplitude, is used to cause resonant transitions between
states separated by H. [131,132] In particular, the importance of EPR spectroscopy
Is related to its ability to provide valuable information on the microscopic structure
of the paramagnetic centers being examined. Typical structures that are subject to
EPR spectroscopy include

1) solated atoms and ions;

I1) lons of the transition metal and actinide group in solids;

I11) Localized imperfections in solids (point defects);

V) Systems with conduction electrons
2.7 Conclusions

1. The objects of study were samples of glassy SiO; of the KI and KUV types im-
planted with various fluences of Re ions with energies of 80 and 30 keV.

2. To study the penetration depth of Re ions into the glassy matrix, SRIM modeling
methods were used.

3. The certification of the obtained samples with the analysis of their chemical com-
position, including varieties and percentage of impurities, was carried out by the

method of X-ray photoelectron spectroscopy.
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. To study the spectral-optical and spectral-luminescence properties of the sam-
ples, we used experimental methods of optical absorption and photoluminescence
spectroscopy.

. The study of the temperature dependences of the optical properties of the samples
in the temperature range 8-500 K was carried out using a helium cryostat on a
McPherson vacuum spectroscopic complex.

. For the study of paramagnetic centers Silica glass arising in the ion-beam expo-
sure used electron spin resonance method.

. The entire set of experimental and computational research methods makes it pos-
sible to perform a comprehensive comprehensive study of the electron-optical,
luminescent and paramagnetic properties of quartz glasses of two types im-
planted with Re ions and to obtain extensive information about the changes that

have occurred in them.
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CHAPTER 3. OPTICAL AND LUMINESCENCE PROPERTIES OF OXY-
GEN-DEFICIENT CENTERS IN KUVI GLASS IMPLANTED WITH 30
KEV RE IONS

3.1 Samples characterization by methods SRIM and X-ray photoelectron spec-
troscopy (XPS)

The first host matrices for pulsed ion implantation were KUVI glasses (type 1V).
Great-frequency plasma oxidation of the respective starting components produces
this form of glass, which has high transparency in the visible, UV, and IR spectral
ranges and improved radiation resistance. Trace impurities have a total concentration
of less than 10~2 weight percent. The closest technological analogues of this type of
glass are Spectrosil TMVF (Great Britain), Suprasil TMW (Germany), and Corning
7943TM [133].
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Figure 3.1 — Calculated implantation profile of Re* ions in the volume of SiO,
glass (Eexc = 30 keV) [13].



60

To calculate the penetration depth of Re ™ ions into for the studied SiO, samples, we
used the software package for computer simulation Stopping and Range of lons in
Matter (SRIM), based on quantum-mechanical calculations of ion-atom collisions
[134]

The calculation results showed that the introduction of rhenium ions with an initial
energy of 30 keV into the surface layer of SiO, occurs in the depth range of 10-40
nm Figure 3.1 The maximum of the distribution of implanted ions corresponds to a
depth of 22 nm. The obtained samples of implanted glasses were previously charac-
terized by the methods of X-ray photoelectron spectroscopy (XPS) and density func-
tional (DFT) simulations for replantation scenarios were reported in reference
[5,135] to distinguish between implanted KUVI-SiO, glasses.

7000000 XPS Element Traces Analysis: Survey
6000000 - —— KUVI-SiO,:Re (5 x 10" cm™®)
| —— KUVI-SiO,:Re (5 x 10'® cm™®)
iZ) i —— KUVI-SiO (reference)
2 5000000 o 1s 2 0 25
3 1
= 4000000 C 1s (285.0 eV) Si2p
‘G ' Si 2s Re 4f
& 3000000 Re 4d
=
2000000 - y
1 A
1000000 J VB
A
),
0 4= T T T T T T T T \ey
600 500 400 300 200 100 0

Binding Energy [eV]

Figure 3.2 — XPS element trace analysis of Re implanted KUVI-SiO; glasses.
Only most typical survey spectra are shown. Carbon C 1s marker was applied for
calibration (see details in [13,136]).

According to the known maximum depth resolution of -98-9 nm from XPS technol-
ogy, this method will only cover the beginning of the estimated SRIM depth profile.
However, the Thermal Scientific K-Alpha + XPS [5] showed a detection limit for
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element concentrations of 0.05% atom%, so it successfully allowed us to analyze
trace elements in our samples.

Currently, there are no foreign contaminants in the implanted KUVI-SiO; glasses
after implantation in Figure 3.2 Therefore, we believe that the general structural
damage in the test objects is mainly caused by internal radiological damage caused

by implanted ions.
3.2 Optical absorption spectra of silica glass with rhenium ions

The absorption spectra of silica and Re implanted SiO, are shown in Figure 3.3(a)
The ion-beam irradiation of silica matrix leads to a deterioration of its optical trans-
parency in the spectral region of near UV. Significant increase in the absorption
coefficient at energies of 2-8 eV is due to the formation of intrinsic optically-active
defects in SiO; host after ion irradiation. Silicon dioxide is characterized by a variety
of point defects that are formed as a result of the interaction with accelerated parti-

cles and high-energy radiation [137-139].
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Figure 3.3 — Optical absorption (OA) spectra of SiO, implanted with Re ions with
different fluences (a) and (b) the difference optical absorption spectrum after de-

convolution for SiO, implanted with a rhenium fluence of 10" ¢cm
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For a further more detailed analysis, the difference spectrum of optical absorption
was selected, measured on silica glass implanted with a fluence of 101" cm of rhe-
nium Figure 3.3 (b) The spectrum was decomposed into Gaussian components to
highlight the main absorption bands.

It was revealed that the OA spectrum of the studied samples contains eight bands,
four of which: 5.1, 5.8, 7.0, and 7.5 eV can be attributed to the varieties of oxygen-
deficient centers [58, 140, 141]. The 5.8 eV optical band is associated with a three-
coordinated silicon atom (E) [58, 143]. The bands at 5.1 and 7.0 eV correspond to
the oxygen divacancies Si-ODC (11), 7.5 eV - to the neutral oxygen vacancy Si-ODC
(1) [58, 140-142]. And the 6.3 eV band is due to the centers associated with Re ions.

3.3 Photoluminescence spectra upon excitation in the near ultraviolet

The photoluminescence (PL) spectra of Re implanted SiO, under excitation of
4.77 eV at room temperature are shown in Figure 3.4(a) The photoluminescence
excitation spectra at emission 2.53 are shown in Figure 3.4(b) When luminescence
Is excited by light quanta with an energy of 4.77 eV, the intensity of all PL bands

increases with increasing fluence from 5x10% to 1x10%" cm™2 [144].
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Figure 3.4 —The PL spectra of Re implanted SiO, with different the ion fluences at
excitations of 4.77 eV (a) and (b) emission of 2.53 eV after thermal annealing
(1000 °C,t=1h)
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Figure 3.5 shows the photoluminescence (PL) spectra of Re implanted SiO, with
a non-elementary feature and a variety of bands corresponding to different defect
centers. With the PL band at 2.7 eV, we can differentiate oxygen-deficient center

(ODC(I1)), which is characteristic for silica glass and relates to the two-coordinated

silicon atom [5,145,146].

100 _ _
Re- related  SiO,:Re(1*10ion/cm?)
= E.=5.12eV
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::’; — 2.28eV
g 2.49 eV
2 %0 —2.7eV
= 2.85 eV
Fé 40 Cumulative Fit Peak
N oDC(I1)
O Re- related
20 _/_\
0 : , , . .
2.2 2.4 2.6 2.8 3.0
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Figure 3.5 — The photoluminescence (PL) spectra for SiO,: Re glass after thermal

annealing. Arrows indicate the different types of Luminescence centers after de-

convolution

At the same time, the main contribution in overall PL intensity is determined by the
band with a maximum of 2.53 eV, caused to the Re-related centers. Notes, that under
excitation of ODC we observe the PL of Re-related centers. It indicates the energy
transfer between these centers occurs. Thermal annealing causes increasing the in-

tensity of all PL bands and shifting of their maxima to the low-energy region. The

main spectral parameters of emission bands are listed in Table 3.1.
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Table 3.1 — Spectral parameters of PL and PLE bands for silica glass implanted

with rhenium ions after thermal annealing

PL band Re-related ODC(II) ODC(I)
Excitation =5.12 eV
hv, eV 2.5 2.71 3.01
FWHM, eV 0.24 0.34 0.3
PLE band Re-related Re-related oDC
Emission=2.53 eV
hv, eV 4.35 4.78 5.12
FWHM, eV 0.28 0.19 0.49
160
1Si0,:Re(1x10Yion/cm?) ODCl
140 | =—E,,=2.53eV Re-related
5 120 { =——E_ =2.81eV
= ]
E 100 -
% 80 - Re-related
E 1 Re-related
1 60+
_I -
Q- 40-
20 A
O I I I I I I

4,0 4,2 4,4 4,6 4,8 5,0 5,2
Photon energy (eV)

Figure 3.6 — The photoluminescence excitation (PLE) spectra for SiO,: Re glass
after thermal annealing. Arrows indicate the different types of Luminescence cen-

ters after deconvolution
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The photoluminescence excitation (PLE) spectra of Re implanted SiO,, shown in
Figure 3.6, At both 4.78 and 5.12 eV excitations, there are all PL bands (ODC and
Re related center), but the emission of ODC(I1) dominates regardless of the excita-
tion energy [147]. When the excitation changes from 5.12 eV (transition in ODC) to
4.78 eV (transition in Re related center), a change in the ratio of the integrated PL
intensities is observed in favor of the Re related center. Such features indicate the

effective mutual energy transfer between two types of ODCs and Re related center.

The Scheme of electronic transitions for ODCs and Re related center is shown in
Figure 3.7. At both excitations of ODC (5.12 eV) and Re related center (4.78 eV),
there are three pathways followed by photons emission: (1) energy transfer of
ODC(Il) (2.71 eV); (2) energy transfer of ODC(I) (3.01 eV), (3) energy transfer of
Re-related center (2.53 eV). Therefore, the obtained results indicate the possibility

of modifying the luminescent properties of SiO; glass by implantation with rhenium

ions
ODC e i T .
R‘i‘- .
o related
b
(| v
— [ - — .
v *Tf_; 7 ODC(I) . o |
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=t « [:l |related
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Figure 3.7 — Scheme of energy levels and electronic transitions for ODC and Re-
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related centers in Re implanted SiO,. Solid lines represent the excitation and emis-
sion optical transitions, dashed lines show the non-radiative energy transfer from the

singlet excited states to the triplet emission levels [144].

3.4 Vacuum ultraviolet photoluminescence of silica glass implanted with Re

ions measured at different temperatures!

When studying different excitation methods, the photoluminescence depend on
the temperature in the formation of dielectric and semiconductor nanostructures may
differ significantly in shape and type, according to the results of several researches
[148-152]. To determine the dominant processes of SiO,: Re photoluminescence at
different excitation energies, the PL spectra were measured at excitation energies of
7.5 and 6.8 eV and a temperature of 8.2 K (Figure 3.8). For visual comparison, the

spectra are normalized to a unit of intensity.
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§ P (1-$,
£
1 0.4 4
o
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1 Vacuum ultraviolet photoluminescence spectra at different temperatures for silica

glass implanted with Re ions were measured by Biryukov D.Yu.
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Figure 3.8 — Comparison of photoluminescence peaks normalized to unit intensity
at excitation energies of 7.5 and 6.8 eV and at a temperature of 8.2 K

In Figure 3.8 it can be seen that, at an excitation energy of 7.5 eV, the brightest
luminescence is given by the bands at 3.2 and 3.7 eV, and at the excitation of 6.8

eV, by the bands at 2.8 and 4.1 eV. The photoluminescence spectra of SiO,, obtained

at an excitation energy of 7.5 eV, usually characteristic of Si-ODC (1) centers, of a

diamagnetic monovacancy of oxygen, while the maximum of photoluminescence
excitation at 6.8 eV, is attributed to the Si-ODC (Il) centers, a two-coordinated sili-

con atom.
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Figure 3.9 — Deconvolution of the PL spectra of KUV silica glasses implanted
with Re ions with a fluence of 101" cm, measured at an excitation energy of 7.5

eV and various temperatures.
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Figure 3.10 — Deconvolution of the PL spectra of KUVI silica glasses implanted
with Re ions with a fluence of 10*” cm, measured at an excitation energy of

6.8 eV and various temperatures.

Decomposition of the spectra into Gaussian components allows us to distinguish
four elementary bands at 2.67, 3.17, 3.63 and 4.17 eV (Figures 3.9 and 3.10), which
differ from the corresponding luminescence bands of the known Si-ODC (1) and Si-
ODC (II) in pure SiO; (Table 3.2).

The data obtained suggest that the registered oxygen-deficient centers represent a
new variant of defects modified with Re ions, which are designated as Re-ODC (1)
and Re-ODC ().

Table 3.2 — Spectral characteristics of radiative transitions in Re-ODC (I) and

Re-ODC (II) centers in the temperature range 8 - 500 K

PL band | Re-ODC(Il)-T; | Re-ODC(I)-T;1 | Re-ODC(I)-S; | Re-ODC(II)-S;
Excitation energy 7.5 eV, SiO,:Re
2.67-2.79 3.17-3.19 3.63-3.79 4.17-4.19
hv, eV
(2.7) (3.1) (4.3) (4.4)
FWHM, eV 0.76 0.47-0.52 0.41 0.76
Excitation energy 6.8 eV, SiO2:Re
2.67-2.79 3.17-3.19 3.63-3.79 4.17-4.19
hv, eV
(2.7) (3.1) (4.3) (4.4)
FWHM, eV 0.76 0.47-0.52 0.41 0.76

Note: The values of the radiative transition energies in the Si-ODC () and Si-ODC
(I1) centers in the unimplanted SiO, matrix are given in parentheses.

To trace the dynamics of photoluminescence with a change in temperature, the
PL spectra were measured in the temperature range from 8.2 to 500 K with a step of
50 K with excitation energies of 7.5 (Figure 3.11) and 6.8 eV (Figure 3.12).
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Figure 3.11 — PL spectra of KUVI Silica glasses implanted with Re ions with a
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fluence of 1017 cm, measured at an excitation energy of 7.5 eV: (a) — in the tem-

perature range 8.2 — 300 K, (b) — in the temperature range 300 — 500 K
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Figure 3.12 — PL spectra of KUVI Silica glasses implanted with Re ions with a
fluence of 10*” cm, measured at an excitation energy of 6.8 eV: (a) — in the tem-
perature range 8.2 — 300 K, (b) — in the temperature range 300 — 500 K

To determine the optical parameters of oxygen-deficient centers, all spectra were
decomposed into Gaussian components. Figure 3.9 and Figure 3.10 show the results
of the Gaussian expansion at temperatures of 8.2 K and 300 K. These results show
that the blue shift of the selective maximum of 2.9 - 3.2 eV observed at an excitation

energy of 6.8 eV with an increase in temperature of 8 - 300 K (Figure 3.12a) is
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associated with redistribution of the intensities of the luminescent bands. In particu-
lar, the 2.67 eV band is quenched much stronger than the 3.17 eV band, which leads
to a blue shift of their total maximum.

At the same time, as can be seen from Figure 3.11 and Figure 3.12, with an increase
In temperature from 8.2 to 500 K, the intensity of the bands decreases, and the lumi-
nescence maxima shift somewhat (Table 3.2). It should also be noted that the 3.2 eV
band undergoes some broadening with increasing temperature, while the FWHM of
the 2.8, 3.7, and 4.1 eV bands remains unchanged.

As noted above, the difference between the spectral parameters of the observed lu-
minescence bands Re-ODC (I) and Re-ODC (II) from similar silicon centers Re-
ODC (1) and Re-ODC (I1) in unimplanted SiO, (Table 3.2) is associated with ion-
induced modification of oxygen-deficient defects. The introduction of rhenium ions
into the local environment of an oxygen vacancy and a two-coordinated silicon atom
distorts the electronic subsystem of defects and displaces their excited states. A dis-
tinctive feature of modified defects is that the excitation energy practically coincides
with the excitation energy of the Si-ODC, while the radiative transitions are changed.
Modification of the structure of the nearest environment of defects leads to a de-
crease in the energy of singlet-singlet intracenter electronic transitions and an in-
crease in the energy of singlet-triplet transitions. The levels of the triplet states are
shifted to a lesser extent, and the levels of singlet states are shifted to the greatest
extent.

For further analysis, the PL excitation spectra were experimentally measured at
different recording energies (Figure 3.13).
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Figure 3.13 — PL excitation spectra of KUVI Silica glasses implanted with Re ions
with a fluence of 107 cm, measured at a temperature of 8.2 K

The photoluminescence excitation spectra correlate well with the intensity of the
PL bands 3.2 eV and 3.87 eV, confirming the oxygen-deficient type of PL centers
modified with Re, which are responsible for the indicated bands. When photons with
energies of 3.18 eV are detected, the 5.3 eV PL excitation band is associated with
singlet-singlet transitions in So — S; in oxygen-deficient centers Re-ODC (I) and
Re-ODC (I1), whose transition energies are close in value. The 7 and 7.5 eV bands
are associated with the So — S, transitions in Re-ODC (Il) and Re-ODC (I), respec-
tively.

3.5 Temperature dependences of vacuum ultraviolet photoluminescence of sil-

ica glass implanted with Re ions?

Investigation of the photoluminescence of modified Re-ODC (I1) and Re-ODC (1)

upon excitation in vacuum ultraviolet, measured at various temperatures, makes it

2 Temperature dependences of vacuum ultraviolet photoluminescence of silica glass

implanted with Re ions were measured by Biryukov D.Yu.
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Figure 3.14 — Temperature dependences of the PL of silica glasses KUVI,

measured at an excitation energy of 7.5 eV
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Figure 3.15 — Temperature dependences of the PL of KUVI silica glasses meas-
ured at an excitation energy of 6.8 eV

possible to study the mechanisms of excitation and relaxation of these defects. The

temperature dependences for all luminescence bands are shown in Figure 3.14 and
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Figure 3.15. Judging by the shape of the curves, relaxation processes with the par-
ticipation of Re-ODC (Il) and Re-ODC (I) obey multi-stage laws, including the pres-
ence of thermal activation stages [153], both during photoexcitation and in the
course of radiative relaxation.

To describe the processes occurring during photoluminescence, we use the band di-

agram of electronic transitions, which is shown in Figure 3.16.

S, ~ -

Sy
Figure 3.16 — Band diagram of Re-ODC electronic transitions in silicon dioxide
implanted with rhenium ions: Sy, T1 — energy levels; n1.4 — quantum efficiency of
nonradiative electronic transitions

In the Figure 3.16, the dotted line denotes nonradiative (thermal) transitions, the
solid line denotes radiative transitions or level filling for the case So — S,. For
defects of the type Re-ODC (I), the So — S, transition corresponds to an energy of
7.5 eV. The transitions S; — Sp and T; — S can occur with or without the emission
of photons; during the radiative transition, photons are imparted with energies of 3.7
and 3.2 eV, respectively. For defects of the type ODC (lI), the So — S transition
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corresponds to an energy of 6.8 eV, and the radiative transitions S; — Spand T; —

So are characterized by energies of 4.1 and 2.8 eV.

The dependence that describes the intensity of singlet-singlet luminescence depend-

ing on the temperature Is (T) can be described by the expression [153,154]:

(1) = lonuns = Ioma [1+ 5/ + F pl =
= I, {[1 + pp—‘;fexp (_k—’?) + pp—(’g,s exp (_’(—ETS)]}_l, (3-1)

where, lo is the PL intensity at T — 0.

where, pos - frequency factor;

Es is the activation energy of the nonradiative transition S, — Si;

k is the Boltzmann constant;

T is the temperature.

Since photoluminescence is observed even at liquid helium temperatures, the factor
N1 can be neglected in formula (3-1), assuming that the energy barrier of the S, —
S transition is dismissively small.

The intensity of the triplet-singlet luminescence T; — So might be described within

the three-step model: [153,154]:

() = 1o [1+ Bexp ()]« {1+ Zexp (22) 4 22exp (B2)) . (32)
It is clear from Figures 3.14, 3.15 and formulas (3-1) and (3-2) that singlet-
singlet (S; — So) and triplet-singlet (T1 — Sp) luminescence of ODCs under high
energy excitation (So — Sy) are not one-stage process. Therefore, the temperature
dependences of the PL of oxygen-deficient defects may have essential discrepancies
with the Mott function, which is observed in Figure 3.14 and Figure 3.15. In this
case, of particular interest is the dependence of the tripletsinglet luminescence ODC
(I) on Figures 3.14 observed in the 3.2 eV band. The corresponding curve contains
an inflection region in the temperature range above 100 K. Approximation of the
experimental curve by function (3-2) shows that the triplet-singlet luminescence

ODC (1) is provided by two channels of population of the T, radiative levels. As can
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be seen from Figures 3.16, these are: 1) S, — T; transitions with quantum efficiency
n2, which begin to occur at temperatures above 50 K (Figures 3.14, curve 1);
(2) S, — S; — T transitions with quantum efficiencies 1 and n3, which begin to
occur at temperatures above 100 K. In this case, the presence of a nonzero thermal
activation barrier at the S; — Tj transition leads to an increase in the quantum effi-
ciency n3 with increasing temperature and, accordingly, to an increase in the contri-
bution of this channel for the population of the T, states in the temperature range
100 - 300 K.

The results of approximating experimental data using expressions (3-1) and (3-2)
are presented in Table 3.3. Figures 3.14 and 3.15 show the calculated dependences

Is (T) and It (T). The approximation error does not exceed the measurement error

(less than 3%).
Table 3. 3 Kinetic parameters of Re-ODC centers
PL band
Parameters Re-ODC(Il)- | Re-ODC(I)- |Re-ODC(l)- | Re-ODC(Il)-
T1 Ty S1 S1

PL maximum (hv), 28 32 37 41
eV
E;, meV 115,1 18,4 18,4 115,1
E,, meV 32,8 191,4 — -
Ec, meV 21,8 0,1 0,1 21,8
Po3 / P3 — — 0,1 40,0
Poa ! Py 23,0 53,8 — —
Pos / Ps 1,6 0,7 1,6 1,6
Pos / Pos 50,0 15,0

Since PL is observed even at low temperatures (8.2 K), this allows us to conclude
that the energy barriers to nonradiative transitions S, — S; and S, — T (Figure 3.16)
do not hinder the mechanisms of radiative relaxation (have small values of E; and
E>). In turn, the complex nature of the quenching of the PL centers with maxima at
3.2 and 4.1 eV (Figure 3.14 and Figure 3.15) indicates the presence of at least two
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or three relaxation stages, through which the energy is redistributed between the S;

and T, levels, violating the Mott the nature of the temperature dependence [155].
3.6 Optical absorption edge of Re ion implanted silica glass

3.6.1 Urbach rule for Re ion implanted silica glass

The spectral dependences of the absorption coefficient in logarithmic coordinates in
scale, acquired on Silica glasses before and after the ion bombardment shown in
Figure 3.17. One can see that experimental curves for all samples in semi logarithmic
coordinates are well approximated by direct dependences in the 7.95-8.11 eV spec-
tral region. The optical absorption edge at higher fluences (@ = 5 x 10-5 x 10’
cm~2) undergoes noticeable changes, becoming more sloping. It is evident that all
spectral dependences have the same crossing point with coordinates hv = 8.11 eV

and ap =54 cm1,

60
& 50{ 4 0cm?
g 4] 2 5x10®cm?
= 1x10'® cm™
:8 301 v 5x10% cm?
= 17 a2 e . .
@ 1x10%" cm 25 Crossing point
S 5x10" cm’ & (hw=81leV,
= a=54 cm™)
o
S
8 104
<3
@)
1.7 7.8 7.9 8.0 8.1

Photon energy (eV)

Figure 3.17 — Optical absorption edge spectra of glassy SiO, implanted with Re
ions with different fluences. Obvious intersection point has hv =8.11 eV and

ap = 54 cm™ coordinate.
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The results in Figure 3.17 can be analyzed through the Urbach rule, according to
which spectral dependence of the optical absorption edge for various implantation

doses obey the general exponential law of a general form [156-157]:

hv-E, (T))

a(hv, T, X) = ag eXp( Ey (T, X)

(3-3)

where ag IS a constant, E¢(T) is the optical gap breadth as a function of temperature,
hv is the photon energy, and Ey (T, X) is the Urbach energy referred to the state
density tail length at the energy band boundary and characterizing the static and dy-

namic disorder in a system.

3.6.2 Band gap of Re ion implanted silica glass

Absorption edge conduct of glasses under study allows to analyze the link between
band gap transformations E;pt and increasing atomic structural disorder with vary-

ing implantation dose. According to the Tauc formula, the dependence of the funda-
mental optical absorption coefficient a(hv) is described by the following relation

B(hv—EgPH)1/m

a(hv) = -

(3—-4)
where A is a constant, E ; Ptis the optical gap value, hv is the energy of light quanta,
and n is the optical transition factor determining the type of transition [158]. Optical
absorption spectra plotted in Tauc coordinates (3-4) are shown in Figure 3.18.

Most appropriate approximation of the spectral dependence was obtained using ex-
pression (3-4) and n = 2. This value concurred well to the directly allowed interband
transitions in silica glass. Extrapolated from linear of the spectrum (Figure 3.18)

values of the optical gap E;pt are shown in Figure 3.19 (filled dots)
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Figure 3.18 — Optical absorption edge spectra of glassy SiO, implanted by Re*

ions with various fluences plotted in Tauc coordinates.

The dose dependence of the Urbach energy Ey shown in Figure 3.19 (empty dots) is
derived from the approximation results of the experimental curves using expression
(1). One can see from this Figure that the Urbach energy increases super linearly on
a logarithmic scale of the abscissa with an increase of fluence of Re ions. The dashed

line with a constant Ey value denotes the original non-implanted sample. As seen
from Figure 3.19, intubate decrease of the optical gap E;pt width occurs with in-

creasing ion fluence and growth of Urbach energy Ev.

The effective energies of the phonons responsible for the broadening of the ex-
ponential absorption edge and participating in indirect interband optical transitions
are close in magnitude. At the same time, the values the energy gaps determined for
two different spectral regions of the absorption edge are somewhat different. This

feature is due to the different physical meaning of the obtained values of Eg.
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Figure 3.19 — Dependences of Urbach energy Ey (1) and band gap Eg4 (2) on the
fluence of rhenium ions. Urbach energy of initial (non-implanted) sample is

marked with a dotted arrow.

The optical gap corresponding to the region of the Urbach absorption edge is the
energy gap between localized electronic states in tails of the valence and conduction
bands (Figure 3.20). This value is also known as the “mobility gap” in amorphous
systems with a high degree of structural disorder. The band gap values determined
for the spectral region of the power-law dependence of the absorption coefficient in
coordinates for direct and indirect optical transitions correspond to the energy gap
between the common electronic states of the matrix.

The general structural disorder in silica glass with implanted Bi ions directly affects
the features of their band-energy structure, which in turn determines the optical prop-

erties of the material.
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Figure 3.20 — Schematic representation of the energy band structure in disordered
materials with widespread and localized electronic states

The general structural disorder in Silica glass with implanted Bi ions directly affects
the features of their band-energy structure, which in turn determines the optical prop-

erties of the material.

3.6.3 Structural Disordering Regulations
According to works [159,160], The Urbach energy can be presented as a sum of
static and dynamic terms of the total atomic disorder

E, (T, X) = K((u?)r + (u®)x) (3-5)
Here (u?); and (u?)y are the mean-square displacements of lattice atoms from their
equilibrium position, which are associated with dynamic (thermal phonons) and
static (“frozen” phonons) disordering, respectively. The K coefficient has units of

second-order deformation potential constant. The value of the logarithmic slope of
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the spectral curve Ey characterizes averaged blur of band tails, which occurs due to
structural violations of atomic ordering [161]. The characteristic Urbach energy and
monotonous increase of Ey parameter demonstrates Figure 3.17. The last corre-
sponds to the radiation-induced disordering of the silica glass. approve of expres-
sions (3-3) and (3-5), this effect indicates well that the formation of induced static
disorder in the system under ion irradiation has regularities similar to dynamic dis-
ordering, so X and T parameters in eq (3-3) can be represented by the sum of static
X (“frozen” phonons) and dynamic T (thermal phonons) disordering and corre-
sponds to a certain degree of radiation-induced (quasi-dynamic) disturbances of the
atomic structure.
The determined intubate behavior of dose dependences of the Urbach energy and
optical gap (see Figure 3.19, curves 1 and 2) indicates correlations between these
Parameters. The value of E4 can be obtained from expression (3-3), which was writ-
ten through second-order deformation potential D constant as a function of different
structural violations [159,161].

Ey(T,X) = Eg(0,0) — D((u?)r + (u?)y) (3-6)
where Eg (0,0) is the gap width energy in the absence of disorder meaning zero ther-
mal and zero frozen vibrations. So, considering expression (3-5), expression (3-6)

can be rewritten as
D
E,(T,X) = E;(0,0) — = Ev (T, X) 3-7)

This resulting expression describes the relationships between the Urbach energy Ey
and the band gap width Eg under various static and dynamic disorder conditions. the
latter is characterized by X and T parameters, respectively.

The relationship between the Urbach energy Ey and the optical gap E;pt shows in
Figure 3.21. Assuming that E.7" is equal to the forbidden zone width Eq (T, X), one

can easily approximate the indicated dependence with expression (3-7). The linearity

of this relationship means a constant D/K ratio for the entire range of ionic fluences,
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which numerically is equal to the tangent of the slope angle of this correlation de-
pendence. As a result of the approximation completed, the coefficient ratio is D/K =
0.49 (the value of E4(0,0) = 8.11 eV), thus agree with the intersection point energy

shown in Figure 3.17

8.035
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Figure 3.21 — Correlations between optical gap E;pt and the Urbach energy Ey

(E,(0,0) = 8.11 eV, D/K = 0.49).

The coefficients D and K have the meaning of the second-order deformation poten-
tial constants in the Urbach energy and optical transition energy scales, respectively.
Thus, the ratio of these coefficients, determined for Silica glass implanted with rhe-
nium ions, shows that the Urbach energy Ey is more than two times more sensitive

to the degree of structural disorder than the band gap Eg.
3.7 Conclusion

1. The main regularities of defect formation and disordering of the atomic struc-
ture during the implantation of KUVI Silica glasses with various fluences of
Re activator ions with an energy of 30 keV have been established.
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. After pulsed implantation of SiO; glass with Re ions, the matrix is damaged
and intrinsic defects appear: E'-centers, ODC (1), ODC (Il).

. Along with intrinsic defects, centers modified by activator ions also arise.
These include oxygen monovacancies ODC (1) and divacancies ODC (ll), in
the local environment of which Re ions are located.

. Modification of ODC by impurity Re ions leads to a decrease in the energy of
singlet-singlet intracenter electronic transitions and an increase in the energy
of singlet-triplet transitions. The levels of singlet states are shifted to a greater
extent. In the smaller - triplet.

. Implantation with Re ions also creates centers of a new type (Re-related) as-
sociated with implanted ions, which are not registered in the initial pure SiO..
. It was found that the temperature dependences for all luminescence bands ex-
cited in the vacuum ultraviolet are described by multistage thermoactivation
laws. This indicates the presence of thermal activation stages both in the pro-
cess of photoexcitation and in the mechanism of nonradiative relaxation.

. In the temperature dependence of the triplet luminescence ODC (I) upon ex-
citation of the S, state, a stage of the PL intensity flaring up with an increase
in temperature was found due to the influx of additional excitations from the
S; state.

. The fundamental absorption edge of Silica glass implanted with Re ions obeys
the "crystal-like" Urbach rule, the parameters of which reflect the degree of
structural disorder.

. lon implantation increases the degree of structural disorder and decreases the
band gap. The proportional change in the Urbach energy and the optical gap
shows that these are optical parameters of the material, reflecting the same

process - lengthening of the tails of localized states.
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CHAPTER 4. OPTICAL AND LUMINESCENCE PROPERTIES OF
OXYGEN-DEFICIENT CENTERS IN KI GLASS IMPLANTED WITH 80
KEV RE IONS

4.1 SRIM simulation for 80 keV Re ions implanted SiO>

The samples of KI-type (I) silica glass were used as hosts for ion implantation. Glass
of this type has a high throughput in the visible and infrared regions, as well as high

radiation resistance and a low concentration of impurities. [130,162]

Re (80KeV) Implantation
into K1 SiO, glass

1.0

o
P

Re content (a.u.)
o o
= i

0.2-

0.0-

0 20 30 40 50 60 70
Depth (nm)

Figure 4.1 — SRIM simulation of the penetration depths for 80 keV Re-ions in Kl
SiO; glass. [144]

The depth of the Re ion implant in KI SiO; glass with an emission energy of 80 kV
was evaluated using the SRIM [134] (termination and ion range) Release) software.
The results showed that the introduction of rhenium ions into the surface layer of
SiO; occurs in the depth range of 20-70 nm. The maximum distribution of implanted
ions corresponds to a depth of 40 nm (Figure 4.1).
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4.2 Optical absorption of silica glass implanted with Re-ions 80 keV

The Optical absorption spectra of maiden and Re-embedded glasses were recorded
on a Perkin Elmer Lambda 35 spectrophotometer. The concentrations of light-ab-
sorbing defect centers in SiO, framed because of ions implantation, were determined
using the Smakula-Dexter formula. [163]

N(n?+2)f = 0.87 x 10 nay,AE (4-1)
where n is the refractive index for SiO; in the spectral region of absorption
band (1.53 for the Silica glass) [164,165],
ap IS the absorption coefficient at the band's maximum,

AE is the FWHM of band,

f is the oscillator strength of optical transition.

Since the process of ion implantation was carried out in a pulsed position, point de-
fects associated with centers of silicon oxygen defect center arise not only in the ion-
modified layer, but also over the entire depth of the sample due to the shock wave
mechanism. Given this feature, we calculated the average concentration of centers

over the entire thickness of the samples (see Table 4.1)

Table 4.1 — Concentrations (cm™3) of E’-centers and oxygen-deficient centers (ODC)

in Re implanted SiO, before and after thermal annealing.

Center | lon Fluence, cm™ lon Fluence, cm™ lon Fluence, cm™
5x10%® 1x10%7 2.5x10%
Before After Before After Before After
annealing annealing | annealing annealing | annealing annealing
E’ 1.2x10%7 3.2x10% | 1.6x10Y 5.3x10'® | 4.1x10% 7.2x10
Si-ODC | 4.1x10% 8.5x10% | 6.1x10% 1.4x10% | 1.2x10%® 2.1x10
Re-ODC | 6.3x10% 11.2x10% | 9.1x10%- 1.8x10% | 1.6x10%® 2.7x10%

Note: For annealed samples, the concentrations of Si-ODC and Re-ODC are
listed, which correspond to two possible scenarios of the appearance of an ab-

sorption bandat 5.15 eV.
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Figure 4.2 (a) and (b) explain the absorption spectra of primary and implanted SiO..
lon-beam irradiation of a silica matrix degrades its optical transparency in the spec-
tral region close to ultraviolet rays. A significant increase in the absorption coeffi-
cient at 4.2-6 eV is due to the formation of optically active internal defects in the
Si02 host after ion irradiation. Silicon dioxide is characterized by many point de-
fects, which are formed as a result of interaction with accelerated particles and high-
energy radiation [89,137,139,166].
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Figure 4.2 — Absorption spectra of SiO, implanted with Re ions at different
fluencies before (a, b) and after (c, d) thermal annealing. Arrows indicate
absorption bands corresponding to the optical transitions in defect centers induced

by ion irradiation and subsequent thermal treatment.
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Many of these defects are directly involved in the absorption and luminosity pro-
cesses and can be determined by the position and half the width of the corresponding
ranges in the spectra. The absorption spectra of replanted silica are not significant
and consist of several separate peaks. In order to classify these signals and associate
them with the indicated centers, we performed Gaussian deconvolution of the dif-
ference absorption spectra (Figure 4.2 (b)).

The peak at 5.8 eV (FWHM = 0.75 eV) gives the main contribution in the optical
absorption of as-implanted SiO,. This absorption band corresponds to the so-called
E'-center representing the three-coordinated silicon atom with an unpaired electron
on a dangling bond and often denoted by =Si” A feature of this defect is paramagnetic
resonance properties and the non-attendance of any photoluminescence signals
[48,58] There is a less intense absorption peak in the spectral area of 5 eV. This band
Is related with the twofold coordinated silicon (=Si:), so called ODC(II) [48,58].
The determination of the third absorption range at 4.75 eV (FWHM = 0.45 eV)
turned out to be more complicated, and several hypotheses regarding its nature can
be made. Education E’-centers are often accompanied by the appearance of other
free defects. The breaking of the Si — O bond can occur in the primary silica network
= Si-O-Si=, forming the center E' and the non-bridging oxygen hole center =Si-O ¢
(NBOHC), which has an absorption range at 4.8 eV. FWHM = 1.1 eV) [58,167]. In
addition, there is a possible point defect arising together with the E' center, which is
a light peroxy radical at 4.8 eV (FWHM = 0.8 eV) [58, 81, 168]. Despite the fact
that the absorption transmission bands at these centers are at least twice the band-
width observed in our experiment, they cannot be completely excluded at this point.
Both NBOHC and POR are magnetically parallel and can be determined using EPR
spectroscopy. Signals from NBOHC or POR were not recorded in the EPR spectra
of the samples, but only the signal from the center E'. This allows us to make another
assumption about the origin of the absorption range of 4.8 eV associated with the
presence of the so-called bound ODC Re. It represents a local structural deformation
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of the hypoxic type with Re ions in the near medium. We noted similar centers as-
sociated with the implanted ion in our work attributed to cultured Silica glass with
Ge, Sn, and Pb ions [169-171]. The final conclusion about the nature of the absorp-
tion of 4.8 VV can be made after analyzing the PL measurements described in the
following sections

The concentrations of optically active centers were calculated using the Smakula —
Dexter equation are listed in Table 4.1. As can be seen, the number of electronic
centers and ODC centers has inverse dynamics. After the concentration of thermal
annealing of E’-centers decreases, the number of ODC increases. Thermal pro-
cessing of a structurally imperfect matrix usually leads to a partial elimination of
network disturbances. In our case, we note the opposite effect, that is, an increase in
the concentration of point defects associated with hypoxia. The reason for this effect
may be due to the interaction of various types of defects and their transformation
activated by thermal annealing

Cultivated samples become more transparent in the spectral region close to UV after
thermal annealing; cultivated samples become more transparent in the spectral re-
gion close to UV (Figure 4.2(c) and (d)). The absorption spectra consist of the same
sample ranges before annealing with an additional contribution in the range of 7 eV,
which corresponds to the high-energy optical transfer So — S, in coordinated silicon
ODC (I1). The half-widths of the absorption bands remain constant after annealing,
but changes in their additional intensity indicate a change in the focus of the optical
centers [172]. It should be noted that the absorption range at 5 V for transplanted
samples is transferred to the high energy region (Figure. 4.2 (c) and (d)). The ab-
sorption spectra consist of the same ranges of samples before annealing with an ad-
ditional contribution in the range of 7 eV, which corresponds to the high-energy
optical transfer So — S, in coordinated silicon (2). The half-widths of the absorption
bands remain constant after annealing, but changes in their additional intensity indi-
cate a change in the focus of the optical centers. It should be noted that the absorption

range at 5 V for transplanted samples moves to the high-energy region.
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At 5.15 eV. The debate over the 5.15 eV optical absorption range has been very
difficult and controversial for a long time. On the one hand, this absorption range is
associated with oxygen vacancies of neutral silicon (=Si - Si =), also called ODC (I)
[67, 173-175]. On the other hand, many scientific groups attribute this band to the
focus of hypoxia associated with Ge (bi-coordinated germanium) [78,176] Although
high-purity Silica glass was studied in this work, we cannot completely exclude the
possible presence of very low amounts of Ge impurities. Therefore, both scenarios
can take place for the nature of the absorption range of 5.15 eV

We found two possible scenarios for the initial absorption range of 5.15 eV: Re-
ODC (I) and Re-ODC (l1). For the first scenario, after thermal annealing, the fol-
lowing defect transformation process can take place: two centers E’, each of which
contains one unpaired electron, are combined into one oxygen vacancy according to
the scheme =Si* + *Si= — =Si - Si=. For the second scenario E' in the centers par-
ticipates in the formation of ODC associated with Si by switching bonds as follows,
for example: =Si ¢ ++Si = —=Si -Si= In both cases, two parallel processes occur
during heat treatment.

the transformation (1) E' — ODC; (2) Annealing defects and reducing the structure
of the host. Both operations equally affect the change in the number of centers E ',
which led to its decrease. In the case of ODC, on the one hand, its concentration
increases due to the conversion E"— ODC (1), but, on the other hand, thermoplastics
leads to a decrease in the number of structural defects. Thus, these two processes are
competitive, and the E’ — ODC(I) conversion prevails over thermal annealing, as
evidenced by the increased concentration of ODC after heat treatment (see Table
4.1)

Noting that the integral density of the absorption ranges at 4.8 eV, the nature of
which at this stage remains uncertain, also increases after thermal annealing. Such
similar behavior, such as ODC, can be considered the first argument in favor of the
corresponding ODC. However, this fact is not enough, and a more reliable conclu-

sion can be drawn about the origin of this range based on PL data. Noting that the
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integral density of the absorption ranges at 4.8 eV, the nature of which at this stage
remains undetermined, also increases after thermal annealing. Such similar behav-
ior, such as ODC, can be considered the first argument in favor of the corresponding
ODC. However, this fact is not enough, and a more reliable conclusion can be drawn

about the origin of this range based on PL data.
4.3 Electron paramagnetic resonance (EPR) of E'-centers

Due to the special role the EPR techniques play in finding the defect structure on
the atomic scale, the most common task of this kind is establishing the EPR—optical
correlations. However, the number of reported unambiguous EPR—optical correla-
tions for defects in glasses is small. EPR spectra are independent of the irradiation
type, but they differ depending on the preparation conditions of the samples. In all
cases the EPR signal of axial symmetry with g|| =2.00656x 0.00003 and
gl =2.00584+ 0.00004 [177,178] components is detected (Figure 4.3), which was
interpreted as paramagnetic absorption of Re ions, a more complicated EPR-signal
is registered for SiO,:Re. the main EPR defect is the Centre resulting from an un-
paired electron spin highly localized in a sp® hybrid orbital of a single threefold-
coordinated silicon atom [179,180] This paramagnetic center is the best character-
ized intrinsic defect in SiO,: Re, and exhibits a long spin lattice relaxation time; this
feature makes the E'-center detecTable at very low microwave powers, but after an-
nealing there are not signal, and defect center.
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Figure. 4.3 — EPR spectra of SiO,: Re at room temperature with: 1 — at dose
5x10% ion/cm?; 2 — at dose 1x10%" ion/cm?; 3, 4 — at dose 2.5x10'" ion/cm? before

annealing (3) and after annealing (4).
4.4 Photoluminescence spectra upon excitation in the near ultraviolet

The PL and excitation (PLE) spectra of Re implanted SiO; are shown in Figure.4.4
At 5 eV excitation, the luminescence spectrum is represented by a superposition of
three bands with maxima at 3.2 eV (FWHM = 0.4 eV), 2.9 eV (FWHM = 0.3 eV)
and 2.8 eV (FWHM =0.5eV). The 2.8 eV PL band is characteristic of triplet-singlet
T1 — SO transition in Re-ODC(II). The nature of 3.2 eV was a long-time subject for
dispute. Concept proposed by Skuja states that this band is related with Ge-impurity
center [78]. This point of view is supported by a number of scientific groups
[176,181,182].
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Figure. 4.4 — PL and excitation spectra of SiO, implanted with Re ions at 2.5 x
10t cm Fluence. Arrow indicate the optical transitions in modified oxygen defi-
cient centers Re-ODC(l) and Re-ODC(l1), and Re-related center.

At the same time, the 3.2 eV emission was clearly observed in high-pure silica
glasses under the excitation of 5 eV [67,175]. Tohmon et al. reported that the rela-
tively strong emission at 3.16 eV under excitation of 5 eV belongs to the ODC(I)
and corresponds to the triplet-singlet T; — So transition [3, 183]. Also, in our earlier
work we observed the similar PL signals from ODCs in irradiated and ion-implanted
silica glasses [184,185]. By analogy with the interpretation of the nature of the 5.15
eV absorption band, we suppose there are two possible assignments for the 3.2 eV
PL band: Re-ODC(I) and Re-ODC(l1). The excitation bands in the region of 5 eV
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and correspond to the population of the S; excited states of ODC. There are three
pathways for deactivating the S; state:

(1) radiative singlet-singlet S; — Sp transition.

(2) energy transfer to the triplet state S; — Tj;

(3) nonradiative S; — Sy relaxation via phonons.

The singlet-singlet radiative transition is spin-allowed, so the lifetime of the singlet
excitation is very short (several nanoseconds) [46, 58, 167]. The triplet-singlet radi-
ative transition is spin-forbidden and has a much longer lifetime (~ 100 ps) [3, 67].
The S:— T:energy transfer isthermally-activated with the activation energy of about
0.1 eV [167]. For this reason, with an increase in temperature the intensity of tri-
pletsinglet PL is constantly increasing. At room temperature, the S:— Sotransition
Is almost quenched and PL spectra contains only triplet singlet transitions, as we also
observed in this work. Thus, the depopulation of the S.singlet excited state of ODCs
occurs via energy transfer to the triplet T.excited state with the consequence radiative
emission T:— S,

The PL band at 2.9 eV cannot be assigned to the silicon ODCs, since the position of
peak is shifted from the Re-ODC(l) and Re-ODC(II) PL bands. The PLE spectra of
2.9 eV and 3.2 eV (T; — So for ODC) bands are qualitatively similar and contain
two peaks with maxima at4.77 eV (FWHM =0.25eV) and 5 eV (FWHM =0.3 eV).
The 5 eV PLE band is not surprising and corresponds to the excitation of the Si-
ODC(II) singlet S; state. As for the 4.77 eV signal, we observed a band with the
same maximum in the absorption spectra and put forward several hypotheses about
its origin (along which NBOHC, POR, Re-related ODC) [58, 167]. This band we
will further refer to as Re-related.

At both 4.77 and 5 eV excitations, there are all PL bands (both Re-ODC(Il) and Re-
related), but the emission of Re -ODC(Il) dominates regardless of the excitation en-
ergy. When the excitation changes from 5 eV (transition in Si-ODC(l1)) to 4.77 eV
(transition in ODC/Re), a change in the ratio of the integrated PL intensities

Ireonc /Ire-retated ODSErVed in favor of the Re- related (Table 4.2). Such features indicate
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the effective mutual energy transfer between two types of ODCs: Re-ODC Re-re-
lated. After thermal annealing, the PL intensity increases by more
than three times (Figure 4.5) and lreooc /Ire-related ratio decreases at both4.77 and 5 eV

excitations.

Table 4.2 — The ratio of integrated PL intensity of Re- ODC lreooc /1 ge- related at dif-

ferent excitations before and after thermal annealing of SiO, implanted with Re ions.

Fluence, cm? | Before annealing After annealing
Eexc=5 eV Eexc=4.7 eV Eexc=5 eV Eexc=4.7 eV
5x10% 6.4 5.2 5.8 4.5
1x10Y 7.5 6.3 6.4 5.3
2.5x10%7 8.7 7.2 7.4 5.8
350 - Eee =56V (a) E.c =477V (b)
3004 fon fluence, cm? 150 4 lon fluence, cm™
5x10% 5x10®
S 250 - 1x10" after annealing (=° 1x10% after annealing
8 | —25x107 < —— 2.5x10%
£°200 - 2100+
2 2
& 1501 N
c .
- before annealing| = before annealing
= 1004 _|
o 100 . o 50_
50 -
0. == - z Sy
26 28 30 32 34 36 38 40 ° L '
&8 U S 38 30 30 4 26 2.8 30 32 34 36 38 40
Photon Energy (eV) Photon Energy (eV)

Figure 4.5 — The PL intensity of Re implanted SiO; depending on the ion fluence

under thermal annealing at excitations of 5 eV (a) and 4.77 eV (b).
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The increase in the PL intensity in annealed samples is due to the increase in the
concentration of emission centers, as was determined from the absorption measure-
ments (Table 4.1). Wherein, the larger the ion Fluence, the more pronounced the PL
band assigned to the Re-related for annealed Re implanted SiO.in comparison with
the as implanted samples (Table 4.2). We assume that thermal annealing activates
the diffusion of Re ions into the bulk of the material, which leads to an increase in

the number of Re-modisied optically-active centers.

4.5 The decay of photoluminescence of ODC upon excitation in the near ultra-

violet

Figure 4.6. show that the PL decay curves for various optical centers in SiO, im-
planted with Re ions at a Fluence of 2.5 x 10" cm™. The PL lifetimes of Re-ODCs
at excitation of 5 eV are close to each other have the order of one hundred microsec-
onds (Table 4.3). the SiO, with Re ion implanted is increase in PL lifetime for all
emission centers after Thermal annealing. This is due to the decrease in the number
of quenching centers (PL Killers) providing channels for nonradiative relaxations,
since thermal treatment partially remove the structural damage caused by ion im-
plantation. The PL lifetimes are almost independent of the ion fluence and vary by

only a few microseconds, which is within the limits of error.
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Figure 4.6 — PL decay curves of Re-related and Re-ODC in Re implanted (2.5 x
10t cm2) SiO, before (a) and after (b) thermal annealing.

Table 4.3 — PL decay times (us) of different emission centers in Re implanted (2.5

x 107 cm) SiO, before and after thermal annealing

Center

Before annealing

After annealing

Re-ODC(l)
Eem=3.26V,
Eexc=5eV

114+2

120+2

Re-ODC(II)
Eem=2.8eV,
Eexc=5ev

120+2

128+2

Re- related
Eem=2.9

85+2
(Eexc=4.77)

91+2
(Eexc=5€eV)

90+2 98+2
(Eexc=4.77eV) | (Eexc=5eV)

The dynamic (PL kinetic) and the Static (maxima and FWHM of PL and PLE bands)

optical characteristics of Re- related indicate that emission in this center is most

likely related to a radiative triplet-singlet transition T, — S, by analogy with Si-
ODCs. Silicon ODCs and Re-modified ODC differ in the system of energy levels
and the lifetime of the PL. Triplet-singlet transition for Re-ODC is spin-prohibited.
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that leads to the long-lived PL. The PL of Re-related is a bit faster, indicating a

partial reducing the forbiddance of T;— Sy optical transition for Re-modisied center.
4.6 Scheme of electronic transitions for silica glass with implanted Re ions

Scheme of electronic transitions for Re-ODCs and Re- related is shown in (Figure
4.7.) At both excitations of Re-ODC(l1) (5 eV) and Re- related (4.77 eV) there are
three

pathways followed by photons emission: (1) energy transfer to the triplet state of Si-
ODC(Il); (2) energy transfer to the triplet state of Re-ODC(I)/Re-ODC(I);
(3) energy transfer to the triplet state of Re- related

Re-ODC_ E___;—;______: _____ )
r Re-related i
c Lo
0 Re-ODC(I) ;3 v

Figure 4.7 — Scheme of energy levels and electronic transitions for Re-ODC and
Re- related centers in Re implanted SiO,. Solid lines represent the excitation and
emission optical transitions, dashed lines show the non-radiative energy transfer

from the singlet excited states (S;) to the triplet emission levels (Ty).

We can summarize the results obtained, assume the Re-related center represents the
silicon oxygen-deficient center modified by Re ion located in the near circumfer-
ence. Change in the energy structure of Re-related compared to the Re-ODCs is due

to the bothersome influence of Re ions and is related to the alteration of local atomic
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configuration of Re-ODCs. We suppose, shifts of PL and PLE bands of ODCs under
the modification by Re ion is associated with changes in the positions of adiabatic

terms (Figure 4.8).

Figure 4.8 — Adiabatic terms of singlet and triplet states in Re-ODC (solid lines)

and Re- related (dot lines). Arrows show excitation and emission transitions|* |.

System of singlet S; and triplet T, energy levels should be shifted to the left along
the configuration coordinate for Re- related compared with Re-ODC in order to pro-
vide the lower energy of excitation and the higher energy of emission, as we observe
from experiment. Summarizing the obtained spectral data, we suppose that the

atomic structure of Re-modified ODC can apparently be attributed to the ODC(lI)-
type.

4.7 Luminescence at VUV-excitation of Re ions implanted silica glass

4.7.1 The photoluminescence Re-ODC(I1) under excitation 6.97 eV

The photoluminescence spectra of Re implanted SiO, under excitation of 6.97 eV
at room temperature before and after thermal annealing are shown in Figure 4.9
These spectra were deconvoluted using Gaussian components in order to separate

the contribution of luminescence bands with different nature.
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Before thermal annealing, the photoluminescence spectrum of SiO,: Re exhibits
intense bands with maxima at 2.53, 2.77, 3.1 eV along with the less intense bands at
3.7 and 4.15 eV (Figure 4.9a). After annealing, there is increase in the intensities of
3.1 and 3.7 eV bands, as well as a slight decrease in the intensity of 2.53 eV band.

Spectral parameters of observed luminescence signals are summarized in Table 4.4.

1.0
: : Re-ODC(I)T .
Lo ReppcmT Before annealing |Re-0DCA)T, ol After annealing
Re-related E,,=6.97 Ev E.=6.97 Ev
1 0.8
0.8 (a) = (b)
= Re-ODC(I)T, =
"Z0.6
i‘: 0.6 2
2 @ ’ Re-ODC(I1)S,
2 8044 Re-ODC(1)S,
2 044 Re-ODC(I)S, £
c Re-ODC(I1)S, N
i o 0.2 1
0.2 :
0.0- 0.0

2.5 3.0 3.5 4.0 4.5 5.0 25 3.0 4.5 5.0

35 4.0
Photon Energy (eV) Photon Eneray (eV)

Figure 4.9 — Photoluminescence spectra of SiO»: Re glass (ion fluence 5x10° cm)
at excitation of 6.97 eV before (a) and after (b) thermal annealing (1000 °C, t = 1h).

Table 4.4 — Spectral parameters of PL bands under excitation of 6.97 eV for silica

glass implanted with rhenium ions before and after thermal annealing.

PL band Re-related | Re- Re- Re- Re-
ODC(I1)- | ODC(I)-T, | ODC(l)- | ODC(II)-
T S1 St
Before annealing

hv, eV 2.50 2.76 3.08 3.708 4.20

FWHM, eV | 0.316 0.239 0.592 0.454 0.545

After annealing
hv, eV 2.53 2.7 3.057 3.76 4.22

FWHM, eV |0.319 0.243 0.562 0.455 0.527
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4.7.2 The photoluminescence Re-ODC(1) under excitation 7.75 eV

The photoluminescence spectrum at excitation of 7.75 eV for SiO,: Re before ther-

mal annealing consist of bands with a maximum at 2.77, 3.1, 3.67 and 4.15 eV (Fig-

ure 4.10a).
a Re-ODC(I)-T _ (b)
1.0 @) 'Before annealing 1.0
Re-ODC(11)- -
— i Eexc=7.75eV
S5 Re-related 0.8
0.8 > 0.
& S
2 >
'3 0.6 £'0.6-
- %)
£ 5
k= Re-ODC(1)-S, C 0.4
0.4 £
o -
Re-ODC(11)-S, a

2.5

3.0

3.5 4.0

Photon energy (eV)

Figure 4.10 — Photoluminescence spectra of SiO.:Re glass (ion fluence 5x10*®
cm?) at excitation of 7.75 eV before (a) and after (b) thermal annealing (1000 °C,

4.5
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ARe

25 3.0

1 After annealing
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Re-ODC(I1)-S,
-ODC(1)-S,

35 4.0

Photon energy (eV)

Table4.5 — Spectral parameters of PL bands under excitation of 7.75 eV for silica

glass implanted with rhenium ions before and after thermal annealing.

PL band | Re-related | Re-ODC(I1)-T; |[Re-ODC(I)-T1| Re-ODC(l)-S; | Re-ODC(I1)-S;
Before annealing
hv, eV 2.56 2.79 3.06 3.68 4.18
FWHM,
0.351 0.280 0.5031 0.491 0.478
eV
After annealing
hv, eV 2.50 2.79 3.057 3.64 4.072
FWHM,
v 0.312 0.279 0.445 0.491 0.489
e
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After thermal annealing, a new band at 2.5 eV appears (Figure 4.10 2b). In addition,
the band at 2.77 eV shows a strong decrease in intensity with a simultaneous increase
in the intensity of the bands at 3.67 eV and 4.15 eV. The main spectral parameters
of emission bands are listed in Table 4.5.

4.7.3 The photoluminescence excitation at emission 4.1 eV

The PLE spectra for the SiO,: Re measured for emission 4.1eV are shown in Figure
4.11. 1t is known that the PLE bands with the maxima at 7.71 eV and 6.9 eV are
caused by optical transitions in so-called ODC(I) and ODC(l1), respectively. ODC(I)
represents the neutral single oxygen vacancy, and ODC(II) is the two-fold coordi-
nated silicon atom (divacancy of oxygen) [186]. Thermal annealing leads to a shift
in the PLE bands for ODC(I) and ODC(II), which become to be located at 7.81 and
7.02 eV (see Table 4.6).

The observed luminescence bands (Figure 4.9 and Figure 4.10) indicate the for-
mation of oxygen-deficient centers in Re implanted SiO, [187]. Radiative transitions
from excited triplet states (T1 — Sp) of ODC’s showed up as luminescence bands at
2.77 and 3.1 eV before annealing and at 2.76 and 3.08 eV after annealing. The lumi-
nescence bands of 3.7 and 4.15 eV are associated with singlet-singlet radiative tran-
sitions (S; — Sp) in ODCs (Figure 4.10). The shift of the maxima of the singlet and
triplet PL bands in the spectra of SiO,:Re relative to those of the analogous bands in
pure glassy SiO, was explained by the modification of oxygen-deficient centers with
Re ions. Also, the predominance of defects like ODC (I1) over defects ODC (1) was
seen after thermal treatment of SiO,:Re. Therefore, the obtained results indicate the
possibility of modifying the Luminescence properties of SiO; glass by implantation

with rhenium ions.
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Figure 4.11 — PLE spectra for SiO,: Re glass (ion fluence 5x10% ¢cm2) before (a)
and after (b) annealing (at 1000 °C, t = 1 h) at the emission 4.1 eV.

Table 4.6 — Spectral parameters of PLE bands under emission of 4.1 eV for silica

glass implanted with rhenium ions before and after thermal annealing.

PLE band Re-related Re-ODC(II) Re-ODC(I)
Before annealing
hv, eV 6.527 6.9 7.71
FWHM, eV 0.4282 0.551 0.562
After annealing
hv, eV 6.53 7.01 7.81
FWHM, eV 0.504 0.567 0.597

An energy diagram of radiative and nonradiative transitions in ODCs is shown in
Figure 4.12 The PL bands at 7.71 eV and 6.9 eV (Figure 4.11) correspond to transi-
tion 1 in ODC(I) and ODC(Il), respectively.
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Figure 4.12 — Energy scheme of radiative and non-radiative optical transitions in

oxygen-deficient centers (Re-ODCs).

Radiative transitions 2 and 3 characterize the PL bands of singlet-singlet and tri-
plet-singlet luminescence (Figure 4.9 and 4.10). Finally, transitions 4 and 5 illustrate
the occupation of singlet states S; and triplet states T; under the excitation of ODC

luminescence.
4.8 Conclusions

We studied the formation of optically active radiation-induced defects in the sur-
face layer of Kl silica glass implanted with rhenium ions.
the main results obtained can be summarized as follows:

1. The ion-beam modification of Kl glass samples implanted with rhenium ions
with an energy of 80 keV has been investigated.

2. The calculation of the ion depth distribution profiles showed that with an increase
in the ion energy, both the penetration depth and the width of the distribution
profile increase, which covers two times thicker layers than at an energy of 30
keV.
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. The formation of optically active radiation defects in the surface layer of Silica
glass has been studied by the methods of optical absorption and photolumines-
cence. Type E' and Re-ODC centers were found.

. A new type of centers with an absorption band of 4.77 eV and a luminescence
band of 2.9 eV, which have a different energy structure than Re-ODC, has been
registered.

The photoluminescence method has revealed an efficient energy transfer from
Re-ODC to Re-related centers, the luminescence of which can be excited through
the Re-ODC absorption band.

. Thermal annealing of SiO, samples implanted with Re ions causes the conversion
of paramagnetic defects such as E'-centers, which leads to an additional increase
in the concentration of modified diamagnetic Re-ODC and Re-related centers.

. The photoluminescence of Re-ODC is characterized by a shorter lifetime com-
pared to the PL of a typical Si-ODC due to a partial decrease in the exclusion of
optical transitions.

. The results of studies of photoluminescence under high-energy excitation indi-
cate the formation of various modifications of oxygen-deficient centers, which
include Re-modified oxygen monovacancies (ODC (1)) and two-coordinated sil-
icon atoms (ODC (11)).

. The results obtained indicate the possibility of changing the luminescence prop-
erties of SiO; glass by implantation with rhenium ions. Subsequent annealing of
the samples makes it possible to additionally change the ratio of the concentra-

tions of the resulting defects.
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CHAPTER 5. OPTICAL PROPERTIES OF SILICA GLASSES IRRADI-
ATED WITH DIFFERENT TYPES OF HEAVY IONS

The studies presented in the previous chapters show that irradiation of glassy SiO,
with Re ions carries out both from the modification of the structure of the glass ma-
trix itself, and to the modification of intrinsic defects by implanted ions. In this re-
gard, it is of interest to comparatively analyze data from studies of SiO, samples
implanted with other types of ions (for example, rare earth and typical elements) in

order to establish general patterns and differences of such effects.

5.1 Influence of the type of silica glass matrix on structural disordering during

ion implantation

The effective penetration depth of Re ions in KUVI Silica glass at 30 keV is 21 nm,
and Re ions implanted into K1 Silica glass with an energy of 80 keV penetrate most
effectively to a depth of 40 nm (Fig. 5.1a). In this case, the distribution profile of Re
ions implanted with an energy of 80 keV is twice as wide.

It was also found that Bi and Gd ions implanted in Hongan and KUVI Silica glass,
respectively, at energies of 30 keV, have approximately the same effective penetra-
tion depth (20-22 nm) [188,189], as in the case of Re ions of 30 keV (fig. 5.1b),
however, the profiles of the distribution of Bi and Gd ions over the depth are one
and a half times wider than that of Re ions (30 keV). The results of calculations by
the SRIM program are shown in Table 5.1.

The Simulation data show that the features of the SiO, matrix are weakly affected
by the process of its implantation with ions. The radius and mass of ions, as well as
their kinetic energy, have a greater influence. The depth of penetration of ions is
almost directly proportional to the energy (twice the energy - twice the maximum of
the distribution). With a decrease in the radius of ions and an increase in their mass,
the distribution profile becomes wider. The increase in energy also widens the dis-

tribution profile.
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Figure 5.1 — SRIM simulation of penetration depths for: (a) 30 keV and 80 keV Re
ions into the KUVI-SiO, matrix and the KI-SiO, matrix, respectively; (b) Bi and

Gd ions with an energy of 30 keV into the Honan-SiO, matrix-base and KUVI-

SiO, matrix-base, respectively.

Table 5.1 — Parameters of Silica glass implanted with Re at 30 keV and 80 keV, Bi
and Gd ions at 30 keV

KUV Silica 'T;S‘:"\L'/f;] KV Silicaglass | KUVI Silica

Type glass with Re at gRe At 80 (Hongan) with | glass with Gd
30 keV Bi at 30 keV at 30 keV
keV

Energy gap 8.035%, (8.11) " 8.019%, (8.49)" | 8.115%, (8.45)"
£y (eV) 8.015 —8.029 7.920-8.008 | 7.966 —8.076
Urbach en- 0.130° 0.355 0.249"
ergy Eu(eV) | 0.144-0.173 0.400- 0.582 | 0.295-0.405

Note: * data for non-implanted Silica glass (the value of the bandgap determined by

the Urbach method is shown in brackets).
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The behavior of the absorption edge of the glasses under study makes it possible to
analyze the relationship between the change in the band gap E;pt and the degree of

disordering of the atomic structure at different doses of implantation. The magnitude
of the atomic disorder of the matrix of the optical material can be estimated from the

value of the Urbach energy, which is associated with the length of the band tails of
localized states in the forbidden gap. A decrease in the band gap E;pt occurs with

lengthening of the band tails and correlates with an increase in the Urbach energy.
For all Silica glass samples and ion implantation modes, the Urbach crystal rule is
observed, which is characterized by a fan-shaped change in the slope of the spectral
dependences. Results of studying the regularities of structural disordering of various
SiO, matrices upon implantation with Re, Bi, and Gd ions, are shown in Table 5.1.
[13,188,189].

Different grades of Silica glass have close band gaps E;pt in the range from 8.02 to

8.12 eV, determined by the Taus method. Urbach's method gives overestimated val-
ues in the range of 8.11 - 8.46 eV.

This feature is associated with the different physical meaning of the obtained
t . . . .
E;p values. The optical gap corresponding to the region of the Urbach absorption

edge is the band gap between the localized electronic states in the tails of the valence
and conduction bands. This value is also known as the "mobility gap™ in amorphous
systems with a high degree of structural disorder. The values of the band gap deter-
mined for the spectral region of the power-law dependence of the absorption coeffi-
cient in coordinates for direct and indirect optical transitions correspond to the band
gap between the general electronic states of the matrix.

lon implantation increases the degree of structural disorder and decreases the band
gap. The highest degree of disorder was recorded in Silica glasses from the Chinese
manufacturer Hongan. The Urbach energies in this glass varied in the range 0.355 -

0.582 eV [13] and the lower value corresponds to the original non-implanted glass.
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The KUVI glass is distinguished by the most ordered structure. The Urbach energy
in the indicated matrix varied in the range 0.130-0.173 eV.

One more general effect should also be noted - an abrupt increase in Urbach energy
at low implantation doses, which is observed for all types of ions used. Already the
first small dose gives a change in the Urbach energy by 0.015 - 0.046 eV. Further
irradiation leads to a gradual increase in the degree of structural disorder (Table 5.4).
The highest radiation resistance was demonstrated by the KUV glass upon implan-
tation with Re ions. In the range of Re fluences 5 - 10 - 5 - 101" cm™, the Urbach
energy increased by only 30 meV. The Hongan glass was disordered to a greater
extent upon implantation with Bi ions. In the range of Bi fluences of 10% - 3 - 107
cm2, the Urbach energy increased by 180 meV, which is 6 times more than in the
case of KUVI glass.

The general structural disorder in silica glass with implanted Re, Bi, and Gd ions
directly affects the features of their band-energy structure, which, in turn, determines

the optical properties of the material.
5.2. lon-modified centers of the type oxygen monovacancy or ODC(I)

According to independent literature data [58,187] and our research [167] ODC (1)
defects have two absorption bands at 7.5-7.6 and at 5.05 eV and two luminescence
bands at 3.1 and 4.3 eV, as shown in Figure 5.2. The luminescence energy of 4.3 eV
is associated with singlet-singlet radiative transitions, and 3.1 eV is associated with
singlet-triplet transitions. Intercombination conversion (S; — Ti) is possible be-
tween singlet and triplet states. The 7.6 eV transition is interpreted differently in
various literary sources. A number of authors define it as the transition So — S;
[46,58,187], while others consider Sy — S, [167,190] In the latter case, the 5.05 eV
absorption band is attributed to the S; — S; transition.
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Figure 5.2 — Diagram of electronic transitions of defect centers Si-ODC (1) in sil-
ica glass: Sy, S; and T, are the ground and excited states of the singlet and triplet

type, respectively.

At the same time, as shown by the studies presented above, implantation with Re
ions leads to the modification of defect centers ODC (I), which manifests itself in
the form of displacement of luminescence bands. In KUVI silica glass implanted
with Re ions at 30 keV, triplet-singlet radiative transitions (T; — So) gave a maxi-
mum luminescence at energies 3.17-3.19 eV (FWHM = 0.47-0.52 eV) at various
temperatures from 8 to 500 K, which differs by 0.07 - 0.09 eV from the peaks with
pure SiO,. Significantly large changes were observed for singlet-singlet radiative
transitions (S; — Sop), which at various temperatures from 8 to 500 K gave a maxi-
mum luminescence at energies of 3.63-3.79 eV (FWHM = 0.41 eV), which differs
by 0.51-0.67 eV from similar transitions in pure SiO; (Table 5.2). Implantation with
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80 keV Re ions leads to a similar modification of ODC (I). The energy of singlet-
triplet radiative transitions is 3.06 eV, and that of singlet-singlet transitions is 3.68
eV (Table 5.2).

Table 5.2 — Optical electronic transitions upon excitation and luminescence of ODC
() defect centers in pure silica glass and matrices implanted with 30 keV Re, Bi, and
Gd ions and 80 keV Re ions.

KV Sil-
KUVI Sil- | KI Silica | icaglass | KUVI Sil-
Unimplanted, | icaglass | glasswith | (Hongan | ica glass
Type Defects pure SiO; withReat | Reat80 |) with Bi | with Gd at
30 keV keV at 30 30 keV
keV
oochnE 317-319 | 3.6 B 3.1
7 75 oV (0.47-0.52) | (0.501)
ODC(l) Tl at 333
Exc = 5-5.05 3.1(0.5) 3.01(0.3) | 3.2(0.4) ' —
(0.18),
eV
ODC(l) S1 at
Exc = 7.5- 3.63-3.79
i Yy 4.3 (0.41) 3.68 (0.45) — —
(ODC(1))
ODC(l) Tl at
Exc = 5-5.05 4.3 — — — —
eV

Were also investigated ODC (1) arising from the implantation of Silica glass with Bi
and Gd ions [184,191] Measurements have shown that the energy of triplet-singlet
radiative transitions in modified Bi-ODC (1) is 3.33 eV (FWHM =0.7-0.8 eV). Upon
implantation of 30 keV Gd, triplet-singlet radiative transitions ODC (I) have the
same energy as in pure SiO, (Table 5.2). The excitation bands for all of the listed
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luminescence bands have approximately the same energy as in pure SiO,: 5.05 eV
and 7.5-7.75 eV for the Sy — S; and Sy — S, transitions, respectively.

Thus, we can conclude that the modification of ODC (I) with Re and Bi ions in-
creases the energy of triplet-singlet radiative transitions by 0.1-0.2 eV and decreases

the energy of singlet-singlet ones by 0.51 - 0.67 eV.
5.3. lon-modified centers of the two-coordinated silicon or ODC(II).

According to independent literature data [58,187] and our research [167] ODC (1)
defects have two absorption bands at 6.8-7.0 and at 5.15 eV and two luminescence
bands at 2.7 and 4.4 eV, as shown in Figure 5.3. The luminescence energy of 4.4 eV
Is associated with singlet-singlet radiative transitions, and 2.7 eV with singlet-triplet
transitions. Intercombination conversion (S; — Ti) is possible between singlet and
triplet states. The 6.8 eV transition is interpreted by most authors as So — S, between
the ground and the second excited singlet state [52, 58,187]. At the same time, the
5.15 eV absorption band is attributed to the So — S; transition.
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ODC(I)

6.8 eV

2.7 eV
5.15 eV

S

Figure 5.3 — Diagram of electronic transitions of defect centers Si-ODC (1) in sil-
ica glass: Sp, S1 Sz and T, are the ground and excited states of the singlet and triplet

type, respectively.

At the same time, as shown by the studies presented above, implantation with Re
ions leads to the modification of defect centers Si-ODC (11), which manifests itself
in the form of displacement of luminescence bands. In KUVI Silica glass implanted
with Re ions at 30 keV, triplet-singlet radiative transitions (T; — So) gave a maxi-
mum luminescence at energies of 2.67-2.79 eV (FWHM = 0.76 eV) at different tem-
peratures from 8 to 500 K, which at equal temperatures is approximately differs by
0.09 eV from the peaks with pure SiO2. Somewhat larger changes were observed
for singlet-singlet radiative transitions (S1 — Sp), which at various temperatures

from 8 to 500 K gave a maximum luminescence at energies 4.17-4.19 eV (FWHM
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= 0.76 eV), which differs by 0.21 - 0.23 eV from similar transitions in pure SiO,
(Table 5.3). Implantation with 80 keV Re ions leads to a similar modification of
ODC (Il). The energy of singlet-triplet radiative transitions is 2.70-2.76 eV, and sin-
glet-singlet 4.20-4.22 eV (Table 5.3).

Table 5.3 — Optical electronic transitions upon excitation and luminescence of ODC
(I1) defect centers in pure silica glass and matrices implanted with 30 keV Re, Bi,
and Gd ions and 80 keV Re ions.

KV Sil-
. KUVI Sil- | KI Silica | icaglass | KUVI Sil-
Jnim- icaglass | glasswith | (Hongan | ica glass
Type Defects Z'f‘e”tsei‘é withReat | Reat80 |)withBi | with Gdat
P 2| 30 keV kev at30 | 30keV
keV
ODC(I) T1 at 27 2.67-2.79 2.7-2.76 . 2
Exc =6.6-7 eV ' (0.76) (0.31) '
oDC(I) T1 at| 2.75-2.8
Exc= 5 15-5.2 0.32) 2.71 (0.34) 2.82 2.8, —
ODC(Il) S1 at 4.4 4.17-4.19 | 4.20-4.22 — —
Exci =6.6-7 eV (0.76) (0.52-0.54)
ODC(ll) S1 at 44 . . . .
Exc=5,15-5.2eV '

We also studied ODC (Il) arising from the implantation of quartz glasses with Bi
and Gd ions [184,191]. Measurements have shown that the energies of triplet-singlet
radiative transitions in ODC (11) modified Bi and Gd are the same and amount to 2.8
ev.

The excitation bands for all of the listed luminescence bands have approximately the
same energy as in pure SiO,: 5.15 eV and 6.6-7.0 eV for the So — S; and Sp — S,

transitions, respectively.
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Thus, it can be concluded that the modification of ODC (1) with Re, Bi, and Gd ions
increases the energy of triplet-singlet radiative transitions by 0.06-0.1 eV and de-
creases the energy of singlet-singlet transitions by 0.18 - 0.23 eV. As shown in Sec-
tion 5.3, the modification of ODC (I) defect centers is similar to the same regulari-
ties, but the magnitude of the shift of the singlet-singlet luminescence band is much

larger.
5.4. New defect centers related with Re, Bi and Gd lons.

As shown by the studies given in the previous chapters, ion implantation leads to the
emergence of centers of a new type, which are absent in pure silica glass.

The main result of comparing the processes of defect formation in SiO, matrices
upon their implantation with Re, Bi, and Gd ions is the established fact of the ap-
pearance of modified defect centers M-ODC (I) and M-ODC (1I), where M = Re, Bi,
or Gd. Their modification with these ions increases the energy of triplet-singlet ra-
diative transitions and decreases the energy of singlet-singlet transitions. In this case,
the change in the spectral parameters of the singlet-singlet luminescence of the M-
ODC (I)centers occurs much more noticeably than for the M-ODC (11) centers.

Another important result is that ion implantation leads to the appearance of Re-
related centers with a PL excitation band of 4.7—4.8 eV, which in its position can be
attributed to the absorption of non-bridging oxygen centers (NBOHC). However, the
energy of the luminescence transitions of this defect is 2.53-2.58 eV (Table 5.4),
which is 0.6-0.7 eV higher than the luminescence energy of NBOHC in pure SiO..
It can be assumed that, by analogy with Re-modified ODCs, this defect is a non-
bridging oxygen center modified with rhenium ions. As our studies show, the effect
of Re ions in the local environment of luminescent centers is of a general nature: the
PL excitation bands remain unchanged, and the energy of luminescent transitions
changes by tenths of electron volts. Similar effects of the appearance in silica glasses
of modified centers of nonbridging oxygen with altered spectral characteristics were
observed earlier in [192].
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Another luminescence band with a maximum of 2.9 eV is also excited at an energy

of 4.77 eV and, apparently, is associated with defects of a different nature (Table
5.4). It should also be noted that the indicated bands at 2.53 and 2.9 eV are also

recorded upon excitation of Re-ODC. This fact can be explained by the transfer of

energy between Re-ODC and centers of a new type, which confirms our assumption

that one of the new defects belongs to Re-NBOHC. In particular, the paper [167]

revealed the fact of energy transfer between ODC and NBOHC in pure SiO,. Similar

effects can occur with Re modified centers.

Table 5.4 — Table 3. Comparison of the parameters of M-related centers in Silica

glasses implanted with Re ions with energies of 30 keV and 80 keV, Bi and Gd ions

with energies of 30 keV

Silica

: KUVI Sil- | KI Silica KUVI Sil-
e Unim- . . glass .
Excitation energy lanted icaglass | glass with Hongan) ica glass
V) p'i’”e <, | withReat | Reat80 évi N gi " | with G at
2
30 keV keV 30 keV/ 30 keV
6.6-7, indirect . . 2.50-2.53 . 2.2-2.3
(ODC(I1)) (0.31) (0.3)
5.15-5.2, indirect 285(0.18), 3.08
(0DC) — 2.53 (0.34), 2.92 (0.18) —
2.28 (0.28) '
2.95
: 2.85 (0.18),
4.7-4.8, intracen- . 2553 (0.24), | 2.9 (0.3) (0.11) .
ter M -related 228 (0.27) 2.58
' ' (0.19)
Si QDs 1.8 — — — 1.8 (0.1)
Exc = 6.6-7 eV
(ODC(I1))

Note: M = Re, Bi or Gd (type of implanted ion).

Implantation of Bi ions with an energy of 30 keV also leads to the appearance of

both types of similar defects. In the luminescence spectrum upon excitation of 4.7—
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4.8 eV, the bands at 2.58 eV and 2.95 eV are observed, which are presumably related
by bismuth ions introduced into the SiO, matrix [192]. By analogy with Re-NBOHC,
the 2.58 eV band can presumably be associated with Bi-NBOHC

In Silica glass of the KUVI brand, implanted with Gd ions, centers of a new type
associated with implanted ions are also recorded. the 2.2 eV PL band appears at an
excitation energy of 6.6 eV and cannot be assigned to any known active PL center
in SiO,. It can be assumed that the luminescence in this center is associated with
optical transitions in Gd ions localized near ODC (Il), which provides the possibility
of nonradiative energy transfer between these defects.

In addition, in KUVI SiO, samples implanted with Gd ions, after annealing, a PL
band appears with a maximum at 1.8 eV, which, in terms of spectral parameters,
corresponds well to the luminescence of silicon quantum dots. [154, 184,193]. The
formation of these centers of luminescence, in the article [184] is explained by the
transformation of oxygen-deficient centers during thermal annealing with the for-

mation of silicon quantum dots.
5.5 Conclusion

As a result of a comparison of the properties of SiO, matrices of various types and
the regularities of defect formation in these matrices upon implantation of Re, Bi,
and Gd ions with an energy of 30 keV and Re ions with an energy of 80 keV, the

following conclusions can be shown:

1. The distribution profiles of embedded ions are largely influenced by their energy,
and to a lesser extent by their radius and mass. The depth of penetration of ions
proportionally depends on the energy. The increase in energy also widens the
distribution profile. With a decrease in the radius of ions and an increase in their
mass, the distribution profile also broadens.

2. lon implantation increases the degree of structural disorder and decreases the en-
ergy gap of the irradiated matrix. The highest degree of disorder and the lowest

radiation resistance was recorded in Silica glasses from the Chinese manufacturer
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Hongan. The most ordered and radiation-resistant structure is characteristic of
the ultrapure glass KUVI, type (IV).

. Implantation of silica glasses with heavy Re, Bi, and Gd ions leads to the appear-
ance of modified defect centers of the ODC (I) and ODC (I1) types, which are not
recorded in the pure SiO, glasses.

. New optical centers of unknown nature, different from ODCs and formed under
the action of different types of heavy ions (Re, Bi, Gd), have been discovered, a
separate type of which is presumably associated with the presence of Re ions in
the local environment of the centers of the nonbridging oxygen atom (NBOHC).
. Using Re ions as an example, it is shown that the formation mechanism, local
structure, and, accordingly, the luminescent properties of Re-related centers sub-
stantially depend on the energy of the ions being introduced. Upon implantation
of ions with energies of 30 and 80 keV, the luminescence bands have different
positions.

. The general regularity of the modification of ODC (I) and ODC (lIl) centers by
heavy ions (Re, Bi, and Gd) consists in the distortion of their energy structure
and manifests itself in an increase in the energy of triplet-singlet radiative transi-
tions and a decrease in the energy of singlet-singlet transitions. In this case, the
modification of the ODC with Bi ions leads to a larger shift of the luminescent
bands, and the modification of Gd - to a smaller one than under irradiation with
Re.
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CONCLUSION

The main results of the dissertation work are as follows

1. By the methods of optical, luminescence and ERP spectroscopy, it has been es-
tablished that under ion-beam exposure to SiO, glasses, the matrix is damaged
and intrinsic defects appear: E'-centers, NBOHC, ODC (1), ODC (Il).

2. Together with the known defects, new oxygen-deficient centers, modified by Re
ions, appear. These include oxygen monovacancies Re-ODC (1) and divacancies
Re-ODC (Il), in the local environment of which implanted ions are located. Mod-
ification of the structure of the nearest environment of defects leads to a decrease
in the energy of singlet-singlet intracenter electronic transitions and an increase
in the energy of singlet-triplet transitions. The levels of the triplet states are
shifted to a lesser extent, and the levels of singlet states are shifted to the greatest
extent.

3. Implantation with Re ions also creates specific defects of a fundamentally new
type (designated as Re-related). A separate type of these defects is presumably
the Re-modified center of non-bridging oxygen (Re-NBOHC). The electronic
structure of Re-related centers depends on the energy of implanted ions: upon
implantation of ions with energies of 30 and 80 keV, the luminescence bands
have different spectral characteristics.

4. The impact of different types of heavy ions is of a similar nature: defects of the
M-ODC (1) and M-ODC (II) types are created with an altered energy structure,
where M are implant ions (Re, Bi or Gd). In this case, the magnitude of the shift
of the luminescence bands is mainly influenced by the radius and mass of the

implanted ions.
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5. Methods of optical spectroscopy established the main regularities of the disor-
dering of the atomic structure during the implantation of Silica glasses with var-
ious fluences of heavy ions. The behavior of the fundamental absorption edge of
Silica glass obeys the "crystal” Urbach rule. lon-beam exposure leads to an in-
crease in the total structural disorder of glassy SiO, the degree of which depends
on the type of matrix, the energy of the ion beam and manifests itself as a smear-
ing of the band tails and a decrease in the effective energy gap.

6. The highest degree of disordering and the lowest radiation resistance are charac-
teristic of Hongan Silica glasses from a Chinese manufacturer, and the most or-
dered structure and, accordingly, higher radiation resistance are characteristic of
domestic ultra-pure glass KUVI (type 1V).

Prospects for Further Development of The Topic. The results of this work are

prerequisites for the further development of the physical foundations of creating new

functional materials based on non-crystalline silicon dioxide and its analogs, ob-
tained by methods of ion-beam technologies and intended for planar structures and

devices of photonics and micro-, optoelectronics of a new generation.
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