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Abstract: The macroscopic properties of silica can be modified by the presence of local microscopic
modifications at the scale of the basic molecular units (point defects). Such defects can be generated
during the production of glass, devices, or by the environments where the latter have to operate,
impacting on the devices’ performance. For these reasons, the identification of defects, their generation
processes, and the knowledge of their electrical and optical features are relevant for microelectronics
and optoelectronics. The aim of this manuscript is to report some examples of how defects can
be generated, how they can impact device performance, and how a defect species or a physical
phenomenon that is a disadvantage in some fields can be used as an advantage in others.
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1. Introduction

Silica (amorphous SiO2) is a widely employed material in microelectronics and optoelectronics.
It is present in MOS (metal–oxide–semiconductor) and SOI (silicon-on-insulator) technologies [1–5],
see Figure 1a,b for their basic representations; it is the basic material of optical fibers [5–10] (Figure 1c
illustrates a basic representation of an optical fiber) and of several bulk systems as lenses and
mirrors [6,11,12]. Furthermore, nanocomposite materials containing silica have been proposed for
different applications [13–16]; Figure 1d illustrates a scheme of pure silica non-porous nanoparticles
and its features. The extensive use of silica is related to its availability and its dielectric and optical
properties such as the large optical band gap. In a large number of investigations, it was reported
that point defects can modify the silica properties or can affect the performance of a specific device.
To better understand the nature of these defects in an amorphous material such as silica, it is important
to remember that (i) a basic unit of silica has a tetrahedron with an Si atom in the center and an O atom
in each of the four corners (see Figure 2a), and (ii) that such a unit is comparable to that present in the
crystalline α-quartz form, being the amorphous status related to the distribution of inter-tetrahedral
parameters such as the Si–O–Si angle [6], as highlighted by the blue arc in Figure 2a. With this in
mind, a point defect can be considered as a deviation from the basic unit structure. In other words,
any broken bond, missing or substitutional atom, as well as interstitial molecular or atomic species,
are defects [6]. Furthermore, in many cases, strained bonds can be considered defects, too. A relevant
variation of the Si–O bond length is itself a deviation from the basic unit. Obviously, it is important
to define how large this variation should be to be considered a deviation in a material that presents
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a certain distribution of this parameter, although small in comparison to the distribution of the Si–O–Si
angle [6]. However, since such strained bonds are considered precursors of other defects having a large
impact in electronics and optics, they deserve to be considered as defects [9,17–24]. To understand
how the point defects are important in the above cited application fields, we should remember that (i)
they can be neutral, positively, or negatively charged, (ii) they can be paramagnetic or diamagnetic,
and that (iii) in general, they are optically active. Indeed, their corresponding electronic states have
energy levels within the band gap. As a consequence of this, they introduce absorption and emission
transitions with energy lower than the band gap. Figure 2b illustrates a couple of energy levels of
a point defect, from which absorption and emission activities originate.

In the field of study of the radiation response of optical fibers, such effects are at the origin of the
RIA (radiation-induced attenuation) and the RIE (radiation-induced emission) [7,9]. In addition to
these effects, we should also remember that as a consequence of the Kramers–Kronig relations [25],
any kind of point defect induces changes in the refractive index, even simply through its absorption.
Such variations, albeit small, can be sufficient to affect the optical fiber operation. However, refractive
index variations are not necessarily a disadvantage when kept under control [6,25,26]. While the study
of the radiation response of a device containing silica is strictly related to the defects, these defects can
be relevant also when irradiation is not present. A clear example of this is constituted by the Si–OH
defects for telecommunication fibers [27] and nanoparticles [13,28,29].
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Figure 1. (a) Scheme of a MOSFET (MOS Field Effect Transistor) inspired by [1,2]; (b) Scheme of
a silicon-on-insulator (SOI) according to that reported in [2]; (c) Optical fiber basic representation
with core and cladding; (d) Scheme of a silica nanoparticle with some of the characteristics obtained
in [30–41].

The aim of the present manuscript is to present some examples of the impact of point defects in
different applications including, but not limited to, optoelectronic devices such as fibers. The paper
also aims to put in evidence that it is possible to consider the defects and their effects on silica as
an advantage or a disadvantage depending on the application. Looking at this double nature of the
defects, it is possible to transform a problem for an application in a solution for another. Finally, we will
also report some examples regarding how the defects were used for the improvement of basic research
topics. Such deep understanding is useful for an approach that wants to transform a problem into
a solution.
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Figure 2. (a) Model of two SiO2 basic units [6]; (b) Simplified representation of the energy levels of
a point defect absorbing (blue arrow) and emitting (red arrow) light at energies lower than the band
gap (violet arrow) between valence (VB) and conduction (CB) bands.

2. Non-Porous Silica Nanoparticles

In Figure 1d, we listed the different properties of the silica nanoparticles. This paragraph briefly
summaries how they were obtained. From this short summary, the readers can note how the large
use of the study of defects can help to infer the features of the investigated system. The model of
a surface and core shells with different structures in terms of density and ring statistics was proposed
by simulation in [30]. Subsequently, [31,32] have supported the differences between these two parts
of the nanoparticles by employing structural investigation techniques such as Raman scattering [31],
but also studying the properties of point defects performing electron paramagnetic resonance (EPR)
experiments [32]. Then, to support the independence from the nanoparticle sizes, systematic studies
were performed on particles going from average diameters of 7 to 40 nm [33–39]. The emission and
the Raman signal of interstitial oxygen molecules [33,34] were studied showing that these molecules
are present in the core, whereas the surface (rich of OH groups [33]) is unable to retain these small
molecules. The density of the core was proved to be slightly higher (~4%) [35] than that of bulk silica,
using the relation between density and some EPR spectral features of the E’Si [6] (see paragraph
4). Such a result, in agreement with the simulation [30], was supported by the Raman data [36].
Furthermore, the concentrations of defects such as E´Si, NBOHC (non-bridging oxygen hole centers) [6],
and others were used to investigate other properties of the nanoparticles [33–41]. From the data
reported in [33–38], the surface shell thickness was estimated to be ~1 nm, and it was also characterized
by studying the visible emission related to surface point defects [38–41].

3. Generation of Defects

There are several processes that lead to the formation of point defects, or in which the generation
of defects is involved [6,7,9,12]. Any of these processes imply complex and basic considerations of the
solid-state physics and of the radiation matter interaction [6,12]. In this section, we will discuss some
general aspects.

For the manufacturing of any material, including silica, the purity of the raw materials and their
contamination during growth are key factors [6]. For both of these, the result is the introduction of
point defects. Such defects are called extrinsic, since they are related to chemical species different from
Si and O in the case of silica [6]. For the aim of the present paper, it is worth noting the SiOH groups
and the Cl impurities.

The content of SiOH groups has to be very low in the field of the telecom optical fibers, since such
defects have an absorption band at about 1380 nm close to the telecommunication window [27].
On the other hand, H2 loading is often used to enhance the photosensitivity for the inscription of fiber
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Bragg gratings (FBGs), which are used as point sensors [25,42,43] and to improve the transparency or
radiation resistance in the UV-visible spectral range [9,44–50]. In these cases, the generation of SiOH
groups, through the breaking of strained bonds [45,50] and the reduction of the NBOHC [6,51–53]
content, can be the reason for the observed modifications [44,45,47,48], transforming their presence
into an advantage. Furthermore, the same SiOH groups are crucial for the functionalization of the
surface of silica nanoparticles, paving the way for several applications [13,28,29].

SiOH groups can be present in high concentration in silica materials produced by chemical
methods such as sol–gel, because of incomplete reaction 2SiOH→SiOSi+H2O [54,55]. As a consequence,
this aspect represents a key point in the production of optical fiber operating in the telecommunication
windows, as it can be a problem in the manufacturing procedure. On the other hand, the chemical
production of silica nanoparticles is an efficient way to have SiOH with the resulting advantage
for functionalization. Regarding nanoparticles, it is important to note that surface functionalization
can be combined with the insertion of small or large molecules that can emit light or have other
functions [13–15,29,33].

Cl content should also be considered as a side effect during the production of silica [9,56], and often
a reduction of OH can imply an increase of the Cl content [7]. Common procedures to realize low SiOH
silica bulks and preforms for optical fibers, such as the MCVD (modified chemical vapor deposition)
technique, can introduce Cl impurities in the matrix [7,56]. As a consequence of the chlorine presence,
Cl-related absorbing defects are induced during irradiation [56–61]. Although the specific nature of
such defects should be further investigated, the presence of such absorption can represent a limitation
in optical fiber applications such as in ITER (International Thermonuclear Experimental Reactor) and
Laser Megajoule (LMJ) [61]. While such procedures, introducing Cl, are good solutions for telecom
fibers, they may not be the optimal choice for other applications.

To summarize, the specific procedure of silica manufacturing needs to be selected carefully and
accordingly to the specific final application.

In the production of bulk samples such as optical fiber preforms (the doping will be discussed
later) or in microelectronics, the preparation of silica implies high temperature, fast quenching (fiber
manufacturing) [6,62,63] or the implantation of O and H ions (microelectronics) [2], and the presence
of interface layers between different materials. The Si/SiO2 in MOS and SOI [1–4] or the interface
between different doped zones in preforms and fibers are some examples [61–64]. The result of these
procedures is the generation of point defects. They can directly affect the devices’ performance, or can
be converted into other species, impacting the resistance of the devices when some external constraint,
for example irradiation, is applied or changed. For the manufacturing of the optical fibers, a further
source of defects generation is constituted by the drawing of the preform. During this step, the material
is subjected again to high temperature, fast quenching with the addition of the drawing tension.
The impact of the preform production and of the drawing parameters on the optical features of the
fibers and their radiation response has been reported in [64–74].

The so-called GLPC (germanium lone pair center) or two-fold coordinated germanium [75,76] is
a useful example of a defect that is generated during preform and drawing processes in Ge-doped
silica for fibers [65,72–74]. This defect has been used for the understanding of basic physical aspects,
and its presence can be an advantage or a disadvantage in silica-based devices. For clarity, we remind
of the accepted structural model and the optical properties of such a defect, which should be
considered as almost definitive. The defect, as suggested by its name and as illustrated in Figure 3a,
is constituted by a Ge atom linked by two single bonds with two O atoms and having a lone pair of
electrons [72,75,76]. It is well accepted that it is responsible for an absorption band at about 5.15 eV
(singlet–singlet allowed transition) and for another band at about 3.8 eV (singlet–triplet forbidden
transition). Furthermore, the GLPC is a luminescent defect with bands at 4.3 eV (singlet–singlet
transition) and 3.2 eV (triplet–singlet transition) [72,76]. The GLPC energy levels scheme is illustrated
in Figure 3b. In Ge-doped silica, its easy formation has been studied and published in [72,77].
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Figure 3. (a) Structural model of germanium lone pair center (GLPC); (b) Energy levels scheme of GLPC
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(violet arrow) and T1–S0 (blue arrow) and the non-radiative transition named intersystem crossing (red
dashed arrow); (c) representation of a FBG (fiber Bragg grating), which consists of a periodic alteration
of the refractive index.

As reported in [65,73,74], Ge-doped silica preforms are usually rich in GLPC, especially in the
central part of the Ge-doped region. Although the specific details of the formation mechanisms of this
defect can require significant effort, it is not difficult to justify its high generation. For many years,
and in some cases also today, maintaining the correct refractive index profile in the central core requires
high production skills and competence. Such difficulties are related to the collapsing phase required
by many of the production techniques. During this phase, the central core undergoes high stresses,
which can lead to dopant profile modifications and/or a decrease of oxygen content [65,71,78,79].
The concentration of GLPC continues to increase during the fiber-drawing phase [73,74].

The relevance of GLPC in silica has been proven at different levels and for different applications.
There are two main reasons: (i) this defect is an electron donor [74,80–82] and (ii) its absorption is at
about 5 eV. It is clear that the presence of an electron donor tends to increase the radiation sensitivity
of the material to X- or γ-rays or to lasers with wavelengths within its absorption bands. It has been
proven that a Ge-doped fiber is more radiation-sensitive than its original preform [74,83] because of the
GLPC formation during the drawing. The GLPC content increases the generation of defects absorbing
in the UV with tails in the visible spectral range; for this and other reasons, Ge-doped fibers are not
radiation resistant in this spectral range [9,64,80–85]. At the same time, the presence of GLPC and the
associated photosensitivity can be used as an advantage. This is the case of the inscription of FBG
(for temperature and strain point sensors production) in Ge-doped silica with UV laser [6,25,86,87].
Figure 3c illustrates the periodic structure of the refractive index in a FBG.

In basic research, GLPC has also been a relevant investigation tool. In combination with defects
having similar structures, but in which either Si or Sn takes the place of Ge, it was possible to clarify
the nature of the absorption at 5 eV and of the emissions excited at this energy in silica [75,76].
The study was also supported by the fact that under irradiation, these defects are transformed into
other paramagnetic ones, such as H (I, II, III) [6,76,77]. This kind of investigation is a perfect example
of how the combination of the study of optical and paramagnetic properties and irradiation effects is
able to improve the knowledge of a material [76,77].

The presence of GLPC was used to evidence multiphoton absorption in silica [88]. As a consequence
of this effect and in some cases of the band gap decrease related to the Ge doping, it is worth noting
that in GLPC-rich samples, nanoparticles were produced with a UV ns-pulsed laser at fluences lower
than those required for pure silica [89,90]. The presence of an absorption band at about 5 eV and the Ge
doping are the key factors for the material´s energy absorption from the laser, allowing nanoparticle
production, the generation of defects, structural modifications, and the possibility of FBG inscription
with a UV laser [6,86,87,89,90].
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In the context of defect generation, the study of mechanisms induced by irradiation represents
a large part of the scientific literature, where application-driven and basic research points of view have
been used.

Irradiation with X-, γ-rays, laser, neutrons, electrons, or fast ions is a well-known source of the
modification of the proprieties of any material. It is useful to underline that for bulk silica (lens
or mirrors) and optical fibers, the effects can be studied in terms of the total ionizing dose (TID).
For microelectronic devices, this is not sufficient, and a large part of the investigation regards the
single-event effects (SEE) [1–4].

Due to the widespread application of microelectronics and optoelectronics devices in radiation
environments, such as space, nuclear reactors, nuclear waste repositories, ITER, LMJ, accelerators (such
as CERN or DESY), there is a vast body of literature focused on the investigation of the radiation effects
in silica-containing devices. The interest is also increased with the production of optical fiber-based
sensors, which can be employed even under harsh conditions in which microelectronics fail [7–9].
All environments in which these devices are used differ for the total accumulated dose during operation,
dose rate, temperature, and other external conditions [7]. Furthermore, such parameters can also
change with time within the same environments. The dose rate and temperature are not constant
during a space mission; in large installations such as CERN, the dose rate also depends on the position
with respect to the sources of radiation and accelerator operations.

At the same time, the mechanisms of generation of defects involve several steps in which diffusion,
trapping, and recombination processes can be present [6,12]. These make the radiation response of silica
dependent on the temperature (T), dose rate, atmosphere, and probing conditions [1,7,8,69,84,91]. In the
field of optical fibers, the destruction or recombination of defects as a consequence of thermally activated
processes is named thermal bleaching; the one resulting from light is referred to as photobleaching,
whereas the generation of defects from light absorption is called photodarkening.

Since diffusion coefficients are temperature dependent [92], the presence of diffusion processes
in the path that goes from the first interaction of radiation with the silica to the defect formation
introduces the T dependence on the radiation response. At the same time, charge or atoms trapping
or de-trapping processes are also T-dependent. An example of the T dependence of the point defect
generation can be seen on the non-monotone behavior of the RIA induced in some pure silica optical
fibers [93], which is mainly attributable to the temperature dependence of E’Si and NBOHC defects
generation and stability on T. Regarding the dose rate dependence, the following considerations should
be made. Firstly, the defect generation, back-conversion, or conversion processes are photoinduced so
that their rates are, in principle, dose rate-dependent. Furthermore, at any temperature, the presence of
diffusion or trapping/de-trapping processes can imply additional dependences on time and therefore
on the dose rate, because all these processes have their specific rate and because the number of events
depends on time. Therefore, changing the dose rate and, as a consequence, the time needed to reach
a certain dose, the amount of the detected defect can change.

All the applications involving optical fibers comprise the presence of light traveling in the fiber
itself. This light can be absorbed by some defects in the fibers. When this happens, the defects are in
an excited state, and they return to the ground state by emitting light or transferring energy to the
matrix [6]. Due to the coupling of the defects with the matrix, the de-excitation path almost always
involves the transfer of a part of the energy to the matrix [6]. This implies an increase of T, which,
in principle, impacts the defect generation/conversion itself. Light absorption can also enhance the
charge de-trapping or can induce molecular destruction when the excited state is an anti-bonding state.
Then, these phenomena can be followed by the diffusion of the charge or of the resulting atoms to
other sites where they can form different point defects. Figure 4a illustrates two electron traps having
different stability as a consequence of the different depth of the potential well, whereas Figure 4b shows
a molecule having an excited state non-bonding or anti-bonding level, in which the molecule can be
found as a consequence of light absorption, and that can cause its dissociation.
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Figure 4. (a) Electron trapped in two different sites having different potential wells, which imply
different de-trapping behaviors; (b) Dissociation of a molecule following the transition from the ground
state to an excited non-bonding state.

Something that should always be considered in studying radiation effects is that if one of the
parameters mentioned above is changed, the details of the microscopic radiation-induced processes can
change too, with a consequent variation of the impact of the other irradiation parameters. For example,
decreasing the temperature decreases the impact of the thermal bleaching, but the defects not destroyed
by thermal bleaching can be much more sensitive to photobleaching.

Furthermore, there are no reasons to state that knowing the thermal stability (or photostability)
after irradiation and the radiation generation rate with the dose of one defect species (or worst the
radiation response of a fiber), we can deduce the combined effects [84,93,94].

A specific and more detailed consideration for microelectronic devices can be found in [1–4],
and it is interesting that even in microelectronics, the operation mode in which the device is irradiated
is fundamental and is considered in the qualification standards [95–97].

4. E´ Defects, a Famous Member of the Silica’s Saga

One of the most studied defects in silica is the Si-E´γ defect. Such a defect is constituted by
a threefold coordinated Si atom with an unpaired electron, and so it is paramagnetic [6,12,32,98–108].
After decades of investigations, many properties of this defect, its generation, and relation with
the network are known [6,12,32,98–106]. The presence and formation under irradiation of the Si-E´
in the SiO2 layers and in the Si/SiO2 interface of components has been recognized as crucial in
microelectronics [1–4,106]. Beyond this, the present section is more focused on how much this defect
was and can be used to improve the understanding of various aspects of silica and radiation-induced
processes. For the clarity of the following, it is also important to remind that the 29Si has a natural
abundance of about 4.67% and that, differing from the 28Si, it has a nuclear magnetic momentum of
quantum number 1

2 [6,12,101–105]. Consequently, the Si-E´γ presents a hyperfine doublet of lines in the
EPR spectra with separation of about 420 Gauss (42 mT) [101–105]. This feature is particularly relevant,
and Devine et al. [6,103,104] have demonstrated that the separation between the two lines depends
on the density of the silica, even under irradiation, where a maximum of about 4% of densification is
observed. Thanks to such relation between the hyperfine lines separation and the silica density, it is
possible to improve the knowledge on defects generation and on the matrix modification, which imply
refractive index changes [12,25].

For example, it is known that densification under photon irradiation differs from that one observed
under swift ions irradiation [105]. A possible explanation of this difference was reported by Buscarino
et al. in [105] studying the behavior of Si-E´γ hyperfine doublet signal. Similarly, the hyperfine lines
separation was used to investigate the structure of the inner part of the silica nanoparticles both with
respect to the bulk silica and as a function of the nanoparticles’ sizes [35]. One of the main results of
this study was to support the core shell model for silica nanoparticles in which the core and the surface
shell structures are different and independent from the nanoparticles’ size [30,33–40].

In the context of the E’-like defects family, it is interesting to note that several widely used
dopants give rise to defects with E’-like structures [6,9,100–102,108], so in principle, their EPR
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hyperfine lines should have a dependence on the density. This feature could be mapped and used to
investigate the density and the radiation effects in different parts of an optical fiber with quite high
precision. The density and hyperfine line separation correlation of such signals should be obviously
established before.

5. Advantages and Disadvantages of the Radiation-Induced Attenuation

Optical fiber manufacturing implies the production of glass with refractive index profiles,
which allow the guiding of light in the core. There are various ways of achieving this. Obviously,
the doping of core or cladding to increase or decrease the refractive index is the most common. Doping
has not only the role of modifying the refractive index, but it can also modify other optical features
of the silica, and it is used to produce specific fibers for different applications [6–12]. Many chemical
elements have been used to dope silica, from sensor applications to laser or amplifier manufacturing [6–
9]. As a result of the doping, specific dopant-related defects are introduced in the material [6–9].
The presence of such point defects makes the response of any type of fiber a specific field of investigation.
So while pure silica, F-doped, and N-doped fibers are relevant in temperature and strain sensors in
harsh environments, Al and P-doped fibers are promising candidates as dosimeters [9,109–118]. In the
first case, the radiation hardness is fundamental, since low RIA gives the opportunity for long-range
transmission and to produce point or distributed sensors, eventually with large sensing ranges. On the
other hand, the radiation sensitivity, dose rate, and temperature independence of the RIA are needed
for dosimetry applications and are fundamental for the second family of fibers. In other words,
the same basic process, but related to different defects, represents a limit or an advantage. In the case
of temperature and strain sensors, the RIA level and the detection limit impose the lengths of the fiber
that can be employed. In dosimetry or radiation detection, obviously, the detection of the signal is still
fundamental, but other aspects have to be considered. The low-dose detection imposes high radiation
sensitivity, while the independences from dose rate, temperature, and history are also needed, since the
increase of the RIA as a function of the dose is used to monitor the radiation environments [113–118].

Raman-based temperature sensors represent an example of devices where the RIA can generate
problems [109,112].

In Raman scattering, the ratio between the Stokes and anti-Stokes lines intensity, which was
observed respectively at higher and shorter wavelengths with respect to the excitation light (typically
a laser line), is related to the temperature. This can be used as a temperature-distributed sensor
using an OTDR (optical time domain reflectometry) with opportune calibration procedures [109,112].
Figure 5a and its caption briefly describe the operation configuration of OTDR.

When these sensors have to operate in radiation environments, RIA not only affects the maximum
length of usable fiber, but it can be a source of error in the T monitoring even when the signal is
transmitted. For example, a single-ended sensor equipped with a single laser excitation can incur
other problems. For this kind of device, the main problem is the RIA dependence on the wavelength
(differential RIA) [109]. As a consequence, the amplitude of the anti-Stokes and Stokes signals is
reduced differently, so the ratio is no longer related to the T [109].

A design solution to this problem is constituted by the use of two excitation probe lasers [112].
In these systems, the monitored Stokes signal is the one excited by the shorter wavelength laser and
centered at the wavelength of the second excitation probe [112]. In contrast, the monitored anti-Stokes
signal is the one generated by the longer wavelength laser and located at the wavelength of the shorter
one [112]. As a consequence of this, the RIA dependence on the wavelength is no more a problem
when the RIA changes are small during the data recording. Indeed, due to the spectral overlap of each
Raman signal with the excitation laser of the other signal, the acquired amplitudes are similarly affected
by the RIA at both the employed wavelengths (according to Lambert–Beer law). Anyway, since the
two probing laser pulses are injected at different times, the ratio between Stokes and anti-Stokes lines
gives a good T estimation when the RIA changes are slow with time [112]. Monitoring the Rayleigh
scattering at the two wavelengths is also a good choice to monitor the RIA at the same time.
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Figure 5. (a) Optical time domain reflectometry (OTDR) and fiber basic working configuration,
the yellow dashed line stands for the pulsed excitation laser injected in the fiber, while the red dashed
arrow represents the signal (Rayleigh, Raman, Brillouin) back-scattered by different points of the fiber.
Each excitation is followed by back-scattered signals that reach the OTDR with different temporal
delays related to the distance from the OTDR allowing the spatially distributed monitoring; (b) Typical
OTDR trace recorded in a fiber that features different radiation-induced attenuation (RIA), such as
for example as a consequence of a difference in the absorbed dose. The Lambert–Beer law allows
evaluating the RIA, and in P-doped fiber, the dose [118].

In general, while RIA is a disadvantage for optical fiber technology, a clear example in which it
can be used as an advantage is represented by Al and P-doped fibers [113,117]. This latter kind of
fiber can be used as a distributed dosimeter or radiation detection employing OTDR technology and
taking advantage from the Rayleigh scattering. The performances of such sensors are based on the
spatial resolution of the OTDR and on the optical properties of P or Al-related point defects and on
their generation processes under irradiation. In the case of the P-doped fibers, it is known that the P1
defects (belonging to the E’ family) absorb at 1550 nm [108]; various investigations have shown that is
possible to use such fiber for radiation detection and dosimetry [113,114,116,118]. Indeed, the fibers
are radiation sensitive, the RIA is stable after the end of the irradiation, and it does not feature strong
or limiting dependence on the dose rate and temperature, allowing their use in radiation environments
such as CERN and DESY [113,114,116,118]. Figure 5b illustrates how an OTDR trace appears when
different parts of a fiber absorbed different doses. Al-doped fibers represent a different case; these fibers
are more radiation sensitive, but the RIA features a certain amount of recovery [117] that has to be
considered for applications. Furthermore, the specific defects that originate the RIA in the near infrared
domain, where the sensor should operate, are still unknown [9,119].

In Table 1, we summarize the main defects that have been treated in the manuscript, reporting
their positive or negative impacts on the silica properties considering applications. It is worth noting
that the same aspect can be in both columns just because of a different application. For the strained
bonds and especially for defect absorbing in the near-infrared (NIR), we just report a possible positive
use of their presence, while the improvement of their understanding is required to be more specific.
In the last column, we indicate the main process that implies the defects’ generation.
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Table 1. Defect name, positive and negative effects on silica properties/application and a process that normally implies their generation. MCVD: modified chemical
vapor deposition.

Defect Positive Negative Generation Ref
SiOH For nanoparticles functionalization.

H2 loading for UV-visible and photosensitivity.
Telecom fiber.

They are precursors of NBOHC defects absorbing in
the UV-visible.

Usually high content in sol–gel.
During nanoparticles production.

Low in MCVD, or similar fiber
preform manufacturing process.

[27–29]
[45,50–55]

Cl related defects For telecom fiber, Si–Cl helps to reduce the
OH content.

For transmission in UV-visible during irradiation. Some during preform
manufacturing.

Other absorbing during irradiation.

[7,9,56–61]

GLPC FBG and in general photosensitivity. Transmission in UV-visible during irradiation. During preform collapse and
fiber drawing.

[6,25,65]
[72–77]
[80–87]

E’Si To study density and photo-induced processes.
Their absorption is far from

transmission windows.

When generated from strained bonds, their generation
implies the generation of NBOHC absorbing in UV-visible.

During preform collapse and
fiber drawing.

During any irradiation.

[6,12,17–20]
[68,70,71]
[99–105]

NBOHC They can be studied with micrometric spatial
resolution in fibers to improve

fiber characterization.

UV-visible absorption. During preform collapse and
fiber drawing.

During any irradiation.

[6,9,17]
[45–47]

[51–53,56]
[64,65]

Strained bonds Can be used to improve photosensitivity,
since they are precursors of absorbing defects,

such as, but not only, E’Si and NBOHC.

As defects precursors, their presence implies high RIA, which
is a limit for signal transmission from the visible to NIR

spectral range and for some distributed sensors.

During preform collapse and
fiber drawing.

[7,9,17–24]
[69,70]

[45,47,48,50]
Not fully attributed NIR

absorbing defects
Perhaps usable to increase the photosensitivity. They limit the lengths of employable fiber for transmission

and monitoring
During irradiation. [7,9,69]

P1 Fundamental for fiber-based dosimetry. Their generation impacts transmission in telecom windows. Under irradiation. [108]
[113–118]



Electronics 2019, 8, 1378 11 of 17

6. Conclusions

For many decades, point defects in silica have been studied both for their impact on the macroscopic
properties of silica and for their impact on silica-based microelectronic and optoelectronic devices.
Many examples of the long and difficult path needed to identify the generation, optical, electric,
and structural properties of each species can be found in the literature. Further decades of years
should and will be devoted to this field of research because despite all these efforts, many questions
are still open as a consequence of the complexity of the topic and of the continuous increase of types of
doping, co-doping, and applications. The knowledge acquired through the in-depth study of point
defects can often be used to our advantage. High photosensitive materials, which are not used as
temperature sensors or data transmission in radiation environments, could be used as dosimeter or for
FBG production. The approach we want to promote is one in which a technical obstacle is turned into
an asset. Furthermore, the knowledge relating to point defects and how they influence the final device
can always be used to select, from the beginning, the production procedures of the materials according
to the final device application.
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