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The aim of this work is to study the effect of irradiation with heavy Xe??" ions with energies of 165 MeV, 200
MeV, and 230 MeV on the change in the optical properties of ZrO, ceramic. The choice of ion energies, as well as
irradiation fluences of 10'3-10™ ion/cm? is primarily due to the possibility of simulating radiation damage in

gb:(’r:)ame ceramics that occurs when overlapping damaged areas in the material, comparable to damage from fission
erects . PR . . . .

710, ceramic fragments of uranium nuclei in an atomic reactor. Using UV-Vis spectroscopy methods, changes in the
Irradiation throughput of ceramics were evaluated depending on the irradiation fluence and the energy of incident ions. It

was found that a change in the irradiation conditions leads to the formation of irradiation-induced defects with
an energy of 2.4-2.45 eV in the structure, the concentration of which increases with the irradiation dose.
Changes in the band gap and refractive index depending on irradiation fluence and incident ions energy indicate
a change in the electronic and optical density of ceramics, as well as the formation of additional absorbing

centers in the structure.

1. Introduction

Today, oxide dielectric ceramics or nanostructured oxide ceramics
are one of the promising classes of materials for a wide range of practical
applications. Interest in them is due to their physical and chemical
properties, as well as high resistance to external influences, as well as
various modifications, which open up broad prospects for their appli-
cation in various industries, including energy [1-8]. At the same time,
special attention among researchers is paid to the study of both the
methods of obtaining oxide ceramics and the study of the effect of
external influences, corrosion processes, and radiation damage on them.

One of the important directions in modern materials science and
energy is the study of the behavior of structural and optical changes in
dielectric ceramics arising under external influences, such as corrosion,
exposure to aggressive media, radiation exposure [9-14]. The study of
such processes plays a highly important role in determination of per-
formance characteristics of materials, as well as their resistance to
external influences. At the same time, both theoretical research and
experimental data are important in these studies, which allow

developing not only the foundations of studying the properties of ma-
terials and the dynamics of their change, but also to obtain practical
knowledge necessary for the design and application of materials in in-
dustry [15-19].

The most important area of research in the study of the influence of
external factors is the study of the radiation damage effect on physico-
chemical properties of dielectric ceramics, which arise when they
interact with ionizing radiation [20,21]. In case of irradiation of struc-
tural materials or ceramics with different types of ionizing radiation,
processes of radiation interaction with crystalline structure of materials
have multi-stage and complex character, including primary and sec-
ondary processes of radiation interaction with matter [22,23]. The final
stage of primary processes is ionization and the formation of primary
knocked-out atoms, which entail a change in electron density in the
material. Secondary processes, in turn, lead to the formation of point
defects, vacancies, and disordering regions at high irradiation fluences.
It is important to note here that the final evolution of both primary and
secondary processes has a direct dependence on the irradiation fluences
and the formed defective regions [24-26]. For example, with small
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irradiation fluences, defective regions in dielectric ceramics are isolated
from each other, resulting in the formation of single defects and a low
disordering degree, which in most cases do not significantly affect the
change in material properties. At high irradiation fluences, which are
characterized by the formation of defect overlap regions, these dis-
ordering regions and point defects are not isolated from each other and,
therefore, make a collective contribution to the change in the properties
of materials, which can be catastrophic in some cases. It should be noted
that, according to various estimates, the boundary of defect regions
overlapping onset varies from 102 to 10** jon/cm?, depending on the
type of incident ions and their energies [27,28]. In turn, depending on
the class of materials, the final evolution of radiation damage also has
significant differences, which leads to the inadmissibility of applying a
unified theory to describe all the observed effects and gives rise to a
large number of different theoretical interpretations of radiation defects
in materials. In particular, for ceramics, the theory most commonly used
to describe radiation damage is the theory of the formation of so-called
thermal bursts or thermal peaks arising along the trajectory of an inci-
dent particle, which are accompanied by the appearance of local tem-
perature gradients comparable to the plasma temperature [29-31]. The
formation of such local regions results in a large number of small point
defects capable of making significant changes in the properties of ma-
terials, up to the formation of radiation damage, called latent tracks or
disordering regions [32,33]. Moreover, if for metals the occurrence and
subsequent evolution of radiation damage is well described and has a
large number of experimental evidence of the proposed theoretical
research, then for ceramics, in particular zirconia, such data are quite
small, despite the great interest in this class of ceramics, both from a
fundamental and practical point of view.

As is known, ceramics based on zirconium dioxide are one of the
promising classes of ionic conductors that have found wide application
in various technological applications, as well as in nuclear power
[34-38]. As is known from previous studies, ceramics based on zirco-
nium oxide, as well as their various modifications, have unique optical
properties, which make it possible to use them in a wide range of
practical applications [39-42]. In this case, the previously established
processes of phase transformations [43] under the action of irradiation
in ZrO4 ceramic open up a large number of questions concerning the
effect of irradiation not only on the structural properties of ceramics, but
also on optical characteristics, since this type of ceramics has great po-
tential for use as a basis for optical devices capable of operating in
conditions of increased radiation background, including in the core of
nuclear reactors.

Based on the foregoing, the aim of this work is to study the effect of
irradiation with heavy ions Xe??* with energies of 165 MeV, 200 MeV,
and 230 MeV on the change in the optical properties of ZrO, ceramic.
The choice of ion energies, as well as radiation fluences of 10'3-10'* ion/
em?, is primarily due to the possibility of simulating radiation damage in
ceramics that occurs when overlapping damaged areas in the material,
comparable to damage from fission fragments of uranium nuclei in an
atomic reactor.

2. Experimental part

The initial samples were polycrystalline ZrO5 ceramics with a
tetragonal crystal lattice and spatial system P42/nmc (137).

The initial polycrystalline ZrO, ceramic samples were irradiated
with heavy Xe??* ions with energies of 165 MeV, 200 MeV, and 230 MeV
and fluences of 10'3-10'* ion/cm?. The choice of radiation doses is due
to the possibility of simulating the effects of radiation damage and the
initialization of gas swelling processes under irradiation with uranium
fission fragments. According to calculated data, the concentration of
implanted Xe?2" ions in the structure of ceramics is 0.001-0.01 at.%. In
view of the large atomic radius and low mobility of implanted Xe?*
ions, the final stage of evolution is the formation of gas-filled bubbles in
the near-surface layer. The formation of such bubbles leads to a decrease
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in mechanical, heat-conducting, strength properties, as well as optical
characteristics.

The irradiation of samples was carried out on a DC-60 heavy ion
accelerator, on the third channel designed to simulate radiation damage
by various types of ions in a wide energy range. The samples were placed
in a special target holder cooled with water in order to avoid heating the
samples during irradiation. The temperature of the samples during
irradiation was no more than 50-70 °C.

Determination of the radiation effect and the consequences of radi-
ation damage on the change in optical properties, as well as the change
in optical and electron density were carried out using optical UV-Vis
spectroscopy, by taking UV-Vis spectra in the wavelength range from
300 to 800 nm, with a step of 1 nm.

Determination of the induced absorption value was carried out by
logarithm of the ratio of the transmission spectra. The absorption value
characterizing the change in optical and electron density was estimated
by changing the transmission spectra and the shift of the fundamental
absorption edge.

The determination of the band gap and refractive index was carried
out by making Tauc plots and subsequent analysis.

3. Results and discussion

Fig. 1 shows the results of measuring the optical transmission spectra
of the studied ZrO, ceramic depending on the energy and fluence of
incident ions. In this section, the UV-Vis spectra are grouped as a
dependence of the increase in the radiation dose at one ion energy. This
grouping is due to the need to show changes in optical transmission
spectra depending on an increase in radiation damage degree at the
same energy of incident ions. The initial transmission spectrum of ZrO,
ceramic is characterized by a fundamental absorption edge in the region
of 320-350 nm, as well as high transmission rates in a wide wavelength
range. The main nature of the change in optical properties depending on
the radiation dose is primarily associated with a shift in the fundamental
absorption edge, as well as a sharp drop in the transmission value in the
region of 400-600 nm.

As can be seen from the data presented, a decrease in the trans-
mission value in the range of 400-600 nm may be due to the formation
of nanostructured inclusions or the fragmentation of grains with a
metallic type of conductivity. Similar effects were observed when ZrO,
ceramic were irradiated with ion irradiation [43-45]. Thus, the authors
of these works have shown that when irradiated with low-energy ions
with a large irradiation fluence, nanoinclusions are formed in the
near-surface irradiated layer, which lead to the appearance of additional
absorption centers and thereby reduce the transmission in this region.
The formation of such inclusions, as shown by the authors of [43-45],
leads to an increase in the absorption of light in this wavelength range.
The very formation of such inclusions can be associated with the pro-
cesses of knocking out zirconium ions from the sites of the crystal lattice
and their subsequent coagulation, as well as rearrangement of the
crystal lattice and its deformation. In this case, an increase in the energy
of incident ions leads to more intense absorption in this region, which
indicates an increase in the concentration of these absorbing centers and
defects in the structure.

All obtained transmission variation dependences can be divided into
two groups. The first group of changes is associated with an increase in
irradiation fluence and is characterized by dependencies of a decrease in
transmission with an increase in the irradiation fluence and, as is known,
the concentration of radiation damage areas. In the case of energies of
incident ions of 165 MeV, an increase in irradiation fluence from 10'2 to
5x10'% ion/cm? leads to a reduction in transmission by 51.3% and
54.5%, respectively compared to the initial value. At the same time, the
increase in fluence from 10'3 to 5x10'® ion/cm? leads to a decrease in
transmission by only 3.2%, while a further increase in irradiation flu-
ence up to 10*ion/cm? leads to a decrease in the transmission by 60.9%
compared to the initial value of 9.6% compared with the initial value
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Fig. 1. UV-Vis transmission spectra of ZrO, ceramic before and after irradiation with heavy Xe??* jons with various energies: a) 165 MeV; b) 200 MeV; c) 230 MeV.

and 9.6% and 6.4% compared to the similar transmission values for
samples irradiated with doses of 103 to 5x10'2 ion/cm?.

For samples irradiated with 200 MeV ions, the transmission decrease
is more pronounced and is 58.9%, 66.1% and 70.5% for irradiation
fluences 10'%, 5 x 103 and 10'* ion/cm?, respectively. For samples
irradiated with 230 MeV ions, a further decrease of 62.5%, 67.3% and
80.1% for irradiation fluences 10'3, 5 x 10'® and 10'* ion/cm?,
respectively, is observed.

Such a decrease in transmittance is primarily due to large energy
losses of the incident ions, which lead to an increase in the concentration
of formed point defects, vacancies and primarily knocked out atoms, as
well as an increase in the radius of the damage region. An increase in
radiation damage areas along ion trajectories in the material while
increasing the energy of the incident ions leads to an increase in over-
lapping degree of such regions and, therefore, more intense mixing of
the formed point defects and vacancies. At the same time, an increase in
irradiation fluence from 5 x 103 ion/cm? to 10**ion/cm?, according to
estimates given in the monograph [46], can lead to an increase in
defective regions overlapping degree up to 100-1000 times. At the same
time, according to Ref. [47] for ions with energies of more than 50 MeV,
the predominance of electronic losses in the interaction of incident ions
with a substance leads to the occurrence of local ionization, which
causes further radiation damage. At the same time, as is known, the
oxygen binding energy in the structure of ZrO, ceramic is much less than
the zirconium binding energy, as a result of which the mobility of oxy-
gen ions is much higher than that of zirconium ions, which leads to the
formation of a large number of oxygen vacancies. Knocked out oxygen
ions can migrate along the crystal lattice, and slow-moving zirconium
ions can form additional defects, attaching electrons to themselves,
thereby forming the nanoscale inclusions mentioned in works [43-45].

Such a similar behavior of the change in transmission value in the
case of heavy ions is due to the fact that during irradiation, the energy
losses of incident particles during elastic and inelastic interactions are
several orders of magnitude higher than during low-energy irradiation,
as a result of collisions, as well as primarily knocked out atoms in this
case are much greater than during low-energy irradiation. It is worth to
note that during high-energy irradiation, the interactions of incident
ions with electron shells play an important role, which lead to the for-
mation of a large number of knocked out electrons and, consequently,
there is a change in the electron density near trajectories of ions in the
material. In contrast to metals, for which relaxation processes play a
significant role and after irradiation, most of the knocked out electrons
return to their original positions, thereby compensating for changes in
the electron density, for dielectrics such a process is extremely difficult,
which can lead to the formation of regions with depleted or over-
saturated electrons. The formation of such areas can lead to a change in
the band gap, the results of which are shown in Fig. 2.

The general appearance of the band gap changes is related to the
displacement of the fundamental absorption edge into the low energy
region, which indicates a change in electron density and the formation
of additional defects leading to absorption. Based on the obtained Tauc
plots, the band gap and refractive index were determined, the data of
which are shown in Table 1.

The determination of the band gap value was carried out using for-
mula (1):

a=A(w—E,)", €8]

where A is a constant and hv is the photon energy.
The refractive index was determined using the following formula (2):
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Fig. 2. Tauc plots a) 165 MeV; b) 200 MeV; c) 230 MeV.

Data on changes in the values of the band gap and refractive index depending on

the radiation dose.

nature of linearity indicates the rate of increase in the concentration of
defects and absorbing centers in the irradiated material. Fig. 3a shows
the results of change in absorbance depending on the energy of incident
ions and irradiation fluence.

As can be seen from the data presented, the obtained dependences of
the change in the optical density have are in good agreement with the
previously obtained data of linear dependences for irradiated materials.
At the same time, an increase in the energy of incident ions from 165
MeV to 200 MeV does not affect the slope of the optical density change
line, while irradiation with ions with an energy of 230 MeV leads to a
sharp increase in the angle of inclination of the line, which indicates an
increase in the defect formation rate in the irradiated material. In turn,

Fluence, ion/cm? Band gap, eV
Initial 165 MeV 200 MeV 230 MeV
103 2.85 2.74 2.68 2.63
5 x 1013 2.62 2.54 2.46
10™ 2.55 2.47 2.34
Fluence, ion/cm? Refractive index
Initial 165 MeV 200 MeV 230 MeV
10'3 2.44 2.47 2.49 2.50
5 x 10'3 2.51 2.53 2.56
101 2.53 2.56 2.60
{(nrzifziaal)z _ IJ %
L | £ (2)
[(nnplua/)z + 2] 20

where E, is the band gap.a = A(hv — Eg)l/z7

According to the obtained data, the largest changes in the band gap
and refractive index are observed at large fluences and at maximum
energies of incident ions. As mentioned above, such changes may be
associated with changes in the optical density of the ceramics, the
changes of which are directly dependent on radiation damage concen-
tration and irradiation density. The formation of overlapping regions of
damaged areas that occur along the ions movement trajectory in the
material leads to the appearance of regions with an anisotropic distri-
bution of electrons. At the same time, an increase in the energy of
incident ions and the irradiation fluence leads to both an increase in the
overlapping degree and an increase in the electron density distribution
anisotropy. As previously shown, for dielectric materials, including
polymers and ceramics, high-dose irradiation leads to the formation of
crystal and electron anisotropy in the structure, which are expressed in a
change in the diffraction maxima intensity with a circular scan of ¢ =
0-360° [48,49], as well as the appearance of additional induced ab-
sorption bands, indicating a change in the electron density in the ma-
terial [50]. Also, changes in the electron density can be associated with
induced phase transformations of the t-ZrO; — c¢-ZrO; type in the
structure of ZrO, ceramic under the action of irradiation with heavy ions
[43].

An increase in the refractive index, in turn, characterizes an increase
in the optical density, which is due to the formation of additional
absorbing centers in the near-surface irradiated layer. As a rule, in di-
electrics, the change in optical density (absorbance) depending on the
irradiation fluence is characterized by a linear dependence, and the

an increase in optical density indicates an increase in the concentration
of absorbing centers arising from irradiation. Applying a known
expression that binds the optical density with the depth of radiation
damage caused by irradiation and subsequent formation of defects, the
dependence of change in depth of the lower concentration of optical
defects caused by irradiation from the radiation dose and the energy of
incident ions was constructed. The results of the constructions are pre-
sented in Fig. 3b, according to which it can be seen that an increase in
both the irradiation fluence and the energy of the incident ions leads to
an increase in the thickness of the damaged layer with accumulated
defects. An increase in optical density, as well as a layer depth with a
modified optical density, can be due not only to radiation damage
caused by the ionization processes and the subsequent formation of
point and vacancy defects, but also to the formation of additional defects
capable of forming additional absorbing centers. The formation of such
centers can be associated both with the formed oxygen vacancies, as a
result of knocked out oxygen from the crystal lattice nodes, and the
formation of T-defects (zirconium ion + electron) arising from the
breaking of chemical and crystalline bonds. In turn, the knocked out
oxygen ions migrating to the surface create a large number of oxygen
vacancies in the structure, and also create a positive charge gradient in
the irradiated layer, which is compensated by the knocked out electrons.
The charge compensation leads to the filling of a part of the energy levels
in the band gap, which leads to its decrease. In this case, the formed T-
defects will accumulate near the bottom of the conduction band due to
the 4d-states of Zr, which form the valence band.

Fig. 4 shows the results of determining changes in the induced ab-
sorption value, which was calculated by logarithm of the ratio of
transmission spectra of ceramics in the initial and irradiated state. The
difference spectrum in the energy representation reflects the formation
of additional absorption bands in ceramics with a maximum of 2.4-2.45
eV, which corresponds to the formation energy of T-defects.

As can be seen from the data presented, an increase in the radiation
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dose leads to an increase in the induced absorption band intensity,
which indicates an increase in the concentration of formed defects. At
the same time, an increase in the ion energy to 200 and 230 MeV leads to
the formation of double maxima, which indicates the formation of
additional C-type defects associated with the formation of zirconium
ions with two oxygen vacancies nearby. Evaluation of the induced

absorption spectra maximum values (see Fig. 5) indicates that an in-
crease in the energy of incident ions from 200 to 230 MeV at irradiation
doses of 10'%-5x10'% ion/cm? leads to an insignificant increase in the
concentration of induced defects, as compared to a similar value ob-
tained from the analysis of the induced absorption spectra intensity of
samples irradiated with an ion energy of 165 MeV.
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The dependences of change in transmission spectra shown in Fig. 6,
grouped depending on the energy of incident ions at the same irradiation
fluence, indicate that an increase in the energy of incident ions by an
amount of 30-35 MeV leads to significant differences in the change in
transmittance at doses of 10'3-5x10'2 jon/cm?, which range from 1.2 to
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7-12% depending on the ion energy, while for samples irradiated at a
fluence of 10'* ion/cm?, the average decrease in transmittance is 10%
with an increase in the energy of ions. Such differences may be due to a
change in the probability of overlapping defective regions, which for
fluence 103-5x10'% ion/cm? is 10-50 times the overlap, according to
estimates [46], and has a pronounced dependence on the radii of these
regions. According to estimates from earlier studies, the radius of this
region can vary from 3 to 10 nm depending on the energy of the incident
particles. At the same time, the radius of the region with the changed
electron density, according to some estimates, can significantly exceed
these dimensions, depending on the energy of the particles [51]. While
for irradiation fluence of 10** ion/cm?, this value is much larger, and
thus the dependence on the radius of the damaged area becomes not as
significant as for small fluences.

4. Conclusion

The paper presents the results of a study of the effect of Xe?>" heavy
ion irradiation on the optical properties of ZrO, ceramic. The study of
optical characteristics was carried out using the UV-Vis spectroscopy,
which allows assessing with high accuracy the change in transmission,
band gap, refractive index and induced absorption without destroying
the samples. The obtained dependences of changes in optical properties
of ZrO, ceramic characterize the effect of radiation damage in a wide
energy and dose range. During the studies, it was found that an increase
in the energy of incident ions by 30-35 MeV leads to significant
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Fig. 6. UV-Vis transmission spectra of ZrO, ceramics before and after irradiation with heavy Xe®?* ions, depending on the energy of incident particles (the spectra

are grouped by dose): a) 10'3 ion/cmz; b) 5 x 10'3 ion/cmz; ¢) 10'* ion/cm.2.
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differences in the transmission value change at doses of 10!3-5x10'3
ion/cm?, which vary from 1.2 to 7-12% depending on the ion energy,
while for the samples irradiated at a fluence of 10'* ion/cm?, the
average decrease in the transmittance is 10% with an increase in the ion
energy.

The established dose and energy dependences of the induced ab-
sorption bands formation, as well as changes in the band gap and
transmission, made it possible to estimate the change in the electron and
optical density of ceramics before and after irradiation.

In the future, dependences obtained can serve to expand the funda-
mental knowledge about the dynamics of radiation damage in ZrO,
ceramic, and can also be used as a basis for determination of the service
life of these ceramics as optoelectronic devices exposed to radiation
effects comparable in energy to uranium fission fragments.
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