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Abstract
Thin films of yttria-stabilized zirconia (YSZ) were synthesized using spin coating technique on glass substrates with various 
concentration of yttria. The films were irradiated with Li3+ ions of energy 50 MeV and fluence values of 1 × 1011, 5 × 1012 
and 5 × 1013 ions/cm2. The results obtained for the irradiated films are compared with the pristine sample. X-ray diffraction 
(XRD) was employed to confirm the structural phase and investigate the variation in crystallinity of irradiated thin films. 
X-ray diffraction analysis confirmed that the higher yttria concentrations corresponded to decrease in crystallinity in the 
zirconia, corroborated by calculated crystallite sizes. Interestingly, no phase formation was observed in sample YSZ (8%), 
highlighting the necessity of elevated annealing temperatures for phase formation, particularly at higher yttria concentra-
tions. Significantly, the structural information was validated through Raman spectroscopy which revealed the decrease in 
the monoclinic phase with increasing yttria doping. The optical band gap of Zirconia increased with higher yttria doping 
concentration, resulting in a range of band gap from 4.11 eV to 4.15 eV. The exposure of YSZ thin films to Li3+ ions with an 
energy of 50 MeV unveiled impacts of ion fluence. Lower fluence levels resulted in observable damage to crystallinity when 
contrasted with pristine YSZ samples, as manifested by the broadening of diffraction peaks. At moderate fluence levels, a 
decrease in crystallinity damage was noted, nonetheless, at higher fluence levels, the damage intensified once more. The ion 
irradiation of YSZ (8%) resulted in the emergence and growth of crystalline phases.
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Introduction

Zirconia is a material that exists in the monoclinic phase at 
room temperature.1,2 The monoclinic phase features a dis-
torted fluorite structure with lattice parameters a = 514.6 pm, 
b = 521.3 pm, c = 531.1 pm, and ß = 99.2°.3 It undergoes a 
phase transition from monoclinic to tetragonal and then 
from tetragonal to cubic at elevated temperatures.4 Among 
these phases, cubic zirconia is considered the most stable 

state, with a lattice parameter of a = 509 pm. In general, 
the stability of cubic zirconia at room temperature can be 
achieved through doping with trivalent ions (Y3+) or divalent 
ions (Ca2+, Mg2+), which function as stabilizers.5,6 Among 
the mentioned stabilizers, Yttria-stabilized zirconia (YSZ) 
has been extensively researched both theoretically and 
experimentally because of its broad range of physical and 
chemical applications.7–12 The Yttria stabilized zirconia is 
extensively utilized in various applications such as oxygen 
gas sensors where it serves as a sensing layer, as well as in 
thermal barrier coatings.13–16 Additionally, it finds usage in 
solid oxide fuel cells, predominantly functioning as solid 
electrolytes.17,18 Moreover, it is regarded as a promising 
material for hosting nuclear reactors.19 In addition to these 
chemical methods of phase transformation and stabilization, 
ion beam irradiation is a prominent technique for inducing 
similar physical changes in the material's structure in a con-
trolled manner.3,12,20–22
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The fundamental applications of ion beams in materi-
als science, encompassing both material modification and 
characterization, are driven by the interaction of energetic 
ions with matter. During its passage through a target mate-
rial, an energetic incident ion continuously dissipates its 
energy through both elastic interactions as nuclear energy 
losses (Sn) and inelastic interactions as electronic energy 
losses (Se) with the atoms of the material.23 The mecha-
nisms of nuclear and electronic energy losses are fundamen-
tally distinct. Nuclear energy loss (Sn) predominates at low 
energies, around the keV range, leading to the creation of 
atomic-sized point defects, collision cascades with nuclei, 
and clusters of defects. In contrast, electronic energy loss 
(Se) becomes dominant at high energies, in the MeV to GeV 
range.23,24 The modifications induced are explained by the 
Thermal Spike and Coulomb Explosion models.25,26 Numer-
ous studies have documented the alterations in the physical 
and chemical properties of YSZ with low energy and high 
energy ion beam irradiation.27–33 Ramola et al. observed 
that 120 MeV Ag9+ ion irradiation induces a phase trans-
formation in pure zirconia from monoclinic to tetragonal, 
additionally, a transformation from the tetragonal phase to 
the cubic phase was observed in partially stabilized zirconia 
doped with yttria.30 Parveen et al. investigated the impact 
of grain size and environmental temperature on radiation 
resistance. Their findings indicate that higher environmental 
temperatures contribute to enhanced radiation resistance.27 
The improvements in both mechanical properties and irradi-
ation resistance were observed in CNTs/YSZ and graphene/
YSZ nanocomposites.34 Costantini et al. irradiated YSZ with 
electron energies ranging from 0.8 MeV to 2.5 MeV, not-
ing that the dependence on electron energy leads to oxygen 
and zirconium vacancies.35 Nanocrystalline ceramics exhibit 
greater radiation resistance compared to bulk materials due 
to the presence of a large volume fraction of grain bounda-
ries and shorter diffusion distances.21,36 The total volume 
of occupied grain boundaries in polycrystalline materials 
is dependent on the grain size, with an inverse relationship 
between the volume fraction of grain boundaries and the 
grain size.21,37 Previous studies on the irradiation effects of 
nanocrystalline ZrO2 and YSZ are subject to considerable 
disputed.28,38–41 Additionally, in our research, we conducted 
irradiation experiments on Yttria-Stabilized Zirconia (YSZ) 
using lithium ions (Li3+) having energy 50 MeV, investi-
gating the influence of both Yttria concentration and ion 
fluence., while numerous studies have explored the effects 
of various energetic ion irradiations on yttria-stabilized zir-
conia, some for low energy ion irradiation where nuclear 
energy losses dominant and some for high energy irradiation 
where electronic energy losses dominant.27,28,31,40,42–44 To 
the best of our knowledge, the impact of lithium ions with 
50 MeV has yet to be investigated. Additionally, although 
there is extensive research on the fluence effect on fully 

stabilized YSZ, there is a notable scarcity of studies exam-
ining the effects of different concentrations of yttria.30,45 
Hence, it's crucial to explore how the structure and optical 
characteristics of the material respond under intense irra-
diation. This investigation holds significant implications for 
the practical utilization of YSZ, especially in demanding 
environments like space exploration, nuclear industries, and 
radiation zones.10,46,47

Experimental Details

The precursors utilized for synthesis of YSZ included 
ZrO(NO3)2·xH2O (zirconium nitrate hydrate) and 
(YNO3)3.6H2O (yttrium nitrate hexahydrate). Additionally, 
citric acid was used to facilitate gel formation. Pure zir-
conia, along with yttria-doped zirconia at concentrations 
of 4 mol.% and 8 mol.%, were synthesized using vary-
ing weights of precursors and the synthesized samples are 
named as YSZ (0%), YSZ (4%) and YSZ (8%) respectively. 
To begin, separate solutions were created for each pre-
cursor. ZrO(NO3)2·xH2O was dissolved in water to obtain 
the zirconia precursor solution, while (YNO3)3·6H2O was 
dissolved in water to form the yttrium precursor solution. 
Simultaneously, a solution of citric acid was prepared by 
dissolving it in water. In the subsequent step, the yttrium 
solution was gradually added drop wise into the zirco-
nia solution while stirring the mixture continuously. This 
controlled addition allowed for the proper incorporation 
of yttrium into the zirconia matrix, which is essential for 
yttria stabilization. To facilitate the formation of a gel-like 
structure, the citric acid solution was introduced into the 
yttria-stabilized zirconia mixture while stirring at a con-
trolled temperature of 60°C. The resulting solution was 
then stirred at 60°C for a duration of 30 min to ensure 
homogenization and the formation of a uniform gel. The 
gel was then subjected to a drying process by gradually 
raising the temperature to 100°C, causing the water within 
the gel to vaporize. Once a uniform gel was obtained, the 
heat source was removed, signifying the completion of 
the drying process. The prepared gel was subsequently 
utilized for the deposition of thin films using the spin 
coater (SpinNXG-P1A). A glass substrate was selected 
as the substrate, onto which the gel was dispensed at the 
center while the glass substrate was securely mounted on 
the spin coater chuck. The optimal condition for achieving 
a uniform and smooth film was determined to be 3000 rpm 
(rotations per minute) for duration of 1 min. Following the 
above procedure, the samples were annealed at 500°C for 
4 h in a furnace to achieve the desired structural phase for-
mation. These pristine samples were characterized using 
x-ray diffraction (Rigaku Miniflex), Raman spectroscopy 
and UV–visible spectroscopy. The samples underwent 
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irradiation with high energy at three distinct fluence lev-
els to investigate the dominant electronic energy loss in 
YSZ material. The samples underwent irradiation by Li3+ 
ions with an energy of 50 MeV at the Inter-university 
Accelerator Centre (IUAC) in New Delhi. In this study, 
we investigated the effect of three distinct fluence levels: 
1 × 1011 ions/cm2 (low fluence), 5 × 1012 ions/cm2 (medium 
fluence), and 5 × 1013 ions/cm2 (high fluence) on the syn-
thesized YSZ thin films. Subsequently, the irradiated sam-
ple was subjected to characterization using x-ray diffrac-
tion, Raman spectroscopy, and UV–visible spectroscopy. 
The obtained results were then compared with those of the 
pristine sample.

Results and Discussion

Characterization of Pristine YSZ

X‑ray Diffraction

X-ray diffraction spectra were obtained for pristine 
YSZ (0%), YSZ (4%), and YSZ (8%), within a 2θ value 
range of 20° to 80°. The peak positions for (111), (200), 
(220), and (311) were observed at 30.94°, 35.5°, 51.12°, 
and 60.4° respectively. X-ray diffraction spectra were 
obtained for pristine pure zirconia, YSZ (4%) and YSZ 
(8%) are depicted in Fig. 1. The peak positions observed 
in the spectra confirmed the presence of the tetragonal 
phase (JCPDS-80-0965), also compared with reported 
results.28,30,48 The average crystallite size (D) of YSZ 

samples was determined employing the Debye–Scherrer 
equation:

where k represents the shape factor (assumed as 0.9 
for spherical particles), λ denotes the x-ray wavelength 
(1.5406 Å), β signifies the full width at half maximum 
(FWHM) value of the diffraction peak (in radians), and θ 
stands for the Bragg angle.49 The crystallite size of (111) 
peak was calculated to be 10.22  nm for pure Zirconia, 
6.41 nm for YSZ (4%), and no phase formation was observed 
for YSZ (8%). Additionally, a decrease in crystallinity was 
observed as the concentration of yttria increased in the zir-
conia. A increment in FWHM is observed with an increase 
in yttria concentration. Since crystallinity is inversely 
related to FWHM, this indicates that crystallinity decreases 
for higher yttria concentration. Additionally, the crystallite 
size measurements confirm the nanocrystalline structure of 
YSZ. These findings suggest that higher concentrations of 
yttria necessitate elevated annealing temperatures for phase 
formation.

Raman Spectroscopy

The XRD analysis successfully confirmed the phase for pure 
Zirconia and 4% YSZ, but was unable to confirm the phase 
for YSZ (8%) likely due to inadequate annealing tempera-
ture. To ascertain the phase of YSZ (8%), Raman spectros-
copy was employed. Zirconia demonstrates various symme-
tries in its crystal structure. In the monoclinic symmetry, 
each unit cell contains four molecules, exhibiting eighteen 
Raman active modes. This characteristic is clearly observed 
in the Raman spectra of YSZ (0%), conversely, zirconia's 
tetragonal symmetry configuration comprises two molecules 
within each unit cell, resulting in six Raman active modes. 
This pattern is consistent across doped spectra, except for 
pure Zirconia as shown in Fig. 2 and justified with other 
significant reported results.31 The formation of B1g and Eg 
bonds are presented in Fig. 2. From this, it is concluded that 
YSZ (0%) contains both tetragonal and monoclinic phases, 
whereas doped Zirconia only contains the tetragonal phase. 
Further, with increasing the doping concentration, the num-
ber of peaks are decreased which is similarly justified using 
the XRD results.

UV–Visible Spectroscopy

UV–visible spectroscopy was utilized to investigate the opti-
cal properties of YSZ thin films deposited at varying concen-
trations of Yttria in Zirconia, namely YSZ (0%), YSZ (4%), 
YSZ (8%). The films were assessed in the UV–visible range 

D =

k�

� cos �

Fig. 1   X-ray diffraction spectra of pristine YSZ with different con-
centration of Yttria
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to analyze their absorption characteristics as shown in Fig. 3. 
Absorbance spectra were recorded across the UV to visible 
light wavelengths to examine how film thickness and YSZ 
concentration influence their optical behavior as observed 
in previous literature.50 Typically, oxides exhibit absorbance 
curves rather than sharp peaks. These absorbance curves 
serve as a basis for determining the optical band gap of the 
material. In our study, we utilized UV–visible spectroscopy 
to plot the absorbance curve of YSZ. The optical band gap 
was then calculated through the Tauc’s plot analysis of the 
absorbance curve. This analysis not only determines the 
band gap but also provides insights into whether the band 
structure is direct or indirect. In our investigation, the band 

gap of YSZ falls within the range of 4.11 to 4.15, as deter-
mined by the Tauc’s plot analysis.51 It was observed that the 
band gap of Zirconia increased with higher yttria doping 
percentages as shown in Fig. 4. The variation in band gap 
value differs slightly due to change in the crystallite size of 
the same samples.

Result and Discussion for Irradiated YSZ 
and Comparison with Pristine

X‑ray Diffraction

The thin films of YSZ were irradiated with Li3+ ions at an 
energy of 50 MeV. The three different low, medium and 
high fluence were applied having values 1 × 1011 ions/cm2, 
5 × 1012 ions/cm2 and 5 × 1013 ions/cm2 respectively dur-
ing the irradiation process. The XRD characterization was 
performed to analyze the structural changes induced by ion 
irradiation. The results were compared with pristine YSZ 
samples to assess the extent of change in crystallinity other 
parameters.48 The XRD analysis revealed notable effects 
of ion fluence on pure Zirconia or YSZ (0%). At low ion 
fluence levels, there was a damage to crystallinity in com-
parison to pristine YSZ samples. This damage manifested as 
broadening of diffraction peaks. As the ion fluence increased 
to medium levels, there was a reduction in crystallinity dam-
age, suggesting potential annealing or recovery effects. How-
ever, at higher fluence levels, the damage to crystallinity 
intensified once again, indicating saturation or surpassing 
of recovery mechanisms. The slight variation is observed in 
intensity of the peaks with increasing the fluence as com-
pared with the pristine sample, as presented in Fig. 5. It is 

Fig. 2   Raman spectra of YSZ with three different concentrations of 
Yttria doping.

Fig. 3   UV Visible spectra of absorbance with wavelength for various 
concentration of Yttria in Zirconia.

Fig. 4   Tauc’s plot of YSZ to determine the direct band gap values at 
different concentration of yttria.
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observed that the diffraction peaks (111), (200), (220) and 
(311) which confirm the presence of tetragonal structure.

Again, at low ion fluence levels, there was noticeable 
crystallinity damage compared to pristine YSZ (4%) sam-
ples. As the ion fluence increased to medium levels, a reduc-
tion in crystallinity damage was observed. However, with 
further escalation of ion fluence, the damage to crystallinity 
intensified once again. The crystallinity damage in YSZ (4%) 
with an initial decrease followed by an increase in damage 
with increasing fluence. As shown in Fig. 6, it is observed 
that the intensity of the peaks increased and sharpen with 
increasing ion fluence as compared to the pristine YSZ 
(4%). It is resulted that the crystallinity is improved with 

improvement in peak intensity. Similarly, in ion irradiation 
of YSZ (8%), there was an evident emergence and growth 
of crystalline phases as shown in Fig. 7. However, as the 
ion fluence increased to high ion fluence, there was notable 
damage in crystallinity compared to the medium ion fluence 
condition. This observation indicates a correlation between 
ion fluence and the emergence, growth, and subsequent 
damage of crystalline phases in YSZ (8%). The intensity 
of the peaks is increased up to the fluence of 5 × 1012 ions/
cm2 and further decreased at higher fluence. The obtained 
results revealed that the significant change is observed in 
structural properties under the effect of ion irradiation at dif-
ferent fluence. The FWHM of the (111) peak was measured 
to be 0.84° for the pristine sample, 0.89° for the low fluence 
sample, 0.87° for the medium fluence sample, and 0.88° for 
the high fluence sample for YSZ(0%). Correspondingly, the 
crystallite sizes were determined to be 10.22 nm for pristine, 
9.68 nm for low fluence, 9.9 nm for medium fluence, and 
9.79 nm for high fluence. For YSZ (4%), the FWHM of the 
(111) peak is measured as follows: 1.343° for the pristine 
sample, 1.35° for low fluence, 1.3° for medium fluence, and 
1.33° for high fluence. The corresponding crystallite sizes 
are 6.41 nm for the pristine sample, 6.38 nm for low fluence, 
6.63 nm for medium fluence, and 6.48 nm for high fluence. 
For YSZ (8%), the FWHM of the (111) peak was observed 
to be 3.22° for low fluence, 1.48° for medium fluence, and 
1.57° for high fluence, correspondingly, the crystallite sizes 
were determined to be 2.69 nm, 5.82 nm, and 5.49 nm for 
low, medium, and high fluences, respectively. The variation 
in FWHM of peak (111) with fluence is shown in Fig. 8.

X-ray diffraction analysis of YSZ (0%), and YSZ 
(4%) confirm the presence of the tetragonal phase. Nota-
bly, an inverse relationship was observed between yttria 

Fig. 5   X-ray diffraction spectra of YSZ (0%) and irradiated samples 
with different fluence.

Fig. 6   X-ray diffraction spectra of YSZ (4%) and irradiated samples 
with different fluence.

Fig. 7   X-ray diffraction spectra of YSZ (8%) and irradiated samples 
with different fluence.
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concentration and crystallinity, with higher yttria concentra-
tions leading to decreased crystallinity in the zirconia. The 
calculated average crystallite sizes corroborated this trend, 
with pure Zirconia exhibiting the largest crystallite size, 
followed by YSZ (4%) with a smaller size, and no observ-
able phase formation in YSZ (8%). These results under-
score the importance of elevated annealing temperatures 
for phase formation, particularly at higher yttria concentra-
tions. To address the phase of YSZ (8%), Raman spectra 
were employed, revealing insights into the crystal structure 
of Zirconia. The Raman spectra of YSZ suggests that YSZ 
(0%) contains both tetragonal and monoclinic phases, while 
doped Zirconia predominantly consists of the tetragonal 
phase. The band gap of Zirconia increased with higher yttria 
doping percentages. This resulted in a range of band gap val-
ues spanning from 4.11 eV to 4.15 eV. Zirconia undergoes 
phase transitions from monoclinic to tetragonal and then to 
cubic as the temperature increases. At room temperature, 
zirconia is naturally in the monoclinic phase. Although the 
cubic phase is considered the most stable and desirable for 
many applications, it is not typically present at room tem-
perature. However, doping with yttria allows the stabiliza-
tion of the cubic phase at room temperature. Typically, a 
4% molar concentration of yttria transforms the monoclinic 
phase of zirconia into the tetragonal phase, resulting in par-
tially stabilized YSZ. In contrast, an 8% molar concentration 
of yttria converts the monoclinic phase of zirconia into the 
cubic phase, producing fully stabilized YSZ. In this work, 
we successfully achieved this stable phase, demonstrating 
significant radiation tolerance in the material. Typically, 
bulk YSZ is found in the monoclinic phase at room tempera-
ture. However, Kalita et al.[48] observed that pure zirconia 
thin films exhibit a stable phase.33 The same stable phase 

was observed in the XRD spectra of YSZ (0%) thin film. 
Furthermore, the reduction in peak intensity was noticed 
with increasing yttria concentration. This reduction is likely 
due to the higher annealing temperatures required for higher 
yttria concentrations. This observation is supported by irra-
diation experiments on the YSZ (8%) thin film. The expo-
sure of YSZ thin films to Li3+ ions at an energy of 50 MeV 
unveiled impacts of ion fluence. Post-irradiation, the crystal-
linity of this film increased, indicating that the higher yttria 
concentration required higher annealing temperatures to 
achieve optimal crystallinity. Lower fluence levels resulted 
in observable damage to crystallinity when contrasted with 
pristine YSZ samples, as manifested by the broadening of 
diffraction peaks. At moderate fluence levels, a decrease in 
crystallinity damage was noted, suggesting potential anneal-
ing or recovery effects. Nonetheless, at higher fluence levels, 
the damage intensified once more. The ion irradiation of 
YSZ (8%) resulted in the emergence and growth of crystal-
line phases. However, as the ion fluence increased to high 
levels, significant damage to crystallinity was observed com-
pared to the medium ion fluence condition.

Conclusion

X-ray diffraction analysis revealed the tetragonal phase in 
YSZ (0%) and YSZ (4%), with higher yttria concentrations 
correlating to decreased crystallinity. Raman spectra indi-
cated that YSZ (0%) contains both tetragonal and monoclinic 
phases, while doped Zirconia predominantly consists of the 
tetragonal phase. The band gap of Zirconia increased with 
higher yttria doping percentages ranging from 4.11 eV to 
4.15 eV. Exposure to Li3+ ions at 50 MeV showed fluence-
dependent damage to crystallinity, ion fluence impacts were 
evident, with lower fluence levels causing crystallinity dam-
age, but damage decrease at medium fluence and again high 
fluence intensifying damage. Ion irradiation of YSZ (8%) 
led to crystalline phase emergence, but high fluence lev-
els resulted in significant crystallinity damage compared to 
moderate levels.
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