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In situ transmission electron microscopy (TEM) observations were performed on yttria-stabilized zirconia
during caesium (Cs) ion implantation at room temperature. Apparition of defect clusters is observed. The
concentration of the latter increased with the Cs ion fluence. Until the higher fluence (2 � 1016 cm�2),
nothing else was observed except the overlapping of these defect clusters. At the higher fluence, Cs ion
implanted thin sample was annealed between 600 and 1200 K. Only the recrystallization of cubic zirconia
occurs during annealing; no other compounds were formed. The TEM results are compared to previous
results obtained from Rutherford backscattering and channelling ion beam analysis techniques.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Yttria-stabilized zirconia (YSZ) has potential uses as an inert
matrix for plutonium utilisation and minor actinides disposition
in nuclear reactors [1]. Indeed previous studies have shown that
cubic YSZ is highly radiation resistant [2]. The most important
radiotoxic elements resulting of the fission of actinides are 137Cs
and 90Sr, which have half-lives up to 30 years. It has been shown
that the damage produced by these fission products can be simu-
lated experimentally by external ion irradiation [3].

One of the main questions concerns the nature of defects cre-
ated in YSZ by low-energy ion irradiation. In the case of Xe ions,
no amorphization have been observed in the YSZ matrix up to a le-
vel damage of 49 dpa, and a network of dislocations is present [4].
In the case of Sr, there was also no amorphization observed at a
damage level of 200 dpa, but a layer of SrZrO3 precipitates was
found after the annealing of Sr ion implanted YSZ crystals [5,6].
In contrast, no precipitates were observed for Cs irradiation [6,8–
11], in disagreement with thermodynamic modelling which pre-
dicts the formation of Cs2ZrO3 [7]. Only disordered areas and amor-
phization at high fluence have been found [8–10]; however, the
amorphization level observed is not the same, it is higher from
EPR experiments (P 5 � 1016 cm�2) [10] and transmission electron
microscopy (TEM) (P1017 cm�2) [6,8] than from Rutherford back-
scattering and channelling (RBS/C) ones (P2 � 1016 cm�2) [9]. It
has been also shown that Cs ion implantation in YSZ performed
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at 750 �C leads to the formation of dislocation loops [11], and that
Cs is still present in the sample (the concentration of implanted Cs
is below the solubility limit of 1.5 at.% of Cs in YSZ).

In the present work, we have studied the caesium behaviour in
YSZ by in situ TEM to determine the microstructure after low-
energy ion irradiation. Our study has been especially focused (i)
on the evolution as a function of the fluence of the defects created
by Cs ion implantation at room temperature and (ii) in a second
part, post-annealing of the YSZ implanted at the highest Cs fluence
studied was then performed, in order to study the ability of YSZ to
confine radiotoxic elements such as Cs. The results are compared
with those obtained previously by RBS/C techniques.

2. Experimental

Single crystals (h100i orientation) of fully stabilized zirconia
containing 9.5 mol% Y2O3 were used in the present study. Crystals
were cut into plates to obtain TEM disc-specimen with a diameter
of 3 mm and a thickness of 0.14 mm. Electron transparent speci-
mens were prepared by dimpling and chemical thinning. Ion milling
tests were done but a deformation of the thin sample was observed
at low irradiation fluence, which worsens at higher fluence. These
results convinced us to use chemical thinning, which has several
advantages: (i) no potential artefacts due to defects induced by
ion milling and (ii) a better resistance of the film to irradiation. A
thin carbon layer (�0.7 nm) was deposited on the surface of the
specimen to avoid charging effects during TEM experiments.

The Cs behaviour in YSZ was studied in situ with a Philips
CM12 transmission electron microscope (120 kV) on-line with an
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ion-implanter [12]. This facility was available at CSNSM in Orsay,
from 1980 to 2004. It is now updated through JANNuS (Joint Accel-
erators for Nanoscience, Nuclear and Simulation) facilities [13].
TEM samples were implanted at room temperature in situ in the
microscope with increasing fluences of Cs+ ions between 1014

and 1016 cm�2. The samples were tilted to about 7� with respect
to the incident ion beam, in order to minimize ion channelling ef-
fects during the implantation. Low implantation currents, about
4 � 1012 cm�2 s�1, were used in order to avoid any temperature
rise of the sample during implantation. With an ion energy of
70 keV, the projected range is about �20 nm below the free surface
[14], which causes the defects associated with Cs to be formed
mainly near the ion-entrance surface (sample thickness typically
observed is �60–80 nm), i.e., at the electron-exit free surface. We
should also point out that the implantation and electron observa-
tions are not performed simultaneously but sequentially (see,
e.g., [15]); the sample was alternately tilted to the ion beam for
irradiation and to the electron beam for observation, as it is ex-
plained in details in [15]. Monte Carlo simulations with the SRIM
code [14], assuming a threshold displacement energy of 40 eV for
all elements, indicate that the number of dpa at the maximum of
the defect distribution is about 10% higher for the same Cs fluence
at 70 keV than at the energy used for RBS/C bulk samples
(300 keV). In a second study, implanted YSZ TEM samples contain-
ing 5.8 at.% of Cs were annealed in situ in the microscope during
20 min at temperatures between 500 and 1100 K.
Fig. 1. Dark-field TEM micrographs showing the damage evolution of YSZ single
crystals implanted at room temperature with 70 keV Cs ions at a fluence of (a)
2 � 1014 cm�2 (0.6 dpa); (b) 3 � 1014 cm�2 (0.9 dpa); (c) 1015 cm�2 (3.1 dpa); (d)
4 � 1015 cm�2 (12.2 dpa) and (e) 1016 cm�2 (30.5 dpa). Diffraction patterns are
shown in inset for each fluence. Since Cs ions were implanted from the direction
opposite to that in which electrons were incident, the diffuse rings appear around
diffracting spots in addition to the central spot.
3. Results and discussion

3.1. Damage induced by Cs ion implantation

Until 2 � 1014 cm�2, no extended defects (>1.5 nm) due to Cs
ion irradiation is observed (Fig. 1(a)). Starting at a fluence of 3 �
1014 cm�2 we note the apparition of small strained defect clusters
(6 5 nm) (Fig. 1(b)). Until the final fluence of 1016 cm�2, the den-
sity of defect nano-clusters increases with an overlap of defect
clusters above 1015 cm�2 (see Fig. 1(c)–(e)). Nano-clusters do not
have characteristic contrasts of dislocations loops (black-white)
situated near the free surface, but appear either full white, or full
black, depending on their position on the same thickness fringes.
This behaviour is typical of defect clusters, such as strained and
very disordered areas, without preferred orientation. This observa-
tion is in agreement with the apparition of a weak diffuse ring on
the diffraction pattern from a fluence of 3 � 1014 cm�2 whose
intensity increases with the fluence. Quantitative measurements
of amorphization rate could have been performed with calibrated
diffraction patterns of a same area and precise measurements of
the greyscale obtained. This study could not be done due to the
great difficulty to stay at the same place between each ion implan-
tation steps during in situ experiments. It is important to note that
relaxed amorphized zones could not really be observed by TEM
imaging; indeed multiple amorphous states (relaxed and strained
ones) have been previously observed in ion implanted Si and InP
[12,16]. Strained amorphous zones appear such as high contrasted
zones (white or black) due to the strain contrast, whereas a very
weak contrast (grey zones) is observed for the relaxed amorphous
zones. It has been also verified that no pronounced surface effects
are observed between TEM experiments performed on ion im-
planted thick and thin samples. In both case the damage created
by ion implantation is visible from the edge of the TEM foil over
the depth. No denuded zone appear near the edge (i.e., in very thin
parts, when the free surfaces are close), contrary to experiments in
which the free surface plays a significant role (see, e.g., the defects
induced in Si by self ion irradiation [17]). Since no surface effects
exist in TEM thin foils, and since RBS/C experiments have shown
no diffusion of the Cs in the sample [18], in situ TEM results can
be compared to RBS/C results performed on bulk samples.

In our previous RBS work [9,19] the amount of damage (f Zr
D )

created in the Zr sublattice of YSZ crystals by Cs irradiation was
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measured as a function of the Cs fluence by in situ RBS/C experi-
ments. A typical RBS/C spectrum registered in the h100i-axial
direction of a low-energy ion implanted single crystal displays a
classical peak, called damage peak. This peak comprises two con-
tributions: (i) the dechanneling fraction due to the distortion of
atomic rows and planes induced by ion irradiation and (ii) the di-
rect scattering contribution, whose distribution reflects the local
concentration and the depth profile of Zr atoms displaced from
their regular lattice positions by the bombarding Cs ions. The
parameter f Zr

D , also called damage level in the Zr sublattice, corre-
sponds thus to the fraction of the Zr atoms displaced from their
regular atomic positions. Fig. 2 shows the variation of the maxi-
mum of f Zr

D (taken at the maximum of the damage peak) versus
the number of displacement per atom of the target (dpa) induced
by Cs ion irradiation. More information on how these results were
obtained is given in Ref. [19]. This disordering kinetic exhibits
three stages: (i) a first plateau characterized by a very low damage
level at low dpa (i.e., low fluences); (ii) a sharp rise of f Zr

D at 3 dpa
and (iii) a slowly rising plateau above 4 dpa.

The first stage observed at low fluences in RBS/C experiments
corresponds to the formation of isolated defect clusters seen by
TEM, and the third stage observed at high fluences would corre-
spond to the overlap of defect clusters. Stage 2, characteristic of
the transition between these two stages, seems however to be
too sharp to be explained only by the percolation of defect clusters.
Thus the increase of the channelling yield occurring in stage 2
could be due to the combination of strains induced by the incorpo-
ration of Cs atoms in the crystalline structure and to the increase of
the defect cluster density. The percolation of defect clusters would
be enhanced by a collapse of the long-range order of the YSZ lat-
tice. The structure of YSZ during stage 3 could be thus described
by crystalline areas in a very disordered matrix.

At higher fluence (>1016 cm�2, i.e., >30 dpa), the amount of
damage created in the Zr sublattice measured by RBS/C is equal
to one [20], meaning that the used YSZ single crystals are amor-
Fig. 2. Highest damage level in the Zr sublattice (fD(Zr)max) as a function of the
number of dpa for YSZ single crystals implanted at room temperature with 300 keV
Cs ions (obtained from RBS/C experiments) [19]. The letters correspond to the
number of dpa for which the images of Fig. 1 have been taken.
phized. This is in agreement with our results, and this amorphiza-
tion at high fluence has been also observed by TEM in YSZ single
crystals implanted with 1017 cm�2 Cs ions at room temperature
[6,8].

Wang et al. [6,8] noted the presence of dislocation loops above a
fluence of 2 � 1016 cm�2 for 70 keV Cs ions in thin cubic zirconia
samples prepared by ion milling. This observation seems to be
not coherent with an amorphization occurring at 1017 cm�2 ob-
served by these authors [6,8] and confirmed recently by RBS mea-
surements at 2 � 1016 cm�2 [20]. Note that dislocation loops were
observed during implantation at high temperature (typically
>700 K) [11].

The mechanism of amorphization of YSZ after Cs ion implanta-
tion is not completely clear. For a tentative explanation we should
point out that:

(i) Cs precipitates are not formed, opposite to Sr ion implanta-
tion into YSZ [5,6]. In the latter, SrZrO3 precipitates were observed
after annealing without any amorphization. This result is attrib-
uted to the relatively small ionic size of Sr ions.

(ii) On the other hand, Cs is soluble in the YSZ matrix: up to
5.8 at.% has been measured in YSZ after a 1016 cm�2 Cs ion implan-
tation at room temperature, significantly above the thermody-
namic limit (1.5 at.% at 2000 K [7]). Since the radius of Cs atoms
(in the Cs+ oxidation state) is 1.65 Å, the substitution of a Zr atom
by a Cs one creates a large stress in its vicinity. It has been shown
that the stress relaxation may occur via the formation of a Cs-
vacancy complex (i.e., Cs atom surrounded by oxygen vacancies)
[21]. The fact that metastable system is created by ion implanta-
tion is well-known. It has been indeed previously shown that the
impurity solubility is increased by using ion implantation to incor-
porate the impurity [22].

(iii) Moreover, due to the Cs ionic size, the presence of Cs in the
matrix leads to a large strain in its vicinity [21], which could not
lead alone to amorphization of YSZ. In fact, noble gas ion irradia-
tion, such as Xe which has the same mass as Cs but which is elec-
tronically neutral (i.e., avoiding any chemical interaction with
matrix atoms), leads to the creation of damage in the YSZ matrix,
without any amorphization [4]. In case of Cs implantation, if we
consider the electronic configuration of Cs ion, this situation will
favor YSZ amorphization induced by Cs implantation. We can do
a parallel with amorphization of Pd induced by semiconductor
(e.g., Si) ion implantation [23].

It leads us thus to conclude that the electronic configuration of
the Cs+ ion plays an important role in the amorphization process of
YSZ matrix.

3.2. Annealing

In order to identify if any phases were formed upon Cs migra-
tion, in situ TEM experiments were performed during thermal
treatments on thin YSZ samples implanted at room temperature
with 1016 cm�2 Cs ions, which provides a Cs concentration of
5.8 at.% at the peak maximum. The temperature was raised step-
wise with 100 K intervals for half an hour from 500 to 1100 K.
Up to 600 K we do not observe any noticeable change of the diffuse
rings characteristic of the presence of very disordered areas
(Fig. 3(a)–(c)). At 700 K the decrease of the amorphous ring inten-
sity indicates a partial recrystallization which becomes significant
above 800 K. At this temperature we observe the apparition of new
spots randomly positioned on rings whose dhkl correspond to ZrO2

(Fig. 3(d)), in particular (111), (200), (220) and (311). Moreover
EDX experiments show significant decrease in Cs concentration
at 800 K. Thus recrystallization of ZrO2 occurs during annealing,
excluding any other phase precipitation. Polycrystallites where



Fig. 3. Diffraction pattern of YSZ single crystals implanted with 5.8 at.% of Cs ions (1016 cm�2, 70 keV) and annealed in situ in the microscope at the indicated temperatures. It
is important to note that diffuse rings around secondary spots are due to the fact that the disordered zones are situated near the electron-exit surface.
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imaged by means of dark fields taken on some dots taken on the
(111) ZrO2 dotted ring. Their average size is 6 nm. An increase of
the number of recrystallized areas is observed (Fig. 4(a) and (b))
and corresponds to the apparition of additional spots, and the dis-
appearance of diffuse rings.

A question arises from these results about the Cs presence in the
matrix YSZ. In order to better understand the evolution of Cs atoms
in that matrix and to monitor the Cs release, EDX experiments
were performed with the same 100 K annealing intervals of half
an hour from 500 to 1100 K on thin YSZ samples. EDX results,
which provide a value of the Cs concentration in thin YSZ samples
at each annealing step, are reported in Fig. 5. Measurements are
averaged over the whole thickness of the foil (40–80 nm), so the
Fig. 4. Dark-field TEM micrographs and selected area diffraction patterns of YSZ
sample implanted with 5.8 at.% Cs ions and annealed at (a) 700 and (b) 1000 K.
total amount of Cs over the depth is measured. Release of Cs is ob-
served at 800 K. At 1000 K the Cs concentration is stabilized around
2 at.%. For comparison, Fig. 5 also presents a summary of the re-
sults obtained by RBS on Cs-implanted YSZ bulk samples submit-
ted to thermal treatments [9,18]. It shows the variation of the Cs
concentration at the maximum of the distribution as a function
of the annealing temperature for various implantation fluences.
For crystals implanted at low atomic concentrations (below
1.5 at.%), no release of Cs atoms occurs up to the highest tempera-
ture investigated in this study. For crystals implanted at medium
(�5 at.%) and high (�8 at.%) atomic concentrations, release of Cs
atoms starts upon annealing at �800 K. The result is a decrease
in the Cs concentration down to a critical value of the order of
1.5 at.%. Furthermore, once the Cs concentration has dropped down
to the critical concentration, the Cs depth profile remains almost
unaffected up to the highest annealing temperature, revealing a
high stability of YSZ implanted at low atomic Cs concentration.
RBS experiments done in bulk samples show that release of Cs oc-
curs at 800 K in YSZ, which is in good agreement with EDX results
performed on thin samples. It shows again that there are no
surface effects between thin and bulk samples. In conclusion, Cs
is released from YSZ under annealing at 800 K and above, down
to a critical value of �1.5–2 at.%.
Fig. 5. Maximum Cs concentration vs. annealing temperatures for YSZ single
crystals implanted with Cs ions at various fluences of 5 � 1015 cm�2 (diamonds),
1016 cm�2 (circles), 3 � 1016 cm�2 (squares) and 5 � 1016 cm�2 (inverted triangles).
Open symbols: RBS results [18]; and filled triangles: TEM–EDX results.
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In summary, diffraction patterns (Figs. 1 and 3) do not show the
formation of a crystalline phase different from zirconia, neither
after implantation, nor after thermal treatments until the final
temperature studied. Indeed observed diffraction rings do not cor-
respond to any Cs compound and are similar to those observed for
the cubic structure of damaged zirconia. These results are not in
agreement with thermodynamic calculations carried out by
Pouchon et al. [7] on the Zr–Cs–O system, which suggest that
the formation of ternary phases (such as Cs2O–ZrO2 and Cs2ZrO3)
is possible between room temperature and 1170 K, with a solubil-
ity limit of 1.5 at.%. Nevertheless, if the size of Cs precipitates is
very small (i.e., lower than 2 nm), they would not be observed in
our experimental conditions.

In our case the solubility limit is increased, because Cs has been
incorporated into the YSZ matrix by using ion implantation (see
above). The Cs release is observed up to 900–1000 K along with a
Cs limit concentration around 1.5–2 at.% after annealing at high
temperature (cf. Fig. 5); it thus suggests that all the Cs is solid in-
side the matrix, and is released as a gas under annealing. Although
it is not completely coherent with the Cs solubility limit obtained
by thermodynamic calculations [7], we cannot exclude the possi-
bility that a part of Cs forms small precipitates, invisible in our
experimental conditions, and another part of gaseous Cs is released
outside the matrix, as we have observed it. We should also point
out that, during annealing, released Cs is gaseous, because a depos-
ited layer of Cs has been indeed observed in the microscope
excluding any more annealing experiment in the TEM up to 900–
1000 K. In fact it was impossible to continue annealing experiment
without adding Cs gas atoms in the vacuum of the microscope.

4. Conclusion

This study revealed the homogeneous apparition of defect clus-
ters in YSZ during Cs ion implantation at room temperature. The
number of strained and very disordered clusters (showing a high
contrast) increases with the Cs ion fluence. Until the higher fluence
studied, at room temperature, nothing else was observed except
the overlapping of defect clusters. No precipitates were observed
in any experimental conditions. The amorphization of YSZ is prob-
ably mainly induced by a ‘chemical’ effect due to the electronic
configuration of Cs. During annealing only the recrystallization of
cubic zirconia was seen; no other compounds were formed. In fact
Cs solubility in YSZ was enhanced by ion implantation and gaseous
Cs is released from the YSZ matrix during the thermal treatment. It
is useful to note that RBS/C and TEM experiments are complemen-
tary, because RBS/C technique allows quantifying the disorder rate
created by irradiation, whereas identification of defects was
performed by in situ TEM.
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