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Crystal defects and related stress in Y,0O3 thin films:

origin, modeling and consequence on the stability of the C-type structure

Bertrand Lacroix,* Fabien Paumier, and Rolly J. Gaboriaud

Institut Pprime, Département de Physique et de Mécanique des Matériauz, UPR 3346 CNRS - Université de Poitiers,

SP2MI, BP 30179, 86962 Futuroscope Chasseneuil Cedex, France
(Dated: February 25, 2011)

In the present work, we study the impact that the crystal defects have on the C-type structure of
rare earth sesquioxide thin films grown by Ion Beam Sputtering, through the example of Y2O3. By
monitoring the energy of the argon beam used in the sputter deposition process (between 600 and
1200 V), we show that it is possible to control the microstructure (defects concentration, stress state
and phase) in the oxide layer. Two main types of defects, ascribed to the ‘atomic peening effect’, are
evidenced by HRTEM, RBS and NRA experiments: anti-Frenkel pairs, leading to a disorder on the
oxygen vacancy network, and oxygen vacancy dislocations loops, to accommodate the strong non-
stoichiometry. From a macroscopic measurement of the residual stresses in the as-deposited and the
annealed layers, through XRD and the sin? ¥ method, we have modeled the related stress state using
an enhanced triaxial stress model. In the as-grown films, we evidence the coexistence of a biaxial
and a hydrostatic stress, due to inclusions of atomic size defects. Quantitative information of the
concentration and the nature of each type of defects (size effect) have also been determined, in good
agreement with experiments. Interestingly, in the most energetic growth conditions corresponding
to the highest degree of disorder on the oxygen vacancy network and to the highest stress field in the
film, we demonstrate that it is possible to stabilize an unexpected and metastable non-equilibrium

fluorite-like phase (X-type).

I. INTRODUCTION

Rare earth oxides are complex materials which process
a wide range of physical and chemical properties pro-
viding a large field of technological applications. Exten-
sive researches have been conducted in recent years on
this oxide group.! Let us briefly recall that 15 rare earth
(RE) elements belong to the lanthanide family, from lan-
thanum (Z=57) to lutetium (Z=71). Yttrium and scan-
dium are added to this group because of the similarity of
their outer electronic structure. The main difference be-
tween all the rare earth elements comes from the deep 4 f
electronic structure. In rare-earth sesquioxides, cations
are in a trivalent state which leads to the general formula
RE5Os.

In this work, RE;O3 materials are studied through
the example of the yttrium sesquioxide, Y2Os, which ex-
hibits a stable crystallographic phase (cubic-C type) up
to 2325°C (melting point at 2450°C). This oxide is par-
ticularly interesting because of several relevant physical
properties such as a high mechanical strength, a high
thermal conductivity, a wide band gap (E, ~ 5.5 eV),
a rather high refractive index (n = 1.9), and a rela-
tively high dielectric constant (k ~ 12-18).2°¢ Yttrium
oxide is also a well known host material for rare earth
atoms (europium, terbium or thulium) which give rise
to very interesting photoluminescence properties for op-
tical applications.”® In the early 2000, yttria and more
generally RE5Og oxides thin films have been particularly
investigated as high-k materials in order to be integrated
as oxide gate to replace SiOs in the CMOS transistor
technology.® 12

The unit cell of the Y503 cubic-C structure (MnyO3
bixbyite type, space group Ia3) is composed of 80 atoms,

FIG. 1. The Y203 cubic C-type structure (bixbyite type).
(a) Unit cell representation. (b) Environment of the two Y
sites (the actual position of O atoms is slightly shifted from
the corners of the cubes).

with a bulk lattice constant a = 1.0604 nm. The oxygen
atoms are located on the (48e) sites, and yttrium atoms
are located on two non-equivalent cation site Y1 (8b)
and Y2 (24d) (Fig. 1(a)). All cations are six-fold coordi-
nated: the Y1 atoms are surrounded by six neighbouring
oxygens at the same distance (0.230 nm), whereas the Y2
atoms have three pairs of neighbouring oxygens at three
different distances (0.225, 0.228, and 0.236 nm).!3 This
leads to a specific arrangement of ‘constitutional’ oxygen
vacancies network (in (16¢) position), respectively along
body diagonal and face diagonal of the cubic cell (Fig.
1(b)).

In thin films, structural deviations from the ‘bulk’ ma-
terial can arise, not only because of their specific ge-
ometry (they are grown and constrained on a ‘thick’
substrate), but also due to their growth conditions. In
particular, low-energy irradiation can occur during ion-
beam growth processes (this effect is also called ‘atomic
peening’'4), leading to the introduction of defects in the



deposited layer. The presence of defects generally change
the properties of the materials. In bulk Y503, those
defects can modify its electronic structure. More pre-
cisely, Jollet et al.'® pointed out that a modification of
the stoichiometry, essentially due to oxygen vacancies,
increases the covalent character of the oxygen-yttrium
bonding. More recently, Zheng et al. 6 have investigated
by first-principles calculations, the role of native point
defects on the electronic properties in bulk yttria. Struc-
tural defects may also lead to strain and internal stresses
that can affect the physical properties of the material.
For example, Lim et al.'” have shown that the devel-
opment of preferred orientation in TiN thin film is the
consequence of both surface and strain energy minimiza-
tion. In InGaN/GaN quantum wells heterostructures,
strain-induced polarization can lead to the quantum con-
fined Stark effect, which degrades the optical proper-
ties (decrease of the recombination efficiency, red-shifted
emission).'® A strong correlation between the presence of
stress and the dielectric properties has been reported by
Menon et al. ' in ZnO thin film deposited by magnetron
sputtering. Kaul et al.2° also pointed out an interest-
ing role of stress on the stabilization of thin epitaxial
RENiOs films (with RE = Pr, Nd, Sm, Gd), which are
unstable as bulk phases under the deposition conditions.

In the literature, only a few groups of authors have
already reported works devoted to the understanding of
stress generated during ion-beam deposition processes in
Y-0s3 thin films?! (and even more generally in rare-earth
oxide thin films). Unfortunately, many questions about
the physical origin, the nature and the consequence of
this stress/strain state in such oxides films remain un-
solved. Can it be related to crystal defects (point or
complex defects)? If yes, should it be described by a
pure biaxial component or by an hydrostatic component
such as in GaN?22 Does it enable the stabilization of non-
equilibrium phases, which could be a newer interests in
the areas of ion beam induced patterning? To answer
these questions, a detailed structural investigation of yt-
trium oxide thin films grown by mean of the Ion Beam
Sputtering technique is addressed. This work will be first
focused on the identification of crystal defects which are
created using this specific growth method (Sec. IIT). The
strain and the deviations from the ‘ideal’ structure will be
then considered. An analysis of the results and the mod-
eling of the stress state is performed in Sec. IV. Then, the
thermodynamical stability of the cubic-C phase versus a
disordered fluorite-like structure, in presence of stress,
will be discussed (Sec. V).

II. EXPERIMENTS

Yttrium oxide, Y503, thin films were deposited on
(100) silicon (Si), (100) strontium titanate (SrTiOs)
and (100) magnesium oxide (MgO) substrates using the
Ion Beam Sputtering (IBS) deposition technique, in a
Nordiko sputtering chamber which includes two Radio-

Frequency (RF) sources. The primary source delivers an
argon ion beam with constant energies in a range of 600
to 1200 eV. It was used to sputter a 15 cm diameter
water-cooled Y2Og3 sintered target, inclined by an angle
of 45°. The ion beam current was kept at 80 mA. The
secondary source was used to introduce oxygen in the
chamber with a flow of 5 sccm (RF is off). During the
deposition process, the substrate temperature was main-
tained at 700°C and the background pressure increased
to 1.3 x 1072 Pa. The deposition time was calculated in
order to obtain a thickness of 100 nm for each sample.
Post-deposition annealing treatments between 300 and
1000°C were also performed in a quartz tube furnace,
under air atmosphere.

The crystallographic structure of yttrium oxide thin
films was investigated by combining X-Ray Diffrac-
tion (XRD) and High Resolution Transmission Elec-
tron Microscopy (HRTEM) experiments. XRD analy-
sis were performed using a four-circles Siefert diffrac-
tometer equipped with a copper X-ray source radiations
(Aka; =0.15405 nm, Akqa,=0.15443 nm) operating at 40
kV and 40 mA, in the Bragg-Brentano geometry. The in-
ternal stresses in the Y503 layers were determined using
the sin® ¥ method.?* By measuring the lattice parame-
ter ‘a’ in several crystallographic directions (denoted by
“U’), it is possible to plot the strain versus sin? U. Then,
assuming a linear dependence and knowing the elastic
constants of the material, the stress can then be obtained
from the slope of the a = f(sin? ¥) straight line.

HRTEM images were acquired through a JEOL 3010
high-resolution electron microscope operating at 300 kV
(LaBg, Cs = 1.2 mm, 0.19 nm point resolution). Cross-
sectional samples were beforehand thinned by a mechan-
ical polishing using a tripod polisher in order to reach a
thickness lower than 10 pm. Ion milling using 2.5 keV
Ar ions in grazing incidence (£ 5°) was then performed
until obtaining an electron transparency area.

The chemical composition and stoichiometry of the
Y203 films were determined by combining Rutherford
Backscattering Spectroscopy (RBS) using a 1.7 MeV
4He™ ion beam and Nuclear Reaction Analysis (NRA)
techniques. RBS spectra were fitted using the RUMP?*
and SIMNRA?® simulation codes.

IIT. STRUCTURE OF Y03 THIN FILMS

A. Growth on silicon substrate

This first part of results is focused on the microstruc-
tural modifications of Y503 thin films as a function of
the energy of the ion beam which sputters the Y503 tar-
get. Four samples, deposited on silicon substrate using
Ar ions at 1200 eV (sample (1)), 1000 eV (sample (2)),
800 eV (sample (3)) and 600 eV (sample (4)) have been
studied. Post-deposition thermal annealings of sample
(1) under air atmosphere were also achieved at 300°C
during 18 hours (sample (5)), at 700°C during 4 hours



TABLE I. Summary of the different Y2Ogs thin films grown
on Si, SrTiO3 and MgO. The energy of the Ar beam which
sputters the Y203 target and the eventual post-deposition
annealing conditions (temperatures, duration) are indicated.

Sample Energy of the Substrate Post-deposition
label Ar beam (eV) annealing (air)
(1) 1200 Si No
(2) 1000 Si No
3) 800 Si No
(4) 600 Si No
(5) 1200 Si 300°C - 18h
(6) 1200 Si 700°C - 4h
(7) 1200 Si 900°C - 2h
(8) 1200 Si 1000°C - 1h
9) 1200 SrTiOs No
(10) 1200 SrTiO3 700°C - 4h
(11) 1200 MgO No

(sample 6), at 900°C during 2 hours (sample (7)) and
at 1000°C during 1 hour (sample (8)). These different
conditions are summarized in Table I.

The crystal orientation, determined from the X-ray
diffraction #-20 scans, indicates that all these thin films
are strongly textured along the [111] direction of the
cubic-C structure of YoOg. Only one diffraction peak cor-
responding to the (222) planes is observed (Fig. 2). How-
ever, depending on the primary ion beam energy used in
the sputtering process, the XRD profiles are very differ-
ent. For sample (4) deposited with the lower energy (600
eV), the (222) Bragg peak is almost symmetric with a po-
sition 20 = 28.67° which is slight shifted toward the low
angle values with respect to the value 20y, = 29.15°
of the bulk material. The profile of the Bragg peak is
strongly modified when the primary ion beam energy in-
creases from 600 to 1200 eV: a strong shift toward the
low angle values (260 = 28.04°), an asymmetrical profile
and a decrease of the diffracted intensity are observed.
However, the rocking-curves obtained by scans around
the (222) peak (not shown here) do not change signif-
icantly and thus cannot explain the diffracted intensity
loss which is observed. After thermal annealing of sample
(1) at 300°C and 700°C, a Bragg peak with a 20 posi-
tion close to the bulk value and a symmetric profile is
recovered.

The atomic concentrations of each atomic species in
the as-deposited thin films (1), (2), (3) and (4) together
with the annealed sample (6) have been determined by
RBS (see RBS spectra in Fig. 3). All the samples exhibit
the same concentration of entrapped argon (due to Ar
backscattered ions on the target during deposition) which
is close to 2.0 at. %. A similar strong oxygen under-
stoichiometry Y027 for these samples is also found,
within the uncertainties of the measurements (Y/O ra-
tio close to 1.35). The NRA measurements, which are
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FIG. 2. Evolution of the (222) Bragg peak (6-20), along the
growth direction, of the as-deposited thin films on Si as a
function of the Ar beam energy used in the sputtering pro-
cess (sample (1): 1200 eV, sample (2): 1000 eV, sample (3):
800 eV, sample (4): 600 eV), and after thermal annealing of
sample (1) at 300°C and 700°C.
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FIG. 3. Random RBS spectra of the as-deposited samples
((1), (2), (3), (4)) and the sample annealed at 700°C (6)
(growth on Si substrate).

very sensitive to light atoms, confirms that the oxygen
content in each as-deposited sample is identical. After
annealing of sample (1) at 700°C, a slight increase of
the oxygen content, from 427.10'% at./cm? to 440.10%°
at./cm?, is observed: this corresponds to an increase of
only 3%, within the accuracy range of the technique. The
annealing of sample (1) at 1000°C leads to a strong mod-
ification of the stoichiometry, with a significant increase
of the oxygen amount up to 720.10%° at./cm?: obviously,
such an increase of more than 60% take into account not
only an increase (not quantitative) of the stoichiometry
in the yttria film due to introduction of oxygen from air,
but also a silicate formation at the inteface as observed
before.?6
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FIG. 4. Y203 Bragg peaks corresponding to the (222) re-
flection with Si and MgO substrates and to the (400) with
SrTiO3 substrate (as-deposited films using the Ar 1200 eV
sputtering beam).

B. Growth on SrTiO3; and MgO substrates

In order to get other microstructural insights of Y9Og
thin films deposited by IBS, complementary studies were
performed using different substrates. First, with SrTiO3
substrates, it has been shown previously?” that Y,O3
grows along the [100] direction, with an in-plane epitax-
ial relationship following [001]y,0, axis parallels to the
[110]s,Ti05 axis. Furthermore, on MgO substrates, Y203
grows epitaxially with four variants along the [111] axis.?®
These epitaxial relationships are particularly relevant for
HRTEM investigations in cross-section.

In this part, three samples are considered (see the sum-
mary in Table I). On SrTiOj3, the as-deposited thin film
using argon ions at 1200 eV (sample (9)) and the an-
nealed sample at 700°C during 4 hours under air atmo-
sphere (sample (10)). On MgO, the as-deposited thin
film, using argon ions at 1200 eV (sample (11)).

As shown in Fig. 4, the (222) and (400) Bragg peaks
along the growth direction (corresponding respectively
to Y203 deposited on Si, MgO and SrTiO3, with a 1200
eV Ar ion beam) exhibit the same features (asymmetric
profile, strong shift toward the low angles) whatever the
substrate is. Moreover, all the samples have the same
behavior after thermal annealing (not shown here), with
a XRD peak which become symmetric and close to the
bulk value. Consequently all these considerations indi-
cate that these features are intrinsically due to the depo-
sition technique: therefore, thin films grown on MgO and
SrTiO3 can be used as model samples for investigation
by mean of HRTEM.

The HRTEM cross section image of sample (9) seen
along the [001] zone axis of Y503, in the vicinity of the
interface Y203/SrTiOs (Fig. 5) exhibits two different
contrasts. The local Fast Fourier Transformed (FFT)
(square region of 17x17 nm?), obtained through the Digi-
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FIG. 5. HRTEM cross-section image of Y203/SrTiO3 inter-
face (sample (9)), seen along the [001] zone axis. The insets
correspond to the local FFT performed on different areas in-
dicated by white arrows. FFT(a): order spots are clearly
evidenced (cubic-C). FFT(b): order spots are not present or
very faint (disordered cubic-C).

tal Micrograph software (Gatan), change significantly de-
pending on the region where the analysis is performed.
In the FFT(a), the typical order spots related to the oxy-
gen ordered network in the cubic-C structure are visible.
In the FFT(b), these order spots become very faint and
tend to disappear. After an annealing at 700°C (sample
(10)), only one contrast is evidenced, and clearly shows
the presence of the order spots on the FFT pattern (Fig.
6). These features will be explained in the next part (Sec.
11 C).

Along the [011] zone axis of Y203 grown on SrTiOs,
another particular contrast which exhibits a lamellar
shape is observed. This contrast is systematically in-
clined by 54.7° from the surface and it is interpreted in
terms of planar defects in the {111} planes (Fig. 7).

The same HRTEM observations have been performed
on sample (11) (Y203/MgO). The cross-section image of
the film (Fig. 8) also show a high density of lamellar de-
fects, also ascribed to planar defects in the {111} planes.
It can also be noticed the columnar character of the layer,
where the crystallites have a lateral dimension around 14
nm.

C. Discussion: results on the microstructure

The RBS/NRA measurements highlight two interest-
ing features in the Y5Og thin films grown by IBS. First,
a significant amount of backscattered Ar ions are en-
trapped with a concentration of 2 at. % after deposi-
tion whatever the energy of the Ar beam involved in the
target sputtering process. This argon concentration re-



FIG. 6. HRTEM cross-section image of Y2Os3/SrTiO3 inter-
face after an annealing at 700°C (sample (10)), along the
[001] zone axis. Typical order spots of the cubic-C structure
are systematically observed on the FFT pattern.

FIG. 7. HRTEM cross section image of Y203/SrTiOs inter-
face (sample (9)) along the [011] zone axis: lamellar defects
are evidenced and ascribed to planar defects in the {111}
planes and shown in the insets.

mains unchanged after the different thermal annealing
treatments. Moreover, the yttria thin films are not stoi-
chiometric. This non-stoichiometry (Y202 7) is ascribed
to an excess of oxygen vacancies in comparison with the
25% of constitutional oxygen vacancies in (16¢) position.
The atomic configuration of this excess of oxygen vacan-
cies cannot be clearly experimentally identified (neutral
or charged oxygen atoms missing in (48e) position,'® bi-
vacancies, n-vacancies complex or others). It is worth
to note that the stoichiometry is almost the same in the
samples before and after annealing at 700°C in air (3% of

FIG. 8. HRTEM cross-section image of Y203/MgO interface
(sample (11)): lamellar defects are evidenced and ascribed to
planar defects in the {111} planes and shown in the insets.

increase). This result points out a relatively high stability
of the atomic vacancy arrangement. In fact, NRA exper-
iments evidenced a slight increase of the oxygen content
after annealing at 700°C, which becomes considerable af-
ter annealing at 1000°C. Thus, in the following, we will
consider that the annealing performed in a range of [300-
1000°C] introduce oxygen and modify the stoichiometry
of the films.

Such under stoichiometry YOj 35 for the cubic-C phase
is not consistent with the study of Solov’eva?® that ev-
idenced a very narrow margin between oxygen concen-
tration and the different phases in yttria (YO1 495 and
YOj1 35 for the monoclinic and hexagonal structures, re-
spectively). Therefore it seems that the stoichiometry
accommodation mechanism in IBS-deposited yttria thin
films, far from thermodynamic conditions, could be dras-
tically different. One possible explanation between the
stoichiometry accommodation and the observed extended
defects (lamellar shape) will be discussed in details in Sec.
V. Whatever the arrangement of the oxygen vacancy ex-
cess is, it is supposed not to modify the ordered network
of constitutional oxygen vacancies, which is specific to
the cubic-C structure ((16¢) position).

The HRTEM investigations which have been per-
formed on thin films deposited on SrTiOg after annealing
exhibits only one type of contrast along the [001] zone
axis (Fig. 6): it is in good agreement with image simula-
tions, using the JEMS software®?, of the C-type structure
seen along the [001] zone axis (see Fig. 9). The differ-
ent intensities of the white spots in Fig. 9(a) and Fig.
9(b) comes from the two different yttrium sites and are
the signature of the constitutional oxygen vacancy net-
work (in (16¢) position) in the cubic-C phase (see Fig.
9(c)). The lack of order spots in the FFT pattern of the
as-deposited film can be assigned to anti-Frenkel pair for-
mation (labeled AF in the following of this paper). It is
one of the native point defect pair which has the low-
est formation energy in Y»03:!6 an oxygen atom which
moves from a (48e) position toward one constitutional va-
cancy (16¢) position becomes an oxygen interstitial, leav-
ing one oxygen vacancy in (48e) position. This disorder-
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FIG. 9. Image contrast of the Y203 C-type structure seen
along [001]. (a): HRTEM image. (b): simulated image. (c):
unit cell representation (only yttrium atoms are visible in the
experimental and simulated HRTEM images).

ing mechanism due to AF pairs formation is attributed
to the energetic backscattered particles involved during
IBS deposition which hit the surface of the sample as the
growth proceeds. The corresponding areas on TEM im-
ages could be therefore attributed to a local disordering
of the anionic network in the C-type phase which could
be considered as a fluorite-like structure (Fm3m space
group) when the oxygen network is highly disordered.
The HRTEM experiments of the as-deposited thin
films grown on SrTiO3 and MgO substrates also evi-
dence another contrast which is ascribed to planar defects
formed into the {111} planes (Fig. 7 and Fig. 8). Such
a contrast could be due to a local accommodation mech-
anism of the oxygen non-stoichiometry. Owing to the
crystallographic model proposed by Hyde,?! accumula-
tion of oxygen vacancies in the {111} planes can lead to
a collapse of the lattice along the <111> direction, fol-
lowed by a crystallographic shear along the <211> axes.
The result is the formation of vacancy dislocation loops
in the {111} planes. This new stacking sequence (Fig.
10(a)) also corresponds to a nucleus of the monoclinic
phase of yttria, as observed by HRTEM (Fig. 10(b)).

IV. STRAIN AND INTERNAL STRESS

The internal stress state of the films described above
has been investigated by mean of the sin? ¥ method. The
al¥y, lattice parameter in several (®,¥) directions is mea-
sured in the laboratory coordinate system {L}, from X-
ray diffraction profiles of an (hkl) plane family, and the
strained lattice parameter is plotted versus sin® ¥. ® and
U are respectively the rotation angle around the normal
of the (hkl) planes and the tilt angle between the normal
of the specimen surface and the normal of (hkl) planes
(see Fig. 11). The lattice strain in the sample coordinate
system {S} (taking Sz normal to the surface of the film),
along the (®,¥) direction, can be written as:

hkl
hil _ Qo0 — Oref
Co v = — (1)
’ Aref

[112]
W
IOO 00 040 O 40 0.60.069 C O
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FIG. 10. Accumulation of oxygen vacancies in the {111}
planes of the cubic-C (bixbyite) structure. (a) Schematic
representation of a dislocation loop formation from Ref. 31
(gray circle: oxygen atoms, black circles: yttrium atoms). (b)
HRTEM image interpreted as a dislocation loop in the (111)
plane of Y203 deposited on MgO.

_____
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FIG. 11. Sample {S} and Laboratory {L} coordinate systems.

where a,.s is the ‘stress-free’ lattice parameter. By
combining Eq. (1) with the elasticity theory, the stress
in the structure can be determined: the Hooke’s law gives
the relationship €¢; = s;;0; between the elements of the
stain tensor €; and the stress tensor o; using the four
rank stiffness tensor, whose elements s;; are expressed in
the {S} axis system with the Voigt’s notations.

In polycrystalline thin films, a particular (hkl) reflec-
tion is generally investigated at different specimen tilt
angles corresponding to the angle between the surface
of the specimen and the (hkl) plane. In thin films
grown by physical vapor deposition, preferential orien-
tations are generally observed. Depending on the sub-
strate and the deposition conditions, fibber-like texture
growth (the crystallites are randomly oriented in-plane)
or single-crystal growth (with epitaxial relationship) may
occur. As a consequence, it means that the strain can be
measured only in specific directions, so that the classi-
cal sin? U method cannot be used. Hauk et al.? de-
veloped an alternative approach, called the Crystallite



Group Method (CGM), which consider all the crystallites
with the same orientation as a unique crystal. Thus, the
stress determination will consist in measuring the lattice
strains of different (hkl) planes family.

A. Biaxial stress model
1. Description of the biaxial model

A cubic material elastically anisotropic, with three in-
dependent elastic compliance constants s11, S12 and S44,
is considered. Based on the CGM, Clemens and Bain®3
give an analysis of residual stress in thin films having a
textured growth with a cubic symmetry. In this model,
they assume that the particular thin film/substrate ge-
ometry allows the layer to expand freely along the growth
direction (axis 3) which implies 013 = 093 = 033 = 0.
This means that the film is in a biaxial stress state.
With the assumption of an equal in-plane biaxial stress
(011 = 022 = 0//), the stress tensor can be written by

Eq. (2):

) a7 00
o= 0 g/ 0]. (2)
0O 0 O

The lattice parameter in any (®,¥) direction is given,
for [111] growth orientation, by Eq. (3), with the
anisotropy factor J = s11 — S12 — S44/2:

2
a‘lpll = Qpef |:1 + (2812 + §J+ &;LSZTR\I/) J//:| . (3

The stress analysis using Eq. (3) is valid for both fiber-
textured and epitaxial thin films and can therefore be ap-
plied for this work. The elastic constants which are used
here were experimentally determined by Palko et al.3*
for bulk Y5Os3.

2. Use of the biazial model

Experimental ay = f (sin2 \Il) plots, related to the as-
deposited and annealed thin films deposited on Si sub-
strate are shown in Fig. 12. a,.y and o, values obtained
from the best fits using Eq. (3) increase significantly with
the primary ion energy. A significant stress relaxation
is observed after the annealing treatment at 300°C (the
slope of the straight lines decreases). All these values are
reported in Table II.

The use of the biaxial model leads to a,.s values (be-
tween 10.61 and 10.84 A) which strongly differs from
the bulk value (ag = 10.604 A). Tt is also worth notic-
ing that all the lines corresponding to the as-deposited
thin films and the annealed one at 300°C intersect at

l(a) = (1): Ar1200 eV
222) sin?y# A (2):Ar1000 eV
11.0 (211) : e (3): Ar800eV
] ] * (4): Ar600 eV
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=
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i)
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z
< 10.7
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&

sin?y

FIG. 12. Experimental ay = f (sin® ¥) plots (symbols) and
fits using the biaxial stress model (lines) for: (a) as-deposited
Y203 thin films and after annealing at 300°C and (b) as-
deposited Y203 thin film (Ar 1200eV) and after annealing
at different temperatures (on Si) The bulk lattice parame-
ter ao and the strain-free direction given by sin® ¥* are also
depicted.

TABLE II. Stress and stress-free lattice parameter values de-
duced from the sin? ¥ measurements, using the biaxial stress
model (Y2 Og/Sl) .

Biaxial model (Y203/Si)

Sample o, (GPa) aref (A)
(1) 58+0.7 10.84 £ 0.01
(2) 4.8+ 0.7 10.79 + 0.01
(3) -3.8 +£ 0.5 10.73 4+ 0.01
(4) 29407 10.71 £ 0.01
(5) 15+05 10.66 £ 0.01
(6) 02405 10.63 £ 0.01
(7) 0.7 +0.3 10.62 + 0.01
(8) 0.9 + 0.3 10.61 £ 0.01




sin? ¥ = 1. The same behavior is observed for Y503 de-
posited on MgO and SrTiO3 (not shown here). Another
intersection is also observed for sin? ¥ = 0.7 between
the lines corresponding to the different annealed samples.
These experimental sin? ¥ intersections values are both
rather far from the theoretical strain-free direction given

3 * J S1
by sin® U* = % = 0.44 (for the [111] growth

orientation). Moreover, it is also difficult to understand
how the quasi-spherical symmetry of the strain induced
by point defects (AF pairs, argon, and oxygen vacancies)
or extended defects with their own stress field symmetry
could induce only an in-plane biaxial stress. Therefore,
these considerations show that the simple description in
terms of purely biaxial stress state in yttrium oxide thin
films grown by IBS is not satisfying and it must be im-
proved.

B. Triaxial stress model
1. Description of the triazial model

In recent articles, an original stress model have been
developed to take into account atoms entrapment and
defects creation during the so-called ‘atomic peening’ in
magnetron sputtered TiN films.?> 37 The stress state is
described by a triaxial hydrostatic component due to the
insertion of misfitting particles and a biaxial component
arising from the equalization of the lateral dimensions
of the film and the substrate. The body is defined as a
spherical hole containing layer with a matrix of bulk lat-
tice parameter ag (F and v are the Young’s modulus and
the Poisson ratio respectively) and the stress generation
in the matrix is described in two steps.

In the first step, misfitting particles (P) are randomly
inserted in the holes (H) of the free-standing body, in-
ducing a volume change (M)F = nVps of the film (F).
The term V,,,;s = Vp — Vg represents the elementary vol-
ume change due to the introduction of one particle. The
corresponding hydrostatic stress opnyq in the elastically
isotropic matrix (M) can be calculated using Eshelby’s
model,?® assuming that n spherical particles per unit vol-
ume are introduced (see Eq. (4)). The dilated parameter

of the defective body becomes aq4er = ao (1 + 1 ohyd)
2 F
U}%d = §mnvmis~ (4)

In the second step, the film is fixed on the substrate.
A biaxial fixation stress oy, is required to fit the lateral
dimensions of the dilated body on the substrate. In the
work of Kamminga et al. 3°36, two limiting cases of ‘large
misfit” and ‘small misfit’ have been considered, depending
on the size effect of the particles, leading to different
relationship between opyq and o#;;.

Assuming that elastic constants between the matrix
and the particles are the same, we have opyq = —%O’fm

for a ‘large misfit’ (the particle plus the surrounding ma-
trix atoms can be considered as an entity playing the
role of a macroscopic misfitting particle whose diffraction
does not contribute to the diffraction peaks of the ma-
trix), and opyq = — 1 1550 fiz for a ‘small misfit’ (the dis-
placements of the matrix atoms surrounding the inserted
atom are so small that the contribution of these matrix
atoms to the diffraction peaks does not disappear). This
concept of small and large misfit will be discussed later
in Sec. V. Equation (4) that relies a,%d to n and Vs
is only valid for the case of ‘large mistit’ particles. For
‘small misfit’ we have Eq. (5):

E
U}szg[/d 3(1 — 2V) nvmis~ (5)
Considering that the elastic constants and the size ef-
fects of the misfitting particles are generally unknown,
Abadias and Tse?” introduced an adjustment parameter
B to link the hydrostatic and the fixation components. It
is defined by Eq. (6):

—B0 fia- (6)

For films having the [111] growth orientation, 3 can
vary between Bin = 5 and Bmaz = M
sponding to the limiting cases of Refs. 35 and 36.

If the thin film deposition is performed at a temper-
ature Tyep, different from the room temperature T.oom,
and if the thermal expansion coeflicients of the substrate
(as(T)) and the film (ap(T)) are not the same, a bi-
axial thermal stress oy, given by Eq. (7), needs to be
added. From the linear thermal expansion found in the
literature,>*3 the calculation gives oy, = 0.6 GPa for
Y203 deposited on Si at 700°C. This component is sig-
nificant and needs to be taken into account to describe
the stress state. But, it do not fully explain our re-
sults and the strong modifications of the slopes of the
ay = f (sin2 \IJ) straight lines remain unclear.

Ohyd =

corre-

E Troom

o = [as(T) — ap(T)}dT.  (7)

l—v Taep

Finally, the resulting triaxial stress tensor is given by
Eq. (8). It is compatible with the condition of free ex-
pansion of the film along the growth direction (o33 = 0),
which is generally assumed for thin layers. This implies
that a stress relaxation may occur among the first atomic
layers near the surface, when the deposition is achieved.

Ohyd (1 — %) + o 0 0
g = 0 Thyd (1*%) +owm 0
0 0 Uhyd

(8)



TABLE III. Analytical expressions of the ay = f (sin2 \I/)
intersections for the [111] growth orientation (Ref. 37).

2 x  2(J+3s1a)

sin” W* = 3(J—s11+512)

a* = ao |1+ (s11 4 2812) Ohyad]

Bs11—2s12(1=8)—2J/3
s11—=s12—J

ac = ao [1 + B (s11 + 2512) 014

equal opyd

and different o¢p,

different op,yq sin? 0, =

and equal o

The ay = f(sin® ¥) equation for [111] growth axis de-
duced from Hooke’s law becomes, for the general case of
an anisotropic material:

agt =ag [1 + (s11 + 2512) Ohyd] {1 + (2512
+27 4 Sglsmw) (o — 74) ] 9)

In Table III are reported the analytical expressions of
the sin® ¥ lines intersections from Ref. 37. In the spe-
cific situation of layers having the same growth stress
(0hya) and different thermal (biaxial) stresses (ovs), the
sin? ¥ lines will intersect at a point labeled ‘x’. This
correspond to the biaxial stress model with a,.; =
ao [1 4 (s11 + 2512) Ohyal. In the other case of layers hav-
ing different growth stresses and equal thermal stresses,
the sin? ¥ lines will intersect at a new point labeled ‘¢’
which depends among others on 3. Thus, if the inter-
section is clearly identified, the value of 8 can be easily
determined.

2. Improvement of the triazial model

The previous Eq. (9) is valid for films having only
one type of defect (with a specific value of ). In this
study, three types of defects, considered as particles, have
been identified: the backscattered Ar ion entrapped in
the layer (Ar), the oxygen vacancies related to the non-
stoichiometry (vac) and the anti-Frenkel defects (AF).
Equation 9 can be generalized considering the effective
(total) hydrostatic (fixation, respectively) stress as the
sum of the hydrostatic (fixation, respectively) stresses
due to each type of defect (i):

eff _ (1) _ _Ar vac AF
Ohyd, fiz — E :Uhyd,fiw = Ohyd,fiz T Ohyd, fic T Ohyd, fiz-
[

The relationship between the hydrostatic and the fix-
ation stresses remains valid for each type of defect (i), as
indicated by Eq. (10):

O'}(:;d = —B(i)a;li)x. (10)

The resulting ay = f(sin? ¥) equation is given by:

a‘ll,ll =a 1 + (811 + 2812) U;££:| |:]. + (2812

+ 27 + 24 sin? \1/) (ath + o;{;”) ] (11)

8. Use of the triazial model

In order to solve this problem (determination of 3(*)

and cr}(f)d), appropriate conditions for which modifica-
tions of concentration of only one type of defect occur
must be found. When only one type of defect concentra-
tion (4) changes while the others keep fixed the analytic
expression on the ay = f (sin2 ¥) lines intersection is:

- BWs1 — 2815 (1 - 59D) —2J/3

sin? @)
S11— 812 —J

(12)

The RBS results evidenced that the argon distribution
remains unchanged after annealing at 700°C and even
at 1000°C (not shown here). This implies that the con-
tribution of the entrapped Ar on the residual stresses is
very low by comparison with the AF and vac contribu-
tions, and we will suppose that U,/;‘;d = 0. Thus, Eq. 11
becomes:

ol =ao [1+ (514 2002 (o + )] [ 1+ (2

2 S44 2 n2 o-;?y[:l U;}:Zgl
+ §J+ TSIH ‘II Oth — BAF - Buac (13)

Moreover, as mentioned previously, composition anal-
yses indicate that the oxygen stoichiometry is the same in
all the as-deposited samples and in the annealed sample
at 300°C (temperature significantly lower than 700°C).
Therefore, the stress modifications cannot be attributed
to a variation of the oxygen vacancies concentration re-
sponsible of the non-stoichiometry. The stress changes
are instead attributed to the change of anti-Frenkel de-
fects concentration. All the corresponding experimen-
tal straight line (samples (1)-(5)) turn around the same
point and intersect at sin® ¥ = 1, which gives the char-
acteristic value of BAY = B4 = 1.7, from Eq. 12.

vac

In this sample series (1)-(5), o379 is kept as constant

and only afﬁl is allowed to vary. The residual stress

of the annealed sample at 300°C (sample (5)) has been
compared with an as-deposited thin film grown without
atomic peening: indeed, if the primary Xe beam at 1200
eV is used (negligible number of backscattered ions), the
experimental ag = f (sin2 \I/) data coincide with the an-
nealing at 300°C (Fig. 13). Thus the sample annealed
at 300°C corresponds to the complete annihilation of the
AF defects (i.e. U;?;; = 0). Consequently, the stress
variations observed for the annealed sample from 300°C
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FIG. 13. ay = f(sin® ¥) plots for as-deposited Y203 on Si
using Ar and Xe ions at 1200 eV, before and after annealing
at 300°C in air.

to 1000°C corresponding to the (5)-(9) series will be at-
tributed to the single modification of the concentration
of oxygen vacancies (i.e. modification of the fitting pa-

vac

rameter 0,76 with o,‘?ﬁ = 0). The intersection observed

for sin® ¥ ~ 0.7 between the lines corresponds here to
grec =0.8.

Then, the experimental data were fitted simultane-
ously using Eq. 13 by adjusting o;,70 and 0';?;; respec-
tively in the series (5)-(9) and (1)-(5) with the con-
straints mentioned just above, and keeping ag = 10.604
A, grec = 0.8 and BAF = 1.7. The stress values deduced
from the fits are reported in Table IV. In order to im-
prove the fits in the high sin? ¥ values and to take into
account an eventual variation of the in-plane stress (ther-
mal, grain boundary“®4!), an additional biaxial compo-
nent of stress op;q. Was required, and the previous equa-
tion becomes Eq. (14).

alll =aq [1 + (511 + 2512) (U;?ch; + 02;2). [1 - (2812

+ %J + 23 sin? \I!> (O’th

AF vac \ |
Thyd Thyd
+ Obiaz — ﬁAyF - ﬂvic) . (14)

The series of annealed samples (5)-(9) exhibit a de-
creasing of the hydrostatic stress component 03,79, as-
cribed to the variation of vacancies defects concentration,
from 2.3 to 0.3 GPa (respectively for the 300 and 1000°C
annealing), with the fixed hydrostatic component o}%g
for all. For the (1)-(5) series, a strong increase of the
hydrostatic stress component due to the AF defect vari-
ations is evidenced from 2.0 to 7.6 GPa (respectively for
the as-deposited thin films deposited in the energy range
of 600 and 1200 eV), while the hydrostatic stress related

to oxygen vacancies is constant (0,05 = 2.3 GPa).

10
V. DISCUSSION
A. Origin of the stress

The structural investigations coupled with stress anal-
ysis clearly point out the influence of the point defects on
the residual stress in Y2Oj3 thin films deposited by mean
of IBS. The oxygen non-stoichiometry and the disorder
on the constitutional oxygen vacancy network (AF pairs)
modify significantly the triaxial stress state in the films.
The origin of these defects is attributed to the bombard-
ment of the growing film by the backscattered particles
(essentially coming from the Ar primary beam) from the
target, which can acquire rather high energies (several
hundred eV) depending on the primary energy. The aver-
age energies of these backscattered particles are found to
change significantly from 54 to 108 eV (using the TRIM
code*? by reproducing the growth conditions from 600
eV to 1200 eV). These energies largely exceed the atomic
displacement energy of Y and O atoms (around 25 eV).
Therefore, a preferential re-sputtering of oxygen atoms at
the surface of the growing film due to this atomic peening
effect could be an explanation of the non-stoichiometry
measured by RBS. Furthermore, these energetic parti-
cles can lead to the creation of anti-Frenkel pairs (oxygen
vacancy + interstitial), which exhibit one of the lowest
formation energy of the possible point defects in this ox-
ide. In oxides, point defects may be charged and have
therefore a high ability to distort the atomic network and
to modify the bond lengths due to electrostatic effects
(such as ZnO** or SrTiOz%*, for example). Extended
defects can also induce strong strain fields whose sym-
metry and amplitude closely depend on their nature.*>
In cubic-C Y303, the consequence of removing an oxy-
gen atom from one (48e) site is that the nearest yttrium
atoms move slightly away from the vacancy site (because
they are no longer attracted to it), and oxygen atoms
move closer to the vacancy site as the charge repulsion
effect decreases. For the oxygen interstitial in (16¢) site,
the neighboring yttrium atoms move closer to the in-
terstitial (electrostatic attraction), and the neighboring
oxygen atoms move away from the interstitial (electro-
static repulsion).'® Due to the thin film geometry, the
strain in this defective structure cannot be fully relaxed.
Thus, it is conceivable that the internal stress in Y503
thin films could be the direct consequence of the local
distortions coming from the charged defects induced by
atomic peening during the growth.

B. Results from the triaxial stress model

The use of the extended triaxial stress model enables
to fit properly the experimental ay = f(sin® ¥) data,
obtained from X-ray measurements, for the different ap-
propriate samples and allows to ascribe a physical mean-
ing of the experimental variations (slope and intersec-
tion modifications). This modeling of the macroscopic
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TABLE IV. Stress state of Y203 thin films determined from the enhanced triaxial model. The stored elastic energy w(o)
calculated by w(o) = Ls;;0:0; is also reported for as-deposited thin films.

2

Triaxial model (Y203/Si) with ap = 10.604 A and 8°* = 0.8 and g4 = 1.7

Sample UZ% a,ﬁfi Thyd U;{xf 0}41_1; Ofim Oth Obiaw Total biaxial stress w(o)
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)| (GPa) (GPa) (GPa) (kJ/mol)

(1) 994+ 1.3 7.6 2.3 -7.4 + 0.9 -4.5 -2.9 0.6 1.0 -5.8 33.2
(2) 79+ 1.1 5.6 2.3 -6.1 = 0.9 -3.2 -2.9 0.6 0.7 -4.8 21.7
3) 5.5+ 0.6 3.2 2.3 -4.8 + 0.6 -1.9 -2.9 0.6 0.4 -3.8 11.7
(4) 4.3 +£0.9 2.0 2.3 -4.1 £ 0.8 -1.2 -2.9 0.6 0.4 -3.1 7.4
(5) 2.3+ 0.6 0.0 2.3 -2.9 £ 0.8 0.0 -2.9 0.6 0.8 -1.5
(6) 1.2 £ 0.6 0.0 1.2 -1.5 £ 0.8 0.0 -1.5 0.6 0.7 -0.2
(7 0.7+ 0.3 0.0 0.7 -0.9 £ 0.4 0.0 -0.9 0.6 1.0 0.7
(8) 0.3 £0.1 0.0 0.3 -0.4 + 0.2 0.0 -0.4 0.6 0.7 0.9

residual stress in yttrium oxide thin films, based on
nanometer-scale inclusions (point and extended defects)
inducing an hydrostatic stress field in the matrix, leads
to a possible quantitative analysis of the nature (‘large’
or ‘small’ misfit) and of the concentration of the crystal
defects inside the layer.

As mentioned previously, an additional biaxial com-
ponent (0piq,;) was required to improve the fits. How-
ever, this value is not predominant in the total stress
and do not change significantly whatever the sample is
(between 0.4 and 1.0 GPa). The 8 parameter found for
anti-Frenkel defects (84 = 1.7) is equal to the maxi-
mum value allowed by the model and corresponds to de-
fects having a ‘small misfit’ (i.e. defects of atomic size).
For oxygen vacancies, 7% = 0.8 is close to the minimum
value allowed (B,in = 2/3) and tends to show that these
defects can be assimilated to a ‘large’ misfit (i.e. defects
larger than atomic size). The two values of 8 obtained
from the experimental data are very close to the limit
cases of large and small misfit particles (respectively 2/3
and 1.7). This result corroborates the non modification of
the mechanical characteristics of cubic-C structure (stiff-
ness tensor, Young modulus) due to atomic or nanoscale
inclusions. Thus, whatever the defect concentration, it
appears possible to define the residual stress of the YoO3
thin films as defined in Sec. IVB1 (i.e. assuming that
elastic constants between the matrix and the particles
are the same). The large misfit character obtained for
vacancy defects appears as an essential result in the an-
nealed samples between 300 and 1000°C, where only the
oxygen stoichiometry is allowed to change (AF concen-
tration is zero and Ar concentration is constant), and it
contributes to a better understanding of the particular
arrangement of the excess of oxygen vacancies evidenced
with the RBS and NRA analysis. Considering the TEM
experiments of the as-deposited films on SrTiOs and
MgO substrates, which contains only one type of such ex-
tended defect in the {111} planes, the assignation of these
defects to a n-vacancy complex (or vacancy loops, clearly
bigger than atomic size) seems to be coherent to match

the ‘large’ misfit character of defects identified with the
extended triaxial stress modeling. Moreover this kind of
vacancy arrangement is a well-known phenomena which
is typically observed in the strongly ionic oxides to ac-
commodate an excess of oxygen vacancies. Such vacancy
loops is expected to generate a quasi-spherical stress field
(as for CeO4*% or ZrO,*7), in agreement with the hypoth-
esis used in the triaxial formalism.

C. Stabilization of a new cubic phase after
deposition?

Assuming a spherical symmetry, an average volume
change induced by each type of point defect (V) can
be estimated from the average distance between the near-
est neighbor atoms for bulk and defect site in Y203 (from
Ref. 16). For a single oxygen vacancy (on a (48e) site)
and a single oxygen interstitial (on a (16¢) site), the val-
ues Vinis = 2.890 A3 and V,,;s = 1.697 A3 are obtained
respectively. Assuming that the volume change due to
one AF is VAE = yracancy 4 yrinterstitial anq ysing Eq.
(5), the concentration of AF pair defects can be deduced
from the hydrostatic stress component U,ﬁf;. In the as-
deposited thin films, the concentration of AF defects in-
creases significantly with the primary energy. It is found
about 3, 6, 10 and 13 AF/unit cell respectively for the
deposition with an Ar beam at 600, 800, 1000 and 1200
eV. The two last values (10 and 13 AF/unit cell) may
be sufficient to break the ordered constitutional oxygen
vacancy pattern (in (16¢) position) and thus to increase
the symmetry of the structure from (Ia3) to (Fm3m).
Consequently, the highly defective C-type structure of
Y203 after a highly energetic deposition could be seen
as a fluorite-like structure (Fm3m) in which each cation
is surrounded by eight anionic site with 25% of oxy-
gen vacancies per site. The results described above can
thus be interpreted in terms of two different cubic struc-
tures which coexist in the as-deposited films. Theses
two phases are in good agreement with the two differ-



ent contrasts observed from HRTEM images (sample (9)
- Fig. 5) and with the asymmetric profile of the diffrac-
tion peak which can be seen as the sum of two cubic
components (samples (1) and (2)). Nevertheless, some
unanswered questions can be broached such as the ab-
sence of the cubic-to-monoclinic transition observed usu-
ally in this strongly non-stoichiometric oxide. This seems
to be due to a strong limiting oxygen-vacancy diffusion
process during IBS thin films growth (the monoclinic nu-
cleus, i.e. the oxygen vacancy loops, are not able to grow)
compared to the AF rate creation by atomic peening.

This fluorite-like phase (also called X-type) was previ-
ously observed by Katagiri et al.*® and Swamy et al.?
in high temperature conditions (> 2250°C). However, it
is still unclear whether this cubic disordered structure is
a stable or metastable phase. Interestingly, the presence
of such unexpected disordered fluorite-derived structure
was reported in GdsOsz thin films after bombardment
with Ne ions (1 keV).%? Its stabilization was ascribed to
the GaAs substrate that acts as a chemical and structural
(epitaxy) template. The authors also mention a possible
composition change, by the loss of O, to explain these
observations. Since Gd only exist in the (3+) state, this
hypothesis was rejected. However, as for yttrium oxide
where Y also only exist in the (3+) state, we strongly ex-
pect that a strong non-stoichiometry, accommodated by
the formation of vacancy loops, the AF defects, and their
related stress acts as the main factor of stabilization of
the fluorite like phase (no influence of the substrate).

From these results arises a new question: why does
this X-type phase remain stable after IBS deposition per-
formed at a much lower temperature (700°C) and in
particular after a deposition at high energy (Ar 1200
eV)? An answer can be proposed in a thermodynami-
cal point of view, by considering that the stored elastic
energy (mostly due to the AF defects and the oxygen
non-stoichiometry) could modify the stability of the C-
type phase. The total stored elastic energy density w(o)
can be easily calculated from our stress measurements,
by w(o) = §si;0:0; (see Ref. 45), where s;; are the com-
ponents of the compliance tensor and o; and o; are the
components of the stress tensor (in matrix notation).

Recently, the thermodynamical parameters in yttrium
oxide were determined by Zinkevich®® and Djurovic
et al.®*. They expressed the Gibbs energy of the C-
phase (G¢) and the X-phase (GX) as a function of
the temperature,T’, using the International System units
(Joule, mole, Kelvin). These quantities mainly differs
from the entropy term due to the anionic disorder. Tak-
ing into account the stored elastic energy w(co) in the
cubic-C structure (which is a stress-dependent function),
the Gibbs energy of the defective C-type structure (la-
beled ‘Cdet’) is then modified and can be written, from
Refs. 52 and 53:

Gg(zi(ef)fg (T7 U) = GggOg (T’ O) + w(o) (15)

Consequently, assuming a stress-free X phase, an in-
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FIG. 14. Evolution of AG%‘;%%X(T, o) versus T, for different
values of w(o).

crease of the stored elastic energy will modify the stabil-
ity conditions of the defective C-type structure compared
to the X-type. The evolution of the variation of the Gibbs
energy between these two phases is given as a function of
T by Eq. (16).

AGYISH(T, o) = G (T,0) — GX, 0, (T, 0)
= w(o) — 37765 + 14.223T  (16)

On Fig. 14 are plotted the AGggeof;X(T, o) evolutions
as a function of T for the different values of the stored
energy w(o) determined in Table IV. The positive (neg-
ative, resp.) values of AG®4°FX indicate that the X-type
structure is more (less, resp.) stable than the defective
C-type structure. These plots illustrate very well the
influence of the stored elastic energy on the stabiliza-
tion temperature of the X-type phase. Indeed for the
bulk material (with w(o) = 0), the domain of stabil-
ity of the fluorite-like structure occurs for temperatures
above 2350°C, which is in good agreement with previous
experimental observations.>*® For the samples (4) and
(3), the increase of the stored elastic energy lower the
temperature of stability of the X phase above 1500°C.
The sample (2) is very interesting because the calculation
of AGggeof;X(T ,0) indicate that the critical temperature
for the X phase stabilization is closer to 700°C, which
corresponds to the deposition temperature. Now, if we
consider the sample (1) (deposition at the highest en-
ergy, corresponding to the highest stored elastic energy
w(o) = 33.2 kJ/mol) the domain of stability of the X-
type structure extends toward the lower temperatures:
in the growth conditions (T=700°C), AGYIS*(T,0)
is clearly positive which indicates that the fluorite-like
structure becomes the most stable structure.



VI. CONCLUSION

The present work points out the influence of energetic
growth of YoOg thin film by Ion Beam Sputtering on the
formation of various crystal defects (anti-Frenkel pairs
and oxygen vacancy loops). It is evidenced that these
defects are mainly due to the backscattered ions that
knock-on the film during the growth (‘atomic peening ef-
fect’). The approach used in this study show the possibil-
ity to define the X-phase of Y503 like a highly defective
cubic-C structure where both defects, AF and vacancy
loops, act as key parameters to decrease the symmetry of
the cubic-C phase and to stabilize the metastable fluorite
structure due to the stored energy induced by atomic and
nanoscale defects. This method based mainly on multi-
scale description of the residual stress, from the atomic

13

size defects to the macroscopic measurement, demon-
strate the importance and the correlation between the
stability of particular defects and the stored elastic en-
ergy in the phase stabilization mechanisms under non
equilibrium process. This work have been focus here on
samples elaborated by the IBS deposition technique but
it could enhance the field of modeling and understand-
ing of other different non-thermodynamic process such
as irradiation induced phase transformations in fluorite
related compounds.®456.
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