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Structural and Chemical Studies of the Nanoscale
Modifications Induced by Swift Heavy lon Irradiation in

SrTiO; at Grazing Incidence

Mohammad S. Jamal, Victor Pierron, Tagi Tagiyev, Jérémy Blond, Stéphane Guillous,
Clara Grygiel, Stéphane Flament, Bruno Guillet, Zhe Wang, Darrell G. Schlom,

e
~

Isabelle Monnet, Laurence Méchin,* and Mamour Sall

Swift Heavy lon (SHI) irradiation offers a powerful approach for tailoring struc-
tural and chemical properties of materials through precise energy deposition
mechanisms. This study explores nanoscale structural and chemical transfor-
mations induced by SHI irradiation in SrTiO; (STO) thin films. A 20 nm STO
layer, grown on a Si (001) substrate by molecular beam epitaxy, is irradiated
with 71 MeV '2Xe'®* ions at a grazing incidence angle of 3°. Atomic force
microscopy and reflection high-energy electron diffraction reveal the formation
of amorphous nanohillocks aligned with the ion tracks, exhibiting increased
roughness with nanoscale ion tracks forming a ripple pattern. High-resolution
scanning transmission electron microscopy combined with electron energy loss
spectroscopy identifies structural phase separation within the hillocks, charac-
terized by SrO and TiO, segregation, along with compositional shifts, including
Sr depletion and localized oxygen deficiency. Analyses of the fine structures of Ti
L,; and O K edges highlight oxygen vacancies and the partial reduction of Ti**

modifications depending on the material
and irradiation parameters. These modifi-
cations extend from the creation of point de-
fects to the amorphization in the bulk of the
material, and the formation of nanoscale
features such as hillocks and craters on
the surface.'>] In materials sensitive to ra-
diolysis, the underlying processes are pri-
marily driven by energy deposition into the
electronic subsystem via electronic stop-
ping power (S.), while nuclear stopping
— direct interaction between the projectile
and the nuclei plays a secondary role, con-
tributing to localized defect formation along
each ion trajectory. Critical factors such as
the ion type, energy, fluence, and angle
of incidence strongly influence the mor-

to Ti** in the hillocks. These findings provide critical insights into the mech-
anisms of SHI-induced structural and chemical modifications, with potential
implications for defect engineering and nanostructuring in oxide materials.

1. Introduction

Irradiation of solid materials with energetic particles, such as
Swift Heavy Ions (SHI), induces a wide range of structural

phology and the extent of these changes,
making SHI irradiation a powerful tool
for controlling material modification. Over
the past decades, SHI-induced structural
changes have been extensively studied in a
wide variety of materials, motivated by their
relevance in nanostructuring,!® thin-film
processing,”® and the development of radiation-resistant mate-
rials for technological and scientific applications.l1% In fact,
the localized energy deposition along the ion trajectory may
lead to permanent nanoscale structural modifications when the
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Figure 1. AFM images showing the surface morphology of a) STO (20 nm)/Si before irradiation and b) after irradiation with 71 MeV Xe ions at an angle
of 3° with the surface, with a fluence of 8 x 10'% ions cm~2. The arrow indicates the direction of irradiation. The scan areas are 2 x 2 um? and 1x 1um?,
respectively. Line profiles corresponding to the marked dashed lines in each image are displayed below, providing the surface topography and hillock
height, respectively. The average period of the hillock is 37 nm along the ion tracks.

deposited energy density, i.e., S., is sufficiently high to transiently
melt the material on a picosecond timescale.>!! Subsequently,
the molten region, surrounded by a cold matrix, undergoes a
rapid quenching process, forming a highly disordered or amor-
phous ion track.[''"13] Near the material surface, the high pres-
sure within the melted region can be released by a protrusion to-
ward the surface of melted matter along the ion trajectory.[®1314]
Therefore, surface nanostructures could be created and, in fact,
have been achieved with the observation of nano-hillocks and
craters using irradiation geometries ranging from normal to
oblique and grazing incidence, offering flexibility in tailoring sur-
face morphologies.[23131516] For instance, at grazing incidence
SHI irradiation, discontinuous nano-hillocks form at the surface
of materials along the ion beam direction, resulting in chain-like
nano-hillocks.>® These chain-like structures, characterized by
their high degree of periodicity and alignment, present promis-
ing opportunities for applications and have been reported in var-
ious oxide materials, including SrTiO; (STO),[#7] LaMnO,,!®]
InSnO,P], etc. In particular, STO, a perovskite with unique elec-
tronic and optical properties, has gained renewed interest. STO is
valued for its large dielectric constant, transparency, and compat-
ibility with other perovskites, making it a suitable substrate for
growing microelectronic heterostructures and a model system
for ferroelectricity studies.['®1°] Consequently, in recent decades,
the STO substrate has been extensively utilized as a model system
for investigating defect engineering under SHI irradiation, lead-
ing to nanoscale, morphological, structural, and chemical trans-
formations. Crespillo et al. demonstrated that oxygen vacancies
in SrTiO; can be unambiguously identified via a distinct red lu-
minescence emission at ~2.0 eV, which originates from Ti** po-
larons trapped at isolated oxygen vacancy sites.[?*?!] This spec-
tral signature offers a robust diagnostic for tracking vacancy for-
mation and enables precise defect engineering in perovskite ox-
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ides through ion beam irradiation. Recent research has demon-
strated the formation of self-organized wave-like structures on
the STO surface under grazing incidence SHI irradiation,!®! as
well as the development of core—shell structures under nor-
mal incidence, featuring an amorphous core surrounded by a
disordered crystalline shell.['722] These investigations have sig-
nificantly advanced our understanding of SHI-induced struc-
tural transformations in STO. However, while the physical pro-
cesses and microstructural characteristics of ion tracks are well
documented, the chemical states and compositional analyses
of these features remain poorly characterized, limiting the full
use of these modifications for practical applications. In fact,
despite their potential, the application of SHI-induced nanos-
tructures remains limited compared to low-energy ion-beam
sputtering techniques.l”?>-2¢] Yet, the ability to fine-tune at the
nanoscale ion track density through fluence adjustments and
to control track length by modifying ion energy or angle of in-
cidence highlights the versatility of SHI for advanced surface
engineering.[!

In this study, we integrate nanoscale structural analyses with
chemical characterization to bridge the gap in the current un-
derstanding of SHI-induced modifications at the surface of STO
thin films. The insights gained from this study contribute to the
broader knowledge of ion-beam-driven material transformations
and highlight the applicative potential of tailored nanostructur-
ing in perovskite systems.

2. Morphological Properties of SHI Irradiated STO

Atomic Force Microscopy (AFM) images in Figure 1 provide criti-
cal insights into the morphological evolution of the STO thin film
surface, before and after SHI irradiation. The pristine STO sam-
ple exhibits a homogenous and smooth surface, characterized by

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. RHEED patterns of a) nonirradiated STO(001) and b,c) irradiated STO surfaces, captured with the electron beam aligned (b) perpendicular

and (c) parallel to the SHI irradiation direction.

a root-mean-square (RMS) roughness below 0.5 nm across the 2
x 2 um? scan area. The line profile along the white dashed line
in Figure 1a reveals minor height variations between —0.25 and
0.25 nm, consistent with high-quality epitaxial growth and mini-
mal surface irregularities for STO. However, postirradiation, the
surface morphology undergoes a significant transformation, as
depicted in Figure 1b. The irradiated sample exhibits chains of
nano-hillocks aligned with the ion irradiation direction as previ-
ously reported in > (see profile in Figure 1b). With the irradia-
tion fluence of 8 x 10 jons.cm 2, the chains of nano-hillocks are
predominantly interconnected in the irradiation direction. They
are interspersed with regions of nonirradiated surface, marked
by white ellipses in Figure 1b, in the direction perpendicular to
the chains. The RMS roughness increases to ~1.5 nm, reflecting
the surface’s nanoscale restructuring due to SHI-induced modifi-
cations. Along a given ion direction, the average periodicity of the
nano-hillock chains is 37 nm, which is lower than the literature
value of 58 nm for nanohillocks aligned along the [100] crystal-
lographic direction for irradiations with similar macroscopic S,
than in the present study.’! The reduction in periodicity com-
pared to literature values can be attributed to the ion beam’s de-
viation from the [100] crystallographic axis, which reduces the
electronic stopping power and alters the energy dissipation pat-
tern. This correlation between periodicity and crystallographic
alignment supports the notion that structural modifications are
strongly influenced by the orientation of the irradiation direction
relative to the crystal lattice.

The nanoscale surface restructuring is confirmed by the Re-
flection High-Energy Electron Diffraction (RHEED) measure-
ments. For the nonirradiated STO surface (Figure 2a), the
RHEED pattern was recorded with the electron beam aligned
along the [100] crystallographic axis of STO. The pattern exhibits
bright spots corresponding to the 01, 00, and 01 diffraction peaks,
indicative of a well-ordered crystalline surface.[?’! In the irradi-
ated sample, when the electron beam is perpendicular to the
chain of hillocks (Figure 2b), only a specular reflection spot is ob-
served. This indicates a loss of long-range crystalline order at the
surface with possible amorphization. Conversely, when the elec-
tron beam is aligned parallel to the chain of hillocks (Figure 2c),
weak diffraction spots (02, 01, 01, and 02) become visible. These
features suggest the coexistence of nonirradiated crystalline re-
gions embedded among the disordered chains of hillocks.[}] The
diffraction pattern corresponds to the [100] crystallographic axis
of STO.I?’] Interestingly, the central 00 peak is not observed in
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Figure 2c. Upon closer inspection, the specular reflection and
diffraction spots appear tilted to the right relative to the straight
dashed white line. This asymmetry in the diffraction pattern in-
dicates that the nano-hillock chains deviate from perfect align-
ment with the [100] crystallographic direction. Attempts to ob-
tain a symmetric diffraction pattern by rotating the sample were
unsuccessful, confirming that the asymmetry arises due to the
alignment of the nano-hillock chains deviating from the [100]
crystallographic axis. This misalignment corroborates the AFM
observations of reduced periodicity in the nano-hillock chains,
further emphasizing the influence of the irradiation geometry on
surface morphology.

The structural quality of the STO layer and its interface with
silicon was examined closely using Transmission Electron Mi-
croscopy (TEM) and High-Angle Annular Dark Field Scanning
TEM (HAADF-STEM) prior to the irradiation process as shown
in Figure 3. The magnified images of TEM (Figure 3b) and
HAADEF-STEM (Figure 3d) reveal the epitaxial growth of the crys-
talline STO layer on the Si substrate. Fast Fourier Transform
(FFT) patterns, presented to the right of Figure 3D for selected re-
gions, confirm the presence of well-ordered domains in the STO
layer oriented along the growth direction. A thin amorphous SiO,
layer (~2 nm) was observed at the interface between the STO
layer and the Si substrate. This layer forms due to oxygen dif-
fusion through STO during growth, resulting in the oxidation of
silicon beneath the STO. Notably, this process does not disrupt
the crystal structure of the first few atomic layers of the epitaxi-
ally grown STO.[?]

The HAADF-STEM images in Figure 4 provide a detailed
nanoscale perspective of the structural changes induced by SHI
irradiation, complementing the surface morphological and crys-
tallographic information obtained through AFM and RHEED.
The postirradiation HAADE-STEM image (Figure 4) in cross-
sectional configuration, in a projection view perpendicularly to
the direction of the chains of hillocks, highlights amorphous
hillocks (red dashed circles) on the STO surface and irregular
amorphous regions (red dashed squares) within the STO layer.
These latter features confirm that the SHI-induced energy depo-
sition effect extends beyond the surface, penetrating into the STO
layer and inducing localized amorphization. This is consistent
with the S, value of 1¥Xe!®* 71 MeV ion in STO (19 keV nm™!)
which is higher than the S, threshold value (12.7 keV nm~'[?])
for the creation of discontinuous track in bulk STO and of chains
of hillocks at its top surface.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) HR-TEM image and c) HAADF-STEM image of the STO (20 nm)/Si sample. The corresponding magnified images b) and d) provide a detailed
view of the STO, SiO,, and Si layers, clearly distinguishing the crystalline regions (Si and STO) from the amorphous SiO, layer. The FFT patterns from
square regions indicated in (b) are shown on the right, offering insights into the structural quality and domain orientation of the STO layer.

The structural analysis combining RHEED measurements
and high-resolution HAADF-STEM imaging clearly reveals the
amorphous character of the SHI-created hillocks at the sur-
face of STO. This brings new insights into the morphol-
ogy of SHI-induced surface nanostructures of STO that has
been extensively studied.>>¢%132%1 However, in these previ-
ous studies, there is a lack of information concerning the
chemical composition of the hillocks. This could limit the

Hillocks

understanding of the physical mechanism behind the evolu-
tion of these hillocks after a particular treatment like thermal
annealing,! chemical etching,**! or supplemental SHI irradi-
ation with fluence where ion tracks overlap.l®! In this paper,
we have studied the chemical composition in the hillock utiliz-
ing STEM-EELS spectroscopy with a particular emphasis on the
Ti and O fine structures in order to probe their local bonding
environments.

Hillock

Figure 4. a) HAADF-STEM image of the STO (20 nm)/Si sample irradiated with 71 MeV Xe'®* ions at a grazing incidence angle of 3°, showing the
formation of amorphous hillocks (highlighted by red dashed circles) and irregular amorphous regions (marked with red dashed squares). b) High-
resolution HAADF STEM image of the region outlined by the yellow dashed rectangle in (a), offering a detailed view of a single hillock. This image clearly
differentiates the crystalline regions (Si and STO) from the amorphous areas, including SiO,, and the hillock structure.
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Figure 5. a) HAADF-STEM image of the irradiated STO (20 nm)/Si sample, highlighting a single hillock. b—d) EELS mapping for the O K, Ti L, 3, and Sr
L, ; edges within the region outlined by the yellow rectangle in (a). e) Combined RGB elemental map for the same area, with O represented in red, Ti in
green, and Sr in blue. f) EELS volumetric density profile for O, Ti, and Sr extracted from the red rectangular area in (e) along the yellow arrow, as shown
at the bottom of (f). The ratios of O/Ti and O/Sr, are displayed at the top of (f), providing a quantitative analysis of elemental distribution.

3. Chemical Analysis of the Hillock

Figure 5a presents the results of chemical analysis of a hillock by
means of Electron Energy Loss Spectroscopy (EELS) measure-
ments. The elemental maps (see Figure 5c¢,d) for oxygen, tita-
nium, and strontium show a noticeable reduction in Sr and O
content relative to Ti content within the hillock, compared to the
bulk STO region where the composition is near the nominal ratio
O:Sr:Ti of 3:1:1 (Figure 5f). The loss of Sr in the surface hillock
could be due to the higher volatility of SrO in comparison to TiO,.
In fact, Sr has a lower enthalpy of evaporation (141 kcal mol=2)
compared to Ti (427 kcal mol™!) and a lower boiling point (1653
vs 3533 K).[3% The loss of St probably happened during the tran-
sient melting and the mass transport toward the surface along
the ion trajectory as explained in the introduction part.

Besides the depletion of Sr inside the hillock, the EELS chem-
ical maps at the atomic scale (pixel size: 0.05 nm X 0.05 nm and
probe size: < 0.08 nm) in Figure 6 reveal the separation of the
phases SrO and TiO, within the hillock region as displayed by
dashed orange and blue regions in color mixed Ti+Sr image. The
intensity profile (for red rectangle in color mix O+Ti+Sr) of the
EELS maps in Figure 6b indicates alternating ~0.5 nm-wide St-
rich and Ti-rich regions within the hillock, while the periodic-
ity of Sr, Ti, and O atomic columns is well-defined in the non-
disordered part of the material. To further elucidate the nature of
these hillocks and understand the phase separation into SrO and
TiO, a detailed EELS fine-structure analysis was performed.

4, Ti and O Fine Structures

As illustrated in Figure 7, EELS was utilized to probe the chemi-
cal environment in two distinct regions: the crystalline STO layer
(black circle in Figure 7a) and the amorphous hillock (red circle in
Figure 7a). The corresponding EELS spectra shown in Figure 7b,
reveal notable differences in the fine structure of the Ti L, ; edge
between these regions. In the crystalline STO layer (black curve),
the Ti L, ; fine structure exhibits four well-defined peaks at spe-
cific energy loss values: t,, (L;) at 456.86 €V, e, (L;) at 459.11 eV,
ty (L) at 462.22 eV, and e, (L)) at 464.43 eV. The characteris-
tic four-peak structure of the Ti L, ; edge results from transitions
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from Ti 2p, , states to the unoccupied Ti 3d t,g and Ti 3d e, states,
followed by transitions from Ti 2p, , states to Ti 3d t), and Ti 3d e,
states. The alignment of these peak positions with recent litera-
ture 3!l confirms the expected electronic structure of bulk SrTiO,
and validates the spectral data. In contrast, the Ti L, ; fine struc-
ture in the amorphous hillock (red curve) shows a distinct shift
in the e, (L,) and e, (L;) peaks toward lower energy by ~0.45 eV.
This energy shift indicates a reduced oxidation state of Ti within
the hillock, suggesting the presence of oxygen vacancies and/or a
modification in the local bonding environment due to the amor-
phous character of the hillock.*233! This is also consistent with
the oxygen deficiency in the hillock revealed by the composition
analysis presented in Figure 5.

The EELS data of the O-K edge were obtained from three dis-
tinct regions: Area A (bulk STO), Area B (hillock), and Area C
(hillock), as illustrated in Figure 8a. In Figure 8D, in the bulk STO
region, the O-K edge energy range is divided into two regimes
based on electronic transitions involving hybridized oxygen or-
bitals. The first regime (525-539 eV) reflects shape-resonances
arising from two main transitions: i) transitions from O 1s —
O 2p<Ti 3d hybridized orbitals, giving rise to peak a (Ti 3d t,,)
at 530 eV and peak b (Ti 3d e,) at 532.6 €V, and ii) transitions
from O 1s — O 2p<Sr 4d hybridized orbitals, producing peak
c (Sr 4d e ) at 534.5 eV and peak d (Sr 4d t,,) at 536 eV. These
well-defined features arise from the strong crystal field splitting
caused by the octahedral coordination of oxygen atoms around
Ti and Sr in the perovskite structure.** The observed splitting
between peaks a and b is 2.61 eV, characteristic of bulk STO
with fully oxidized Ti**, consistent with previously reported high-
resolution O-K edge spectra for STO.313435] The second regime
(539-560 eV) shows broader shape-resonances corresponding to
transitions from O 1s — Ti 4sp orbitals, labeled as peak e. The
intensity and width of this peak reflect the hybridization of Ti
4sp and O 2p orbitals. Significant spectral changes are observed
in the hillock region compared to the bulk STO spectrum. Peaks
a and b for the spectra in the hillock, corresponding to O 2p —
Ti 3d (t,, €,) transitions, broaden and merge, with their separa-
tion reduced from 2.61 to 1.85 eV, indicating a reduced crystal
field strength in the hillock. This reduction in splitting aligns
with reported values for trivalent oxides such as Ti,O;, V,0;,

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Overview HAADF-STEM image of the irradiated STO
(20 nm)/Si sample along the [100] crystallographic direction, with the area
marked by a yellow rectangle selected for high-resolution elemental map-
ping. The corresponding elemental maps display the spatial distributions
of O (red), Ti (green), and Sr (blue), followed by composite maps of Sr+O
and Sr+Ti. The light blue and orange dashed line regions in the Sr+Ti
composite represent SrO-rich and TiO,-rich regions, respectively. On the
far right, a simulated structural model replicates the observed atomic ar-
rangement, illustrating alternating SrO and TiO, planes along the [001]
growth direction. b) The HAADF signal intensity profile was extracted from
the red rectangular region in the top mixed-color (O+Ti+Sr) image. The
corresponding intensity plot, shown at the bottom, highlights the atomic
column positions of O, Ti, and Sr, as indicated by the arrows.

Cr,0;, Mn,0,, and Fe,0; where crystal field splitting typically
ranges from 1.8 to 2.0 eV.*] This strongly suggests that Ti** in
the bulk STO has been partially reduced to Ti** in the hillock due
to oxygen deficiency, consistent with the Ti-L, ; edge analysis dis-
cussed earlier. Peaks c and d, associated with Sr 4d contributions,
are significantly reduced at position B in the hillock, indicating
Sr depletion in the hillock region, consistent with the elemental
line profile analysis shown in Figure 5f. In contrast, at position
C in the hillock, peaks ¢ and d merge into a single peak with a
slight shift toward higher energy, suggesting a reduction in the
crystal field strength. The appearance of this single peak in one
spectrum and its absence in the other hillock spectrum indicates
the coexistence of SrO-rich and SrO-depleted regions within the
hillocks. This observation aligns with high-resolution STEM data,
where phase separation of SrO and TiO, was discussed.

Adv. Funct. Mater. 2025, 35, 09004 €09004 (6 of 10)
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Figure 7. a) HAADF-STEM images highlighting the spectrum acquisition
points: within the crystalline STO region (black circle) and the amorphous
hillock (red circle). b) Corresponding Ti L,,; edge fine structures for the
STO region (black line with solid square) and hillock (red line with solid
circle), showing distinct spectral features.

The evolution of Ti oxidation states from bulk STO to the amor-
phous hillock was examined in detail using EELS mapping, as il-
lustrated in Figure 9. A rectangular mapping region (yellow rect-
angle) was chosen to encompass both crystalline STO and the
amorphous hillock (Figure 9a). Figure 9b shows the Ti L, ; edge
fine structure (hollow circles) collected from the red-circled re-
gion in (a), encompassing both crystalline STO and the amor-
phous hillock. The spectrum was analyzed using Multiple Lin-
ear least squares (MLLS) fitting through the Gatan Digital Micro-
graph environment. The fitting results decomposed the spectra
into contributions from Tiin crystalline STO (black line) and Tiin
the amorphous hillock (red line), with the blue curve represent-
ing the total fit. The e, (L, ;) peaks of Ti fit in the hillock exhibited
a consistent shift toward the lower energy side by 0.45 eV, con-
firming a reduced oxidation state in the hillock region relative to
bulk STO. The MLLS fitted maps (Figure 9c) show the change of
Ti oxidation state in the entire hillock. To further investigate the
gradual evolution of Ti oxidation states, EELS Ti L, ; edges were
collected pixel-by-pixel (pixel size: 0.51 nm X 0.51 nm) along a
10.5 nm length rectangular region marked in Figure 9e. The Ti-
L, ; edge spectra (Figure 9f) reveal peak broadening and less pro-
nounced peak splitting of e, and t,, in the hillock region, consis-
tent with the decrease of oxygen coordination with Ti either due
to O deficiency and/or amorphous character of the hillock.[3233]
The degree of broadening and reduced splitting increases from
the STO/hillock interface to the surface.

To quantify the oxygen deficiency (§) in SrTiO,_; with a preci-
sion of 1% in the oxygen-deficient region (hillock), the parame-
ter R = I(eg(L3)=1o

tog(L3)~1o
oxygen vacancy concentratio I Here, I, represents the inten-
sity at the valley point between the e, (L) and ty, (Ls) peaks. A
higher R-value indicates a greater degree of oxygen deficiency.
Figure 9g presents the spatial distribution of the R-value for each
pixel within the selected yellow region in Figure 9a, obtained by
computing the intensity amplitudes eg(Ls), ty(Ls), and I,. This
analysis provides a detailed mapping of oxygen deficiency across
the crystalline STO and amorphous hillock regions, revealing

was calculated, as it is directly correlated with
n.[3637
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Figure 8. HAADF-STEM image of the irradiated STO (20 nm)/Si sample, highlighting positions A, B, and C representing EEL spectra of the O-K edge
from Area A (bulk STO, red curve) and Area B and C (hillock, green, and blue curves).

localized stoichiometric and chemical state variations induced
by irradiation. Notably, the hillock region appears predominantly
white, indicating a higher oxygen deficiency than the bulk STO
region. Figure 9h illustrates the variation of the R-value along the
yellow arrow in Figure 9g, showing an exponential increase with
distance along the line profile. The experimentally observed R-
values at distances of 4.76 nm (interface region) and 7.42 nm
(near the hillock surface) are 2.92 and 11.84, respectively, as
marked by arrows in Figure 9h. By comparing the experimen-
tally obtained R-values with literature data,*! the corresponding
contributions of Ti** (X) and Ti** (Y) with X + Y = 1, which are
directly related to the oxygen deficiency (6), can be determined.
Specifically, the analysis of the reported R-values in [*7] allows for
the estimation of X, yielding values of 0.1 for R = 2.92 (inter-
face region) and ~0.46 for R = 11.84 (hillock surface). Since each
oxygen vacancy in SrTiO, ; generates two Ti** ions, the oxygen
deficiency 6 is given by 6 = X/2. Thus, the calculated §-values
for the interface region and near the hillock surface are 0.05 and
0.23, respectively, indicating a significant increase in oxygen de-
ficiency toward the surface.

The observed reduction of Ti** to Ti** due to oxygen deficiency
along with the depletion of Sr content and the phase separation of
SrO and TiO, within the hillocks could be understood by consid-
ering the transient high temperature (thermal spike) produced
by SHI along its path. The rapid melting/boiling and quenching
processes favor oxygen out-diffusion, leading to localized vacan-
cies within the hillocks. These vacancies destabilize the Ti** oxi-
dation state, resulting in a partial reduction to Ti**. Such reduc-
tions have also been observed in TiO, nanorods under SHI where
strain and defect formation were reported to modify electronic
properties with the change of the bandgap from direct to indi-
rect at high fluence levels.[®! The transient high temperatures
facilitate preferential evaporation or displacement of Sr atoms,
while the higher stability of Ti ensures minimal variation in its
content between the hillocks and the bulk STO. Such preferen-
tial evaporation is analogous to the findings in 2D MoS, layers,
where S vacancies form due to the lower sublimation temper-
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ature of S relative to Mo.*! Similarly, in STO, the disparity in
the enthalpy of evaporation could explain the selective depletion
of Sr from the hillocks. The phase separation of SrO and TiO,
within the hillocks is another consequence of the thermal spike.
The difference in evaporation enthalpies and bonding character-
istics of Sr and Ti results in the segregation of these phases dur-
ing resolidification. The rapid cooling traps the separated phases
within the hillock structure, as evidenced by the compositional
maps and structural analyses. Comparable behavior has been re-
ported in the literature, where thermal annealing of STO and ti-
tanium oxides at temperatures above 850 °C leads to film decom-
position, including SrO desorption and the formation of distinct
oxide phases.[%40:41]

5. Conclusion

This comprehensive investigation of swift heavy ion-irradiated
SrTiO, thin layers at grazing incidence highlights, for the first
time, significant material decomposition into nano-hillocks cre-
ated at the surface of the material. These nano-hillocks present
an amorphous structure and phase separation of SrO and TiO,.
Quantitative EELS analysis showed oxygen deficiency and Sr
depletion in the hillock in comparison to the crystalline bulk
SrTiO;. The analysis of the fine structures of both titanium and
oxygen revealed an important reduction of titanium from Ti** to
Ti** due to oxygen deficiency. These results advance our under-
standing of ion-beam-induced modifications in perovskite sys-
tems and underscore the potential of SHI irradiation for tailor-
ing the properties of oxide materials for technological applica-
tions, including radiation-resistant devices and nanostructured
components.

6. Experimental Section

Material: A 20 nm thick epitaxial SrTiO; (STO) film was grown on
a Si (001) substrate using molecular beam epitaxy. The growth process

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. a) HAADF-STEM image of the irradiated STO (20 nm)/Si sample, highlighting a single hillock. The yellow rectangle indicates the region
selected for spectrum imaging to analyze the Ti fine structure. b) Ti L,,; edge fine structure (hollow circles) collected from the red-circled region in (a),
encompassing both crystalline STO and the amorphous hillock. The spectrum was analyzed using Multiple Linear Least Squares (MLLS) fitting, with
contributions from Ti in crystalline STO (black line) and Ti in the amorphous hillock (red line). The blue curve represents the total fit for the spectrum.
c—e) Mapping of MLLS fit coefficients: (c) Tiin crystalline STO, (d) Ti in the hillock, and (e) a composite map combining (c) and (d). (f) EELS Ti L, ; edges
were collected pixel-by-pixel (pixel size: 0.51 nm x 0.51 nm) along the arrow for the rectangular region marked in (e). The arrow indicates the direction
of extracted spectra from STO to an amorphous hillock. The spectra for bulk STO, the interface, and surface evolution points with different oxidation
I(eg (L3))~!
% calculated using MLLS fitting for the yellow rectangular region by calculating the
2¢(L3))=lo
intensities I(ey(L3)), I(t25(L3)), and Iy where we set the intensity for the valley point between e (Ls) and tyg (L3) as lo. (h) Parameter R plotted as a

states are highlighted by thicker lines. (g) Parameter R =

function of distance along the marked arrow in (g).

employs a kinetically controlled deposition technique as described in pre-
vious studies.[*243] This method ensures high-quality epitaxial growth with
precise stoichiometric control and minimizes defect formation.

Irradiation:  The STO thin films were irradiated at the IRRSUD ion
beamline of GANIL (Caen, France) using '2°Xe'®* ions with an energy of 71
MeV, having a S, value of 19 keV nm~" in STO, calculated using the SRIM
software.[*l Irradiation was performed at room temperature and at a graz-
ing incidence angle around 3° under vacuum better than 5 x 107> mbar.
The ion fluence was fixed at 8 x 10'° ions cm~2 to induce dense but near-
separated nanostructures at the surface.

AFM Measurements: The AFM measurements were conducted in non-
contact mode under ambient conditions using a Park Systems, Inc. (South
Korea) AFM equipped with cantilevers operating in the 200-400 kHz reso-
nant frequency range. The acquired AFM images were processed and an-
alyzed using Gwyddion software (version 2.66).14°]

RHEED Measurements: RHEED measurements, using a setup from
Staib Instruments, Inc. (Germany), were performed to investigate the
structural features of the STO surface. A 30 keV electron beam with an

Adv. Funct. Mater. 2025, 35, 09004 €09004 (8 of 10)

emission current of 1.55 A was directed at the surface at a grazing inci-
dence angle of approximately 4° during the measurements.

TEM, HAADF-STEM, and EELS Analysis: TEM experiments were per-
formed on a double-corrected JEOL ARM 200F equipment operating at
200 kV, equipped with a GIF Quantum Gatan energy filter. A HAADF de-
tector was used with inner and outer angles of 68 and 280 mrad, respec-
tively. EELS experiments were performed in dual-EELS mode for elemental
analysis using a Gatan K3 detector with an energy dispersion of either 0.9
or 0.03 eV/channel for higher resolution. The STEM micrographs and the
EELS data were acquired and processed under the Gatan Digital Micro-
graph environment.

TEM Sample Preparation with the FIB Technique: TEM sample prepara-
tion in cross-sectional configuration was carried out by FIB technique with
a 30 keV Ga' lon Beam in a Helios Nanolab 660 system (Thermofisher).
The beam current was decreased in several steps from 21 nA to 80 pA
for the milling of the sample. A final cleaning step was performed with
the FIB voltage decreasing gradually to 2 and 1 keV with currents of 23
and 28 pA, respectively. A protective carbon layer (%30 nm thick) was

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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deposited on the STO surface before FIB milling to preserve the surface
features and facilitate lamella preparation. A thick platinum (Pt) layer was
subsequently deposited at the top of the carbon layer to protect the sam-
ple during milling. The FIB cross-section lamella was cut perpendicular to
the grazing irradiation direction.
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