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a b s t r a c t

The response of strontium titanate (SrTiO3) to ion and electron irradiation is studied at room tempera-
ture. For an accurate energy to depth conversion and a better determination of ion-induced disorder
profile from Rutherford backscattering spectrometry measurement, a detailed iterative procedure is
described and applied to ion channeling spectra to determine the dechanneling yield and the disorder
profiles for the Sr and Ti sublattices. The result shows a large underestimation in disorder depth, �40%
at the damage peak, which indicates a large overestimation of the electronic stopping power for
1.0 MeV Au ions in SrTiO3 predicted by the SRIM (Stopping and Range of Ions in Matter) code. Overesti-
mation of heavy ion stopping power may lead to an overestimation of the critical dose for amorphization.
The current study also demonstrates possible ionization effects in SrTiO3 under ion and electron irradi-
ation. Pre-amorphized SrTiO3 exhibits strong ionization-induced epitaxial recovery at the amorphous/
crystalline interface under electron irradiation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Perovskites are the most abundant mineral on earth with a gen-
eral formula of ABO3, and strontium titanate (SrTiO3) is a promi-
nent representative of the group. Due to high dielectric constant,
good magnetic, ferroelectric and insulating properties, outstanding
wear resistance, high resistance against oxidation, and high chem-
ical and thermal stabilities, single crystal SrTiO3 is of technological
interest in microelectronics and optoelectronic industries [1–4]
and in clean energy research [5–7]. Strontium titanate thin films
can be used as insulating layers in dynamic random access memo-
ries [2], ferroelectric thin film structures [8,9] and high-Tc super-
conductor devices [10], potential gate oxide candidates [11], as
well as photocatalysts for water splitting [5–7].

Perovskite phases, particularly SrTiO3, have also been proposed
as possible ceramic host phases for the immobilization of actinides
and some long-lived fission products [12]. The majority of high-le-
vel waste (HLW) generated in waste stream from reprocessing of
spent nuclear fuel (SNF) is highly radioactive. Immobilization of
HLW can be achieved by incorporating it into solid matrices dis-
posed into a deep stabilized geologic repository [13,14]. The poten-
tial materials for immobilization of nuclear waste must endure
high radiation doses associated with a-decay of the actinides and
b-decay of the fission products. Radiation effects in the host phases
through atomic displacements and ionization may compromise the
ll rights reserved.
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physical and chemical durability. Thus, it is important to under-
stand and predict the behavior of these materials in a radiation
environment.

In this work, the radiation response of SrTiO3 is studied, as a
model system for the perovskite phases. Energetic Au particles
are employed to evaluate the damage accumulation through atom-
ic collision. Accuracy of the Stopping and Range of Ions in Matter
(SRIM) code is examined. Furthermore, dynamic annealing through
ionization under both ion and electron beam (e-beam) irradiation
is discussed.

2. Experimental procedure

The high-purity single crystal SrTiO3 samples used in this study
were obtained from Princeton Scientific Corp. (NJ). The crystals
were epi-polished with dimensions of 10 mm � 10 mm � 1 mm
and oriented along the [100] axis.

Irradiation of SrTiO3 with 1.0 MeV Au+ or Au2+ ions and subse-
quent investigation of damage analysis based on ion channeling
method were carried out using the 3.0 MV tandem accelerator
facilities within the Environmental Molecular Sciences Laboratory
(EMSL) at the Pacific Northwest National Laboratory (PNNL) [15].
The crystals were mechanically mounted to a molybdenum plate
by molybdenum spring-loaded clips, with a chromel–alumel ther-
mocouple clamped to the sample surface. The crystals were irradi-
ated by 1.0 MeV Au ions at fluences varying from 4 � 1012 cm�2 to
5 � 1013 cm�2 at room temperature. A large tilt angle of 60� rela-
tive to the surface normal was used to produce shallow damage
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that could be readily measured by Rutherford backscattering spec-
trometry (RBS) in channeling geometry [16] using 2.0 MeV He+

beam along both the <100>-axial direction and an off-channel
(random) direction. A Si detector was located at a scattering angle
of 150� relative to the incoming beam.

Electron beam irradiation and in situ transmission electron
microscopy (TEM) observations were performed using a JEOL
2010F microscope at the University of Michigan operated at
200 kV. Structure and damage recovery were studied by both
bright field imaging and selected-area electron diffraction (SAED)
patterns. Cross-sectional TEM samples were prepared by the
wedge technique using a tripod polisher. Specimens were prepared
by pure mechanical polishing, which was followed by ion milling
using 4 keV Ar+ to obtain thin area suitable for TEM observations.
Ion milling may induce point defects or create a surface amorphous
layer with a thickness of several nm on the thin areas of the TEM
samples. However, this surface amorphous layer is much smaller
than the typical sample thickness required for high-resolution
TEM imaging, and should not have significant effects on the origi-
nal damage profile induced in SrTiO3 by Au ions.

Time-of-flight secondary ion mass spectrometry (ToF–SIMS)
was used to characterize the depth profile of implanted Au ions
in the SrTiO3 samples. An IONTOF V spectrometer (IONTOF GmbH,
Münster, Germany) was used in the ToF-SIMS measurement. A
dual-beam depth profile strategy was employed. The sputtering
beam was 2 keV Cs+ with a scan area of 300 lm � 300 lm. The
analysis beam was 25 keV Bi+ ions, which were focused into
�2 lm diameter and rastered at the center of the sputtering crater
with a scan area of 100 lm � 100 lm during data acquisition. The
base pressure of the analysis chamber was 2 � 10�10 mbar. The im-
planted Au profiles were measured by SIMS assuming a constant
sputtering rate that was determined by profilometry measure-
ments. The depth of each square crater resulting from the SIMS
measurements was determined by both ZYGO NewView 200 and
Dektak 6 M profilometers. The ZYGO microscope is a general pur-
pose optical profilometer with 3D imaging features. This non-
destructive and non-contact technique determines depth from
the difference between two focal planes by precise z-movement
of the lens. Since the SrTiO3 substrate is partially transparent, the
reflected light from other planes may make it difficult for the
instrument to detect the correct focal plane. Thus, depths of all cra-
ters were also confirmed by the Dektak profilometer utilizing a
12.5 lm diamond-tipped stylus that is in physical contact with
the sample surface. Good agreement was found between the two
profilometer depth measurements.
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Fig. 1. A series of <100>- aligned RBS spectra for SrTiO3 irradiated under 1.0 MeV
Au irradiation at room temperature to different ion fluences from 6 � 1012 cm�2

(bottom) to 5 � 1013 cm�2 (top). Random and channeling spectra from a virgin area
are also included. Backscattered He ions from the sample surface are marked for the
Sr and Ti sublattices, respectively. For visual clarity, every three data points are
shown.
3. Results and discussion

3.1. Damage evolution and amorphization by atomic collision

Due to high radiotoxicity and long life, actinide disposal is cer-
tainly the most challenging task. Alpha decay of actinide elements
produces high-energy alpha particles and low-energy heavy recoil
nuclei (alpha recoils) [12]. The alpha particles, due to smaller mass,
have relatively less radiation impact. The heavy alpha recoils ac-
count for most of the crystal damage produced through elastic
scattering collisions. Accumulation of alpha decay damage may
lead to serious disorder or even a crystalline to amorphous transi-
tion. Such phase transformation may enhance the ceramic aqueous
dissolution and produce a large swelling leading to cracks or even
fragmentation of the waste form. Since both effects may increase
the actinide release, it is important to understand and predict the
behavior of the materials in a radiation environment.

As possible ceramic host phases for the immobilization, disor-
der induced by recoil nuclei in SrTiO3 has been studied by heavy
ion irradiation [14–24]. Since nuclear stopping at the damage peak
resulting from heavy ion irradiation, such as Au and Pb, is similar
to the nuclear stopping of alpha recoils (� 5 keV/nm), the damage
evolution at the damage peak under heavy ion irradiation provides
a reasonable simulation of the damage evolution behavior due to
alpha recoil collision cascades. To characterize and evaluate the
material response under different irradiation conditions, dose in
displacements per atom (dpa) is commonly used [12–17,19–22],
and defect production and damage evolution are studied and ana-
lyzed as a function of dpa. The SRIM code, as one of the most ac-
cepted simulation programs, is widely used for calculating
stopping power and ion range in matter [25,26]. Since the stopping
prediction from SRIM is based on fits to experimental data, it usu-
ally provides reasonable predictions. In the newly released version
SRIM 2008 [26], the average accuracy of the stopping powers is
stated to be 4.8% overall. It further points out that the experimental
stopping powers for heavy ions contain far more uncertainties than
that for light ions. For light ions of H and He, more than 74% of data
points are within 5% of the SRIM predictions and 87% within 10%.
For heavy ions, more than 58% within 5% and 82% within 10%.
The larger error for heavy ions is partly due to limited experimen-
tal data as well as the increased scatter of the data points.

In this section, damage evolution and amorphization of SrTiO3

by atomic displacement are investigated under 1 MeV Au ion irra-
diation. The ion-induced damage profile is determined using an
iterative procedure. The accuracy of the SRIM predictions is exam-
ined by comparing the predicted damage profile and Au distribu-
tion to the experimental results.

3.1.1. RBS spectra and damage profiles
Channeling RBS spectra along the <100> direction in SrTiO3 are

shown in Fig. 1 for the samples irradiated at different Au ion flu-
ences. The random and channeling spectra from a virgin area are
also included, which indicate the fully amorphous and essentially
defect-free states, respectively. The ratio of the backscattering
yield in the virgin spectrum to the yield in the random spectrum
just below the surface peak is 1.9%, which indicates the high qual-
ity of the crystal. As shown in Fig. 1, the increase in disorder on the
Sr and Ti sublattices with increasing ion fluences is evident. At high
fluences, the peak height reaches the random level, indicating that
a fully amorphous state is reached based on ion-channeling
criteria.
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Fig. 3. Analysis of Au-induced damage on both the Sr and Ti sublattices for the
5 � 1013 cm�2 irradiated sample. (a) The normalized channeling spectra, g(x), and
the virgin spectrum, V(x). The dechanneling function, R(x), is determined from the
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Depth profiles of the relative disorder on the Sr and Ti sublattic-
es can be obtained from the RBS spectrum in Fig. 1 by applying an
iterative procedure [21,27–29]. Analysis examples are shown in
Figs. 2–4 for the specimens implanted to 5.0 � 1013 cm�2 and
1.5 � 1013 cm�2, which illustrates the general analysis procedures
for all the spectra. For each ion fluence, a set of three spectra is
needed to determine the corresponding disorder profile, as shown
in Fig. 2 for the 5.0 � 1013 cm�2 implanted sample that contains (1)
the measured channeling spectrum from the irradiated sample, (2)
the virgin spectrum and (3) the random spectrum. To reduce the
uncertainty, a curve fit is used to fit the random spectra, as shown
by the solid line in Fig. 2. The dashed line is the extrapolation of the
random yield from the Sr sublattice to lower channels. The height
difference between the solid line and the dashed line is the random
yield from the Ti sublattice. Normalized to the fitted random spec-
trum in Figs. 2, Figs. 3(a) and 4(a) show the normalized virgin spec-
trum, V(x), and the normalized channeling spectrum, g(x), for the
5.0 � 1013 cm�2 and the 1.5 � 1013 cm�2 implanted samples,
respectively. The dechanneling component, R(x), starts from a
point on the virgin spectrum near the beginning of the damaged
region and may stop at a point beyond the damage region. In the
cases shown in Figs. 3(a) and 4(a), R(x) starts just after the surface
peak at channel 842, and stops at channel 600, fully covers the re-
gion of interests. The iterative procedure can be followed as:

Rð842Þ ¼ Vð842Þ þ ½1� Vð842Þ�

� 1� exp �rD �
gð843Þ � Rð843Þ

1� Rð843Þ

� �� �� �
:

Where the dechanneling component R(843) is assumed to be zero.
At the next channel (841), the dechanneling function, R(841) can
be determined as

Rð841Þ ¼ Vð841Þ þ ½1� Vð841Þ�

� 1� exp �rD �
gð843Þ � Rð843Þ

1� Rð843Þ

� �
þ gð842Þ � Rð842Þ

1� Rð842Þ

� �� �� �� �
:

The iterative procedure successively moves in depth to the next
channel to determine the dechanneling function, R(x), which en-
ables the separation of the direct backscattering contribution from
the displaced atoms at that depth
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Fig. 2. RBS spectra along <100> direction in SrTiO3 for the virgin sample and the
sample irradiated by 1.0 MeV Au ions to 5 � 1013 cm�2, together with the random
spectrum. A curve fit of the random spectrum is shown by the solid line. The dashed
line is the extrapolation of the random yield from the Sr sublattice to lower
channels.

iterative procedure. Backscattered He ions from the sample surface are marked for
the Sr and Ti sublattices, respectively. (b) The normalized channeling spectrum,
g(x); and the dechanneling spectrum, R(x); the dechanneling yield from the Sr
sublattice, TiBase(x) (dotted line); the random spectrum of the Ti sublattice
TiRandom(x) (solid line) superimposed on top of the dechanneling yield from the Sr
sublattice, TiBase(x) + TiRandom(x) (dashed line). (c) The relative disorder for both the
Sr and Ti sublattices determined using the iterative procedure.
RðxÞ ¼ VðxÞ þ ½1� VðxÞ�

� 1� exp �rD �
X843

xþ1

gðxþ 1Þ � Rðxþ 1Þ
1� Rðxþ 1Þ

� �� �" # !
:

The parameter, rD, is the only adjustable parameter that is re-
lated to dechanneling cross section for the disorder along the axial
channel direction. Although the dechanneling mechanisms are not
thoroughly understood, the value of rD can be determined when
the dechanneling component R(x) overlaps with the normalized
channeling spectrum g(x) after the damage peak, as shown in Figs.
3(a) and 4(a) at channel from 600 to 660. After separation of the
dechanneling component from the direct backscattering contribu-
tion, g(x) � R(x), the profile of the relative Sr disorder is then
derived by [g(x) � R(x)]/[1 � R(x)]. The determination of the disor-
der level on the Ti sublattice is more challenging due to the overlap
with the backscattering yield from the Sr sublattice. The general
procedure is demonstrated in Figs. 3(b) and 4(b). The solid line
is the random yield from the Ti sublattice, TiRandom(x), which is
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sublattice, TiBase(x) + TiRandom(x) (dashed line). (c) The relative disorder for both the
Sr and Ti sublattices determined using the iterative procedure.
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determined by the difference between the solid and dashed lines
from the random spectrum as indicated in Fig. 2. The base line
spectrum for the Ti sublattice, TiBase(x), is attributed to the dechan-
neling contribution resulting from the Sr disorders, as shown by
the dotted lines in Figs. 3(b) and 4(b) for the 5.0 � 1013 cm�2 and
the 1.5 � 1013 cm�2 implanted samples, respectively. The relative
Ti disorder is then derived by [g(x) � R(x)]/[TiRandom(x) + TiBase(x)-
R(x)], where the sum of TiRandom(x) and TiBase(x) is shown as the
dashed line in Figs. 3(b) and 4(b). The corresponding disorder pro-
files on both the Sr and Ti sublattices are shown in Figs. 3(c) and
4(c) for the 5.0 � 1013 cm�2 and the 1.5 � 1013 cm�2 implanted
samples, respectively. Since the dechanneling component overlaps
with the normalized channeling spectrum after the damage peak
where g(x) � R(x) = 0, the displacement density fall to zero as
shown in Figs. 3(c) and 4(c).

It should point out that the backscattering yield from the disor-
der of the Ti sublattice is superimposed on that from the disorder
of the Sr sublattice, as shown in Fig. 1, which may lead to increased
uncertainty for determining the Ti disorder profiles. Due to limited
separation of the damage peak from the Sr and Ti sublattices in
RBS, determination of TiBase(x) may also lead to a relatively larger
uncertainty. Accurate determination of TiBase(x) is expected when
the damage peak is narrow and there is a clear separation between
the damage peaks from different sublattices. In this work, the dis-
order profiles of the Sr sublattice are more reliable, as compared to
the disorder profiles of the Ti sublattice. The iterative procedure
demonstrated in Figs. 2–4 is, however, valid for analyzing RBS
spectra of compound targets. It provides a more reliable determi-
nation of the dechanneling profiles, as compared with a linear sub-
traction, and therefore a more reliable determination of the
disorder profiles [21].

The disorder profiles on the Sr and Ti sublattices under different
irradiation fluences are determined using the iterative procedure,
and the results are summarized in Fig. 5. The depth scale in nm
is determined by the energy difference at each channel and the
He ion stopping in SrTiO3 from the SRIM 2008 simulations
[25,26] under the assumptions of a sample density of 5.118 g
cm�3 (8.4 � 1022 at cm�3). As ion fluence increases, the disorder in-
creases over the whole irradiation depth on both sublattices, even-
tually achieving an amorphous state. Further irradiation results in
a buried amorphous layer that expands toward the surface and
deeper into the bulk. Within the experimental uncertainties, the
results in Fig. 5 show similar disorder profiles on the Sr and Ti
sublattices at each ion fluence. While the damage level clearly in-
creases with irradiation fluence, the peak position moves progres-
sively to the surface, as shown by the dashed lines in Fig. 5, which
indicates that, for the medium and highly damaged samples, irra-
diation-induced surface sputtering, composition change or density
change may not be negligible.
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3.1.2. Large deviation between SRIM predicted profiles and the
experimental results

Damage profile in dpa and Au distribution are determined by
the SRIM 2008.01 full-cascade simulations [26] under the assump-
tions of a sample density of 5.118 g cm�3 and threshold displace-
ment energies of 45, 70, and 80 eV for O [30,31], Ti [32] and Sr
[32], respectively. The SRIM predicted damage profile is deter-
mined from the sum of the predicted vacancy concentration of
Sr, Ti and O and the replacement collisions, as shown in Fig. 6(a)
from 5 � 1012 cm�2 irradiation.

The depth in nm can be calculated from the energy differences
(in keV) between the initial energy of the ions scattered from sam-
ple surface and the energy of the ions scattered at a certain depth
that strike the detector. As indicated at the SRIM webpage [26],
more accurate stopping prediction is normally the case for light
ions, while heavy ion stopping may contain larger error. Since
the SRIM predicted electronic stopping power for He in SrTiO3 is
used to convert energy differences, accurate electronic stopping
power values are essential to the reliable determination of both
damage profile and Au distribution from the RBS measurements.
Good He stopping predictions from the SRIM code have been vali-
dated experimentally in Si [33], Au [34], SiC [35,36] and a few oxi-
des [37–39], which provide some confidence of using the SRIM
predicted He stopping in SrTiO3.

The comparisons of the SRIM predictions and the experimental
results of the damage profiles and the Au ion distribution are
shown in Fig. 6. To avoid possible impact from ion beam modifica-
tion, the damage profiles of three low-fluence irradiated samples
are used for comparisons in Fig. 6(a). As the irradiation fluence in-
creases from 4 � 1012 to 9 � 1012 cm�2, the overall disorder in-
creases. The corresponding damage peak occurs at �53 nm for
Fig. 6. Comparison of the SRIM predictions to the experimental results. (a): the
damage profile in dpa (right y-axis) predicted by the SRIM simulation at ion fluence
of 5 � 1012 cm�2 is shown as the solid line. The damage profiles (left y-axis) of the
samples irradiated to ion fluences of 4 � 1012, 6 � 1012 and 9 � 1012 cm�2 measured
by ion channeling are shown as the data points, where the peak positions are
marked by the short lines. Small shift of the peak position to a deeper depth is
observed with increasing ion fluences. (b) The Au distribution in the unit of atom
per nm per ion predicted by SRIM (triangles) and measured by SIMS (diamonds).
The lines are curve fit to guide the eye.
the lowest fluence sample, and at � 56 nm for the 6 � 1012 cm�2

and 9 � 1012 cm�2 samples, as marked on the plot. The relatively
lower stopping power of channeled He ions for the 4 � 1012 cm�2

irradiated sample may be the primary cause for this small shift.
Reduction of stopping power along channeling direction has been
reported for light ions in Si [40] and SiC [41,42]. As damage level
increases with the ion fluence, the stopping power along channel-
ing directions gets close to the random stopping power. Consider-
ing the reduction of the stopping power along the channeling
direction, the actual damage profile may be slightly deeper than
what is shown in Fig. 6(a). The SRIM predicted damage peak in a
random material occurs at 39 nm, much shallower than the exper-
imental results with difference close to 40%. Another clear dis-
agreement in Fig. 6(b) is the Au profile predicted by the SRIM
calculation and measured by SIMS. The Au profile measured by
SIMS is peaked around 86.5 nm with a full width at half maximum
(FWHM) of 102 nm, where the SRIM predicts the peak at 71.5 nm
with a FWHM of 77 nm. Comparing the measured values with
the SRIM prediction, the measured Au peak is 21% deeper than
the depth that is predicted by SRIM. The deviations shown by the
damage profiles and the Au ion distribution are attributed to the
overestimation of the electronic stopping of the SRIM prediction.

3.2. Heavy ion stopping

Despite intense research in penetration of charged particles in
solids over almost a century, electronic stopping power is not ade-
quately described, particularly in the case of heavy ions in
compound targets. Limited experimental data have shown large
discrepancies [43,44]. Only a few ion-target combinations have
been studied in sufficient detail to allow interpolation and
extrapolation on purely experimental grounds. Available theories
[43–48]) predict stopping powers that are in varying levels of
agreement with limited experimental data. As pointed out at the
international symposium in 2006 on Ion Beam Science: Solved and
Unsolved Problems [49], current theories for swift heavy ion stop-
ping (>Bohr velocity, v0) are still under development, and theories
for low-velocity stopping (<v0) in insulators are essentially nonex-
isting. The passage of a heavy ion through a solid material repre-
sents a strong intrusion that cannot generally be described
adequately as a weak perturbation of the medium, as is commonly
assumed in the quantification of electron and proton penetration.
Moreover, heavy ions are composite particles carrying electrons
except at high velocity, and their interaction with bound and free
electrons in the stopping medium is a problem of considerable
complexity involving a number of processes that are absent or less
significant in the case of light projectiles.
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Fig. 8. Temperature dependence of the critical dose for amorphization under Kr
[52] and Au irradiation that are observed by TEM and RBS, respectively. The nuclear
stopping and the ratio of electronic stopping to nuclear stopping at relevant
energies (800 keV for Kr ions and 400 keV for Au ions) at which the critical dose for
amorphization is determined are summarized in the table as inset.
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Although it is not possible to provide reliable stopping predic-
tions for Au in SrTiO3 from this work, a recent study [50] has sug-
gested that, as the first estimation, the stopping cross section may
be determined from the inverted ion-target system by applying the
concept of reciprocity. The principle of reciprocity is based on the
invariance of the inelastic excitation in ion-atom collisions against
interchange of projectile and target of low-velocity ions in matter,
such as in the case of 1.0 MeV Au ions in SrTiO3 in the current
study. The electronic stopping cross sections in the unit of
Fig. 9. High resolution TEM images showing the a/c interface motion under e-beam ex
reduces from �8.6 nm to �1.5 nm after 900 s electron beam irradiation.
10�15 eV cm2 for Sr, Ti and O in Au are calculated from the SRIM
2008 code, the total electronic stopping cross section for Au in
SrTiO3 can then be determined by applying the Bragg’s rule. The
electronic stopping powers predicted by the SRIM code and by
the reciprocity approach are shown in Fig. 7. Below 5 MeV
(�25 keV/amu), the SRIM predicted values are about twice much
as the value based on the reciprocity approach. As particle energy
increases, the deviation between the two predictions decreases.
However, the SRIM predicted stopping is still �1/3 higher than
the value predicted by the reciprocity approach at 10 MeV
(�50 keV/amu). While the applicability of the reciprocity approach
needs to be validated [50], the large overestimation of the SRIM
predicted electronic stopping powers should not be neglected.
Overestimation of heavy ion stopping power may lead to overesti-
mated critical dose for amorphization, or underestimated the pro-
jectile range. Due to the importance of SrTiO3 material, attention
should be taken into account when studying or predicting ion radi-
ation effects for device and nuclear applications.

3.3. Ionization effects in SrTiO3 under ion and electron irradiation

The critical dose for amorphization is the dose when a continu-
ous amorphous layer starts to develop. From the RBS channeling
criteria, the critical dose for amorphization is defined when the
channeling spectrum just overlaps with the random spectrum, as
shown in Fig. 1, or when the relative disorder reaches 1.0, as shown
in Fig. 5 for the 3.0 � 1013 cm�2 irradiated sample. A number of
studies have been carried out to characterize the critical dose for
amorphization using Au [20], Pb [18], Xe [51] and Kr ions [52].
The critical dose for amorphization was previously determined un-
der Au and Kr ion irradiation at difference temperatures, and a
posure with flux of 2.8 � 1020 cm�2 s�1. The thickness of the pre-amorphized layer
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comparison is shown in Fig. 8. A much higher amorphization dose
is determined by TEM observation under the Kr ion irradiation
[52], as compared to the RBS results under Au ion irradiation
[20]. As demonstrated in Sections 3.1 and 3.2, there is an overesti-
mation of the electronic stopping power for Au ions in SrTiO3,
which leads to an overestimation of the critical dose for amorph-
ization, and therefore there exists an even larger deviation in
Fig. 8. This difference was previously attributed to a few possible
contributions, including difference in definition of the dose for
amorphization by RBS and TEM techniques, the uncertainties in
ion fluence measurements, and the effects of ion mass [20]. For
the TEM observation, typical thickness of a TEM specimen is a
few tens nm to – a hundred nm. Kr ions interact with the target
atoms at the energy close to its original energy of 800 keV, where
nuclear stopping is less dominant, and the ratio of electronic stop-
ping to nuclear stopping is high. For the Au ion irradiation, the
amorphization is determined by RBS at the damage peak region
with ion energy slowing down to �400 keV, where the nuclear
stopping power is dominant and the ratio of electronic stopping
to nuclear stopping is low. Since ion-solid interaction leads to sig-
nificant production of electron-hole pairs through electronic en-
Fig. 10. High resolution TEM images showing the a/c interface motion under e-beam ex
reduces from �6.9 to �1.7 nm after 300 s electron beam irradiation. Also included are the
(bottom).
ergy deposition in the vicinity of the defects, local electronic
excitations and relaxations of the electron-hole pairs can have a
major effect on the kinetics of atomic processes in many materials
[53]. The nuclear stopping and the ratio of electronic to nuclear
stopping at relevant energy at which the critical dose for amorph-
ization is determined are summarized in Fig. 8. Comparing the val-
ues in the inset, the Au irradiation has close to four times higher
nuclear energy deposition density than the Kr irradiation; how-
ever, the ratio of the electronic to nuclear stopping is more than
two times lower (twice less the electron-hole pairs). The large
deviation in Fig. 8 may indicate a notable ionization effect under
ion irradiation.

Another possible contribution to the deviation shown in Fig. 8
may result from the instantaneous e-beam-enhanced annealing
and/or recrystallization under the TEM observation. The e-beam-
enhanced ionization effects were investigated using a pre-amor-
phized SrTiO3 surface layer under electron flux of 2.8 � 1020 and
7.8 � 1020 cm�2 s�1, both are commonly used electron flux for
TEM observations. As shown in Figs. 9 and 10, under exposure to
200 keV electron beam within the TEM, the amorphous layer thick-
ness decreases as the amorphous/crystalline (a/c) interface moves
posure with flux of 7.8 � 1020 cm�2 s�1. The thickness of the pre-amorphized layer
insets of SAED patterns taken from the virgin region (top) and recrystallized region
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toward the surface with prolonged exposure time. The SAED pat-
terns in Fig. 10 have also confirmed the epitaxial recrystallization
under e-beam irradiation. Furthermore, fast recrystallization can
be achieved under more intense electron irradiation as indicated
by much short exposure time in Fig. 10. One may notice that the
starting thickness of the amorphous layer in Fig. 9 is �8.6 nm,
which is thicker than the layer of �6.9 nm observed in Fig. 10 at
0 s. This was due to fast annealing under the e-beam when the
HRTEM image was taken under 7.8 � 1020 cm�2 s�1 electron beam
exposure.

It is noticeable that the e-beam flux during the TEM observation
is on the order of 1020 cm�2 s�1, eight order magnitudes higher
than the ion flux during the ion irradiation. It is worth to pointing
out that electrons deposit ionizing energy more uniformly over the
irradiated area that contains pre-existing ion damages; ions, how-
ever, deposit electronic energy in the vicinity of the ion track with
diameter of a few nm during the dynamic atomic displacement
processes. Although it is difficult to quantify the impact of the ion-
ization-induced dynamic recovery due to inelastic scattering pro-
cesses, significant annealing/recrystallization under the e-beam
irradiation can not be neglected under TEM observation.

4. Conclusions

Response of SrTiO3 to ion and electron irradiation is studied.
The damage profiles produced by 1.0 MeV Au ions are investigated
by RBS channeling technique. Quantitative analysis of disorder
profiles from the RBS channeling measurement is described. An
iterative procedure is applied to separate the backscattered
dechanneled particle from the particles that are backscattered
from the displaced atoms. The resulting disorder profiles from
the RBS measurements are deeper than the SRIM predicted pro-
files. Large overestimation of the stopping power by the SRIM pre-
dictions is also shown from the Au distribution. Ionization effects
on determination of critical dose for amorphization are clearly ob-
served, where electronic energy deposition from either ion irradi-
ation or electron irradiation plays important roles during
dynamic or post-defect annealing. The possible impacts due to
stopping error and ionization effects need to be taking into account
when studying damage accumulation as a function of dpa, or com-
paring radiation behavior, such as mass effects and critical dose for
amorphization resulting from different irradiation.
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