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Abstract

Damage accumulation and thermal recovery processes have been investigated in single crystal SrTiO3(100) irra-
diated with 1.0 MeV Au”" using in situ Rutherford backscattering spectrometry in channeling geometry (RBS/C).
Samples were irradiated at temperatures of 170 and 300 K with ion fluences ranging from 0.10 to 0.40 Au** /nm?. The in
situ RBS/C analysis indicates that the relative disorder shows a strong sigmoidal dependence on ion dose. After an ion
fluence of 0.30 Au*" /nm? at 170 K, the buried region at the damage peak (~60 nm) becomes fully amorphous, which
corresponds to a dose of ~0.8 displacement per atom (dpa). For irradiation at 300 K, an ion fluence of 0.40 Au*"/nm>
(~1.1 dpa) is necessary to achieve an amorphous state at the damage peak. An analysis of the defects dechanneling
factor suggests that the irradiated regions consist mostly of interstitial atoms or amorphous clusters. In situ thermal
annealing experiments were performed to study damage recovery processes up to a maximum temperature of 870 K.
The thermal recovery processes occur over a broad temperature range, and the disorder created by low ion fluences,
0.10-0.27 Au*"/nm?, is almost completely recovered after annealing at 870 K. © 2001 Published by Elsevier Science

B.V.

PACS: 61.72.Cc; 61.72.Ji; 61.80.Jh; 61.85.+p

1. Introduction

Irradiation of materials with energetic ion beams can
alter the physical, chemical, electrical and optical prop-
erties of the materials in the surface region. Ion irradi-
ation and implantation have been routinely used not
only to transform crystalline materials into either fully
or partially amorphous materials but also to perform
low-level doping in the semiconductor industry. The ir-
radiation-induced defects and disorder often can be fully
or partially recovered by subsequent thermal annealing
of the irradiated materials. Perovskite-structure materi-
als, including SrTiOs, have been suggested as potential
materials for the stabilization and immobilization of
high-level wastes containing fission products and acti-
nides [1]. The structure of perovskites allows incorpo-
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ration of both fission products and actinides. In
addition, strontium titanate has a relatively simple cubic
crystal structure, and it has attracted much attention due
to its structural and dielectric properties. Crystal wafers
of SrTiO; are well known as substrates for the epitaxial
growth of Cu-oxide based high-temperature supercon-
ducting (high 7;) thin films [2]. Furthermore, many
perovskite materials are known to be proton conductors
when the tetravalent cations such as Ti*" are replaced by
trivalent materials such as Sc®* [3,4]. Because of their
unique proton-conducting feature, these materials have
a large potential for use in fuel cells, steam electrolysis
and hydrogen gas sensors.

In the case of stabilizing high-level nuclear wastes in
perovskite materials, the prediction of near- and long-
term performance of these materials in the high-radia-
tion environment provided by the decay of fission
products and actinides is a challenging task. A funda-
mental understanding of radiation effects in these
materials is critical to such performance predictions.
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There is a renewed interest in the use of ion implantation
to alter the near-surface properties of SrTiO; because of
current activities in the semiconductor industry. Many
of the potential semiconductor technology applications
require thermal annealing to remove the damage intro-
duced by ion implantation. It has also been recently
shown that thin single crystal SrTiO; films can be
cleaved using hydrogen implantation and subsequent
annealing [5]. The ability to cleave such implanted sur-
faces for transfer to other substrates could have signifi-
cant impact on the fabrication of electro-optical devices.
Recently Gea and co-workers [6] have also shown that
near-surface nanocomposites can be fabricated by irra-
diating SrTiO; single crystal using energetic Au®" ions.
As such, the understanding of the ion beam irradiation
effects on these and subsequent damage recovery process
is useful for many applications.

In the past, various low-energy ion species have
been used for implantation in order to understand the
changes in electrical, optical, and mechanical properties
in SrTiO; [7-15]. Most of these studies are related to
complete amorphization and subsequent recrystalliza-
tion of SrTiO;. Since the data are insufficient to de-
velop predictive models for long-term performance
under irradiation, additional studies are needed to de-
velop additional scientific understanding of irradiation
effects in these materials. The goal of the present study
is to investigate the ion-beam-induced disordering and
recovery processes on SrTiO; with various ion species
and fluences using Rutherford backscattering spectro-
metry and channeling (RBS/C) techniques. Several
preliminary irradiation studies of SrTiO; with HY,
He*, O, and Au*" have been previously reported by
the authors [5,14,16,17]. Significant recovery of defects
on both the oxygen and cation sublattices between 200
and 400 K was reported for He*- and OT-irradiated
SrTiO;(100) at 180 K [17]. The preliminary thermal
recovery results from the Au®" SrTiO;(100) showed
strong sigmoidal dependence of relative disorder on ion
dose [16,17]. The direct-impact/defect-stimulated (DI/
DS) model has been applied to some of the data to
understand the kinetics of amorphization. The present
paper discusses more detailed experiments of damage
accumulation in SrTiO; irradiated with 1.0 MeV Au’*
at 170 and 300 K and the results of subsequent thermal
annealing studies.

2. Experimental procedures

The ion-irradiation and damage recovery experi-
ments were carried out in the accelerator facility at the
Environmental Molecular Sciences Laboratory (EMSL)
at Pacific Northwest National Laboratory (PNNL). The
accelerator facility and the end stations are described in
detail elsewhere [18]. The sample dimension was

1.0 cm x 1.0 cm x 1.0 mm, and it was mounted on a
molybdenum backing plate using Ta clips. A conven-
tional alumel-chromel thermocouple was placed on a
corner of the sample surface and held by a Ta clip. The
ion-irradiation and subsequent ion beam analysis were
carried out in the same target chamber. The surface
orientation was (100), and 1.0 MeV Au’>" ions were
used to irradiate the sample at a direction of 60° relative
to the surface normal. The ion flux was approximately
0.003 Au”" /nm?/s. The ion fluences varied from 0.10 to
0.40 Au**/nm?, and the ion irradiations were performed
at a sample temperature of about 170 and 300 K. The
relative disorder, which is the ratio of the damage peak
height to the random height, was determined from the
spectra by assuming a linear dechanneling yield for each
ion fluence. Subsequently, isochronal annealing was
performed at temperatures of 300-870 K at 100 K in-
tervals starting from 370 K. The sample was kept at one
particular temperature for about 20 min with +5 K
uncertainty in the temperature. After each annealing
step, the sample was cooled down, and the RBS/C
measurements were carried out at a sample temperature
close to room temperature using 2.0 MeV He" ions.
Since the threshold displacement energies for Sr, Ti, and
O sublattices in SrTiO; material are not available in the
literature, displacement energy of 25 ¢V was assumed for
all three sublattices in TRIM-97 calculations to obtain
the preliminary experimental conditions and displace-
ment per atom (dpa) units for ion doses.

3. Results and discussion

The channeling spectra from the irradiated and virgin
regions are shown, along with the random spectrum, in
Fig. 1 for the irradiation experiments performed at 170
K. Although irradiation-induced disorder was produced
on all three sublattices, only disorder created on the Ti
and Sr sublattices is shown. Similar to previous results
[17], the disorder increased very slowly on both the Ti
and Sr sublattices for ion fluences below 0.16 Au** /nm?.
Above an ion fluence of 0.16 Au”"/nm?, the disorder
begins to rapidly increase on both sublattices. In addi-
tion, the thickness of the damaged region in both Ti and
Sr sublattices increases with increasing ion fluence. At an
ion fluence of approximately 0.30 Au®"/nm?, the de-
channeling yield at the damage peak reaches the random
level, suggesting that a completely amorphous state has
formed in this region. Higher doses would result in in-
creasing the thickness of this amorphous layer. White
and co-workers [7] have reported that a thick amor-
phous layer can be formed in SrTiO; after implantation
with Pb" ions to a fluence of the order of few ions/nm”
at liquid nitrogen temperatures in general agreement
with the results presented here. Since the backscattered
He™ signal from Ti atoms is riding on the signal from Sr
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Fig. 1. The channeling spectra from the virgin and 1.0 MeV
Au**- (fluences in the range 0.12-0.30 Au*"/nm?) irradiated
region from SrTiO; are presented. The irradiations were per-
formed at 170 K and 2.04 MeV He" ions were used to generate
these spectra.

atoms, the estimate of relative disorder on the Ti su-
blattices is not as straightforward as for that on the Sr
sublattices. Although the damage accumulation analysis
was carried for Sr and Ti sublattices, the thermal re-
covery analysis (described below) was performed only
for Sr sublattices.

The channeling spectra for the irradiation experi-
ments performed at 300 K are shown in Fig. 2. In gen-
eral, the damage profiles are slightly broader than the
damage profiles (Fig. 1) for the samples irradiated at
170 K, possibly as a result of some diffusion of defects at
300 K. Complete amorphization in the damage peak
region at 300 K appears to occur at a fluence of

700 T T

T L T T
SITIO,, 1.0 MeV Au™, 60° off, 300 K

600 | lons/inm? ]
_ = 040
2 A 0.30
£ 500 s o025
8 o o0z
T 400 e 020 J
] v 018
> v 016
2 300 o 012 7
':5: * 010
T 200 Virgin |
[+3
»

100 £

0 - )
650 700 750 800 850 900
Channel Number

Fig. 2. The channeling spectra from the virgin and 1.0 MeV
Au*"- (fluences in the range 0.12-0.30 Au’"/nm?) irradiated
region from SrTiO; are presented. The irradiations were per-
formed at 300 K and 2.04 MeV He" ions were used to generate
these spectra.

0.40 Au**/nm?, which is slightly higher than the fluence
required at 170 K.

The accumulation of relative disorder at the damage
peak for both the Sr and Ti sublattices is presented as a
function of ion dose (dpa) in Fig. 3. The relative disorder
on both the Sr and Ti sublattices at 170 and 300 K ir-
radiation temperatures exhibit a strong sigmoidal de-
pendence on the ion dose. The fully amorphous state on
these sublattices (relative disorder of 1.0) appears to
occur at a slightly lower dose for the Ti sublattice rela-
tive to the Sr sublattice for both 170 and 300 K irradi-
ations. The disorder on the Sr sublattice, which is more
accurate, achieves the fully amorphization state for a
dose of ~0.8 dpa at 170 K and a dose of ~1.1 dpa at
300 K. As discussed elsewhere [17], several models of
amorphization, including the DI/DS model, can be uti-
lized to describe this sigmoidal behavior. The solid
curves shown in Fig. 3 are fits of the DI/DS model to the
data; however, more data at other temperatures will be
required to interpret the fit parameters. In addition to
the contributions from amorphization, the relative dis-
order shown in Fig. 3 contains contributions from in-
terstitials and defect clusters that are not included in the
amorphization model. While a more detailed model of
irradiation-induced disordering [19] does address the
disorder from amorphization, interstitials, and clusters,
it is not possible to obtain a unique solution from the
current data that separates the interstitials and cluster
contributions from the amorphous fraction. However,
the difference between the curve fit and the actual data
represents to some degree the contribution of intersti-
tials and defect clusters to the disorder.

As described elsewhere [20], the type of disorder in
the material can be qualitatively determined using the
energy dependence of the defect-dechanneling factor.
The defect-dechanneling factor op is defined as the
following:
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Fig. 3. Relative disorder at the damage peak from Sr and Ti
sublattices in SrTiOjs irradiated at 170 and 300 K with 1.0 MeV
Au*" jons.
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op = A(1/E*),), (1)

where 4 = C.nZ?Z2¢*, E the incident energy of the
projectile and the v, , is the critical angle which can be
determined from the angular yield curves. The average
number of atoms in a defect cluster is indicated by C,
and Z; and Z, represent the atomic numbers of the
projectile and the target atom, respectively. If the defects
are interstitial atoms and amorphous clusters the defect-
dechanneling factor is expected to decrease as a function
of energy. In this study, a clean substrate and two ir-
radiated regions were selected to investigate the type of
defects using the dependence of defect-dechanneling
factor on the incident energy. First, the critical angles
need to be determined using angular yield curves at
different energies. Three different incident energies such
as 1.5, 2.0 and 3.0 MeV were selected to generate the
angular yield curves with respect to (100) direction and
they are shown in Fig. 4(a) for the clean substrate, 4(b)
for the 0.20 Au®"/nm? irradiated region and 4(c) for
0.25 Au*"/nm? irradiated region. These angular yield
curves were generated from the variation of integrated
yield over a small region near the surface peak in the
clean substrate and around the damage peak in the ir-
radiated regions as a function of tilt or polar angle. In
general, as expected, the minimum in the angular yield
curves (minimum yields) increases as a function of en-
ergy in all three sets of curves. Also, the minimums in
the angular yield curves from the irradiated regions
(Figs. 4(b) and (c)) are much higher than the minimum
from the clean substrate due to the defects generated
during the irradiation. The critical angles were deter-
mined from these curves and the defect-dechanneling
factor, op was calculated using these values.

Figs. 5(a)—(c) present the defect-dechanneling factor
as a function of energy for a virgin substrate,
0.20 Au**/nm? irradiated region and 0.25 Au*"/nm?
irradiated region, respectively. As expected, a smooth
decreasing curve is observed for the virgin substrate
(Fig. 5(a)), which indicates that the low concentration of
existing defects in the virgin substrate are mostly point
defects, such as vacancies and/or interstitial ions. In
general, intrinsic vacancies are expected in oxide single
crystals, and extrinsic defects due to minor impurities
may be present. The observed trend in the defects-de-
channeling factor for the two irradiated regions is con-
sistent with point scattering centers (point defects) as the
primary defects. However, if more than one type of
defect is present in the system, a quantitative separation
of the defect types may not be possible.

The damage recovery as a function of temperature
for various ion fluences is shown in Figs. 6(a) and (b).
The relative disorder at the damage peak in the irradi-
ated regions decreases as a function of increasing an-
nealing temperature. After annealing to 870 K, the
disorder in the low fluence samples, especially up to a

I a) Virgin

Normalized Angular Yields (arb. units)

-3'-2‘-1.0.1‘2.3
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Fig. 4. Angular yield curves (incident energies 1.5, 2.0, and 3.0
MeV) with respect to [100] direction are presented as a func-
tion of polar angle for: (a) clean substrate; (b) 0.20 Au“/nm2
irradiated region; (c) 0.25 Au”"/nm? irradiated region.

fluence of 0.27 Au*"/nm?, was almost completely re-
covered. For the fluence of 0.27 Au*" /nm?, it appears
that the relative rate of recovery started to slow down in
the temperature range between 550 and 870 K. At higher
ion fluences (between 0.29 and 0.30 Au®"/nm?), the
relative rate of recovery appears to be even slower in the
temperature range from 550 to 870 K, indicating a
smaller fraction of easily recovered defects at high flu-
ences. This may be due to the formation of larger
number of amorphized clusters or regions at higher ion
fluences. To show this difference more clearly, the an-
nealing data for the ion fluences of 0.27, 0.29, and
0.30 Au**/nm® are plotted separately in Fig. 6(b).
Complete recovery is not observed for ion fluences of
0.29 and 0.30 Au*'/nm? after annealing at 870 K.
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Fig. 5. Defect-dechanneling factors are presented as a function
of incident energies for: (a) clean substrate; (b) 0.20 Au** /nm?
irradiated region; (c) 0.25 Au®"/nm? irradiated region.

Higher recrystallization rates have been previously re-
ported [7] for annealing of irradiated SrTiO; in air.
Subsequent work by others [10-12] have shown that
hydrogen either in the background atmosphere or dis-
sociated from water in the background, even further
enhances the recrystallization of irradiated SrTiO;.
Since the experiments in the present work were carried
out under UHV conditions, the recrystallization appears
to be slower than the recrystallization rate in air, water
or hydrogen atmospheres.

Finally, the width of the damage peak is presented as a
function of annealing temperature for 0.20 Au*"/nm?
irradiated region and 0.25 Au*" /nm? irradiated region in
Fig. 7. As in the case of the relative disorder as a function
of temperature, the width of the damage peak decreases
as a function of increasing temperature and this indicates
that the recrystallization increases as a function of an-
nealing temperature. At the end of the 870 K annealing
cycle the width of the damage peak for 0.20 Au“/nm2
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Fig. 6. Isochronal recovery of the relative disorder in the Sr
sublattices as a function of annealing temperature is presented
for SrTiOs(100) irradiated using 1.0 MeV Au*" ions is pre-
sented: (a) 0.06, 0.12, 0.20, 0.22, and 0.27 Au**/nm? irradiated
regions; (b) 0.27, 0.29 and 0.30 Au** /nm? irradiated regions.
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Fig. 7. The width of the damage peak is presented as a function
of annealing temperature for 0.20 and 0.25 Au>* /nm? irradi-
ated regions.
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irradiated region is less than 20 nm. In general, the depth
resolution of surface barrier detectors are in the range 15—
20 nm and at the end of 870 K annealing cycle the damage
peak width for 0.20 Au*"/nm? irradiated region reaches
the depth resolution limit of the detector. This confirms
near complete recovery that was observed in the relative
disorder after the 870 K annealing cycle. However, for
0.25 Au*"/nm? irradiated region, the damage peak width
is still high (~50 nm) after the 870 K annealing cycle. This
indicates that the recovery is not complete and it confirms
the observation related to the relative disorder for the
0.25 Au”" /nm? irradiated region.

4. Conclusions

Damage accumulation and recovery processes in 1.0
MeV Au*"-irradiated SrTiO; single crystals were inves-
tigated using RBS/C measurements. Damage accumu-
lation was studied as a function of ion dose at the
irradiation temperatures of 170 and 300 K. A sigmoidal
dependence of relative disorder on the ion dose was
observed. The defect-dechanneling factors were calcu-
lated for two irradiated regions using the critical angles
determined from the angular yield curves. The depen-
dence of defect-dechanneling parameter on the incident
energy was investigated and it was observed that the
generated defects are mostly interstitial atoms and
amorphous clusters. Thermal recovery experiments were
performed to study the damage recovery processes up to
a maximum temperature of 870 K. At an ion fluence of
0.30 Au*'/nm?, the implanted region, which is just
below the surface, becomes amorphous for 170 K irra-
diations. For 300 K irradiation the amorphization dose
appears to be a little higher and it is approximately
0.40 Au*" /nm?. The recovery processes occur over a
broad temperature range, and the damage created by
low ion fluences, 0.10-0.27 Au“/nmz, is almost com-
pletely recovered after annealing at 870 K.
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