Ion velocity effect governs damage annealing process in defective KTaO3
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Abstract

Effects of electronic to nuclear energy losses (Se¢/Sn) ratio on damage evolution in defective
KTaO3 have been investigated by irradiating pre-damaged single crystal KTaOs; with
intermediate energy O ions (6 MeV, 8 MeV and 12 MeV) at 300 K. By exploring these
processes in pre-damaged KTaOs containing a fractional disorder level of 0.35, the results
demonstrate the occurrence of a precursory stage of damage production before the onset of
damage annealing process in defective KTaOj that decreases with O ion energy. The observed
ionization-induced annealing process by ion channeling analysis has been further mirrored by
high resolution transmission electron microscopy analysis. In addition, the reduction of
disorder level is accompanied by the broadening of the disorder profiles to greater depth with
increasing ion fluence, and enhanced migration is observed with decreasing O ion energy.
Since Sc (~ 3.0 keV nm™") is nearly constant for all 3 ion energies across the pre-damaged depth,
the difference in behavior is due to the so-called “velocity effect’: the lower ion velocity below
the Bragg peak yields a confined spread of the electron cascade and hence an increased energy
deposition density. The inelastic thermal spike calculation has further confirmed the existence
of a velocity effect, not previously reported in KTaO; or very scarcely reported in other
materials for which the existence of ionization-induced annealing has been reported. In other
words, understanding of ionization-induced annealing has been advanced by pointing out that
ion velocity effect governs the healing of pre-existing defects, which may have significant
implication for the creation of new functionalities in KTaOj; through atomic-level control of
microstructural modifications, but may not be limited to KTaOs.
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1. Introduction

Scientific and industrial interest in ion beam modification of potassium tantalate
(KTaOs3) properties has rapidly exploded in the last decade, ignited by the tunability of its
optical [1-3] and electronic [4—6] properties through irradiation-induced defects [7], which
makes KTaOs3 suitable for future optoelectronic and spintronic applications [7,8]. All these
applications require effective control of the structural modification, but this is an extremely
difficult task, since it demands in-depth knowledge of the interactions of ions with the local
defect states in the corresponding material and the resulting evolution of radiation damage [9—
11]. As a consequence, several studies have focused on understanding the response of pristine
(undamaged) KTaOs to irradiation with either low-energy ions (£ < 1 keV/amu) or high-energy
ions (£ > 1 MeV/amu). In general, the response of insulators, semiconductors and metals to
ion irradiation is dependent on the partitioning the energy loss of ions to electrons and target
atoms at low and high energy regimes as a variant parameter, and KTaOs3 does not deviate from
this generally accepted behavior. It is well established that the energy loss of ions varies
significantly with energy and can be decomposed between energy transferred to target atoms
via elastic interactions and the energy transferred to electrons via inelastic interactions [12,13].
The former and latter processes are known as nuclear energy loss (S») and electronic energy
loss (Se), respectively.

In crystalline KTaOs3, ion irradiation with low-energy ion results in amorphization of
the implanted layer at a given ion fluence (or dose), through a defect-stimulated mechanism
[12], and the corresponding critical ion fluence necessary for amorphization shifts to higher
values with increasing irradiation temperature [13,14]. The response of pristine crystalline
KTaOs3 to high-energy ion irradiations has also been the subject of several investigations
[8,15,16], and these lead to the conclusion that pristine KTaOs is relatively sensitive to swift

heavy ions (SHI) irradiations (£ > 1 MeV/amu) and undergoes discontinuous to continuous



amorphous ion track formation with increasing ion energy or electronic energy loss.
Discontinuous amorphous track formation in KTaOj3 occurs for Se > 11 keV nm™ [15,16], while
continuous ion tracks are observed at much higher S, values (Se > 23 keV nm™) [8,16]. Since
the electronic conductivity and optical properties of these ion tracks differ significantly from
the corresponding bulk material, the utilization of such differences enables the fabrication of
durable field emission cathodes [17] and waveguides [18], respectively.

Introducing a pre-damaged state in KTaOs leads to significant reductions in threshold
Se values (Se™) for ion track formation and moreover, the corresponding S.™ shifts to lower
values with increasing pre-existing disorder, i.e., Se" decreases to 4.83 keV nm™' for pre-
existing defects with a maximum initial disorder fraction fy of 0.3 in KTaO3 [19], from 6.68
keV nm™' for 5 ~0.08 [16]. Lower S values promote the use of small and medium particle
accelerator facilities, which do not have severe limitations in terms of portability and flexibility,
such in the case of large accelerator facilities. To get a deeper insight into the interactions
between pre-existing defects and ionizing particles, we have also investigated the consequences
of ionizing particles on damage evolution in pre-damaged KTaO3 using ions with Se values
below the previously determined Se™" for ion track production in defective KTaOs, which clearly
revealed a transition from irradiation-induced disorder production to ionization-induced
damage recovery processes under S MeV C ions and 12 MeV O ions irradiation [19]. The initial
slight increase in disorder (irradiation-induced disorder production) was tentatively attributed
to in-cascade damage production induced by S, due to the low S¢/Sy ratio; however, we stated
that further work was needed to identify the specific in-cascade damage production-related
processes. Having that in mind, the primary purpose of the present study was to investigate the
effects of electronic to nuclear energy loss (S¢/Sn) ratio on pre-existing defects evolution in
KTaOs. O ion irradiation at room temperature is utilized to reveal the damage production -

annealing processes. In order to keep a constant nominal value of Se (3.0 keV nm™), as well as



manage the value of S, in order to control variations in the ratio of Se/Sy, the irradiations were
performed with O ions at three different energies: 6, 8 and 12 MeV. In addition, the O ion
energies used in the current study are distributed on both sides of the Se peak, making them
suitable for studying the velocity effect on the ionization-induced annealing. This study reveals
the occurrence of a precursory stage of damage production before the onset of damage
annealing process in defective KTaO3 with decreasing O ion energy, as well as a possible ion
velocity effect in the damage annealing. As consequence of the so-called velocity effect, the Se
is confined to a smaller volume in case of the low velocity ions leading to a higher energy
density. Therefore, for equal values of S¢, enhanced ionization-induced annealing process is
expected for the smaller ion velocity/energy (i.e., 6 MeV O). This velocity effect has to be

taken into account for the interpretation of the experimental results presented in this study.

2. Irradiation and characterization details
Three epi-polished, <100>-orientated KTaOs single crystal wafers, approximately 10 x

10 x 0.5 mm? in size, were obtained commercially (https://www.alineason.com/) for this study.

These three wafers were simultaneously irradiated with 2.0 MeV Au ions to an ion fluence of
0.11 ions nm™ (or 0.1 displacements per atom (dpa) at damage peak) in order to create a pre-
damaged state with an initial maximum level of fractional disorder (fy) of about 0.35 on the Ta
sublattice. These pre-damaged samples were sequentially irradiated at 300 K with 6 MeV, 8
MeV or 12 MeV O ions. For each ion energy, a pristine sample was simultaneously irradiated
with O ions for reference. Prior to and after each incremental irradiation step, Rutherford
backscattering spectrometry in channeling geometry (RBS/C) was conducted, using 2.0 MeV
He particles and a backscattering angle of 155°, to assess the effects of each irradiation at
different ion velocities on pre-existing defect evolution in KTaOs. All irradiations were carried

out at 7° off the main channeling direction (i.e., <100>) to hinder ion channeling effects. Both
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irradiations and RBS/C measurements were performed at room temperature (~ 300 K) using
the 3 MV Tandetron Cockcroft-Walton accelerator located at IFIN-HH, Magurele, Romania
[20,21].

The Sc and S, values of the ions were determined via the Stopping and Range of Ions
in Matter (SRIM- v2006.02) code [22], using the density provided by the manufacturer (7.03
g/cm3), and these values are given in Table 1. According to SRIM calculations, the Se values
for 6 MeV, 8 MeV and 12 MeV O ions are nearly constant, with of value slightly above ~ 3.0
keV nm™! within the pre-damaged layer (< 500 nm); on the other hand, the S, values increase
with decreasing ion energy. As aresult, the S¢/Sn ratio at the Au-induced damage peak increases
with ion energy. Here it is worth noting that the O ion energies used in the current study are
distributed on both sides of the S¢ peak. For example, 6 MeV O is considered in the low velocity
regime (i.e., below the peak in S¢); 8 MeV is near or at the peak; and 12 MeV O is considered
in the high velocity regime (i.e., above the peak in S¢). By choosing these ion energies, it is
possible to explore the ion velocity effect on pre-existing defect evolution in KTaOs. The local
dose at the damage peak in dpa were calculated using the sum of the SRIM-generated K, Ta,
and O vacancies and replacement collisions profiles for a given dose, normalized to an atomic
density of KTaO; (7.896 x 10?? atoms cm™). Here one should note that the corresponding dpa
value at the Au-induced damage peak (160 nm) is about 0.1 dpa, while for the highest O
fluences (25.0 ions nm™) used in the current study, the corresponding dpa value at the same
depth are about 0.016, 0.031, and 0. 042 dpa for 12 MeV, 8 MeV and 6 MeV O ions,

respectively.

Table 1: SRIM-depicted S, (keV nm™), Se (keV nm), and ratio S¢/Sn at the Au-induced
damage peak (~ 160 nm) in KTaOs for indicated ion species. The local dose (dpa) at the Au-

induced damage peak (~ 160 nm) for the indicated ion fluence and specific energy, £ (MeV/u),



are also included. In addition, the dpa peak position, Peakypa (Lm), predicted by the SRIM

calculations is also included.

Peakdpa Sn Se E
lonfenergy ") (keVim) (keVnml)y YO dpa (MeV/u)
16 0.042
6 MeV 160 2.84 0.009 3.06 40 s iomenm?) 0375
16 0.031
8 MeV 160 3.48 0.008 310 3875 Bl a0
12MeV %0 4.80 0.003 3.03 1010 0.016 0.75

(25.0 ions nm™?)

A transmission electron microscope (TEM) operated at 200 V (Talos F200X G2) was
utilized to study the microstructure and collect diffraction images at the damage peak. The
TEM thin foils were prepared in a field-emission electron microscope (AMBER, TESCAN)
equipped with a gallium-focused ion beam (FIB). The TEM samples were fabricated
perpendicular to the surface of irradiated samples and thinned by FIB to electron transparency.
3. Experimental results

The RBS channeling spectra of KTaOs single crystals irradiated with Au ions to an ion
fluence of 0.11 ions nm™ are depicted in Fig. 1 (a)-(c), prior to and after sequential irradiation
at 300 K with 6 MeV, 8 MeV and 12 MeV O ions, respectively, at the indicated O ion fluences.
In Fig. 1 (a)-(c), the RBS spectra recorded “on”-axis (aligned incidence) and ‘“off’-axis
(random incidence) for unirradiated KTaOs single crystal are also included for comparison,
which are considered as references for “damage-free” and amorphous levels, respectively. As
shown in Fig. 1 (a)-(¢c), irradiation with 2.0 MeV Au ions leads to the emergence of a well-
defined damage peak in the RBS/C spectra (black open circles), which is the fingerprint for the

presence of uncorrelated displaced lattice atoms within the pre-damaged layer. Subsequent



irradiation with either 6 MeV or 8 MeV O ions to an ion fluence of 10.0 ions nm™ produces an
increase in ion channeling yield (green filled triangles) over the entire damage profile. In
contrast, for 12 MeV O irradiation to an ion fluence of 10.0 ions nm™, a decrease in ion
channeling yield (green filled triangles in Fig. 1(c)) is observed. It should be noted that the
aligned RBS yield keeps decreasing with further increase of the 12 MeV O ion fluence from
10.0 to 25.0 ions nm~, indicating the occurrence of a dynamic annealing process. Notably, for
the same incremental increase in ion fluence (i.e., from 10.0 to 25.0 ions nm™), the initial trend
isreversed (i.e., channeling yield decreases with increasing O ion fluence) following irradiation
with either 6 or 8 MeV O ions (pink filled squares), demonstrating that the annealing process
is “switched on”. While some dynamic annealing may be occurring at the lower ion fluences,
it does not become dominant until the disorder level increases under the 6 and 8 MeV O ion
irradiations (i.e., to ion fluence of 10.0 ions nm™), at which time, the dynamic annealing rate
exceeds the defect production rate. In other words, a competitive two-stage phase transition
process occurs under 6 and 8 MeV O ion irradiations.

For a better comparison, the relative Ta damage profiles were extracted from the RBS/C
spectra shown in Fig. 1 (a)-(¢) using an iterative procedure, IP, (described in detail elsewhere
[23]), and the corresponding disorder profiles are plotted in Fig. 2. It is known that, based on
the IP procedure, the single crystal is considered amorphous if the magnitude of the relative
disorder is equal to 1.0; whereas for the pristine crystal (undamaged), it is a priori considered
to be 0.0. In very good accordance with previous experimental studies, irradiation at 300 K
with 2.0 MeV Au ions to an ion fluence of 0.11 ions nm™ has resulted in the creation of a pre-
damaged layer with a maximum initial fractional disorder state (fy) of ~0.35 on the Ta sublattice.
According to previous damage accumulation curves [12], the sample with fy ~ 0.35 corresponds
to the intermediate level of disorder, where interstitial point defects, interstitial clusters and

some minor nanoscale amorphous domains are expected to be present within the layer



irradiated with 2.0 MeV Au ions to an ion fluence of 0.11 ions nm™ [16]. The occurrence of a
competitive two-stage phase transition process in pre-damaged KTaOs; following irradiation
with either 6 or 8 MeV O ions is properly mirrored by the relative Ta disorder profiles shown
in Fig. 2 (a) and (b). In other words, minor increases in relative Ta disorder are observed
initially over a region of depth under 6 MeV and 8 MeV O irradiation to an ion fluence of 10
ions nm, prior to the reduction of disorder level observed with further increases in ion fluence
from 10.0 to 25.0 ions nm™. In addition to damage reduction, the relative Ta damage profiles
from 6 MeV and 8 MeV O irradiations broaden and extend to greater depths due to diffusional
processes. Another important feature of the actual disorder profiles is the appearance of a
secondary peak (not well separated) beyond the original pre-damage peak at the highest 6 MeV
O and 8 MeV O ion fluence (25 ion nm™). This feature is more pronounced for 6 MeV O
irradiation compared to that observed for 8 MeV O irradiation, which may be due to the ion
velocity effect (see discussion below). Another reason for the appearance of a second peak may
be to the higher value of S, and decreased Se value at these depths, that can contribute additively
to irradiation-enhanced diffusion of the pre-existing defects or additional damage formation
along the O ion path. Considering that for the highest 6 MeV O fluence (25.0 ions nm2) used
in the current study, the corresponding additional introduced dose at the Au-induced damage
peak (160 nm) is about 0.042 dpa; consequently, the higher S, values are considered to have a
weaker effect than the ion velocity effect. At higher ion velocity (12 MeV O), the initial
increase in relative Ta disorder is not observed, and only recovery occurs that does not increase
substantially at the higher fluence. This peculiar behavior at higher O fluences stimulates the
inception of the following hypothesis: ion velocity effect may govern damage annealing
process in defective KTaOs3, as discussed in more detail below.

The RBS/C analyses of pristine KTaOs irradiated with all three O ion energies (see Fig.

1(d) — (f)) show significant increases in the backscattering yield compared with the ion



channeling spectra recorded for unirradiated sample, even at the lowest ion fluences used in
the current study (10.0 ions nm™). This indicates that measurable additional defects detected
by RBS/C are generated via O ion irradiation in the near surface layer (< 450 nm) created by
the 2.0 MeV Au ions irradiation. Unfortunately, it was impossible to perform meaningful
RBS/C analysis on the 12 MeV O irradiated pristine KTaOs3 at the highest ion fluences used in
the current study (25.0 ions nm™2) because during the mounting/dismounting procedure for the
sample, additional microcracks were induced that added to the ones already present on the
surface. Cracking due to volume swelling associated with a buried amorphous layer, which is
highly expected around the estimated O projected range (not the focus of this current study),
may explain the initial cracks observed in the present study [16,24]. Note that the increase in
rate of dechanneling yield with ion fluence is more pronounced at a given depth (or channel)
under 6 MeV O ion irradiation (Fig. 1 (d)) than under 8 MeV O ion irradiation (Fig. 1 (e)). This
indicates that the rate of disordering in pristine KTaOs3 is higher for 6 MeV O ions than would
be expected for 12 MeV O ions at the same high fluence. Note that the slight upturn in yield at
channel numbers 400 to 430 for 6 MeV O (see arrow in Fig. 1 (d)) may be due to approaching
the peak in damage production, which is shallower than in the case of 8 MeV or 12 MeV O
ions.

In order to accurately evaluate the irradiation-induced fractional disorder in pristine
KTaO3 due to O ions irradiations, the ratio, r, of the relative backscattering yield to the
amorphous level was calculated utilizing the following expression [16,25]: = (xda -¥p) / (Xa -
Ap)> Where yd, ¥p and . are the backscattering yields at given channel (or depth) in the pristine
reference sample without ion irradiation and in amorphous KTaOs3, respectively. The resulting
disorder (r) levels on the Ta lattice for the 6, 8, and 12 MeV O ion irradiations are plotted in
Fig. 3. The general trend from the data shown in Fig. 3 (a) is that the total Ta-lattice disorder

increases with decreasing O ion energy, as demonstrated by the data corresponding to a fluence



of 10.0 ions nm™ for each O ion energy. In other words, the near surface damage within the
first 600 nm is more damaged under 6 MeV O ion irradiation than for 12 MeV O ions (see Fig.
3(a)). However, the difference in the disordering rate observed for the lowest O ion fluence,
disappears at the higher fluence (see Fig. 3 (b)), as demonstrated by the data corresponding to
a fluence of 25.0 ions nm™ for 6 MeV and 8 MeV O ions, indicating that there may be some
saturation in damage production near the surface as damage production becomes comparable
to the ionization-induced dynamic annealing. This assumption is consistent with the formation
of a precursory stage of damage production before the onset of damage annealing process in
pre-damaged samples under 6 and 8 MeV O ion irradiations. Since discontinuous amorphous
track formation in KTaOj; occurs for Se > 11 keV nm™' [8,15,16], the formation of ion tracks in
pristine KTaO3 under 6 MeV O and 8 MeV O ion irradiations is not expected. Given that our
ion channeling analysis has revealed a linear increase in disorder in pristine KTaO; for all
incremental O ion energy used in this study, the formation of some interstitial point defects and
clusters (isotropic scattering centers) is expected for 6 MeV and 8 MeV O ion irradiations.
The observed ionization-induced annealing process by RBS/C analysis has been further
mirrored by high resolution transmission electron microscopy (HRTEM) analysis. Fig. 4(a)
shows a HRTEM micrograph recorded at Au-induced damage peak (~160 nm) on a KTaOs
single crystal irradiated with 2.0 MeV Au ions to an ion fluence of 0.11 ions nm™ at 300 K.
The micrograph indicates that most of the defects created during Au irradiation at the indicated
ion fluence are damaged pockets surrounded by crystalline regions. The measured average size
of the damage pockets is ~ 4 nm in diameter. In the case of the pre-damaged KTaO3 sample
and subsequently irradiated with 6 MeV O ions to an ion fluence of 25.0 ions nm™ at 300 K,
the HRTEM micrograph recorded at the same depth of Au-induced damage peak (see Fig.
3(b)), shows that 6 MeV O ions do anneal the pre-existing, since the contribution of the

crystalline fraction dominates at the indicated O ion fluence due to the decrease in damaged



fraction. This observation is consistent with the quantitative analysis of RBS/C spectra
recorded on pre-damaged KTaOs prior to and after following 6 MeV O ions irradiations (Fig.
2(a)). When comparing the Fast Fourier transform (FFT) pattern of pre-damaged and healed
KTaOs respectively, computed from the micrographs, it is obvious that athermal annealing of
pre-existing defects in KTaOs occurs under irradiation with 6 MeV O ions to an ion fluence of
25.0 ions nm™. For example, the pronounced attenuation of diffused scattering rings from the
recrystallized region as compared to the pre-damaged region (much more visible diffuse
scattering rings) indicates its recrystallized character (less damaged).

To understand the effect of pre-exiting damage on the evolution of the lattice
temperature, the spatial evolution of lattice temperature in pre-damage layer of KTaOs
irradiated with O ions was mirrored using the inelastic thermal spike (i-TS) model. In the i-TS
model, the atomic and electronic systems are treated as two coupled subsystems where energy

can be exchanged between them, as described by two heat diffusion equations, one for each

subsystem:
aT, 10 aT,
Ce(T,) FTRrrr [T K. (T,) W] —g(T, —T,) + A(r, t) (1)
aT, 10 aT,
Co(Ty) FTr [7” K, (T,) W] +9(T, —T,) (2)

Here, K, and K, are the thermal conductivity for the subsystems, C, and C, are the
specific heat coefficients for the lattice and electrons, respectively, and g is the electron-phonon
parameters. As discussed in detail in Refs. [26,27]the thermal conductivity K, and specific heat
coefficient C, are 100 W m™ K! and 1.0 J cm™ K and the values of K, and C, at room
temperature, as well as the value of g for pristine and pre-damaged systems can be found in
Ref. [26]. A(r,t) describes the spatial and temporal energy deposition from the incident ion (6

MeV O, 8 MeV O and 12 MeV O) to the electrons [28]. The maximum temperature profiles



(at a time of 30 fs) due to the passage of 6 MeV O ions are provided in Fig. 5 (a) for both
pristine material and a pre-damaged system of KTaOs; containing 30% Frenkel pairs.
Obviously, much higher lattice temperatures are achieved in the pre-damaged sample than in
the pristine sample, demonstrating that energy transfer heats the defective lattice more than
pristine lattice. Similar to the case of 6 MeV O ions irradiation, higher lattice temperatures are
achieved in pre-damaged sample than in pristine sample under 12 MeV O ions, as shown in
Fig. 5(b). It is noteworthy that the maximum temperature profiles triggered by the creation of
pre-damaged layers are qualitatively similar for 6 MeV, 8 MeV and 12 MeV O ions (Fig. 5(¢)),
but show distinct increase in temperature with decreasing ion energy or velocity. The reason
for this difference is that within the i-TS calculations the energy dissipates over a more confined

radius with the decrease in ion velocity (lower energy).

4. Discussion

The creation of ion tracks in pristine or defective semiconductors [29,30] and ceramics
[31,32] is typically characterized by their strong ion velocity-dependent nature. At low ion
velocity, the energy transferred to electrons is lower and more radially confined; this leads to
more efficient and radially-confined transfer of energy to lattice atoms, which results in larger
track radii [9]). Although the existence of a velocity effect for thermal spike annealing is
expected, such an effect has only been inferred in a recent study on SiC [33] As described
above, the observed difference in damage evolution cannot rule out the existence of velocity
effect in defective KTaO3, which is sensitive to ionization-induced annealing under certain
irradiation conditions.

For 12 MeV O, where the energy is above the Bragg peak in Se, the results suggest that
dynamic annealing due to the ionization-induced thermal spike occurs without the production

of a precursory stage or defect diffusion at both fluences (see Fig. 2 (c)). Obviously, the



occurrence of a Se-induced defect diffusion from 12 MeV O ions cannot be ruled out, since
there is an evidence of slight peak broadening or increase in disorder beyond the original pre-
damage peak (e.g., appearance of a tiny secondary peak that it is not very pronounced such in
the case of 6 MeV and 8 MeV O). Moreover, there is no increase in disorder at the lowest 12
MeV O fluence (10 ion nm) under the ion irradiation conditions used in this study. It has
been clearly demonstrated in our previous study [19] that, in contrast to the current low pre-
damaged level (fy ~ 0.3), a higher pre-existing damage level (fy ~ 0.8) leads to a clear increase
in disorder for the same 12 MeV O ion fluence. For this higher pre-damage level, nanoscale
(or larger) amorphous domains are the dominant defect structures, and the observed increase
in disorder under 12 MeV O irradiation can be attributed to an irradiation-induced increase in
the fraction of amorphous material due to the presence of the higher pre-damage level, similar
to the increased amorphization at higher values of S. and lower values of pre-damage, but only
in the pre-damaged region (not beyond). In other words, the damage annealing under 12 MeV
O ion irradiations exhibits a competitive two-stage phase transition in pre-damaged sample
containing higher levels of pre-existing damage (i.e., fo > 0.75), while the continuous damage
annealing is restricted to samples containing lower damage level (fy ~ 0.3). In this same study,
pre-damaged samples containing either low (as in this study) or high levels of pre-existing
damage were also irradiated with 5 MeV C ions irradiation, for which the S¢/S, (~542) value
is almost a factor of two lower than for 12 MeV O ions (~1000), but similar to 8 MeV O ions
(428), and it has also been observed that a clear increase in disorder occurs for the same ion
fluence (10 ion nm™), even for the low pre-existing defect disorder (fp ~ 0.3). One should also
note that for 5 MeV C (Sn~ 0.004 keV nm™), Syis slightly higher compared to 12 MeV O (Sa
~0.003 keV nm™), but smaller by a factor of 2 compared to 8 MeV O (Sy~ 0.008 keV nm™).
For 8 MeV O, S, is larger by about a factor of 2 compared to 12 MeV O, and there is

an increase in disorder at the lowest fluence (see Fig. 2(b)). This increase in disorder is likely



due to an increase in defect production by S;, but only in the pre-damage region (not beyond),
since there is not much evidence of peak broadening or increase in disorder beyond the original
pre-damage peak at the lowest 8 MeV O ion fluence (10 ion nm™). This increase in disorder at
10.0 ions nm™ is probably due to the ballistic breaking up of some pre-existing defect clusters
by the nuclear scattering of the O ions, which would increase the disorder across the pre-
existing peak damage. On the other hand, as the 8 MeV O ion fluence increases from 10.0 to
25.0 ions nm, there is a pronounced increase in peak broadening and an increase in disorder
and secondary peak formation beyond the original damage peak. We propose the following
scenario for this behavior: the elastic energy transfer to target atoms by nuclear scattering of
the O ions is both ballistically breaking up some defect clusters, creating additional point
defects susceptible to ionization/thermal spike annealing and diffusion, and knocking single
interstitials to deeper regions in the pre-damaged state (i.e., Ta interstitials can only be knocked
deeper by O ions). At the highest fluence, the ionization/thermal spike induced
recovery/diffusion is causing a decrease in disorder and a shift of some of the pre-damage to
deeper depths and the surface. According to SRIM calculations, S, is largest for 6 MeV O ions
and thus, the initial increase in disorder within the pre-damage region (not beyond) at the lower
fluence (10 ion nm™) may be due to the same reason as above for 8 MeV O ions. This
supposition is supported by a successful representation in Fig. 3 (a) of the displacement cross
section (osriv) determined using the following expression [12]: osriv = N dispi/No, where N dispi
represents the number of primary displacements produced per implanted ion and unit depth and
No = 7.896 x10*2 atoms cm™ is the atomic density of KTaOs. The general trend from these
calculations is that the osriv increases with decreasing O ion energy, as demonstrated by the
curves corresponding for each O ion energy. This observation further allows us to assume that
in the early stage (low fluence regime < 10 ions nm) of irradiation with 6 MeV and 8 MeV O

ions, Sp-induced ballistic effects dominate creating additional damage within the pre-damaged



layer, because S. dissipates more broadly causing less effective dynamic annealing. This
assumption is consistent with the decrease in the difference of disordering rates in pristine
samples at high and low fluences under 6 and 8 MeV ion irradiations (see Fig. 3 (b)). At the
highest fluence (25 ion nm™), there is an increase in disorder at deeper depths. We suggest that
part of this could be due to increased defect production at increased depths due to increasing
S» with depth; the rest may be due to ballistic knocking of interstitial defects to greater depths.
The origin of the secondary peak in disorder (for both 6 MeV and 8 MeV O ions) has yet to be
identified, but we speculate that this may be either related to the maximum and average recoil
energy of interstitials knocked on by the incident O ions or enhanced damage migration
triggered by the increase of lattice temperature once the defective layer is created. In the second
stage (high fluence regime >10 ions nm), the newly produced defects in conjunction with
those pre-existing defects represent the embryonic precursors for damage annealing because
the electronic energy dissipated remains spatially more localized along the O ion path (higher
thermal ‘spike’ temperature for a longer time) within the pre-damaged layer, resulting in
damage annealing via enhanced migration and recombination of defects. For 6 MeV, where its
energy is smallest (energy dissipation is the most spatially confined), the results suggest that
damage migration is highest among all three energies used in this study. Here, one needs to
keep in mind that the temperature rise along the ion path is insufficient to induce local melt
quenching (ion track formation) based on the thresholds for track formation in pre-damaged
KTaO3 determined previously [19]. In support of this statement, we provide another piece of
evidence. The high-angle annular dark field (HAADF) image recorded on pre-damaged KTaO3
sample and subsequently irradiated with 6 MeV O ions to an ion fluence of 25.0 ions nm™ at
300 K (see Fig. 4 (c), confirms the absence of ion tracks; however, the HAADF shows the
existence of residual damage, as indicated by RBS/C (i.e., 6 MeV O ion irradiation to a fluence

of 25.0 ions nm™ decreases the peak disorder level from to 0.42 to 0.29).



Furthermore, the relative areal density of damage is plotted in Fig. 6, A2/Ao, (integrated
disorder over depth) as a function of specific energy, E, because under current experimental
conditions, the reduction of disorder level is accompanied by the broadening of the disorder
profiles into greater depth with increasing ion fluence (see Fig. 2). Ao represents the integrated
disorder peak for the pre-damaged KTaOs, and A; is the integrated disorder following the O
ion irradiations to an ion fluence of 25 ion nm™. Examining this representation, it is clear that
the efficiency for ionization-induced defect diffusion for a nearly constant S. value increases
with decreasing O ion energy. Moreover, the efficiency for Se-induced defect diffusion is
substantially reduced for 12 MeV O ions. Given the small variation in S. values, more
pronounced broadening (diffusion) of the disorder profiles into greater depth is measured for
the smaller ion velocity/energy. In other words, this representation indicates the existence of
the so-called “velocity effect” on the ionization-induced annealing, since annealing is governed
by enhanced migration and recombination of defect. As a consequence of this so-called
“velocity effect”, the S¢ is deposited into a smaller radius in case of the low velocity leading to
a higher energy density and, therefore, to a more effective dynamic annealing (see below the
inelastic thermal spike calculation).

It is also worthwhile to compare the evolution of the lattice temperature in pre-damaged
KTaO3 for all incremental O ion energy used in this study (see Fig. 5(c)). Despite that the
average energy loss by the incident ions via inelastic electronic excitation is similar for all
incremental O ion energy used in this study (~3.0 keV nm™), the lattice temperature is
decreasing with increasing ion energy (or specific energy). As stated at the end of Sect. 2, the
O ion energies used in the current study are distributed on both sides of the S. peak. This
indicates that for the nearly same S. value, the energy deposited to electrons at a higher ion
velocity is dissipated over a slightly larger radius, leading to less energy/atom transferred to

the lattice (lower thermal ‘spike’ temperatures) and consequently less efficient thermal spike



annealing. Although the difference in velocities is small (see specific energy values in Table
1), all these findings support the crucial role of velocity effects in thermal spike annealing
process, as was found very recently for SiC [33]. Finally, while the velocity effect on thermal
spike annealing process is in an exploration stage, these findings should prompt further in-situ
TEM analysis in conjunction with modeling and simulations to advance the fundamental
understanding and develop predictive models of athermal ionization-induced annealing.
5. Summary

We have studied the electronic to nuclear energy loss (S¢/Sn) ratio effects on damage
evolution in defective KTaOsz by irradiating pre-damaged single crystal KTaOs with
intermediate energy ions (6 MeV, 8 MeV and 12 MeV O ions) at 300 K. Our ion channeling
analysis reveals a precursory stage of damage production before the onset of damage annealing
process in defective KTaO3 with decreasing O ion energy. It has been assumed that in the first
stage (low ion fluence < 10 ion nm™2) of irradiation with 6 MeV and 8 MeV O ions, S dissipates
more broadly leading to less effective dynamic annealing. Instead, S, produces additional
damage within the pre-damaged layer. In the second stage (high ion fluence > 10 ion nm™),
dissipation of S, is more localized (due to increased damage during the 1 stage that increases
electron-phonon coupling) that results in more localized heat within pre-damaged layer (higher
thermal ‘spike’ temperature and duration) and, in turn, promotes defect recombination or
athermal annealing processes. The inelastic thermal spike calculations have shown that for the
same value of Se, the highest lattice temperature in pre-damaged KTaOs containing 30%
Frenkel pairs is for the lowest ion energy (or velocity). The above-mentioned results clearly
demonstrate that the target volume in which Se is deposited substantially depends on the
maximum energy transfer to electrons that decreases with the ion velocity, which, in turn,
governs damage annealing process in defective KTaOs3, Finally, these findings underscore the

importance of a comprehensive understanding of the velocity effect on the energy transfer to



electrons, which is needed for predictive device processing using ion beams and to develop
models of materials performance under specific radiation environments where ionization and

defect production occur simultaneously.
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Fig. 1. The RBS/C spectra recorded for pre-damaged and KTaOs single crystals irradiated at 300 K with (a) 6 M, (b) 8 MeV and (¢) 12 MeV O
ions at the indicated fluences. For comparison, RBS results for pristine KTaOj3 single crystals irradiated at 300 K with (d) 6 MeV (e) 8 MeV and

(f) 12 MeV O ions, at the indicated fluences, are also illustrated. Note the RBS spectra recorded in random and channeling direction from a pristine
crystal are also shown.
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Fig. 2. Relative Ta disorder profiles for pre-damaged KTaOs single crystals with a maximum
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derived ratio S¢/Sn curves (orange dash-dot lines). The experiment uncertainty is estimated to
be ~15%, which can mainly be attributed to the statistics of the backscattering spectra [32] and
to the standard deviation in fitting the experimental disorder profiles.
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