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Abstract

Systematic investigations of electronic energy loss (Se) effects on pre-existing defects in 
crystalline silicon (Si) are crucial to provide reliance on the use of ionizing irradiation to anneal 
pre-existing defects, leading to successful implementation of this technology in the fabrication 
of Si-based devices. In this regard, the Se effects on nonequilibrium defect evolution in pre-
damaged Si single crystals at 300 K has been investigated using intermediate-energy ions (12 
MeV O and Si ions) that interact with the pre-damaged surface layers of Si mainly by ionization, 
except at the end of their range where the nuclear energy loss (Sn) is no longer negligible. Under 
these irradiation conditions, experimental results and molecular dynamics simulations have 
revealed that pre-existing disorder in Si can be almost fully annealed by subsequent irradiation 
with intermediate-energy incident ions with Se values as low as 1.5 - 3.0 keV/nm. Selective 
annealing of pre-existing defect levels in Si at room temperature can be considered as an 
effective strategy to mediate the transient enhanced diffusion of dopants in Si. This approach is 
more desirable than the regular thermal annealing, which is not compatible with the processing 
requirements that fall below the typical thermal budget. 
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1. Introduction

Ion-implantation doping process has emerged as an essential device manufacturing 

technique in the semiconductor industry, and especially in the fabrication of silicon-based 

devices (e.g., silicon-based microelectronics [1,2] and silicon-based quantum computing [3]). 

Its main drawback is that the ion implantation doping process goes hand-in-hand with 

implantation-induced defects, and recovery of the original crystalline structure of Si is crucial 

to maximize the density of electrically active dopants sites [4,5]. The removal of defects is also 

pivotal for suppression of unwanted electrically active defect structures [5]. A commonly 

employed method to anneal defects is thermal annealing, and unfortunately, this is what usually 

enables the transient enhanced diffusion in Si [6,7]. In this case, the influence of this diffusion 

process on the activation of dopants are assumed to have deleterious effects [8]. As a result, 

several studies have focused on understanding of either low-energy ion [4,9] or high-energy 

ion [10,11] irradiations effects on crystalline Si, because in general, the irradiation-induced 

damage evolution in semiconductors and insulators can be rationalized using the energy loss 

(or energy) of ions as key parameter, and Si does not make an exception to this rule. In its 

simplest description, the energy loss of ions can be partitioned between energy transferred to 

target atoms via elastic interactions with the target atoms, well-known as nuclear energy loss 

(Sn), and the energy transferred to electrons via inelastic interactions, well-known as electronic 

energy loss (Se) [12,13]. It is well established that Sn is dominant at low energies (E ≤ 1 

keV/amu), while Se is dominant for high-energy ions, especially for swift heavy ions (SHIs), 

(E > 1 MeV/amu) [12]. For example, researchers have reported that low-energy ion irradiation 

leads to amorphization of Si, if the irradiation temperature does exceed the critical 

amorphization temperature, TC (~400 K) [14]. Here, it is worth making a comment that if the 

irradiation is performed above TC, the formation of amorphous Si is hindered due to dynamic 

annealing [15]. The origin and sources of dynamic annealing were rather recently investigated 

and well documented in seminal papers [16–18], as well as Sn-induced damage accumulation 

and amorphization processes, have been previously reviewed [4,9,15]. Briefly, in these reviews, 

the researchers have concluded that Si is very sensitive to Sn-induced damage accumulation, 

since Si is easily amorphized under low-energy ion irradiation performed at room temperature. 

On the other hand, experimental studies on the response of undamaged Si to high-energy 

ion irradiation (Se-regime) have shown that highly ionizing irradiation (e.g., 3.6 GeV U ions, 

Se ~ 28 keV/nm [11]) will only produce weak damage, i.e., point defects and point defect 

complexes [10]. The exception is for cluster ions (e.g., 30 MeV C60, Se ~ 46 keV/nm [19]), 
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where clear evidence for the generation of ion tracks was found in early studies [19,20], due to 

higher Se values compared to monoatomic ions [12]. More recently, the formation of ion tracks 

in Si has also been observed at much lower intermediate cluster energies (e.g., 1-6 MeV C60, Se 

= 8.5-18.2 keV/nm) [21] than previously reported. This finding was tentatively ascribed to the 

synergistic effects between Sn and Se, since in the intermediate energy regime both Sn and Se 

are significant to promote either the synergistic or competitive effect [13,22], without excluding 

that the transient boiling-melting transitions with recrystallization processes may also be the 

reason behind ion track formation. If the synergistic effect is active, it may trigger the formation 

of ion tracks [13]. In the same study, the authors have revealed that no ion track formation is 

observed under 200 MeV Xe ions irradiation (Se = 14 keV/nm)[21]. This same study, among 

other studies, has also highlighted the importance of understanding and predicting defect 

production and evolution in the intermediate-energy regime (i.e., up to ~50 keV/amu), where 

ionization (driven by Se) processes is occurring simultaneously with ballistic cascade processes 

(driven by Sn). One should note that separating and quantifying the contributions of Se and Sn 

to defect production and evolution, when both processes are occurring simultaneously, is not 

straightforward. Apart from simultaneous dual beam experiments involving low- and high-

energy incident ions to trigger to Sn- and Se-driven processes [14,23–25], respectively, 

sequential dual beam experiments can also be used to enrich the understanding of coupled 

defect evolution and recovery [13,22]. In these sequential dual beam experiments, pre-existing 

defects or an amorphous layer is initially created in the near-surface (< 1000 nm) of crystalline 

Si via low-energy ion irradiation through Sn-driven processes [26]. Then the separate response 

of the pre-existing damage to Se is evaluated by a successive irradiation with high-energy ions 

(Sn is negligible over this near-surface region). For reference, undamaged Si should be 

irradiated under same experimental conditions with high-energy ions. Note that simultaneous 

and sequential dual beam experiments are usually labeled as Sn & Se and Sn + Se, respectively.

As a result, several studies [15,27–30] have focused on understanding the effects of 

high-energy ions subsequently impinged onto a pre-damaged Si by using low-energy ions 

irradiation, which is pivotal for semiconductor industry. And of course, many of these studies 

have also triggered by a considerable scientific interest in understanding the fundamentals of 

the coupled effects of Se and Sn on nonequilibrium defect evolution in Si [12], which remains 

a very attracting research topic up today [24,31]. These studies have reported that 

recrystallization of an amorphous Si layer can be accomplished when exposed to successive 

irradiation with ions that deposit their energy inside the amorphous layer. The recrystallization 

process was achieved under room-temperature SHI irradiations, the so-called SHI-induced ion 
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beam-induced epitaxial crystallization (SHIBIEC) process [5,31]. Interestingly, the 

recrystallization process was also achieved under low-energy ion irradiations, but at irradiation 

temperatures higher than room-temperature (≥ 473 K) [29], the so-called ion beam induced 

epitaxial crystallization (IBIEC) process [29,32]. Surprisingly, such an annealing process was 

also reported to occur even under light-ion irradiation, such as 200 keV H and He, performed 

at room-temperature [33,34]. It is well established that the SHIBIEC process is triggered by the 

Se-induced annealing (excitation and ionization) or athermal processes [13], while the IBIEC 

process occurs as a consequence of Sn-induced migration and recombination of defects at the 

amorphous/crystalline interface [35]. More recent studies [14,24] have demonstrated that 

simultaneous dual beam experiments, using low-energy 900 keV I ions and high-energy 27 

MeV Fe (Se = 5.5 keV/nm) or 36 MeV W (Se = 5.5 keV/nm) ions, can also lead to efficient 

ionization-induced annealing in Si. This process is known as synergy between nuclear and 

electronic energy losses [23]. The SHIBIEC process observed under SHI irradiations has also 

been observed at much lower intermediate energies (such as 10 MeV Co, Se = 4.0 keV/nm) in 

pre-damaged Si [26].  Ion-beam-induced annealing of pre-existing point defects in Si at 300 K 

has been also observed by Holland[36] under 1.25 MeV Si ions irradiations, which is providing 

the interstitial population needed to anneal the divacancy constituent of the pre-existing 

damage. Annealing of pre-existing defects in Si occurs even during neutron irradiations at 

temperatures below 370 K [37].

In contrast to high-energy irradiation studies, there have been only a few studies devoted 

to intermediate-energy irradiation regime [14,24,26] that could facilitate the successful 

implementation of ionization-induced annealing technology in the fabrication of silicon-based 

devices. Thus, the response of pre-damaged Si to ionizing irradiation not only using ions with 

high Se value but also ions with much lower Se values than previously reported (4 keV/nm) [26] 

should be investigated. And of course, these studies should also be driven by a considerable 

scientific interest in understanding the fundamentals of coupled effects of Se and Sn on 

nonequilibrium defect evolution in Si. In this regard, the present study addresses the separate 

effects of different Se values on nonequilibrium defect evolution in pre-damaged Si at 300 K 

using O and Si ions both at 12 MeV, and the results reveal that pre-existing disorder in Si 

(~70%) can be almost fully annealed by ions with Se values as low as 1.5 - 3.0 keV/nm. It should 

be noted that the Se values used in the present study are well below those previously reported 

in sequential dual ion beam approach (4 keV/nm) [26].
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2. Experimental and theoretical details
2.1. Irradiation and characterization

In this study, four monocrystalline silicon samples used for irradiation were cut from an 

undoped <100>-oriented Si wafer (https://www.alineason.com/) with a single-side epi-polished 

surface. The samples were approximately 10 × 10 mm2 in size, with thickness of 0.5 mm. In 

the first step of the experimental procedure, a pre-damaged state with a shallow range 

distribution (< 1200 nm) was initially introduced in one set of two Si samples via ion irradiation 

with 2.0 MeV Au ions to an ion fluence of 0.3 ions nm-2. In the second step of the experimental 

procedure, the separate response of the pre-damage state to Se was evaluated by a successive 

irradiation with intermediate-energy ions (12 MeV O and 12 MeV Si ions) that interact with 

the pre-damaged surface layers of Si mainly by ionization, except at the end of their range, 

beyond the pre-damaged layers, where the Sn is no longer negligible. In the latter step, for 

reference, an additional set of two virgin (undamaged) Si samples were also irradiated with 12 

MeV O and 12 MeV Si ions under identical conditions. All ion irradiations were carried out at 

300 K and off-channel direction (7° off main channeling direction) to minimize ion channeling 

effects. The average ion flux during ion irradiation experiments was kept below 5 × 1010 cm-

2s-1, for the indicated ion species. In between each irradiation step, ex-situ Rutherford 

backscattering spectrometry in channeling geometry (RBS/C) was conducted, using 2 MeV He 

particles, to quantify the evolution of the pre-damage state following irradiation with 

intermediate energy ions having Se value intervals way below that previously reported in 

sequential dual ion beam approach. In order to detect the backscattered He particles, a silicon 

detector was positioned at 155° with respect to the He analyzing beam direction. All these ion 

species (He, O, Si and Au) were delivered by the 3 MV Tandetron Cockcroft-Walton 

accelerator located at IFIN-HH, Magurele, Romania [38,39]. The Sn and Se values were 

calculated using the Stopping and Range of Ions in Matter (SRIM-2003) code [40] in a full 

cascade mode [41] with input density given by the manufacturing company (2.329 g cm-3). The 

corresponding local damage dose in displacements per atom (dpa) were also calculated, for the 

indicated ion fluences in Table 1, via SRIM-2003 with a threshold displacement energy of 20 

eV [42] used as input. The output of the SRIM calculations is reported in Table 1.

https://www.alineason.com/
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Table 1: SRIM-depicted Sn, Se, and ratio Se/Sn at the Au-induced damage peak (~540 nm) in 
Si for indicated ion species. The dpa for the indicated ion fluences is also included.

Ion/energy Sn (keV/nm) Se (keV/nm) Se/Sn dpa @ ~532 nm

2 MeV Au 2.48 1.88 0.75 0.20 (0.3 Au+ nm-2)

12 MeV O 0.002 1.58 790 0.02 (40.0 O+ nm-2)

12 MeV Si 0.014 3.05 217 0.04 (20.0 Si+ nm-2)

Transmission electron microscopy (TEM) thin foils were prepared by a gallium focuses ion 

beam lift-out technique (Amber, Tescan). TEM operated at 200 kV (Talos F200X G2) was 

utilized to study the atomic structure of irradiated samples.

2.2. Modeling details

For the molecular dynamics (MD) simulations, we used the DL_POLY MD code [43] 

and a modified Tersoff potential for Si by Kumagai et al [44]. The systems used have size 10 

nm × 10 nm × 5 nm size, which is large enough for studying the effects of energy deposition 

and dissipation from 12 MeV O and Si ions. The pre-damage levels were introduced by creating 

different percentages of Frenkel pairs (FPs), and then equilibrating the systems under constant 

pressure and temperature at 300 K with 1 fs timestep for about 0.5 to 1.5 ns. The defects were 

identified using the sphere criterion, with a cut-off radius of 0.75 Å [43,45,46]. The irradiation 

simulations were performed by employing the two-temperature model (2T-MD), suitable to 

simulate irradiation simulations in metals [47–49] and semiconductors or insulators [50,51], 

where the energy deposition to the electronic subsystem from the fast-moving projectile is 

transferred to the atomic subsystem via electron-phonon coupling. We used systems with four 

pre-damage levels, 5.5% FPs, 7.2% FPs, 10.2% FPs and 14.4% FPs, where this pre-damage 

level represents the percentage of stable FPs after the equilibration of each system. In each 

system, 200 ion irradiations were performed, where the irradiation was applied along the z 

dimension of the MD box where the ion path is at the center of the xy plane, in intervals of 5 

ps, which was long enough for the energy to dissipate and the system to cool down. The 

electronic diffusivity temperature dependence is described by 𝐷𝑒(𝑇) = 𝐷0
𝑇0

min (𝑇,𝑇𝑓) as 

described in [43], where 𝐷0 is the value at room temperature (33.6 cm2 s−1 [52]), and 𝑇𝑓 is the 

Fermi Temperature. The electronic heat capacity dependence on temperature is described in 

[53]. As in [51], the electron-phonon relaxation time was taken to be 0.26 ps.
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3. Experimental and Modeling results 

The RBS spectra recorded along the <100> axis for Si single crystal irradiation with 2.0 

MeV Au ions to an ion fluence of 0.3 ions nm-2, together with the RBS spectra recorded along 

the main axis and “off”-axis (random direction) for unirradiated sample, are illustrated in Fig. 

1(a). Note that from the RBS/C viewpoint, irradiated Si is considered to be rendered amorphous 

when the aligned RBS yield is similar in magnitude with the corresponding random RBS yield 

[15]. Therefore, the lower the aligned RBS yield the better is the crystalline quality of Si. The 

RBS/C spectrum from the unirradiated Si (orange filled diamonds) is characterized by a small 

axial minimum yield (χmin ~ 0.025 at about channel 350), which demonstrates that high-quality 

single crystals have been used in this study. Irradiation with Au ions leads to the development 

of well-resolved damage peak in the RBS/C spectra (black open circles), which provides a clear 

evidence that the observed atomic disorder in Si consists of uncorrelated displaced lattice 

atoms, such as point defects, clusters of point defects and amorphous regions [54]. Although 

Au irradiation induces a significant increase in ion channeling yield, it is still situated way 

below the random (amorphous) level. Subsequent irradiation with 12 MeV O ions to an ion 

fluence of 8.0 ions nm-2 produces a decrease in ion channeling yield (green filled triangles) over 

the entire damage profile. It should be noted that the aligned RBS yield keeps decreasing with 

increasing O ion fluence, indicating the occurrence of an annealing process. A similar trend is 

observed for the pre-damaged sample and subsequently irradiated with 12 MeV Si ions case 

(see Fig. 1(b)). In the high channel region (220-350), ion channeling analyses of 12 MeV O 

irradiated pristine Si shows a small increase in the backscattering yield compared with RBS/C 

spectra recorded for unirradiated sample, indicating that a very small number of defects is 

produced via 12 MeV O ion irradiation. On the other hand, in the low channel region (i.e., 

deeper depth), a slight increase of dechanneling component with O fluence is observed, as 

compared to the pristine sample. This effect is likely generated by the Sn part of the slowing-

down of 12 MeV O ions since at the end of their range, Sn no longer has a negligible impact. 

Although quantifying the disorder in the end of ion path is not within the focus of this study, as 

a first estimation, the difference in minimum yield of irradiated and pristine (unirradiated) 

crystalline sample, Δχmin = χirr
min – χprist

min, can be used to quantify the O-irradiation induced 

damage in pristine Si at different channels or depths. The calculated values of Δχmin for channel 

number 288 (at the Au-induced damage peak) and 150 (i.e., deeper depth), respectively, are 

plotted in the inset of Fig. 1 (c) for O-irradiated Si to ion fluence of 40.0 ions nm-2, respectively. 

This inset confirms that pristine Si starts to be relatively more damaged under O ions 
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irradiations once we move to greater depths. In other words, highly damaged or amorphous 

buried layer is expected to be created at the end of ion range. The ion channeling data recorded 

on pristine Si irradiated with 12 MeV Si (see Fig. 1(d)) follow nearly the same trend as the 12 

MeV O irradiation of pristine Si (i.e., a slight increase of dechanneling component with Si 

fluence is observed, as compared to the pristine sample); however, one should note that that the 

fluence needed for the aligned spectrum (dechanneling component in the low channel region) 

to reach almost the same yield is twice of magnitude lower for Si ions (20.0 ions nm-2) than for 

O ones (40.0 ions nm-2). This indicates that 12 MeV Si irradiation disorder accumulation 

displays a more rapid initial rate of disordering, as compared to 12 MeV O irradiation. 

According to SRIM predications (see Table 1), for 12 MeV Si, Sn is the highest among the two 

ion species used in the current study, and thus it is expected that this effect is likely generated 

by the Sn part of the slowing-down of 12 MeV S ions. On the other hand, our ion channeling 

results reveal no significant differences, beyond experimental uncertainty, in the aligned RBS 

yield of the Si-irradiated pristine Si to ion fluence of 10 and 20.0 ions nm-2. This indicates that 

the damage accumulation saturates due to a competition between damage production from Sn 

and athermal annealing associated with Se [55], despite the fact that data at higher irradiation 

fluences are absent. It should also be mentioned that the saturation in dechanneling component 

(disorder) for the 12 MeV Si ion is consistent over multiple channels (depths). All these effects 

suggest that Sn-induced defect generation is initially dominant at low fluences, while the 

contribution of the Se-induced athermal annealing dominates at higher fluences (see MD 

results). 

Fig. 2(a) illustrates the corresponding depth profile of relative Si disorder for the pre-

damaged Si prior to and after following 12 MeV O ions irradiations obtained by analyzing 

RBS/C spectra (see Fig. 1(a)) employing an iterative procedure (IP) described in detail 

elsewhere. Briefly, under the IP, the measured relative disorder equal to 1.0 stands for random 

(amorphous) state; whereas zero stands for pristine (undamaged) state.  Note that Fig. 2 (b) 

provides the evolution of pre-existing damage peak after sequential 12 MeV Si ion irradiations. 

The smooth line fits to data points are superimposed for visual clarity. Also superimposed are 

Se curves across the pre-existing damage peak (see dash-dot lines). In this depth region (i.e., 0 

< z < 1200 nm), Se values are nearly constant and by a factor of approximately 780 and 200 

higher than the Sn values for O and Si ions (see Table 1), respectively. As shown in Fig. 2, Au 

ion irradiations to ion fluences of 0.3 ions nm-2 (see black open circles) has induced an initial 

maximum level of fractional disorder (f0) of ~ 0.7 on the Si lattice. According to previous 

amorphization kinetics that proceeds in three steps [15], the sample with f0 ~ 0.7, corresponds 
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to the second part of step 2, and thus the damage morphology is likely governed by mixture of 

damaged crystalline and amorphous Si phases (the latter one starting to become dominant) [15].  

Sequential irradiations with either O or Si ions lead to a systematic decrease of the relative 

disorder magnitude with increasing ion fluences. Note, however, that the value of ion fluence 

at which almost complete healing of defects (f0 ≤ 0.2) is substantially dependent on the ion 

species (~ 40.0 ions nm-2 for O and ~20.0 ions nm-2 for Si). The difference in annealing fluence 

may result from the higher Se value of Si ions than the O ones in this depth region, which could 

directly influence the annealing kinetics (see discussion below).

Fig. 3 (a) presents a HRTEM micrograph recorded at Au-induced damage peak (~532 

nm) on a Si single crystal irradiated with 2.0 MeV Au ions to an ion fluence of 0.3 ions nm-2 at 

300 K. The micrograph indicates that most of the defects created during Au irradiation at the 

indicated ion fluence are amorphous pockets surrounded by distorted crystalline regions. 

Moreover, the mixture of highly disordered and amorphous phases at this depth is confirmed 

by the fast Fourier transform (FFT) analyses, shown in the inset of the figure, which exhibits 

structure spots and diffuse scattering. In the case of pre-damaged Si sample and subsequently 

irradiated with 12 MeV O ions to an ion fluence of 40.0 ions nm-2 at 300 K, the HRTEM 

micrograph recorded at the same depth of Au-induced damage peak (see Fig. 3 (b)), shows that 

12 MeV O ions can heal the pre-existing defects, as revealed by RBS/C (Fig. 1(a)). The 

recrystallized character (less damaged) of the sample at this depth is confirmed by the FFT 

analysis shown in the inset of the figure (less visible diffuse scattering rings). The HRTEM 

micrographs of Fig. 3 (a) and (b) were further processed using inverse FFT filtering in order to 

improve the visibility of microstructure modification of pre-damaged Si upon subsequent O 

irradiation, and the results are shown in Fig. 3 (c) and (b), respectively. The annealing of 

amorphous pockets surrounded by distorted crystalline regions (main component of the pre-

damaged layer) under 12 MeV O ions irradiations indicates the occurrence of epitaxial 

recrystallization, which may be identified as the main mechanism responsible for the ion-beam-

induced annealing observed the current study.

Fig. 4 displays the level of damage in four systems with pre-existing defects for 12 MeV 

Si (a) and 12 MeV O (b) irradiation, as a function of the number of ions. For comparison, 

damage evolution in the pristine sample for increasing number of Si ions is also provided (Fig. 

4(c)). It is observed that at early stages of the irradiation, more damaged is induced due to 12 

MeV Si ions compared to 12 MeV O ions. It is additionally seen that annealing of Si is easier 

under the 12 MeV Si ions irradiation at later stages, compared to 12 MeV O ions, with annealing 

ranging from ~40% to ~52% for Si ions and ~3% to ~20% for O ions. These results also show 
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that with increasing pre-existing damage level recovery of more defects takes place. The MD 

results for Si irradiation of undamaged material reveals that damage are initially created within 

the effective volume of the thermal spike, which are recrystallized for increasing ions, with a 

few points defects surviving (see Supplementary Movie to visualize the entire athermal 

recrystallization process). This finding is somehow in good agreement with our ion channeling 

spectra recorded on Si-irradiated undamaged material (see Fig. 1(d)), that indicates Sn-induced 

defect generation is initially dominant at low fluences, while the contribution of the Se-induced 

athermal annealing is counterbalancing at higher fluences. For irradiation with 100 O ions of 

12 MeV energy, there was no damage productions except for a couple of FPs that were 

annealed, which is in good agreement with ion channeling spectra (see Fig. 1(c)) recorded on 

O-irradiated pristine Si that illustrated no noticeable damage was created at channel number 

288 (at the Au-induced damage peak).

4. Discussion

Athermal transient phenomena are typically characterized by their weak or temperature-

independent nature, making them distinct from thermally activated processes [13]. These 

transient processes often precede radiation-enhanced effects that occur over longer time scales, 

especially in relation to the high concentration of nonequilibrium defects. As described above, 

we can almost fully heal the pre-existing disorder levels in Si (from 0.7 to below 0.2) via 

subsequent irradiation at room temperature with either 12 MeV O or 12 MeV Si ions, although 

the value for the ion fluence where disorder level is below 0.2, determined using RBS/C, is ion 

species-dependent due to the different amounts of Se deposited in the pre-damaged layer. As 

stated in the Introduction, the recovery of pre-damaged state in Si has also been observed under 

10 MeV Co ions (Se = 4.0 keV/nm) irradiation at 300 K [26], similar to the case of O and Si 

ions in the present study. In this same experimental study, the authors have associated the 

observed damage reduction with ionization-induced damage annealing process. In other 

independent ion irradiation studies of Si, such as simultaneous dual beam experiments, using 

low-energy 900 keV I ions and high-energy 27 MeV Fe (Se = 5.5 keV/nm) or 36 MeV W (Se = 

5.5 keV/nm) ions [14], it has also been observed that the damage level decreases with rising 

fluence of ionizing ions, an effect that was also associated with ionization-induced damage 

annealing process.

Previously it was also shown that the annealing of amorphous [36,56] or weakly 

damaged [36] Si can be achieved via subsequent irradiation with either 3 MeV Ne (Se ~1.7 

keV/nm) ions [56] or 1.25 MeV Si (Se ~1.2 keV/nm) ions [36], respectively. These same studies 
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have revealed that such ion beam annealing (IBIEC process) is a defect-mediated process. At 

these energy ranges, Sn is no longer negligible, such as in the present study, and thus the IBIEC 

process occurs as a consequence of irradiation-induced defects that are able to migrate and thus, 

to recombine at the amorphous/crystalline interface [35]. This is also supported by the work of 

Kinomura et al [37] who reported recovery of pre-damaged Si under neutron irradiation at an 

estimated temperature of maximum 370 K. In the present study, the Sn and dpa values at the 

Au-induced damage peak (see Table 1), for both ion species, are too weak to inflict the damage 

necessary (see Fig. 1(c)) to mediate the activation of IBIEC process. In other words, these 

observations ambiguously demonstrate that the annealing process observed in the present study 

is a consequence of local electronic excitation processes.

In order to compare the susceptibility of pre-damaged Si to ionization-induced recovery 

and consequently to assess the recovery cross-sections (σr), the normalized recovery of relative 

Si disorder at the damage peak (N/N0) as a function of both O and Si fluences are depicted in 

Fig. 4. These plots clearly follow the same exponential decrease with rising fluence (Φ) of 

intermediate-energy ions, as reported previously in other pre-damaged crystalline materials, 

such as SiC [57], SrTiO3 [58] and KTaO3 [22]. The following formula has been used to model 

this dependence:

N/N0= 1 –Nr/N0 ×[1- exp(- σr × Φ)], (1)

where Nr/N0 denotes the recoverable fraction of disorder at the damage peak. Fits of [Eq. (1)] 

to the experimental data are shown in Fig. 5 as solid lines, and the derived fitting parameter (σr) 

for O and Si ions are depicted in Fig. 5. This is expected to be consistent with the previous, 

theoretical calculations performed for other semiconductors or insulators, which have revealed 

that with increasing Se value much higher temperatures during the transient thermal spike are 

obtained, leading to increased susceptibility of pre-damaged material to damage annealing[57]. 

Since the Se value for 18 MeV Si ions is higher than that of 12 MeV O ions, this interpretation 

could also be envisioned for the present results.

For a more comprehensive picture on the physical processes behind the irradiation-

induced annealing process revealed by RBS/C measurements and TEM observations, as 

presented above, the evolution of pre-existing defects in Si under ionizing ions was simulated 

using MD simulations. It was observed that the energy depositions from 12 MeV Si and 12 

MeV O ions can result in the formation of some additional damage during the interactions with 
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ions, but the local heating (i.e., thermal spike) and defect diffusion processes result in the 

recombination of defects and epitaxial recrystallization. The higher local temperature due to the 

larger energy deposition from 12 MeV Si ions, compared to that from 12 MeV O ions, enhances 

the recombination of defects compared to the level of annealing observed in 12 MeV O 

irradiation of Si, which is consistent with the RBS/C results. 

Finally, it is to be noticed that the thermal spike due to the ion irradiation has been 

modelled with the ion path along the z axis and passing from the center of the xy plane. While 

the defects in the volume of the whole MD box are counted to capture recombination because 

of diffusion due to the thermal spike-induced temperature, there is an effective cylinder across 

the ion path where most of the damage formation and recombination take place. The 

recombination in the effective region is reflected in the more rapid drop compared to 

experiment of defect concentration in the Fig. 4 (a). Experimentally, the area that is measured 

is larger and contains the effect of more ions/thermal spikes, including their effective volumes 

and areas in-between. Both in MD and experiment, the ability of the system to recover under 

12 MeV Si and O ions is demonstrated and is in good agreement. 

5. Summary

To summarize, we have successfully demonstrated that pre-existing disorder in Si can 

be almost fully recovered (from 0.7 to below 0.2) by subsequent irradiation with either 12 MeV 

O or 12 MeV Si ions due to the inelastic thermal spike that can sufficiently raise the local 

temperature along the ion path and provoke defect recovery and epitaxial recrystallization of 

amorphous domains (so called ionization-induced recovery process). Compared to previous 

ionization-induced recovery reported for pre-damaged Si, the current study demonstrates that 

the same process is driven by ions with much lower Se values than reported to date, gaining 

crucial data that can contribute greatly to model the crystallization process at this intermediate-

energy regime. For O and Si ions, the recovery cross-sections increase from 0.039 to 0.168 nm2 

with increasing Se values from 1.58 to 3.05 keV/nm. The molecular dynamics simulations 

results have further fortified the substantial role of local electronic excitation processes in 

annealing process observed in the present study. While such ionization-induced annealing or 

athermal process may offer a useful alternative to overcome the thermal budget associated with 

regular thermal annealing and dopant activation, the understanding of such phenomenon can 

contribute significantly to our basic understanding of competitive effects in Si.
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Fig. 1. The RBS/C spectra recorded for (a) pre-damaged and (c) pristine Si single crystals 
irradiated at 300 K with 12 MeV O ions at the indicated fluences. For comparison, RBS results 
for (b) pre-damaged and (d) pristine Si single crystals irradiated at 300 K with 12 MeV Si ions 
are also illustrated. Note the RBS spectra recorded in random and channeling direction from a 
pristine crystal are also shown. Inset: the difference in minimum yield of irradiated and pristine 
(unirradiated) crystalline sample as calculated for channel number 150 (i.e. deeper depth) and 
288 (at Au-induced damage peak). 
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Fig. 2. Relative Si disorder profiles for pre-damaged Si single crystals with a maximum initial 
disorder fraction f0 ~ 0.7 and sequentially irradiated with: (a) 12 MeV O ions and (b) 12 MeV 
Si ions at the indicated ion fluences. Also superimposed are the SRIM-derived Se curves (orange 
dash-dot lines). 
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Fig. 3. HRTEM micrographs showing the microstructure changes of the Si single crystals: (a) 
pre-damaged with 2.0 MeV Au ions to ion fluence of 0.3 ions nm-2 at 300 K and (b) 
subsequently irradiated with 12 MeV O ions to ion fluence of 40.0 ions nm-2 at 300 K. The 
corresponding processed images are shown in (c) and (d), respectively. Note that the HRTEM 
micrographs were recorded at Au-induced damage peak (~532 nm).



21

Fig. 4. Evolution of defect level in Si with increasing number of 12 MeV Si ions (a) and 12 
MeV O ions (b) for four systems with different initial levels of pre-existing defects”. For 
comparison, damage evolution in the pristine sample for increasing number of Si ions is also 
provided (Fig. 4(c)).
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Fig. 5. Comparison of normalized recovery dependence on the ion fluence for O (filled circle) 
and Si (filled triangles) ion irradiations obtained from the analysis of RBS/C data. Solid curves 
are a fit of Eq. (1) to the experimental results.


