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Damage accumulation and amorphization mechanisms by means of ion implantation in Ge are

studied using Kinetic Monte Carlo and Binary Collision Approximation techniques. Such

mechanisms are investigated through different stages of damage accumulation taking place in the

implantation process: from point defect generation and cluster formation up to full amorphization of

Ge layers. We propose a damage concentration amorphization threshold for Ge of �1.3� 1022 cm�3

which is independent on the implantation conditions. Recombination energy barriers depending on

amorphous pocket sizes are provided. This leads to an explanation of the reported distinct behavior

of the damage generated by different ions. We have also observed that the dissolution of clusters

plays an important role for relatively high temperatures and fluences. The model is able to explain

and predict different damage generation regimes, amount of generated damage, and extension of

amorphous layers in Ge for different ions and implantation conditions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907211]

I. INTRODUCTION

Ge is a promising high mobility channel alternative ma-

terial for the future generation of pMOS transistors,1–3 and a

serious effort has been invested in the last years in order to

understand the mechanisms of Ge damage accumulation and

amorphization caused by ion implantation.4–10 B-doping in

Ge is of particular interest due to its low interstitial (I) medi-

ated diffusion.11 In this context of Ge implementation in ulti-

mate microelectronic devices, both bulk Ge and Ge on

insulator (GeOI) wafers are treated with ion-beam techniques

in which damage accumulation and amorphization play a

significant role.12 Thus, it becomes important to understand

amorphization processes in order to predict and optimize the

position and extension of amorphous layers in all relevant

implantation conditions.

Within this framework, the Critical Damage Energy

Density (CDED) model13 was able to accurately reproduce

amorphous/crystalline (a/c) interface locations for relatively

heavy ions and wide fluence ranges.7 Nevertheless, predic-

tions for low mass ions, such as B, could not be provided.

Despite other models also reported consider the competition

between damage buildup and its dynamic recovery,5 a deeper

understanding of the energetics of recombination and migra-

tion barriers was also suggested to be needed.

In this work, we introduce a comprehensive atomistic

model of damage accumulation and amorphization by means

of ion implantation in Ge. Explanations for the differences

between the damage caused by ions of different masses are

presented and validated by reproducing experimental obser-

vations of B, F, Ga, and Ge implants. This is achieved

through an intensive study of the energetics of recombination

of “amorphous” pockets (AP) coupled with a realistic calcu-

lation of the damage distribution within the volume of im-

plantation. Damage accumulation mechanisms towards

amorphization have been examined. Pure collisional stages

are separated from dynamic annealing effects, providing

clarifications on different steps of Ge amorphization.

Validity of the model is shown by simulating own experi-

ments and others reported in the literature.4,5,7–9,14

II. MODEL

By coupling a Binary Collision Approximation (BCA)

code with a physically based Kinetic Monte Carlo (KMC)

method, a complex variety of mechanisms induced by ion

implantation can be simulated.15–17 Among BCA codes,

SRIM18 is widely used although it does not consider the

crystallinity of the target material. This might lead to inaccu-

rate damage or doping profile predictions, and the models

used need to be chosen attending to specific experiments.19

Particularly, light ions are easily affected by channeling

effects.20,21 To take this into account, the Sentaurus Process

BCA module22 was used to generate the initial damage (Is
and vacancies, Vs) distribution. The threshold displacement

energy per atom, Et, used in this model is 30 eV/atom.20,23

It is widely accepted that damage cascade generation

occurs at a different time scale than the dynamic events tak-

ing place during the implantation process.24 As a conse-

quence, damage due to a single ion can be calculated, and

then, its dynamic evolution computed.25 In this model, dam-

age cascades taken from BCA calculations are introduced at

the desired rate into the Object-KMC simulator for damage

irradiation evolution and defect diffusion, MMonCa,26,27 in

order to simulate dynamic annealing effects.
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Three different damage generation regimes have been

reported for ion implantation in both Ge and Si materials (see

Refs. 6 and 28, respectively, and references therein), but these

regimes have not been as studied in Ge as in Si. We model

these implantation regimes as follows. Damage is produced in

the simulated target at the crystalline regime (i.e., calculated

with channeling effects), and its production grows slowly

(Region I) until it locally overcomes a certain threshold of

damage concentration. At this point, areas of c-Ge relax

towards the a-Ge phase and, as in Si,28 the mixture of these

different phases result in a faster damage growth regime

(Region II). These areas nucleate until a full layer is amorph-

ized and, as the lattice has relaxed, no more damage can be

generated. In this new regime (Region III), only cascades

computed without channeling effects are used and the induced

damage only contributes to the widening of the layer.

Regarding identification of amorphous layers, it is a

complex task to choose a consistent criterion. For instance,

different models have been reported with different standards

for Si amorphization modeling.29,30 In this model, we iden-

tify the local position of the transition between the two

phases, and place the a/c interface in the mean value of these

local interfaces. This also provides a value of the simulated

roughness of such interface, resulting from regions where

both phases coexist.

Dynamic annealing events are modeled through recom-

bination energies which depend on the damage configura-

tion. Agglomeration of Is and Vs gives rise to compact

damaged Ge regions of different sizes, namely, APs. The

effective size, s, of an AP formed by n Is and m Vs is com-

puted as s ¼ minðn;mÞ. This definition accounts for the

number of available IV-pairs inside an AP able to perform

the reaction IþV ! 0.28 For every recombination event, an

AP of size s shrinks to ðs� 1Þ at a rate of17

� ¼ asb exp ½�EactðsÞ=kT�; (1)

where a¼ 5� 10�3cm2s�1, b¼ 1 and Eact(s) is the activation

energy of Ge AP recombination shown in Fig. 1 (solid line).

One immediate result of both this effective size definition

and the proposed size dependency is that stability of these

clusters may be thought as a “coordination” between the

number of Is and Vs. This means that an I1V9 (s¼ 1) would

recombine much easier than an I5V5 (s¼ 5), even though

both are composed by the same number of defects. In Fig. 1,

energies reported for AP recombination in Si17 are also pre-

sented. Further discussions on these energies and compari-

sons between both materials are given in Sec. III B.

Prefactors and energies for the Arrhenius expressions of

migration and formation of Is and Vs have been calibrated in

agreement with previous studies,31–34 and are shown in

Table I.

A comprehensive discussion on the formation and bind-

ing energies of pure I- and V-type clusters is out of the scope

of this work. Nevertheless, a simple calibration has been per-

formed in order to be able to reproduce some experimental

results. This calibration is discussed at the end of Sec. III.

III. RESULTS AND DISCUSSION

Damage accumulation by means of ion implantation,

amorphizing or not, is a highly complex process in which

several mechanisms take place. Thus, results are presented

by separating the different stages of Ge amorphization. In

Sec. III A, amorphization is discussed by analyzing the

mechanisms taking place when dynamic annealing events

can be neglected. In Sec. III B, dynamic annealing effects of

defect recombination are studied. Section III C is focused on

differences reported between ions, and their effects on dam-

age generation and amorphization. Finally, in Sec. III D,

mechanisms of damage dissolution are discussed.

Despite these results are separated in such way, all simu-

lations have been performed using the same model and

calibration.

A. Amorphization threshold

A h100i germanium wafer with a resistivity in the

15–22 X range was implanted with 40 keV 1� 1015 B/cm2

ions at 100 K. This temperature was chosen to minimize

dynamic annealing events,10 focusing only on the pure colli-

sional part of the damage buildup mechanisms towards

amorphization. Then, the sample was prepared for transmis-

sion electron microscopy (TEM) according to the standard

preparation procedure consisting of mechanical grinding and

ion milling at the same temperature of implantation to mini-

mize defect annealing. Cross sectional TEM (XTEM) obser-

vation of the sample at room temperature (RT) showed a

continuous amorphous layer extending from the surface up

to �135 nm (not shown). The temperature of analysis is not

expected to produce any further impact in the position of the

measured a/c interface position, once formed, since higher

FIG. 1. Activation energies of recombination as a function of the

Amorphous Pocket effective size, s, for Si17 (dashed line) and Ge, this work

(solid line). SPER energies are also shown for Si35,36 (blue) and Ge37,38

(red).

TABLE I. Migration and formation energies (Em, Ef) and prefactors (D0,m,

D0,f) of Ge Is and Vs used in this model.

D0,m (cm2s�1) Em (eV) D0,f (cm�3) Ef (eV)

I 1� 10�5 0.8 1� 1028 3.75

V 10 0.77 1� 1024 2.43
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temperatures would be needed to induce the Solid Phase

Epitaxial Regrowth (SPER) process.9,37,38

Simulating such conditions, without defining any amorph-

ization threshold, a damage concentration of�1.3� 1022 cm�3

was obtained at the mentioned depth. The use of this value as

the amorphization threshold, i.e., qt ’ 1.3� 1022 cm�3, gave

rise to an a/c transition at (140 6 10) nm, in good agreement

with the observation. This value of qt is also able to reproduce

the a/c locations measured by Impellizzeri et al.8 for 35 keV B

implants at liquid nitrogen temperature (LN2T). These results,

obtained for cryogenic conditions, are presented among others,

for different experimental conditions, later in this work in

Fig. 6. It is important to notice that the presented value of qt

does not depend on the implantation conditions.

In the mentioned work of Impellizzeri et al.,8 channeling

Rutherford backscattering spectrometry (c-RBS) was used to

determine the amount of damage caused in the Ge lattice af-

ter implantations. Such measurements resulted in the quan-

tity of damage per unit of implanted area, integrated over the

whole depth of the sample. We have analyzed those results

together with our simulations in order to better understand

the amorphization process of Ge. Fig. 2 is a comparison

between experimental8 (symbols) and simulated (lines)

results of the displaced Ge atoms after 35 keV B implants at

LN2T for different fluences. The dashed line represents sim-

ulation results without settling a value of qt. It is observed

that the damage increases linearly without any limit, and no

agreement could be found. These simulations do not either

reproduce different implantation regimes.6 On the contrary,

results obtained by applying the amorphization model (solid

line) not only match a perfect agreement, but also helped to

elucidate the fundamental mechanisms of Ge amorphization.

As c-RBS measurements are able to extract the quantity of

displaced Ge atoms (i.e., I atoms), a distinction between the

three different damage generation regimes can be made (ver-

tical dashed lines). Damage is accumulated linearly (Region

I) until the amorphization threshold is locally exceeded, and

that part of the lattice relaxes. This means that introducing

�30% damage concentration of Ge atomic density,

q¼ 4.42� 1022 cm�3, is enough to collapse the lattice struc-

ture of Ge. This results in a faster damage accumulation

(Region II). At this point, no more damage can be generated

into those amorphized areas, and the damage accumulation

saturates at the Region III for enough extended amorphous

layers. This interpretation explains the measured values by

c-RBS, their tendency, and the observed implantation

regimes. This behavior has already been widely studied in

Si.28 As we consider only a structural phase transition with-

out dynamic effects, added to the fact that Si and Ge lattices

are similar, the model can be thought to be applicable to

both Si and Ge materials. Mentioned tendencies and results

for c-RBS measurements are also observed for other condi-

tions and compared with our results later in this work.

B. Dynamic annealing

Once the amorphization threshold was chosen, we con-

sidered dynamic events, which occur at higher temperatures,

causing a competition between damage generation and its

dynamic annealing.5 Such events are modeled through the AP
recombination energies already shown in Fig. 1. Ge recombi-

nation energies start at �0.5 eV for the smallest sizes and

grow up to the activation energy of SPER of 2.17 eV for a

planar a/c interface.37,38 This approach has already been vali-

dated for Si in both continuous and atomistic models.17,28,39

It is noticeable that Ge recombination energies presented

in this work are generally lower than those reported for Si.17

This is connected to the fact that, in Ge, damage recovery

occurs at lower temperatures than in Si.4 To better clarify

this statement, and to evaluate the influence of different pre-

factors in Eq. (1), we have studied the differences between

calculated total rates for two different temperatures. Fig. 3 is

a comparison between Si17 and Ge AP recombination rates

as a function of their effective size, s, at both 300 K and

500 K. AP recombination rates are generally orders of mag-

nitude lower in Si than in Ge. This means that for a given

time, temperature and AP distribution, much more recombi-

nation events will take place in Ge than in Si. It is worth

mentioning that for Ge, these clusters of small sizes have

been able to explain the fundamental processes of damage

buildup, when comparing with the larger reported sizes in Si.

FIG. 2. Displaced Ge atoms for different 35 keV B fluences at LN2T.

Symbols represent experimental data.8 Simulation results with (solid line) and

without (dashed line) the amorphization model are presented. Implantation

regimes (I, II, and III) are separated by dashed vertical lines.

FIG. 3. AP recombination rates, �, as a function of their effective size, s, for

Si17 (dashed line) and Ge, this work (solid line), for both 300 K and 500 K.

Corresponding temperatures are indicated with arrows between Si and Ge

lines.
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C. Different ions

It has been reported that the damaged regions caused by

B and other light ions are smaller and more diluted than by

heavier ions.7,40 To study the possible variations between

different ion masses, simulations of B and Ge implantations

were performed. Fig. 4 shows the 2D concentration distribu-

tion histogram for APs resulting from simulations of

150 keV Ge (a) and 40 keV B (b) implants at LN2T. The

color represents the percent contribution to the total damage

of every AP, formed by n Is (y-axes) and m Vs (x-axes).

Fluences were chosen to generate �22 000 Is and Vs at both

conditions. The low temperature was again chosen to study

the damage composition without further dynamic annealing

effects. APs resulting from Ge implantations consist of

higher number of Is and Vs than those generated by B. In

Fig. 4(c), the normalized cumulative damage is presented for

those Ge (solid line) and B (dashed line) implants. While

�90% of the total damage caused by B ions is constituted by

APs formed by less than 5 defects, higher number of defects

per AP (�20) are needed to reach the same contribution to

the total damage for a Ge implant. This examination suggests

that the damage caused by Ge ions is more compact than the

one caused by B ions.

To evaluate the impact of the presented recombination

rates in the damage distribution caused by both B and Ge

ions, we have made a comparison of the simulated induced

damage by 40 keV, 5� 1014 B/cm2 and 150 keV, 2.25� 1013

Ge/cm2 implants at both LN2T and 0 �C, presented in Fig. 5.

Such comparison shows that the annealed damage after

implanting Ge ions at 0 �C is much lower than that observed

for B ions. Despite a high amount of damage is produced by

B ions at LN2T, it is readily annihilated at relatively low

temperatures. This description is able to explain the narrow-

ness of the a-Ge layers reported for B implants.7 Such phe-

nomena are described in our model by: (i) considering that

light ions are more susceptible to suffer channeling events,

which leads to less concentrated damage profiles than those

for heavy ions,21 and (ii) the increasing recombination ener-

gies for increasing AP sizes (Figs. 1 and 3), favoring recom-

binations for those small and diluted APs.

This model has been able to predict a/c interface loca-

tions for a wide range of conditions. Fig. 6 is a comparison

between experimentally measured and predicted a/c interfa-

ces for different experimental measurements found in the

literature for B,7,8 F,14 and Ge4,7,14 ions. Other conditions,

for which other mechanisms take place will be discussed in

Sec. III D. Uncertainty in the measurements (when provided)

is shown by bars in the y-axis, while error bars in the pre-

dicted results stand for simulated roughness. The consonance

between these results and reported observations, in this work

and in the literature, supports the followed approach. In cases

for which neither channeling nor dynamic annealing take

place, this and the CDED model (see Ref. 7) converge to

FIG. 4. 2D Concentration distribution histogram of AP composition, InVm,

resulting after simulations of 150 keV Ge (a) and 40 keV B (b) implants at

LN2T. (c) The normalized cumulative damage distribution of the same data

for both Ge (solid line) and B (dashed line) implantation as a function of the

number of defects forming an AP. Fluences were chosen to generate the

same amount of damage (Is and Vs) for both conditions.

FIG. 5. Damage profiles caused by 150 keV 2.25� 1013 Ge/cm2 (red lines)

and 40 keV 5� 1014 B/cm2 implants (black lines) at both LN2T and 0 �C.

Vertical arrows show the quantity of dynamically annealed damage when

comparing the cryogenic implantations with those performed at 0 �C. The

amorphization threshold is also represented (blue dashed line).

FIG. 6. Location of a/c interfaces measured experimentally (y-axis)

for 150 keV Ge implantations at �15 �C at different fluences,7 100 keV

2� 1014 Ge/cm2 at RT,14 35 keV 1� 1015 F/cm2 at RT,14 100 keV 1� 1015

Ge/cm2 at RT,4 40 keV 5� 1015 B/cm2 at 0 �C,7 35 keV B at LN2T for dif-

ferent fluences,8 and 40 keV 1� 1015 B/cm2 at 100 K of this work.

Simulated a/c locations are represented in x-axis.
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similar results, as the approach taken is qualitatively similar

for such conditions (i.e., the damage is accumulated until it

overcomes a certain threshold, for which the c – a relaxation

occurs). Otherwise our results are in a very good agreement

with different experiments reported in the literature, shown

by the proximity of the points to the dashed line. Agreement

between experimental results for B, F, and Ge implants and

our simulations serves as a validation of the presented model

and expands the predicting capabilities on Ge amorphization

and damage generation.

D. Cluster dissolution

Results for damage accumulation towards amorphiza-

tion have been presented so far for conditions in which only

structural processes and/or dynamic annealing through AP
recombination are dominant. Nevertheless, for conditions of

higher temperatures and/or low fluxes, we have investigated

that other mechanisms as cluster dissolution can serve as an

explanation for reported experiments.5,8,9,41

Fig. 7 shows a comparison between experimental,8 meas-

ured by means of c-RBS techniques, (symbols) and simulation

results (lines) of the concentration per unit area of implanta-

tion of Is generated by 35 keV B ions implanted at RT. With

the model and calibration presented so far, agreement between

experimental measurements and simulations could not be

achieved (black dashed line). By investigating the damage left

after those simulations, nearly only pure I- and V-type stable

clusters were present, evidencing that other physical mecha-

nisms were needed to reproduce those results.

On the one hand, binding energies starting at �0.26 eV

were needed to activate I and V emissions in our simulations

at these conditions. On the other hand, Sueoka et al.
reported, by using ab initio techniques, a binding energy for

di-vacancies in Ge of Eb(V2)¼ 0.58 eV and a vacancy forma-

tion energy of Ef(V)¼ 2.56 eV. Di-vacancy formation energy

for those results can be calculated as Ef (V2)¼ 2�Ef (V)

�Eb(V2)¼ 4.54 eV and 4.6 eV for our parametrization

(Table I). These results enabled us to identify the mecha-

nisms starting to appear at these conditions.

Regarding binding and formation energies of the rest

pure V- or I-type clusters, we have performed a simple cali-

bration in order to fit experimental results. Binding energies

are interpolated for both type of clusters from the mentioned

0.26 eV for Eb,{n,m}¼2¼ 0.26 eV, and up to Eb,{n,m}¼50

¼ 1.2 eV. Even though a more systematic study on cluster

binding and formation energies should be carried out in order

to clearly identify these energies, (for example, by analyzing

end of range defects, EOR, dissolution experiments4,9,41) this

simple calibration has been able to achieve a good agreement

between experimental results and our simulations.

Due to the number of mechanisms that start to take place

at these conditions, and their complexity, knowledge on the

flux is extremely important in order to be able to perform re-

alistic simulations and identify the underlying processes.

Conversion between current density, often expressed in

lA=cm2, and ion flux is not always straightforward and can

even depend on the specific experimental setup. In Ref. 8, an

average current density of �0:1lA=cm2 is reported. To ana-

lyze the impact of changing dynamic annealing times at these

conditions, we have performed simulations for a set of three

different fluxes of B ions, which are presented in Fig. 7. It can

be observed that an overall reasonable match for the amount of

generated damage can be achieved for variable fluxes.

Comparing these results with those at LN2T in Fig. 2,

the drop in the damage concentration is again noticeable,

specially at the first stages of the implantation. This shows,

jointly with the studies of Impellizzeri and co-workers,8 the

amount of damage that is annihilated at RT for B implanta-

tions in Ge. In the simulation results shown in Fig. 2, the

three different regions of implantation regimes are clearly

distinguished, and Region III is rapidly achieved. On the

contrary, for implantations at RT (Fig. 7) the damage does

not saturate completely to Region III for high fluences. This

can be linked to the fact that no a-Ge continuous layers were

experimentally observed. Nevertheless, our model predicts

formation of amorphizing areas, which is noticeable at the

dramatic increase for the third experimental point. We have

also observed in our simulations the formation of a-Ge con-

tinuous layers for the highest reported fluence at RT.

However, as it can be observed, even though Region III is

not achieved, damage quantity is starting to saturate. This

may serve as an indicator of that amorphization of the target

might start for slightly higher fluences. Moreover, for the

same quantity of damage in the LN2T case, Region III is al-

ready starting, with a large continuous amorphous layer.

Fig. 8 is a comparison between experimental measure-

ments5 (symbols) of relative disorder induced in the Ge sam-

ple by 30 keV Ga implantations for different fluences and

ion fluxes at RT and 250 �C, and our simulations (lines). A

very good agreement is found for nearly all the studied con-

ditions. In order to compare these c-RBS measurements with

our results, damage is normalized and saturated to 1 at values

from which Region III is achieved for every condition. The

comparison between all of these conditions, reported by

Posselt et al.5 showed that amorphization behavior for Ga

implants at RT does not depend strongly on the ions flux. On

the contrary, while implanting at 250 �C, amorphization

could be achieved for an extremely high flux, while a negli-

gible amount of damage is accumulated at low fluxes. As in

the case for B implantations at RT (Fig. 7), the calibration

for cluster dissolution upon the presented binding energies

FIG. 7. Displaced Ge atoms for different 35 keV B fluences at RT. Symbols

represent experimental data.8 Simulation results (lines) for different fluxes

are also presented along with results obtained without cluster dissolutions.
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was needed to not achieve amorphization in our simulations

for the non-amorphizing flux at 250 �C. Disagreement on

the beginning of damage accumulation at RT can be

explained as a consequence from a not exhaustive parametri-

zation on cluster dissolution depending on their size. Despite

this disagreement, the model predicts fairly enough the dam-

age quantity and accumulation regimes up to amorphization

for these very different conditions. Unfortunately, in the

reported article, no information about the extension of the

amorphous layers was given. Thus, these results are not

included in Fig. 6.

Finally, we have noticed in our simulations that, while

V-type cluster dissolution leads to a reduction in the number

of these defects but an increase in their size, the case of

I-type clusters is much different. With the presented model,

a reduction in both number and their size is observed. This

behavior has already been reported9,41 and the mechanism

underlying this non-conservative cluster dissolution is still

unknown. We attribute this behavior to the low diffusion rate

of Is (Table I), making the emitted Is not able to travel far

from the emitting cluster, while Vs are able to either recom-

bine or grow other clusters. These explanations can serve as

a starting point for a more specific cluster energetic study,

and a hint for this non-conservative behavior.

Further work on the damage accumulation behavior for

other heavy ions or noble gases,6 and deeper comparisons

with other models for Ge10 and Si17 would increase the va-

lidity of existing models and understanding of damage accu-

mulation and dissolution in Ge.

IV. CONCLUSIONS

To summarize, we have presented a comprehensive

model for Ge damage accumulation and amorphization

caused by ion implantation. The model is based on an exami-

nation of the different stages of Ge amorphization that take

place within the implantation process.

The main mechanisms analyzed in this work are sum-

marized as follows: (i) a threshold value of �1.3� 1022 cm�3

damage concentration, for which the a/c transition occurs,

and explains different implantation regimes. This value is in-

dependent of the implantation conditions. (ii) Recombination

energies of APs depend on their size. These energies span the

range between 0.5 eV and 2.17 eV. for Ge SPER. (iii)

Dissolution of pure I- and V-type clusters, which play an im-

portant role for temperatures equal or higher than RT at high

fluences.

This description is able to explain and predict experi-

mental results on damage accumulation and amorphization

of Ge for a wide range of conditions. The model has been

validated by reproducing reported experiments of B, F, Ga,

and Ge ions under different temperatures, fluences, and

fluxes of implantation. Due to the different migration barriers

of Is and Vs, cluster dissolution results in a different behavior

in the evolution of I- and V-type clusters.

Conclusions achieved in this study are (i) there are dif-

ferent implantation regimes based on the crystallinity and

pre-existing damage within the Ge sample; (ii) a correct cal-

culation upon the atomistic composition of the generated

damage becomes crucial for predicting a/c interface loca-

tions; (iii) the diluted implantation-induced damage by light

ions is easily annealed dynamically in Ge at relatively low

temperatures; (iv) induced damage by heavier ions is more

compact and consists of a higher number of Is and Vs; and

(v) cluster dissolution becomes important for temperatures

equal or higher than RT at high fluences and/or low fluxes.
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