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Abstract

Focused ion beam (FIB) machining has become a standard tool for sample

preparation and in combination with digital image correlation (DIC) for the

evaluation of local intrinsic stresses by measuring strain relaxation. However,

FIB milling always leads to irradiation damage of the material. Current models

for the formation of irradiation damage and the sputter yield are based on two

key parameters, the threshold displacement energy (TDE) and surface bind-

ing energy (SBE), which are usually determined from unstrained systems with

idealized surfaces. Here we use atomistic simulations to determine the TDE

and SBE for strained silicon and aluminum and compare the results to full cas-

cade simulations. A clear, material class dependent influence of the strain state

on the TDE is observed, and surface amorphisation is shown to significantly

increase the SBE of {0 0 1} surfaces.

Keywords: FIB, irradiation damage, atomistic simulation, threshold

displacement energy, surface binding energy

1. Introduction

Over the past few decades, the focused ion beam (FIB) technique has estab-

lished itself in the material science community as an indespensible tool in the

field of micro/nano mechanics [1, 2], with typical applications including sample

preparation for electron microscopy [3] or atom probe tomography [4] as well as
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the fabrication of micro- or nano-objects for mechanical testing [5, 6]. In this

context, the damage induced by FIB irradiation has been extensively investi-

gated, both through experiments [7, 8, 9, 10, 11] and simulations [12, 13, 14], as

well as in studies combining both these approaches [15]. Most of these studies

focus on the influence of ion beam energy, incidence angle and ion type on the

damage produced within a specific target material. The measurement of lo-

cal intrinsic stresses through FIB milling of specific geometries and subsequent

determination of the relaxation strain through digital image correlation (DIC)

has recently emerged as an innovative application of the FIB [16]. The relation

between the visible surface strain relaxation and the intrinsic stress which ex-

isted in the material before FIB milling is, however, not straightforward. Among

various factors which might interfere with a proper evaluation of stresses, the in-

terplay of intrinsic stresses and irradiation induced damage is largely unknown.

Only recently, Pastewka et al. [13] investigated the influence of ion irradiation

with grazing-angles on strained samples through atomistic simulations. Our

own recent work has shown a clear influence of strain on the damage induced

by FIB [17]. Although relatively large strains of the order of 1 - 4% were used

in these studies, the results are relevant especially for nanostructured materials,

which can easily sustain such large strains. For example, Si layers with more

than 12% strain were shown to be present in nanoheterostructures [18]. Conse-

quently, a comprehensive study of the relation between intrinsic strain/stresses

and the formation of irradiation induced damage would be of primary impor-

tance for assessing the reliability of any stress measurement technique involving

FIB milling.

The threshold displacement energy (TDE) and the surface binding energy

(SBE) are traditionally used to assess the resistance of a material to irradia-

tion damage. Atomistic simulations are uniquely positioned to determine these

properties. Pioneering molecular dynamics calculations of the TDE date back

to more than fifty years ago [19, 20]. The lack of computational power and of so-

phisticated interatomic potentials, however, confined these studies to consider

pair interactions only, leading to plausible albeit imprecise values. With the

development of the embedded atom method (EAM) in the 1980s [21], the sim-

ulation of many-body interactions became accessible which led to more reliable
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modeling of displacement cascades [22]. Nowadays, calculations of TDE with

even more accurate, DFT-informed interatomic potentials [23, 24] and ab-initio

calculations [25] pursue the comprehensive understanding of the formation of ir-

radiation damage. A similar historical trend is observed for the calculation of the

SBE. Early atomistic studies in the 1970s using two-body potentials [26, 27, 28]

were improved by the consideration of many-body interactions [29, 30, 31]. We

note here that the calculation of TDE and SBE via atomistic simulations has

traditionally been carried out on stress free crystalline structures close to the

equilibrium state; the influence of intrinsic strain, to the best of your knowledge,

has not yet been considered.

In this work, we address the influence of strain on irradiation damage with a

detailed atomistic study of fundamental material properties characterizing the

propensity of ion irradiation to induce damage in a material. We present for the

first time the computation of the TDE as function of strain using silicon and

aluminum as model materials for semiconductors and metals. Furthermore, we

compute the surface binding energy (SBE) as function of strain using a statistical

approach for amorphized surfaces. These properties are finally correlated with

the results of full collision cascade simulations of strained materials.

2. Methods

2.1. Atomistic simulations

A key aspect of atomistic simulations is the modeling of interatomic inter-

actions. In the current work, we use recent semi-empirical potentials which

are fitted to data from density functional theory (DFT) calculations to model

the interaction in pure silicon and pure aluminum. The Si–Si interactions are

modeled with the three-body potential from Stillinger and Weber [32] (denoted

in the followoing by SW ), which has been further optimized by Pizzagalli et

al. [33] to better reproduce the mechanical properties as well as the TDE of

silicon. The Al–Al interactions are modeled by the embedded atom method

(EAM) potential of Pun and Mishin [34], developed for Ni-Al compounds (de-

noted Pun in the following). For the Ga–[Si,Al] interaction in ion irradiation,

the Ziegler-Biersack-Littmark (ZBL) potential is used [35]. This universal re-

pulsive potential is designed to represent high energy atom collisions, albeit
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ignoring atomic bonding [13, 35].

During a collision cascade, some atoms, in particular the primary knock-on

atoms (PKA), have a very high energy. To represent such high-energy interac-

tions, the SW and Pun potentials are smoothly merged to the ZBL potential for

short inter-atomic distances following the procedure outlined in Ref. [36, 37].

The merging is made for distances between 1.7 − 2.0 Å and 1.8 − 2.1 Å for Si

and Al, respectively. For details of the joining procedure and the influence of

the cutoff, see Nordlund et al. [23]. These authors acknowledge the subjective

approach commonly used in the literature and recommended the use of sim-

ulations based on the density functional theory to highlight the choice. Such

ab-initio simulations being out of the scope of the present study, the poten-

tial used in the current work is merged based on available literature data on

Si [36, 37]. Since no previous studies are available for Al, the merging region is

defined proportional to the one for Si, based on the nearest neighbor distance

in the Al fcc structure.

The present atomistic simulations are performed with the open-source soft-

ware LAMMPS (version 7 Dec 2015) [38] running on both central processing

unit (CPU) and graphics processing unit (GPU) [39, 40, 41]. Samples are cut

from bulk materials and statically relaxed using the conjugate gradient algo-

rithm. The molecular dynamics (MD) simulations are performed with a default

timestep of 1.0 fs. Strain is introduced by homogeneously rescaling the coor-

dinates of the atoms and the simulation box in the periodic directions. For

bi-axial and uni-axial applied strain, the other directions are kept stress free,

allowing for the corresponding Poisson contraction. This models typical exper-

imental situations, e.g. in strained semiconductor devices [42]. More details on

the specific MD simulations are given below.

Atomistic configurations are post-processed and visualized using Ovito [43].

The analysis of irradiation induced damage is performed by using the diamond

structure identification method [44] and the common neighbour analysis (CNA)

method [45] for silicon and aluminum, respectively.

2.2. Threshold displacement energy

The TDE is an intrinsic property of bulk materials. It corresponds to the en-

ergy required to move an atom from its original stable position to a meta-stable
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position, creating a point defect. This threshold is, however, highly anisotropic.

In crystals, it depends on the crystallographic direction and on the thermal

noise, which can displace the atoms slightly from their ground state positions.

The determination of an averaged TDE can, however, be performed using a

statistical approach [25].

In our work, we compute the TDE by using the following scheme, similar

to Nordlund et al. [23]. A perfect bulk crystal of 8000 atoms is thermalized

at given temperatures (36 K and 300 K) and zero pressure. A velocity vθ,φ

corresponding to an energy of 2 eV is attributed to a randomly chosen atom

in a random direction characterized in a spherical coordinate system by (θ, φ),

and a MD simulation is preformed in the NVE ensemble for 6 ps. vθ,φ is then

increased by steps of 2 eV till the detection of a defect, at an energy ETDE(θ, φ).

Note that only the formation of Frenkel pairs (as detected by the Voronoi cell

analysis [46, 45]) is considered here. The averaged TDE value is constructed

over N = 1000 randomly chosen directions:

〈TDE〉 =

 2π∑
ψ=0

π∑
φ=0

ETDE(ψ, φ)

×N−1 .

2.3. Surface binding energy

The SBE is a property related to the surfaces of materials, which character-

izes the binding strength of surface atoms. Commonly likened to the sublima-

tion energy [47], it is possible and more accurate to determine this quantity from

atomistic simulations [48, 31]. In this work, we compute the SBE in a scheme

similar to Yang et al. [31]. Furthermore, we consider a statistical approach to

evaluate the SBE from an amorphous surface, as described below.

Considering the free surface of a perfect crystal at 0 K, a velocity normal to

this surface is prescribed to an atom, and MD simulation is performed in the

NVE ensemble for 2 ps. Being initially large enough to tear off the atom from

the surface, this velocity is decreased step-wise until the atom remains attached

to the surface. The energy corresponding to the step right before this last stage

is then defined as the SBE.

Note that the system being at 0 K without any thermal noise, all the atoms

belonging to as-cut {0 0 1} surfaces in FCC and diamond structures are equiva-

5



lent. Therefore, no statistical approach is required in this case. Due to covalent

bonding, silicon surfaces undergo local reconstruction, as described in the Re-

sults section. This reconstruction is obtained by relaxing a pre-disturbed (0 0 1)

silicon surface.

We extend this approach by using an amorphous surface instead of a per-

fectly crystalline one to better model the situation during FIB milling. The

amorphous structure is obtained by the ”random method” described elsewhere [49].

In short, the method consists of filling up a given volume with randomly dis-

tributed atoms, by following the density of the amorphous phase. The system

is then statically relaxed, annealed at high temperature and statically relaxed

again. The resulting silicon amorphous structure has been shown to be in good

agreement with the one obtained by the means of other methods [49]. In this

case, the atoms belonging to the surface are, however, not well defined. We sep-

arate surface atoms from bulk atoms by computing the Voronoi volume of each

atoms in the system, and define surface atoms as those atoms with a volume

above a specific threshold. A good threshold volume was found to be 30Å3. The

SBE for each of these surface atoms is then calculated as described above. The

SBE for such an amorphous surface is then obtained by averaging the SBE of

individual atoms constituting the surface.

2.4. Collision cascades

The irradiation of strained materials is studied by atomistic simulations of

full collision cascades. Samples are cut from the bulk and homogeneously scaled

to fit the lattice parameter at 300 K and thermalized at 300 K by using succes-

sively the NVE and NVT ensembles for a total time of 20 ps. Samples are then

uniaxially strained and successive cascade simulations are finally run using this

initial structure.

During a collision cascade, the heat spike regime requires sufficiently strong

energy dissipation while not perturbing the dynamics of the high velocity par-

ticles. The kinetic energy provided by the fired ions is therefore dissipated by

using a thermostatted region of 2 nm thickness, parallel to the ion beam and

as far as possible from the initial position of the fired ion. Consequently, the

position of the thermostatted layer must be adapted for each collision cascade.

In this layer, the temperature is controlled by a Berendsen thermostat [50].
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The thermostatted region acts as an barrier for ion propagation [36], but the

influence on the damage formation is negligible and a similar scheme has been

previously used successfully [36, 17].

The positions of the Ga+ ion are randomly chosen at a distance of 2 nm from

the (0 0 1) surface by following a normal distribution with a standard deviation

of 2 nm typical for atomistic simulations [51, 36, 52]. The velocity corresponding

to a kinetic energy of 5 keV and in the direction of the beam is attributed to

the ion. A MD simulation of the collision cascade is then performed for a

maximum time of 15 ps with a variable timestep to ensure that no atoms would

be displaced by a distance larger than 0.01 nm during one MD step. Because

of the high energy involved, sputtering can occur. An atom is considered as

sputtered and then removed from the simulation if it leaves the simulation box,

i.e. the distance between the atom and the closest surface is larger than two

times the cutoff of the potential. For all ions, the collision cascade is finished

by the end of these 15 ps, with a final global temperature below 400 K. A final

MD simulation is performed for 15 ps to slowly cool down the system from the

current temperature to 300 K, so as to get the structure ready for the next

collision cascade.

3. Results

3.1. Threshold displacement energy

The TDE is calculated at a given uniaxial applied strain in the [010] direction

for 1000 randomly chosen spatial directions. The average and the standard

deviation of this average, i.e. standard error, are calculated over the entire

population, leading to one data point per strain value.

Fig. 1 shows the TDE at 36 K and 300 K. Temperatures of 36 K and lower are

commonly used in atomistic simulations [23, 25] and therefore included in the

present work. Fig. 1 shows a global increase of the TDE from 36 K to simulations

at 300 K, however, the trends with respect to strain remain unchanged.

The TDE is usually determined using unmodified potentials [23, 24]. For

the simulations of collision cascades, however, modified potentials are used in

which the the ZBL potential is merged to the material specific potential for short

interaction distances to improve the description of high energy collisions [53, 54].
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Figure 1: Average threshold displacement energy as function of uniaxial applied strain along
the [010] direction at 36 K and 300 K, for (a) Si and (b) Al. Tensile applied strains are taken
as positive, compressive applied strains as negative. Error bars correspond to the standard
error of the data set (1000 independent values each). Solid lines serve as guides to the eye.

It is therefore important to determine the TDE also for the modified potential.

Fig. 2 shows the TDE at 36 K as a function of uniaxial applied strain along the

[010] direction for the original potentials (red) and the potentials modified by

merging the ZBL potential (green). We note that the data corresponding to the

material specific multi-body potentials is identical to that presented in Fig. 1

at 36 K. Further details on the distribution of TDE values used for averaging

are presented as box-and-whisker plots in Fig. 2a,b. Such box-and-whisker plots

represent the two central quartiles in a box, the central line being the median.

The highest and lowest quartiles are represented by the whiskers.

To emphasize the influence of the merging of the ZBL to the material spe-

cific potentials, the cohesive energies of perfect Si (Fig. 2c) and Al (Fig. 2d)

crystals are calculated as a function of hydrostatic strain, which is applied by

homogeneously scaling the coordinates of the fully periodic atomistic structure.

Here, the strain is represented as nn/nn0 with nn being the nearest neighbor

distance and nn0 being the nearest neighbor distance of the crystalline ground

state.

The TDE as function of applied strain for certain specific directions is shown
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Figure 2: Influence of modifying the potential by merging it with the ZBL potential on the
threshold displacement energy (TDE) as function of applied strain in [010] direction for (a) Si
and (b) Al. The upper plots show the averaged TDE and the corresponding standard error of
the data set (1000 independent values each). Solid lines are guides to the eye. The box-and-
whisker plots show the distribution of these 1000 TDE values, the inner box line representing
the median of each data set. (c) and (d) show the cohesive energies of perfectly crystalline Si
and Al, respectively, as a function of hydrostatic strain.

for 36 K in Fig. 3. The red values are identical to those shown on Fig. 1-2 and

encompass all spatial directions. The orange (brown) values encompass the

TDE in the directions normal (parallel) to the applied strain directions [0 1 0].

Samples are globally stress-free and undergo Poisson contraction. The strain

state of directions normal to the tensile (compressive) applied strain are under

compression (tension). Note that not only the exact direction normal or parallel

to the imposed strain, but all the directions included in a solid angle of 60◦are

considered for this purpose. In these cases, the TDE was averaged over 200-300

values, less than the 1000 values used for the all directions averaged TDE. Hence,

the standard error is slightly increased, emphasizing the weaker statistics.

Fig. 4 shows the TDE at 36 K as function of applied strain for different ap-

plied strain modes: uniaxial (red), equibiaxial (blue) and hydrostatic (green).

As before, the directions not strained are stress-free. The resulting strain states

of the system are thus more complex; samples with compressive (tensile) uniax-

ial/biaxial applied strain exhibit tensile (compressive) strain in the perpendic-

ular directions.
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Figure 3: Average threshold displacement energy as function of the spatial directions consid-
ered, for (a) Si and (b) Al. All directions are considered for the red points. Only the directions
in a solid angle of 60◦normal (parallel) to the applied strain direction [0 1 0] are considered
for the orange (brown) points. Error bars correspond to the standard error of the data set.
Solid lines serve as guides to the eye.

3.2. Surface binding energy

Fig. 5 shows the SBE as function of uniaxial applied strain calculated for

different situations. As a reference, the experimental values of sublimation en-

ergy are also provided [55], see also the Supplementary Materials [56]. Direct

computations or measurements of the SBE are rarely found in the literature.

In our work, the SBE is calculated from MD simulations for {0 0 1} Si and Al

surfaces (Fig. 5). Unlike metals, covalent materials like silicon undergo short

range surface reconstruction. For the 〈0 0 1〉 surfaces considered here, the recon-

struction follows the π-bonded chain model of Pandey [57], named p (2× 1) for

symmetry reasons, and characterized by the formation of bonds between sur-

face atoms in the 〈0 1 1〉 directions. Instead of being two times coordinated, the

reconstructed surface atoms are three times coordinated and thus more difficult

to sputter. The SBE for as-cut and reconstructed Si surfaces are consequently

different as can be seen in Fig. 5a.

As described in the methods section, we also calculate an average SBE for

an amorphous surface. The data points shown with black triangles in Fig. 5
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Figure 4: Average threshold displacement energy as function of applied strain mode, for (a)
Si and (b) Al. Applied strain modes considered are uniaxial ([0 1 0], red), equibiaxial (along
[0 1 0] and [1 0 0] blue) and hydrostatic (green). Error bars correspond to the standard error
of the data set (1000 independent values each). Solid lines are guides to the eye.

along with the standard deviation, show a clear increase of the energy required

to sputter an atom from an amorphous Si surface, in comparison to as-cut

surfaces. The SBE of an amorphous Al surface appears also slightly larger

than for an as-cut surface. As indicated by the standard deviation, however,

significant data spread is observed.

A table summarizing SBE data is provided in the Supplementary Materi-

als [56].

3.3. Irradiation cascades

In order to study the effect of the aforementioned influence of strain on TDE

and SBE on irradiation damage, atomistic simulations of ion irradiation were

performed on strained silicon samples. The evolution of irradiation induced

damage throughout the sample is shown in Fig 6. Fig. 6(a) shows perspective

views of the entire sample after a certain number of fired ions (corresponding

to the number of simulated collision cascades). Fig. 6(b) shows projected views

of a 4 nm thick slice, extracted from the region with the highest incoming ion

density. Fig. 6(c) shows perspective views similar to the first row, excluding the

atoms in perfect crystalline environment, and thus providing a better overview

of the stable damage produced by the ion irradiation.
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Figure 5: Surface binding energy for (a) a (0 0 1) silicon surface and (b) a (0 0 1) aluminum
surface calculated at different uniaxial tensile applied strains. Empty black circles represent
the experimentally determined sublimations energies [55]. Full blue circles: surface binding
energy for as-cut surface; full green squares: surface binding energy for reconstructed surface
(silicon only); full black triangles: surface binding energy for disordered surface with random
roughness. Error bars correspond to the sum of standard deviation of the data set and the
systematic error, and describe the spread of the SBE values. Dashed lines are guides to the
eye.

Only stable damage configurations are considered here. During a typical

collision cascade, the area where the collisions occur is in the so-called heat

spike regime. The very high temperature reached at the atomic scale melts

the sample locally resulting in significant amount of damage. However, with

almost all excess thermal energy being dissipated before the occurrence of the

next collision cascade, the melted region undergoes a dramatic recrystallization.

The remaining damage is then extremely stable at the temperature considered

in this study.

The amount of damage can be obtained by evaluating the structural environ-

ment of each atom. The atoms are classified as perfectly crystalline (diamond

cubic or fcc), or as defect atoms. Note that this essentially results in surface

atoms being classified as defect atoms, as seen in Fig. 6(c). For irradiation up

to some tens of ions, damage is primarily localized in the region around the

path of the ion. With 50 ions, the damaged area is significantly larger and a

clear amorphous zone can be observed. Further increase in ion dosage increases
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Figure 6: Induced damage in collision cascade simulations of 5 keV Ga+ ions in Si at 300 K.
(a) perspective view and (b) projected view of a slice with a thickness of 4 nm located at the
simulation box center, i.e. the highest concentration of incoming ions. (c) perspective view
where atoms in a perfect cubic diamond structure environment (until the second neighbor)
are hidden to highlight irradiation induced damage. Atoms colored according the diamond
structure identification method implemented in Ovito (blue – cubic diamond, cyan/green –
cubic diamond 1st/2nd neighbor, white – non-diamond structure).

the damaged zone dramatically. A large fully amorphous region is formed, sur-

rounded by smaller disordered regions.

Counting atoms in a perfect crystallographic environment and those classi-

fied as defect allows the quantification of the damage induced by the irradiation.

Tab. 1 presents the amount of atoms classified as perfect and defect, along the

sputtered atoms. The ratio over the entire sample of atoms classified as defect

because of ion irradiation is presented in the last row. Before irradiation, atoms

belonging to the free surface are also classified as defects; the number of defect

atoms due to irradiation is zero. Without applied strain, the irradiated sample

exhibits a fraction of 11.2% of defects due to irradiation. A similar fraction is

also observed for samples irradiated under compressive applied strains. By con-

trast, the fraction of defect atoms due to irradiation shows a significant increase

for tensile applied strains. Quantifying sputtered atoms reveals slight variations

with strain. With both compressive and tensile applied strain, the sputter yield

is increased by approximately 1%. For a compressive applied strain of −4%,
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Irradiated no yes
Strain (%) – -4 -2 0 +2 +4

Perfect atoms (#) 699,926 621,710 620,390 620,342 613,335 608,837
Sputtered atoms (#) 0 2,350 348 308 366 369

Defect atoms (#) 12,874 88,740 92,062 92,150 99,099 103,594
Irradiation defect atoms (%) 0.0 11.0 11.2 11.2 12.2 12.8

Table 1: Fraction of atoms belonging to irradiation induced damage as function of uniaxial
applied strain along the [010] direction. Atoms in perfect cubic diamond structure environment
are counted as Perfect atoms. Atoms removed by sputtering are counted as Sputtered atoms.
Atoms not in perfect cubic diamond structure environment are counted as Defect atoms.
Note that the sample before irradiation (first column) shows Defect atoms because of the free
surface. The ratio of atoms corresponding to irradiation induced damage, named Irradiation
defect atoms, is the ratio over the entire sample of the sum of Defect atoms and Sputtered
atoms, reduced by removing surface atoms (e.g. Defect atoms before irradiation).

the sample undergoes local surface boiling, which leads to brutal sputtering for

some incident ions only. The final amount of sputtered atoms is thus larger

than for the other simulations. Such stochastic effects are hard to prevent in

such short time-scale simulations, but don’t contradict the other results.

4. Discussion

Our results show a clear influence of the strain state on the TDE. The various

aspects which could contribute to this influence are discussed in the following.

4.1. Influence of interatomic potential

While performing atomistic simulations of ion irradiation, it is commonly

accepted practice to add a strong repulsive part to the interatomic potential de-

scribing the target material, see sec. 2.1. The details of the merging of these two

potentials —SW/ZBL and Pun/ZBL for Si and Al, respectively— are known to

be subjective rather than based on physical principles [23] and to strongly in-

fluence the resulting interatomic interactions. According to our results, joining

the ZBL to the SW potential doesn’t change the strain dependency but lowers

the TDE (Fig. 2a). This decrease of the TDE in Si is, however, negligible and

is smaller than the decrease of the TDE due to temperature variation (Fig. 1a).

Surprisingly, our results show a completely different effect for Al (Fig. 2b); join-

ing the ZBL to the Pun potential doesn’t change the trend of strain dependency,

but strongly increases the TDE values. The TDE values computed with ZBL

potential are twice the values of TDE without ZBL.
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An increase of the averaged TDE of Si and Al can have different origins.

Both, an increased spread favoring higher values in the individual calculations,

or a global shift of the TDE, might explain such increase of the averaged TDE.

Looking at the distribution of the TDE over all spatial directions (Fig. 2a,b

with boxplots) shows that the TDE distributions for SW and SW/ZBL mostly

overlap, with a similar trend independent of the presence of the ZBL potential.

Conversely, the TDE distribution is dramatically widened from Pun to

Pun/ZBL, with the two central quartiles being 5 times larger in the Pun/ZBL

case. The lowest values of the distribution are also strongly increased, being

close the the median of the TDE for Pun. Thus, joining the ZBL to the Pun

potential not only increases the averaged TDE of Al, but prevents low TDE

values while strongly favoring TDE values higher than the most probable TDE

for the Pun potential alone.

The influence of adding the ZBL potential to the material specific potential

can be assessed by calculating the cohesive energy as function of hydrostatic

strain, see Figs. 2c and d. Compared to the three-body potential for Si, the

EAM potential for Al shows a significant increase of the cohesive energy for

larger compressive applied strains through the addition of the ZBL potential.

The difference can be explained by the fact that the description of the covalent

bonding in the SW potential does not take into account the environment of the

bonds, whereas the EAM potential is environment-dependent. Consequently,

any modification of the EAM potential should in principle not only involve the

pair-part of the potential, but also the environment-dependent terms. However,

this is not usually considered [23].

The present results suggest that realistically modeling the formation of ion

irradiation damage and sputtering in metals requires a more sophisticated treat-

ment of the short-range interactions, and highlight the importance of using

identical potentials when interpreting collision cascades in terms of the TDE.

4.2. Influence of strain state

Although merging the potentials with the ZBL potential does influence the

magnitude of the TDE, it does not affect its behavior with respect to uniaxial

applied strain. The cohesively bonded semiconductor (Si) shows a clear decrease

of the TDE with uniaxial tensile applied strain, whereas for the metallic bonded
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aluminum an opposite trend can be deduced, see Fig. 1. In general, the situation

is, however, more complex, as highlighted in Fig. 3 and 4: the influence of

applied strain on the TDE depends on the spatial direction for which the TDE is

determined and the applied strain mode. By looking at hydrostatically strained

samples, it is clear that tensile strains decrease the TDE, whereas compressive

strains increase the TDE, in both Al and Si, see Fig. 4. This observation is a

direct consequence of the anharmonicity of the cohesive energy: the cohesive

energy shows a strong increase in hydrostatic compression and a smaller increase

in tension [58]. The process of creating a Frenkel-pair should thus be influenced

to a different degree in tension than in compression. For more complex strain

states, which involve both, shortened and elongated bonds and subsequently

changed bond angles, like in the case of uni- and biaxial applied strains, the

situation is less clear. In these cases, Si and Al show contradictory trends,

which could be attributed to the stronger angular dependency of the bonding

in Si compared to Al.

4.3. Influence of surface morphology

The SBEs calculated in this study are significantly higher than the usually

considered values, e.g. the sublimation energy [55] or the ones calculated by

analytical models [47]. Values for the SBE that are 10-35% larger than the

sublimation energy have already been put forward in the pioneering work of

Jackson [26], who also included the effect of surface relaxation. Similary SBE

values were also reported in later studies, highlighting effects of slow collisions

processes [48] or many-body interactions [29]. Atomistic simulations take into

account the local atomic relaxation around the vacancy left behind by the sput-

tered atom, and in doing so provide accurate values for the SBE [31, 59]. For

MD simulations, the SBE is expected to be up to 40% larger than the sublima-

tion energy [59], see also the recent results on MD simulations on tungsten [31].

These observations are confirmed by our calculations on aluminium. The SBE

for the as-cut Al surface is approximately 30% larger than the sublimation en-

ergy.

For covalent materials with directional bonding, the effect of local atomic

relaxation can be much stronger than for metals [59], as observed with the

sputtering from silicon surfaces [60, 61]. Our calculations on silicon exhibit a
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similar trend. The SBE for the as-cut {0 0 1} Si surface is approximately 50%

larger than the sublimation energy. For the reconstructed {0 0 1} Si surface, the

difference is even more pronounced, with a SBE 130% larger than the sublima-

tion energy. A detailed analysis of the atomic mechanisms which take place in

the simulations to determine the SBE, reveal crucial aspects which explain the

dramatic increase of the values from a as-cut to a reconstructed surface: as an

atom is torn off from the surface, its direct neighbors undergo reorganization

to lower their energies. The reorganization is more pronounced for the recon-

structed surface than for the as-cut surface; in the p(2 × 1) surface, atoms are

3-fold coordinated, compared to the 2-fold coordinated atoms of the the as-cut

{0 0 1} Si surface.

It is known from literature that sputtering an atom from a surface is a highly

anisotropic process, depending on the angle of ejection [27] with respect to the

surface. In addition, an anisotropy due to the direction of the sputtered atom

with respect to the local crystallography of the surface could be expected for

crystalline surfaces. For amorphous surfaces, no anisotropy with respect to lo-

cal crystallography exists. However, the amorphous surfaces show a certain

roughness. The SBE therefore will have different values depending on the local

angle of ejection. The averaged SBE is, nevertheless, of the order of the SBE

determined for the as-cut and reconstructed surfaces for Al and Si, respectively,

see Fig. 5. This relation between the SBE of undamaged and amorphous sil-

icon surfaces is directly related to the coordination number of surface atoms,

as mentioned by Gades et al. [30]; atoms of an as-cut Si surface are 2 times

coordinated, whereas atoms belonging to the reconstructed and amorphous Si

surfaces in our simulations are 3 times coordinated. As pointed out in the meth-

ods section, the surface roughness of amorphous surfaces requires a statistical

approach. As a result, the average SBE value shows a large standard deviation,

see Fig. 5. Interestingly, the scatter of 2 eV is similar for both model materials

used in the current work, emphasizing its dependence on roughness rather than

on the material.

The significant increase of the SBE observed for Si has important conse-

quences for the modeling of ion milling processes, as the ions will mostly impinge

on an already amorphized surface, for which the widely used estimates of the
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SBE derived from perfect surfaces or from sublimation energies are inadequate.

4.4. Collision cascades and TDE

The atomistic simulations of ion irradiation using strained silicon corroborate

the observed trends in the strain dependence of the TDE. The uniaxially strained

samples clearly show increased damage formation for tensile strains, see Tab. 1

as predicted by the strain-dependent TDE. This highlights the importance of

taking into account the strain state of the milled material for more accurate

modeling of FIB milling. In this context, the strain-dependent TDE becomes a

material parameter of fundamental importance.

5. Conclusions

Atomistic simulations have been performed on silicon and aluminum to com-

pute the averaged threshold displacement energy (TDE) and surface binding

energy (SBE) of {1 0 0} surfaces for different strain states. In addition, full col-

lision cascades have been simulated for uniaxially strained silicon. Our results

suggest that realistically modeling ion irradiation damage in metals requires a

more sophisticated treatment of the short-range interactions compared to cova-

lently bonded semiconductors. For both, Si and Al, hydrostatic tensile strains

decrease the TDE whereas compressive strains increase the TDE, which is ex-

pected from the anharmonic nature of the cohesive energy. For more complex

strain states, like in the case of uni- and biaxial applied strains, which involve

both, shortened and elongated bonds, the different dependence of the bond-

ing energy on bond angles in metals and semiconductors leads to qualitative

differences in the strain dependence of the TDE. Cascade simulations on uni-

axially strained silicon confirm this observation and underline the importance

of the strain-dependent TDE as a fundamental material parameter. The SBE

for realistic (reconstructed or amorphized) surfaces is shown to be significantly

larger than the sublimation energy, which is often used as approximation of the

SBE. Consequently, models of FIB-milling could be improved by taking into ac-

count the strain dependence of the TDE, and SBEs derived from more realistic

surfaces.
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