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The influence of neon ions at the notch front as well as of annealing heat treatments on the fracture toughness of
single crystalline silicon was investigated via microcantilever fracture testing. Using in situ scanning electron
microscope deformation, the fracture toughness of the neon-notched cantilevers after annealing was measured,
resulting in an average value of 1.0 MPa m®>, proving that chemically inert gas ions can result in similar fracture
toughness values as with Ga FIBs. However, Ne bubble formation was identified as substantial source of errors

and we advise caution when interpreting fracture toughness measurements when using Ne as chemically inert

ion species for notching.

In micro fracture studies, gallium focused ion beam (FIB) has been
widely used to fabricate specimens such as micro cantilevers and their
notches. The influence of gallium ion-induced artefacts surrounding the
FIB-notch is a subject of on-going debate [1-6], particularly in material
systems prone to brittle fracture, where unstable fracture often initiates
from the notch. While crack arrest before unstable fracture through the
bridge-notch geometry has been suggested to reduce the impact of these
artefacts in hard coatings [7] and single crystal silicon [8,9], the
chemical interactions between Ga™ and the test material have not been
thoroughly addressed. Gallium is known to form secondary phases with
copper [10], and segregate to grain boundaries in selected materials,
specifically aluminium, leading to liquid metal embrittlement [11-13],
which significantly alters fracture behaviour. This underscores the need
for alternative approaches to notching cantilevers.

Alternative ion species have been sparsely examined to replace Ga™*
for preparing notches in micro fracture experiments. For instance, Best
et al. [14] used He™, Xe™ and Ga™ ions to create notches for fracture
studies of CrN hard coatings using micro cantilever geometry. The study
reported that fracture toughness measured from the inert ion-notched
cantilevers was generally lower than that from Ga' notched samples.
However, the reason for higher fracture toughness values in the He™
notched samples with a notch radius of 35-50 nm compared to Xe"
notched ones with a notch radius of 100-110 nm was not identified by
the authors. Additionally, this study showed that creating deep notches
is challenging due to the low sputtering yield of He" and swelling effects
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observed at high ion acceleration voltage. Preifl et al. [15] also used Ne™,
Xe" and Ga'sources to create slits in gold membranes for bulge testing.
No clear influence of the notching ions or notch radius on the fracture
toughness was reported, which was attributed to the true thickness slits
milled on the polycrystalline membranes. Although these studies high-
light the promise of using alternative ions for notching in small-scale
fracture studies, the direct influence of these potential alternative ions
on micro fracture studies has not been extensively discussed till date.
Therefore, a detailed analysis of the role of alternative notching ions on
measured fracture toughness from micro cantilever-based studies is of
considerable interest within the community.

The aim of this study is to investigate the fracture properties of sil-
icon cantilevers with a bridge notch fabricated using noble gas ions,
specifically Ne™ ions. The following sections present the steps taken to
optimise milling conditions for notch fabrication using neon gas field ion
sources (GFIS). Thereafter, the fracture toughness of the neon-notched
micro cantilever is calculated and analysed.

Single crystal silicon is chosen as a model material to study the role of
ion species on the fracture toughness of small components for two major
reasons. First, silicon plays a crucial role in the semiconductor industry
[16,17], and therefore has been the subject of many fracture studies to
ensure the reliability of micro-electro-mechanical systems (MEMS)
components in service. In addition, the effects of FIB-artefacts, such as
notch root radius, stress state, and impurities at the notch on the fracture
of single crystalline micro cantilevers, have received minimal attention
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till now. Hence, single crystalline silicon is notched in this study using
Ne" GFIS with small ion probe size [18-20] and ion beam tails [21]. The
high resolution of the GFIS arises from emission of ions from a single
atom at the emitter [19,22]. Neon is preferred over helium for this
investigation because of its high sputter yield (~20 times higher) and
less damage depth (~5 times less than helium, based on penetration
depth calculation from simulations) in silicon [23-25].

Free-standing cantilevers were fabricated on a (110) silicon on
insulator (SOI) wafer (Siegert GmbH, Germany). A combination of
electron beam lithography and reactive ion etching was used to prepare
the cantilevers. Details of the fabrication process can be found in [8,9].
The cantilevers had nominal a width and thickness between 2 and 2.5
um, a length maintained at 5 times the thickness, and a notch depth
(a/W) of approximately 0.35. Line notches were milled using a helium
ion microscope (HIM) equipped with a neon GFIS (Orion Nanofab, Carl
Zeiss AG, Germany). A neon gas pressure of 7.3 X 107® mbar was
maintained at the source for the generation of the ion beam, and the
acceleration voltages of 10, 15, and 25 kV were used. The final milling
currents were between 10 and 20 pA, achieved by a 20 um diameter
aperture and varying spot control. Nanopatterning visualization engine
(NPVE) was used to mill the line patterns at doses of 1 nC/um and a
dwell time of 1 ps. After notching, selected samples were annealed in a
vacuum of 2.9 x 107> mbar at 450 °C for 1 h and at 750 °C for 1.5 h in a
quartz tube within a tubular furnace. All the notched micro cantilevers
were tested in situ using a PI 89 indenter (Hysitron, Bruker, USA) with a
10 ym wedge tip (Synton-MDP AG, Switzerland) inside a scanning
electron microscope (SEM, Merlin, Carl Zeiss AG, Germany).
Displacement-controlled loading at a displacement rate of 10 nm/s was
used.

Cantilevers with bridge notches exhibit typical linear elastic fracture
behaviour, as illustrated by a representative load-displacement curve
shown in Fig. 1. A total of 65 cantilevers was tested under varying ion
acceleration voltages, specifically 19, 23, and 23 cantilevers notched at
25 kV, 15 kV and 10 kV, respectively. During testing, one or two small
load drops were detected in 30 cantilevers, similar to the observations in
Ga' bridge-notched cantilevers [7-91, indicating failures of the bridges.
The force at these load drops denoted as Fp;, Fpo, and F represents the
maximum load at the material bridges and final fracture, respectively.
This observation suggests that the natural crack from the failure of the
material bridges arrests before the final fracture [7]. After bridge failure,
a through-thickness notch was assumed for calculating the fracture
toughness. The fracture toughness (Kj¢) at the through-thickness notch
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Fig. 1. A representative load-displacement plot of a neon ion bridge-notched
silicon cantilever showing crack arrest. Two distinctive load drops due to
bridge failure were observed prior to the final fracture of the cantilever.
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and the bridge notch fracture toughness (K;¢*) was calculated for can-
tilevers where crack arrest was observed using Eqgs. (1) [26] and (2)
[27],

Kic = I%f Matoy (VEV) (@)
mey(Viv) —1.46 + 24.36(%) _47.21 (%)2 +75.18(V1V>3
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where Fp is the load at bridge failures; L, B, and W are the length, width,
and thickness of the cantilever; a is the notch length; fuary is a geometry
correction factor; and f..r is a bridge notch correction factor. The
correction factor, fcorr is derived from FEM simulations [27] and depends
on the geometry of the notch and the bridge. It quantifies the relation-
ship between the stress intensity factor at the top half of the bridge and
that at the notch front, enabling the calculation of the apparent fracture
toughness based on bridge failure. When crack arrest was not observed
during the experiments (i.e., no load drops), an apparent fracture
toughness was used for the analysis. A conditional fracture toughness
(K@) replaces Kjc in Eq. (1), and then it was corrected for the influence
of bridge notch geometry using Eq. (3) [27].

KIQ
K10 meaed = For 3

To achieve a high sputter yield for sharp and deep notches, the ac-
celeration voltage was optimized. SEM images (Fig. 2(a)-(c)) show that
the width of the milled notches increases as the acceleration voltage
decreases. At 25 kV (Fig. 2¢), the notch exhibits the narrowest width (95
nm) compared to the others prepared by lower ion energies, potentially
indicating a small notch root radius. This is attributed to the increase in
beam probe size at lower acceleration voltages resulting from chromatic
aberrations [28-30]. The effect of the notch width on fracture toughness
is presented in Fig. 2(d) for samples where crack arrest was present. The
notch with the smallest width (milled at 25 kV) exhibited the highest
average Kjc* and Kj¢ values, measuring 1.4 + 0.2 MPa m®® and 1.6 +
0.2 MPa m®5, respectively, with the scatter representing the standard
deviation. At 15 kV and 10 kV, the average Kj¢* decreased to 1.3 + 0.1
MPa m®® for both voltages, while the average Kic was 1.3 + 0.2 MPa
m®® and 1.4 + 0.3 MPa m®®, respectively. It should be noted that, in all
cases, the measured Kj¢ values were higher than those reported for Ga*
notched cantilevers (green data points in Fig. 2(d)) [9], which may be
attributed to potential artefacts introduced by neon ions at the notch. A
summary of the average fracture toughness and apparent fracture
toughness for all tested samples is presented in Table 1, with further
details on samples that did not exhibit crack arrest (Kjq and Kjq corrected)
provided in Supplementary material Fig. S1.

Postmortem SEM images of the fractured samples notched with
different acceleration voltages are presented in Fig. 3. Contrary to ex-
pectations, the sputter yield of silicon using neon ions decreases with
increasing ion beam energy, as evidenced by the reduced notch depth at
the same dose. This behaviour contrasts expectations for heavier ion
species, such as Gat, where sputter yield typically increases with higher
beam energy, though it can decline at very high impact energies. It is
well established that high energy incident ions interact with the target
material via electronic and nuclear collision [31-33], leading to multi-
ple events that culminate in sputtering. The efficiency of sputtering
depends on the mass of the incident ion, the mass of the target, and the
energy of the incident ion [34]. Simulations such as transport of ions in
matter (TRIM) and stopping and range of ions in matter (SRIM) have
shown that the sputter yield of silicon with neon ions peaks at 10 kV [24,
32,35]. Beyond this energy, the implantation depth of the ions increa-
ses—simulations show a 50 % increase in neon ion implantation depth
when the acceleration voltage is increased from 10 to 20 kV [24]—and
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Fig. 2. SEM images showing the top view of notches milled at ion beam acceleration voltages of (a) 10 kV, (b) 15 kV and (c) 25 kV. (d) Cumulative probability
distribution of through-thickness fracture toughness and bridge fracture toughness of silicon cantilevers notched with different acceleration voltage compared with

Ga™ notched cantilevers [8,9].

Table 1

Average fracture toughness measured at bridge failure and the final fracture for
samples where crack arrest was present. For those crack arrest was not absent,
the averaged Kjq and corrected Kjq are summarized. The errors represent the
standard deviation.

Acceleration Crack arrest
1t kv’

voltage (kv) Observed Not observed
Kic* (MPa Kic (MPa Kjq (MPa Kiq correctea (MPa
mo) m®5) mo5) m%%)

10 1.3+0.1 1.4+0.3 1.7 £ 0.3 1.9+0.4

15 1.3+0.1 1.3+0.2 1.4 +£0.2 1.5+0.2

25 1.4+0.1 1.6 £ 0.2 1.3£0.1 1.5+0.2

the nature of the ion-target interaction shifts from majorly nuclear col-
lisions at the surface to sub-surface interactions [24,32].

This aligns with our experimental results (see Fig. 3), where higher
sputter yield and reduced sub-surface damage were observed at 10 kV
compared to 25 kV. At Ne ion energies below 10 kV, the milling time for
notches increases significantly, leading to blunt and shallow notches
that are unsuitable for reliable small scale fracture testing. On the con-
trary, the sub-surface interactions at 25 kV lead to bubble formation,
visible in SEM images and referred to as artefacts in the following
discussion.

Furthermore, Fig. 3 shows that the notch front of cantilevers milled
with 25 kV Ne' ions is not straight but rather exhibits a rough topog-
raphy. This roughness is consequence of a sub-surface gas bubble

formation caused by the implantation of neon in silicon at high doses
[24,36,37]. The thickness of the bubble region also increases with the
acceleration voltage of the notching ion. In silicon, the sub-surface
structures, which are influenced by dose, dose rate and incident en-
ergies [38,39], consist of amorphous and bubble layers [24,40-42].
Bubbles initially form due to agglomeration of the insoluble inert gas
atoms at vacancies, as they seek to minimise the system’s energy, fol-
lowed by their growth through the absorption of other bubble nuclei or
gas atoms [41,43-45]. As defect accumulation continues in the target
the material, it becomes more amorphous [41,46]. These defects are also
observed in the notched region of the silicon cantilevers in this study
(Fig. 3) due to the high dose required to achieve deep notches.
Thermal annealing is one approach to mitigate milling artefacts from
FIB-milled samples. However, such thermal treatments have also been
reported to cause noticeable instability in gas-filled bubbles formed by
ion implantation [37,45,47,48]. Annealing temperatures were selected
to exceed the reported bubble instability threshold for inert
gas—implanted single-crystal silicon substrates. This approach aimed to
promote bubble growth and induce instability, thereby enabling the
release of trapped Ne gas through the surface and relieving internal
compressive stress caused by Ne implantation within the substrate [37,
45,47]. In Fig. 4, postmortem SEM images of cantilevers fractured before
and after annealing are presented for samples notched with ions accel-
erated at different voltages. No noticeable change is observed between
the SEM images before (Fig. 4(a)-(c)) and after annealing at 450 °C
(Fig. 4(d)-(f)). However, a porous-like structure becomes visible in the
postmortem SEM images of the samples annealed at 750 °C, as shown in
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Fig. 3. Fracture cross-section of cantilevers milled with beam energies (a) 10 kV, (b) 15 kV and (c) 25 kV beam energies, and constant dose of 1 nC/um. Higher
acceleration voltage resulted in shallower notches and the formation of damage layers, such as bubble layer, at the notch front.
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Fig. 4. Fracture cross-section of cantilevers notched using different acceleration voltages before annealing (a—c), after annealing at 450 °C (d-f) and 750 °C (g-i).
Cumulative probability distribution of through-thickness fracture of toughness after annealing is seen in (j), also showing inserts of Ga* notched samples from [8,9].

Fig. 4(g)-(@). This structure can be described as a distribution of empty
cavities with a clean and well-defined notch front observed in all the
samples, suggesting the release of trapped neon in this region.

The fracture toughness of samples notched at 25 kV is compared
before and after annealing (Fig. 4(j)). A clear shift in the cumulative
distribution curve toward lower Kjc values is observed following
annealing at both temperatures. The average K¢ reduced to 1.2 + 0.2
MPa m®® and 1.1 + 0.1 MPa m®® after annealing at 450 °C and 750 °C,
respectively, compared to 1.6 + 0.2 MPa m®® before annealing. These
results suggest that both annealing temperatures are potentially effec-
tive in reducing the influence from artefacts originating from neon ion-
silicon interaction, despite the absence of visual changes in the post-
mortem SEM image of samples annealed at 450 °C (compare Fig. 4(f) and
().

The annihilation of neon ion-induced defects after thermal annealing
has been attributed to both epitaxial recrystallization of the amorphous
layer and breaking/collapse of the gas-filled bubbles, leading to the
ejection of neon gas [49-52]. The collapse of gas-filled bubbles is re-
ported to occur after the bubble grow to a critical size during high
temperature annealing, leaving behind cavities and voids following gas
release [47,48,53]. In this study, the fractured samples after annealing
show features similar to cavities described in other works where neon
gas-filled bubbles were subjected to thermal treatment. The notch plane
in Fig. 4 reveals numerous voids after annealing alongside a sharp crack
front with cavities, indicating bubbles collapse in this region. It is likely
that recrystallization of the amorphous silicon layer is suppressed during
annealing because the high concentration of inert gas bubbles at

interfaces leads to bonding errors [37]. It is also noteworthy that ther-
mal treatment of neon-notched silicon samples did not lead to surface
changes, unlike in gallium-notched silicon samples where Ga droplets
formed on the surface after high temperature exposure [54].

The use of a GFIS for notching on lithography-fabricated silicon
cantilevers eliminates chemical interactions and segregation at the
notch. However, another artefact at the notch affects the measured
fracture toughness. The fracture toughness of as-fabricated cantilevers at
the through-thickness notch (Kj¢) after crack arrest is about 40-60 %
higher than the expected fracture toughness value of 1.0 MPa m®® for
single crystalline silicon (Table 1). This apparent toughening of silicon
can be attributed to compressive residual stresses at the notch due to the
presence of bubbles at the notch front even after crack arrest (see Fig. 3).
However, it is observed that the fracture toughness at the bridge (Kic*)
was lower than at the through-thickness notch, which is attributed to the
reduce presence of bubbles at the bridge. This indicates that fracture
data from the bridges provides additional data with reduced neon
bubble influence.

Thermal treatment of the notches results in an average fracture
toughness of 1.1 + 0.1 MPa m®°, which aligns with values calculated for
the (111) silicon cleavage planes in bulk scale experiments (0.65-1.0
MPa mo.s) [55-60] and gallium notched micro fracture studies (1.1 +
0.1 MPa m®%) [8,9,61,62]. These results highlight the necessity of
post-annealing to achieve accurate and reliable measurements of frac-
ture toughness when Ne ion are used for notching cantilevers. While Ne
ions exhibit no chemical interaction with silicon, they may not be ideal
for creating precise notches in silicon due to bubble formation at the
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notch without annealing.

However, the density and damage layer thickness are material-
dependent. As an example, ion trajectory simulations using TRIM indi-
cate that a 20 kV neon ion beam creates approximately 110 subsurface
vacancies per sputtered atom in copper while about 435 vacancies per
sputtered atom in silicon [63]. This significant difference suggests that,
under the same implantation conditions, silicon produces a much higher
concentration of vacancies than copper, which can serve as nucleation
sites for neon ions to form gas bubbles; in other words, the available
vacancy clusters for capturing neon and forming bubbles are higher in
silicon compared to copper [64]. This implies that the subsurface
structure induced by Ne ion implantation, and their influence on frac-
ture properties, are highly material-dependent. While Ne ions may not
be optimal for notching in silicon without annealing, they could still be
effective in other material systems with lower susceptibility to bubble
formation.

In summary, the potential of neon ions as a candidate for creating FIB
notches in micro cantilever fracture testing was investigated using sili-
con as a model material. We found that neon ions can mill deep and
sharp bridge notches in silicon using a 25 kV acceleration voltage.
However, this was at the cost of sub-surface bubbles induced by neon
ions. Annealing helped to get a sharp notch front, and a fracture
toughness of 1.1 + 0.1 MPa m®®, which is within the expected range for
single crystalline silicon. This demonstrates that neon ions can serve as
an alternative option for creating notches in materials where gallium
ion-induced artefacts significantly influence fracture properties, thus
hindering the use of FIB for producing notches. However, neon ion
beams are still not ideal for preparing artefact-free micro fracture
samples.
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