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Enhanced interstitial diffusion in tin is a phenomenon often ob-
served during ion-beam irradiation and in lead-free solders. For
the latter, this not very well understood, strain-driven mecha-
nism, results in the growth of whiskers which can lead to un-
wanted shorts in electronic designs. In ion-beam physics, this
phenomenon is often observed as a result of the enhanced forma-
tion of Frenkel pairs in the energetic collision cascade.

Here, we show how epitaxial growth of tin extrusion on tin-oxide-
covered tin spheres can be induced and simultaneously observed
by implanting helium using a helium ion microscope. Calcula-
tions of collision cascades based on the binary collision approxi-
mation and 3D-lattice-kinetic Monte Carlo simulations show that
the implanted helium will occupy vacancy sites, leading to a tin
interstitial excess. Sputtering and phase separation of the tin ox-
ide skin—which is impermeable for tin atoms—creates holes and
will allow the epitaxial overgrowth to start. Simultaneously, he-
lium accumulates inside the irradiated tin sphere and builds up
additional strain. Fitting the simulations to the experimentally
observed morphology allows us to estimate the interface energy
between tin and tin oxide to 1.98 Jm™2. Our approach allows the
targeted initiation and in-situ observation of interstitial-diffusion-
driven effects to improve the understanding of the tin-whisker
growth mechanism observed in lead-free solders.

1 Introduction

The growth of tin whiskers has been extensively
studied over the last 70 years and has increased
even more in recent years due to the ban on lead-
containing solder [1, 2]. One reason is that alterna-
tive solder formulations are prone to whisker for-
mation [3, 4]. The detailed mechanisms of whisker
growth are still under discussion, especially the
source of point defects and their kinetics [5-7].

At room temperature, tin whisker growth takes

weeks or even months, which makes experimental
studies time-consuming. Point defect creation by
ion irradiation can accelerate the kinetics of the
growth of extrusions considerably. On the other
hand, high-fluence helium implantation into semi-
conductor materials and metals causes bubble and
blister formation [8-13], serving valuable insights
for first wall fusion reactor materials research [14].
Furthermore, ion irradiation of nano-objects can
considerably change their shape due to mechanisms
like ion-beam hammering [15], ion-induced shap-
ing of buried particles [16], or ion-induced viscous
flow of nanopillars [17]. These shape changes are
mainly driven by the kinetics of defects generated
by collisions of atoms with energetic ions and re-
coils. Defect generation by electron irradiation can
also cause shape changes of nanoobjects [18].

Here, we report on an interesting observation dur-
ing medium-fluence He™ irradiation of micrometer-
sized tin spheres. The experiments where carried
out with gas-field-ion-source (GFIS) based fo-
cused He' irradiation using helium ion microscopy
(HIM). This approach enables the in-situ obser-
vation of the ion-induced shape transformation of
Sn micro-spheres with sufficiently high resolution.
To explain the observed shape changes, one needs
to consider He implantation into the Sn micro-
spheres causing ion-beam mixing and the produc-
tion of Frenkel pairs as well as the subsequent He
nano-bubble formation. To better understand the
Het-irradiation-induced morphology changes of
Sn spheres caused by the kinetics of point defects
(He-interstitials, tin interstitials and tin vacan-
cies), we have developed an appropriate diffusion-
reaction model and employed 3D-lattice-kinetic
Monte Carlo (3DIkMC) simulations. These simu-
lations provide detailed information on the mecha-
nisms of the nucleation and growth of the observed
Sn extrusion. It is shown that the growth starts

at holes in the SnO skin of the spheres formed

by ion erosion, followed by epitaxial lateral over-
growth (ELO) fed by Sn interstitials coming from
the interior of the Sn spheres. The presented com-
bination of experimental studies and atomistic sim-
ulations will improve the understanding of point
defect kinetics in tin, which controls the whisker
growth too.
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2 Experimental Results

The experiments were performed with tin spheres
on a carbon substrate—a widely used standard for
scanning electron microscopy (SEM) and manufac-
tured by vapor deposition [19]. Tin has very low
wettability on the carbon substrate and forms, due
to its high surface tension, almost perfect spheres
with sizes ranging from a few nanometers to sev-
eral tens of micrometers. This type of sample al-
lows an easy and fast inspection and correction

of astigmatism over a wide magnification range

in SEM, focused ion beam (FIB), or HIM devices.
Commercially, the tin sphere standard is available
from various suppliers [20-22]. The sample used in
our experiments was purchased from [23], specified
to particle sizes from 5nm to 30 pm.

The ion-beam exposure of the tin spheres was per-
formed with a helium ion microscope. HIM is well
known for imaging, modification, as well as for ma-
terial analysis on the nanometer scale [24-29]. It
is best suited to perform a local He or Ne expo-
sure with a very high fluence due to the beam spot
size smaller than 1 nm and the possibility of in-situ
observation of the irradiated area using the same
beam. The irradiation was performed by scanning
the beam in line-by-line mode over a small subset
of tin spheres. The so-obtained high-resolution im-
ages of the nanostructures were then analyzed with
respect to the observed geometric changes of the
tin spheres. The fluence typically applied per im-
age was chosen to be below 1 x 10 ionscm™=2 to
track small ion-induced modifications.

In Figure 1, snapshots of a typical irradiation
with 28keV helium ions are shown. After a homo-
geneously distributed fluence of 2 x 10'7 ions cm ™2,
small pyramidal extrusions form preferentially at
the equator of the irradiated spheres, where the
north pole points to the ion source (Figure 1b).
With increasing fluence, these extrusions become
bigger in size and begin to overgrow the surface
(Figure 1c). Later on, the extrusions become more
and more faceted (Figure 1d to 1h). In Figure 1h,
a larger field of view (FOV) including parts of the
non-irradiated surface is presented. Extrusions
from tin spheres form only in the irradiated area or
only a few tens of nanometers from its rim. Above
a fluence of 5 x 107 to 7 x 107 ions cm™=2, helium
bubbles seem to emerge on the surface. The col-
lapsed surface locations are indicated by blue ar-
rows in Figure 1f and Figure 1g. Once this fluence
is exceeded, no further extrusion growth was ob-

Figure 1: HIM images of a) pristine, not irradiated tin
spheres on carbon sample. b) to g) same sample region
after the irradiation of various fluencies as indicated in the
images. Field of view (FOV) of a) to g) is 1.4pm (cropped
from 2.0pm). h) Image of the irradiated area captured on
a larger FOV of 2.2 ym (cropped from 4.0 um). No morpho-
logical changes of the tin spheres are visible outside the
irradiated area. Collapsed bubbles are indicated by blue
arrows in f) and g).
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served on these spheres and the edges of the facets
become rounded.

Images of several irradiation experiments were
recorded as videos and can be found in the supple-
mentary information. The noise-level of the videos
was improved by a recursive prediction/correction
algorithm based on the Kalman-Filter [30].
Irradiations with various beam parameters were
performed. Primary ion energies from 10 to 30keV,
ion currents from 0.1 to 8 pA and different FOV
from 0.6 to 4 pm were adjusted—all He™ irradia-
tions led to the described phenomena with only
slight variations. Tin spheres smaller than about
150 nm do not show any extrusion, they only shrink
due to erosion by ion sputtering. Simulations with
the TRIM program [31] show that the projected
He™ range at 30keV is (149 + 67) nm, which coin-
cidences with the threshold radius of the smallest
spheres forming extrusions, which was determined
to be (150 £ 50) nm for 28 keV helium ions.

We did not observe any flux dependence within the
range of 2.6 x 10'3 to 4.1 x 10 ionscm™2s~!. Once
extrusions are formed, they are stable over time
and grow, provided they are not destroyed by ema-
nating He bubbles or sputtering due to continuous
He™ ion irradiation.

A similar tin sphere evolution was observed under
Ne™ ion irradiation in the HIM, but the extrusions
formed were much smaller in size before the pro-
cess stopped due to neon gas bubbles reaching the
particle surface (not shown here).

A large tin sphere with a diameter of 4.7 pm

has been irradiated only partly in an area of
2pmx2pm. In Figure 2, snapshots from the irra-
diation are shown. In Figure 2a, extrusions are not
yet visible on the large sphere, while the smaller
one at the right edge of the image already shows
clear facets. In Figure 2b, a small extrusion be-
comes visible at the equator of the large sphere,
where the ion beam hits the surface nearly tan-
gentially. The small extrusion grows slowly with
increasing fluence, see Figure 2c. In Figure 2d, a
second extrusion with an equal-facet orientation
appears close to the first one. In Figure 2e, both
extrusions have merged into a larger one. Gaps be-
tween both extrusions have been filled and show
clear merged facets keeping the initial orientation,
and the extrusions on the smaller spheres start
rounding. The final size of the described extrusions
on the sphere on the bottom right side of the im-
age is nearly reached in Figure 2f. In contrast to

Figure 2: a) to h) HIM snapshots of the irradiation of tin
spheres for increasing fluencies.A partially irradiated larger
tin sphere with a diameter of around 4.7 pm can be seen in
the top left corner. The field of view is 1.9 pm cropped from
an irradiated area of 2.0 pm.
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the growth of the crystal-like facets in Figures 2a
to 2f, the extrusion appearing in Figure 2g has a
more rounded bubble-like shape. This feature is
popping up within just two consecutive single im-
age scans equivalent to a fluence difference of only
7x 10 ions cm~2. Finally, after 3.82x 107 ions cm 2
(see Figure 2h), another more spherical extrusion
appears above the older extrusions after only a
small amount of additional fluence. The process
seems to be different for the extrusions appearing
in Figures 2a to 2f than for the features showing
up in Figures 2g and 2h. For a better presentation
of the evolution of the extrusions, the process can
be seen as a movie in the supplementary informa-
tion.

For transmission electron microscopy (TEM) anal-
ysis, pristine tin spheres were mechanically re-
moved from the surface onto carbon-coated cop-
per grids. In the high-resolution transmission elec-
tron microscopy (HRTEM) images presented in
Figures 3a and 3b, the crystallinity of a 80 nm
small unirradiated tin sphere passivated by a 3 to
5nm oxide layer is visible. While the spheres pos-
sess the well-known single-crystalline tetragonal
B-tin structure (Figure 3a to 3c), the amorphous
outer shell layer was proven to be a Sn oxide us-
ing energy-dispersive X-ray spectroscopy (EDXS)
analysis (not shown here). Additional X-ray photo-
electron spectroscopy (XPS) analysis confirmed

a tin-to-oxygen ratio of 47 to 53 at %. We there-
fore conclude that the layer consists of meta-stable
tin(II) oxide SnO (stannous oxide). We assume
that this oxide layer is a native oxide layer that
forms under air exposure and that it covers all tin
spheres homogeneously [32].

In Figure 3d, a HIM image of a tin sphere is
presented that was irradiated with a fluence of

2.4 x 10" ionscm~2. The growth of several extru-
sions on the equator of the sphere was monitored
during the helium irradiation process. The irradia-
tion was stopped after the first extrusions appeared
to later obtain TEM images of this stage in the
formation process.

The crystal orientation of all extrusions was inves-
tigated by TEM analysis. A TEM image of the
extrusion indicated in Figure 3d is presented in
Figure 3e. Selected-area electron diffraction analy-
sis of all extrusions and the tin spheres show iden-
tical diffraction patterns, which can be indexed
with the 8-Sn structure (Figure 3f). This result
gives a strong evidence that the tin sphere is mono-

SWm
e)

Figure 3: a) HRTEM image of a small, pristine tin sphere
(FOV 37.9nm); the square indicates the area that is shown
at higher magnification in b). ¢) Fast Fourier transform of
a HRTEM image (FOV of 37.9nm) of the inner crystalline
part of the tin sphere shown in a). Indexing was done based
on the S-tin structure in 111 zone axis geometry. d) HIM
image of irradiated sphere on a carbon-coated TEM grid,
e) overgrown crystalline extrusion, indicated by an arrow
in d). f) Selected-area electron diffraction pattern of the
extrusion shown in d). Indexing was done based on the
B-tin structure in 110 zone axis geometry.
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crystalline and that the extrusion have grown epi-
taxially.

The tin spheres were also analyzed after gallium
FIB cross-sectioning to gain information on the
internal structure. For this purpose, unirradiated
and irradiated spheres were cut in half with a Ga-
FIB, and the resulting cross-sections were imaged
at 54° tilt using SEM (see Figure 4). The inter-
nal structure of an unirradiated tin sphere is pre-
sented in Figure 4a. In Figure 4b and 4c¢, HIM im-
ages of the same area before and after 30 keV he-
lium ion irradiation are shown. The irradiation was
stopped when clear extrusions appeared. The sam-
ple area visible in Figure 4¢ was imaged by HIM
using the minimal necessary fluence (short dwell
times and low currents) to not further irradiate the
tin spheres during imaging and therefore does not
reflect the best possible image quality. The sample
was transferred—and thereby exposed to air—to
the dual beam tool (Ga FIB, SEM), and the ex-
posed area was identified using SEM imaging. A
cross-section has been prepared of several irradi-
ated spheres using Ga-FIB milling. The first milled
area is indicated in Figure 4c as a dotted yellow
box and the result is presented in Figure 4d. Due
to sample tilting towards the FIB column, the sput-
tered region appears as a trapezoid in the SEM
image. Small spheres as shown in Figure 4d show
a large cavity in their center. For larger spheres,
several smaller He bubbles in a depth correspond-
ing to the projected range of the 30 keV helium
beam were observed (not shown here). The sample
was further milled, as indicated in Figure 4c by a
dashed, red box, and the resulting cross-section is
shown in Figure 4e. The sample was rotated clock-
wise by 45° to be able to look into all three milled
structures, and the resulting image is presented

in Figure 4f. All cross-sectioned tin spheres which
showed crystal-like extrusions have the same kind
of cavity like internal structure. We will see later
that this finding is essential for the understanding
of the observed effect and the proposed model.
Very local pre-irradiation of tin spheres creates a
hole in the SnO skin and allows to predefine the
location of the faceted extrusions which form upon
further broad-beam-like irradiation (not shown
here). Due to surface sputtering and ion-beam mix-
ing, the oxide layer will be pre-thinned at these
locations.

3 Modeling, Simulations, and Dis-
cussion

The observed ion-irradiation-induced growth of
extrusions on tin spheres can be roughly divided
into three stages:

(i) Collisions of the energetic He™ ions with tin
atoms of the spheres create Frenkel pairs of inter-
stitial atoms and vacancies in the tin lattice. Ad-
ditionally, such collisions can erode the SnO skin
of the tin spheres by sputtering and by ion-beam
mixing of the Sn-SnO interface resulting in substoi-
chiometric SnOy (x<1) (Figure 5a). As sputtering
is strongest for small incident angles (in respect to
the surface), the SnO skin becomes damaged most
severely near the equator. (ii) With increasing He™
ion fluence, the number of deposited He atoms and
the number of interstitials and vacancies increases
within the tin spheres (Figure 5b). The SnO skin
is assumed to be impermeable for He atoms, vacan-
cies, and interstitials [33, 34]. Due to ion erosion
of SnO, a contact of the tin core with the external
vacuum can form first somewhere along the equa-
tor.

(iii) Through the hole in the SnO skin, Sn inter-
stitials and vacancies can escape from the core of
the tin particle (Figure 5¢). As the tin particle is
crystalline, the extrusions also become crystalline
due to ELO (see e.g. [35]). The only difference

to conventional ELO is the source of the atoms:
Here, interstitial atoms come from the interior of
the spheres through the oxide openings, as com-
pared to atoms delivered by a chemical vapour
source. Some of the vacancies capture a helium
atom and can therefore not annihilate with an in-
terstitial. In an extreme case, one could consider

a situation in which all but one of the interstitial-
vacancy pairs—which are created by an incoming
He' ion—annihilate. The vacancy of the remain-
ing Frenkel-pair is filled with the implanted he-
lium atom and one interstitial atom per implanted
He' ion remains in the lattice. For phosphorus
and boron implantation into silicon, this very suc-
cessful approach is called ”+1”-model [36]. The
He-filled vacancies diffuse slowly and will unlikely
escape through the hole in the SnO skin. They be-
come enriched and form, due to their low nucle-
ation barrier, He nano-bubbles that later coalesce
to larger He bubbles within the tin sphere. The
creation of helium bubbles was confirmed by FIB
cross-sectioning and is observed for other material
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Figure 4: a) SEM image of unirradiated tin spheres. The largest sphere was cut-opened with a gallium FIB. The SEM
image was taken at 54° tilt angle. b) to f) show the same area of the sample at various points of the analysis process. b)
HIM image before irradiation. ¢) HIM image after irradiation with visible extrusions. The yellow, dotted rectangle is a
guide to the eye indicating the gallium-FIB-milled region shown in 4d. The red, dashed region indicates the milled area
visible in 4e and 4f. d) to f) SEM images under 54° tilt of tin spheres with extrusions that were opened by FIB milling.
Cavities are visible that were probably filled helium bubbles. In 4f, the sample was rotated clockwise to image the inside of
all three opened tin spheres simultaneously.

eHelium @ Tin interstitial O Vacancy @He filled vacancy

Figure 5: Schematic representation of the proposed model for the formation of extrusions and bubbles in tin micro-spheres.
a) Initial state of the irradiation process. Implantation of helium leads directly and also indirectly via the collision cascade
to about 70 interstitial-vacancy pairs per implanted ion. About half of the helium is implanted and increased sputtering oc-
curs at the outer edge of the sphere. b) Further implantation leads to increasing helium, interstitial, and vacancy densities.
Vacancies can be reoccupied by tin interstitials or filled by helium atoms. Sputter erosion and phase separation will cause
somewhere a local exposure of the tin core. ¢) Epitaxial lateral overgrowth of the tin sphere by escaping tin interstitials
and formation of helium bubbles inside the sphere.
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% 120°

Figure 6: TRI3DST BCA simulation of a nanosphere with
500 nm diameter consisting of a Sn core and a 5nm tin
oxide shell irradiated with 30 keV He®. 1 x 10 He™ ion im-
pacts were simulated. a) Normalized He™ ion implantation
profile, b) normalized sputter ejection profile (thin colored
area below the dashed circle). In the inset, the sputter pro-
file of the sphere is plotted in polar coordinates. For angles
smaller than 90°, the polar angle also corresponds to the
angle of incidence of the ions. For angles larger than 90°,
the ions must first enter the sphere and can then sputter
particle’s from the surface during the projectiles exit. Most
particles are sputtered for angles between 75 to 90°.

systems, too [8, 9, 13, 37-40].

For stage (i), the spatial distributions of point de-
fects and of implanted He™ ions were calculated
with the program TRIZDST [41], which is based
on the binary collision approximation (BCA). As
the projected range (156 &+ 70) nm for 30keV He™
ions in tin (simulated with TRIM [42]) is of the
order of the size of the tin spheres, a truly three-
dimensional program like TRI3SDST is indispens-
able. The simulation of the impact of 1 x 10'° He™
ions onto a tin sphere of 500 nm diameter having a
5nm tin oxide skin resulted in an average sputter
yield of 0.20 atoms per incident ion and a He depo-
sition efficiency of 49 %. As is evident from the sim-
ulation results, 30keV He™ ions become deposited
mostly in the upper half of the sphere (Figure 6a).
For spheres with a diameter smaller than 150 nm,
most of the helium will be transmitted and not im-
planted.

On average, about 70 Frenkel pairs are formed

per incoming He' ion, their spatial distribution
(calculated also with TRI3DST, but not shown
here) is closer to the north pole than the distri-
bution of the implanted He atoms shown in Fig-
ure 6a. However, as only one of the interstitials

of a Frenkel pair survives, whose nearby vacancy

is filled by a He atom, the relevant Sn interstitial
generation is approximated by the spatial distribu-
tion of implanted He atoms of Figure 6a. Figure 6b

shows that the strongest ion erosion of the tin ox-
ide skin takes place at the equator of the sphere
between 75 to 90°. There, the SnO skin will be re-
moved, as regrowth due to tin oxidation under the
used high-vacuum conditions is negligible. Tin ex-
trusions are observed at fluencies slightly above

2 x 10'7ionscm™2 (see Figure 2b). Acording to
TRI3DST a hole in the SnO skin is not yet opend
by sputtering. However, besides sputtering, there is
ion-beam-induced mixing at the Sn-SnO interface,
and the resulting SnOy (x<1) decays into Sn and
SnO regions of nm size. Thus, a contact of the tin
core with the vacuum can form also without sput-
tering, just by ion-beam mixing and ion-assisted
phase separation of SnO,.

The results of the TRISDST simulations serve

as input data for 3DIkMC simulations [43] of the
diffusion-reaction kinetics of the He atoms, in-
terstitials, and vacancies. Simulations were per-
formed on a body-centered tetragonal (bct) crys-
tal structure which is close to the A5 lattice struc-
ture of S-tin. The A5 structure of $-tin is in fact
a double-bet structure [44], which differs energeti-
cally only slightly from the simpler bct structure.
In our model system, initially, all bet sites inside
the sphere are occupied by tin. The sphere is sur-
rounded by a skin of lattice sites which are not
reachable by diffusion jumps (dark gray in Fig-
ure 5a and green atoms in Figure 7). This skin

is a few lattice sites thick and imitates the inert
properties of the SnO shell with respect to the dif-
fusion [33, 34] of the species considered here. To
emulate the holes in the SnO formed by sputter-
ing and ion-beam mixing, the SnO shell is removed
locally at the equator(see Figure 7a), i.e. at this
position, tin atoms are in contact with the vacuum.
Here, a tin interstitial atom can become a surface
adatom and a tin vacancy can become a surface
vacancy.

The interatomic interaction of tin atoms is de-
scribed by a Rosato, Guillopé, and Legrand (RGL)
potential [45] fitted to the {200} surface energy
and the energy of cohesion of -tin [46]. Other
than in standard Ising-like kinetic Monte Carlo
(kMC) simulations, with the RGL potential, the
energy of a tin atom is no longer linearly depen-
dent on the number of occupied nearest neighbor
sites but shows a square-root-like behavior. Thus,
the RGL potential allows a more appropriate de-
scription of the kinetics in metals, especially of
the formation of the correct crystal facets and the
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Figure 7: Snapshots of a simulation of He™ irradiation of

a SnO-covered tin sphere of 500 nm diameter after differ-
ent equivalent fluencies: To show interior evolution, the
spheres are cut in half and all species but He are hidden

in one half. Purple points: deposited He atoms, yellow
points: bct sites occupied with Sn atoms, green points: SnO
species, blue points: Sn atoms on interstitial sites. a) Initial
sphere with a hole in the SnO skin. After an equivalent flu-
ence of b) 4.3 x 10%ionsem~2,¢) 5.3 x 10 ionscm™2,
d) 6.4 x 10%ionsecm™2,e) 1.2 x 10%ionscm~2 f)
1.7  x  10'%ionscm™2. He™ ion is coming from the top,
the long axis of the bet lattice is oriented vertically.

nucleation of voids. The interaction of a Sn atom
with a SnO species is assumed to depend linearly
on the number of nearest neighbor SnO species.
This Sn-SnO bond strength is a free parameter in
our model. It could be derived from the Sn-SnO
interface energy which is unfortunately unknown.
Therefore, we modified it until the experimentally
found features of extruded tin on the SnO-covered
tin sphere were reproduced, resulting in a value of
1.98 Jm~2. It is assumed that there is no He-Sn
nor He-SnO interaction.

The used interatomic tin potential describes suit-
ably the nucleation of voids/He bubbles and the
formation of facets on the extrusions as well as at
the surface of bubbles. However, the kinetics ad-
ditionally depends on the migration energy of the
species, i.e. the saddle point energy of diffusion
jumps. The migration energies of vacancies (empty
or He-filled) and tin interstitials could be derived
with the Einstein-Smoluchovski equation from their
diffusion coefficients which, unfortunately, are not
available. It is known, however, that energetic elec-
tron irradiation of metals like copper accelerates
point-defect-driven microstructure shape changes
strongly [18]. He™ ion irradiation is expected to
assist diffusion even more efficiently. Figure 1h
shows further evidence for this, as the wettting

of the SnO skin is restricted to highly irradiated
areas only. Thus, in our model, we implemented
the following reasonable approximation which cor-
responds to the ”+17-model discussed above: From
the ~70 Frenkel pairs per He™ ion impact just one
Sn interstitial and one He-filled vacancy survive.
For our problem, the validity of the ”+1”-model
approximation was confirmed by a comparison
with a long-lasting 3DIkMC simulation taking into
account the full generation of 70 Frenkel pairs per
He impact (not shown here). A similar assumption
on Het-ion-created defects was quite successfully
used in the simulation of He™ ion irradiation of in-
termetallic compounds [47]. Possibly more than
one He atom can fit into a tin vacancy, this num-
ber is a parameter in the 3DIkMC simulations.
Despite of all the approximations made, the com-
putation time for realistic sphere diameters is
prohibitive, thus simulations were carried out for
scaled-down spheres, accompanied by also scal-
ing the projected range of the He™ ions and the
fluence per volume to be equivalent to that of a
500 nm sphere irradiated with 10'7ionscm=2. In-
dependent of the scaling, the thickness of the SnO
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shell is fixed to the minimum value necessary to
act as a diffusion barrier. The scaling factor of

the sphere diameter in the simulations presented
here is roughly 13. Snapshots of a 3DIkMC simula-
tion (see Figure 7) show the formation of a faceted
tin extrusion on a tin sphere and the formation

of a He bubble within the tin sphere. The com-
plete simulated tin sphere evolution under He™ ion
irradiation is available as a movie in the supple-
mentary material. The extrusion grows epitaxially
from the hole in the SnO skin at the equator and
overgrows the SnO surface, driven by the tin in-
terstitials diffusing out of the sphere. The He bub-
bles in the simulation are rhomboidal rather than
spherical. Pressure has not been taken into account
in our simulations, thus the shapes of the extru-
sions as well as of the He bubbles are controlled
by the surface energies and the point defect kinet-
ics. In longer-running simulations (not shown here)
an escape of He bubbles from the interior of the
sphere through the extrusion into the vacuum was
observed, similar to experimental findings (also not
shown here).

4 Summary

We report on the effects of high-fluence He™" ion
implantation into tin spheres within a HIM. The
spheres were characterized and analyzed by SEM,
XPS, and TEM to be single-crystalline §-tin
spheres with a few-nm-thick oxide skin. Under He™
irradiation, faceted ELO of tin on the SnO skin
starts from holes in the SnO skin, it forms small
edged extrusions on the outside of the spheres,
which was observed in-situ in the HIM for differ-
ent irradiation parameters. BCA-based simula-
tions of collision cascades show that high-fluence
30keV He™ irradiation leads to the implantation of
nearly half of the supplied helium into a depth of
~ 150 nm below the north poles of 500 nm spheres.
In addition, the energetic He particles lead to the
creation of ~ 70 Frenkel-pairs per ion and en-
hanced sputtering of SnO under tangential im-
pact conditions at the equator of the sphere. In
the framework of the ”+1”-model, for each He™
impact, all but one of the Frenkel pairs annihilate
due to He occupation of one vacancy, thus one Sn
interstitial atom remains. In the course of Het im-
plantation, the helium-vacancy complexes accumu-
late, He bubbles nucleate and grow. Sn interstitial
atoms accumulate too, but due to the increasing

pressure in the SnO-covered tin spheres, the nu-
cleation of Sn dislocations is hampered. Upon cre-
ation of an opening in the SnO skin at the equa-
tor due to sputtering and ion-beam mixing, the
dense Sn interstitial gas can emanate through that
hole leading to ELO on the SnQO, i.e. the forma-
tion of an extrusion. This behaviour was observed
experimentally and is qualitatively reproduced by
modeling and atomistic simulations of the defect
generation and the reaction-diffusion kinetics of the
defects. Thus, the observed phenomenon becomes
a well-understood mechanism of point-defect-driven
nanostructure formation. The He't-irradiation-
induced defect generation is intense which allows
short experimental studies, and there is a good
theoretical understanding of the defect generation.
This is quite different for the tin whisker growth
which is detrimental for electronics. There, the de-
fect generation rate is very low (and not well un-
derstood, e.g. pressure-induced) leading to very
long-lasting experiments. Thus, our study of point
defect kinetics in tin can help to get a better un-
derstanding of tin whisker growth.

As such, the process is not restricted to Sn spheres
and He but might also be relevant for many other
examples. It is also of importance for a wide range
of irradiation conditions that lead to a large num-
bers of interstitials and where a passivating surface
layer prevents the surface from acting as an effec-
tive sink for point defects.

5 Methods Section

HIM irradiation: The ion beam exposure of

the tin spheres was performed in a Carl Zeiss
NanoFAB using helium and neon ions, the latest
generation of HIM devices. Stage- and sample drift
were compensated by manually adjusting the irra-
diation window position and by post-aligning of
the recorded image stack using the scale-invariant
feature transform algorithm [48] in TmageJ [49].
For the irradiation shown in Figure 1, a primary
ion current of (6.6 + 1.0) pA was applied, utiliz-
ing a 10 pm aperture, 5.2 x 107%mbar helium

gas pressure in the ion source, and a crossover
position of —193 mm (spotcontrol 3). The dwell
time per pixel was chosen to be 10 ps, captur-

ing (512 x 512) pixel images on a FOV of 2.0 pm.
This equals to 2.6 s irradiation time per image,

a fluence of 2.7 x 10% ions cm™2 per scan, and
aflux of 1 x 10¥ionsecm2s7!. After 301 im-
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ages, the resulting total implantation fluence was
8.3 x 10'"ionscm~2, resulting in a total irradi-
ation time of approximately 13 min. The cham-
ber pressure during the irradiation was below

2.0 x 10~ " mbar.

The irradiation shown in Figure 2 was performed
with (0.2 £ 0.1) pA of 30keV He™ using a 10 pum
aperture, 4.5 x 107% mbar helium gas pressure in the
ion source, and a crossover position of —246 mm
(spotcontrol 6). The dwell time per pixel was cho-
sen to be 5us capturing (1024 x 1024) pixel images
at a FOV of 2.0 pm, while every scan line was av-
eraged 4 times.With an irradiation time per image
of 21s and a fluence of 7.3 x 10*ionscm™2 per
scan, we calculate a flux of 3.5 x 10" ionscm™2s7!.
521 images equal a total irradiation fluence of

3.8 x 10 ionscm~2 and a total irradiation time

of 3h. Including the time for saving the individual
images and correction for drift, the irradiation was
done in 9h in total, split in two sessions.

In Figure 3d, a tin sphere is shown that was ir-
radiated with 2.0 pA of 30keV He™ by using a

10 pm aperture, 5.6 x 10~ mbar helium gas pres-
sure in the ion source, and a crossover position of
—229mm (spotcontrol 5). 5pus dwell time per pixel
was used to capture (1024 x 1024) pixel images on
a FOV of 1.4 pm without line averaging. The ir-
radiation time per image was 5.2, resulting in a
fluence of 3.3 x 10 ionscm~2 per scan and a flux of
6.4 x 10*ionscm~2s~!. 71 image scans equal to a
total implantation fluence of 2.4 x 107 ionscm™2. A
video of the irradiation process can be found in the
supplementary information.

TEM and SEM analysis: Smaller tin spheres were
analyzed by TEM. Selected-area electron diffrac-
tion (SAED) and high-resolution transmission
electron microscopy (HRTEM) imaging were per-
formed with an image-Cg-corrected Titan 80-300
microscope (FEI) operated at an accelerating volt-
age of 300kV. Additionally, spectrum imaging
analysis based on energy-dispersive X-ray spec-
troscopy (EDXS) was done in scanning transmis-
sion electron microscopy (STEM) mode at 200kV
with a Talos F200X microscope equipped with a
Super-X EDX detector system (FEI). XPS mea-
surements have been performed using a Microlab
310-F from Thermo Scientific. A Zeiss NVision 40
CrossBeam Workstation was used to perform Ga
FIB cross-sectioning and SEM imaging.

6 Supporting Information

Supporting Information is available from the Wi-
ley Online Library, from the author or RODARE
(TODO).
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