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Shape transformation of Sn nanocrystals induced by swift heavy-ion irradiation
and the necessity of a molten ion track

R. Giulian,! F. Kremer,” L. L. Araujo,! D. J. Sprouster,! P. Kluth,' P. F. P. Fichtner,> A. P. Byrne,' and M. C. Ridgway'
'Research School of Physics and Engineering, Australian National University, Canberra, ACT 0200, Australia
2Instituto de Fisica, Universidade Federal do Rio Grande do Sul, Av. Bento Gongalves 9500, Ciaxa Postal 1501, CEP 91501-970,
Porto Alegre, Rs, Brazil
(Received 7 June 2010; revised manuscript received 2 September 2010; published 24 September 2010)

We report on the spherical to rodlike shape transformation of Sn nanocrystals (NCs) embedded in amor-
phous SiO, following irradiation with 185 MeV Au ions. Consistent with previous reports for other metals,
transmission electron microscopy demonstrates that under irradiation, Sn NCs larger than a critical size (11
nm) elongate parallel to the incident ion direction, while smaller particles remain spherical. Irradiation-induced
NC dissolution is significant, as evident from the formation of smaller NCs in place of their original larger
counterparts. Using formation conditions that yield Sn NCs at the amorphous-SiO,/crystalline-Si interface, we
show that the irradiation-induced shape change occurs only within the SiO, layer, in the direction opposite to
that of the incident ions. We suggest this demonstrates the necessity of a molten ion track and provides further
evidence for an elongation process involving NC melting and flow.
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I. INTRODUCTION

Swift heavy-ion irradiation (SHII) of metallic nanocrys-
tals (NCs) embedded in amorphous SiO, (a-SiO,) has been
intensely investigated since D’Orleans et al.'! showed that ion
irradiation in the electronic energy-loss regime resulted in
NC deformation under certain conditions. The first reports on
Co were followed by investigations on Pt,>3 Au,*~® Ag,” and
other metallic NCs (Refs. 10 and 11) in an attempt to identify
the mechanism(s) responsible for the observed shape and
structural changes and aid in the development of devices
where the properties of aligned, anisotropically shaped NCs
could be exploited.!-1>13

The need for a surrounding matrix in the shape transfor-
mation process was demonstrated upon comparison with free
standing metallic NCs (Ref. 6) given the latter did not
change shape. Previously, we suggested the formation of an
irradiation-induced molten ion track in a-SiO, also plays an
important role in the shape transformation process>!'® and
measured the diameter of such a track in a-SiO, (~11 nm)
for the same irradiation conditions used herein.'* In general,
metallic NCs in a-SiO, irradiated to sufficiently high flu-
ences exhibit saturation of the width or minor dimension
(Dpinor) Of the elongated NCs and this value appears to be
limited by the diameter of the molten ion track in a-SiO,
(Dyack)- For example, D,ino, (saturation) =D, for Au NCs
(Ref. 4) while D,no (saturation) <D, for Pt and Co
NCs.>!% As such, we also suggested that the saturation of
D inor 1s metal specific and influenced by the thermodynamic
properties of the NC material.'”

We now report on the shape transformation of Sn NCs by
SHII. Our results contribute to a better understanding of the
shape transformation mechanism of embedded metallic NCs
under SHII and demonstrate the necessity of a molten ion
track during the process. Sn has considerably lower melting
and vaporization temperatures as well as a lower cohesive
energy relative to the metals previously investigated and as a
consequence may aid in identifying the relationship between
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the shape transformation mechanism and the aforementioned
intrinsic thermodynamic properties of the NC metal.

II. EXPERIMENTAL

Two Sn NC ensembles of different size and depth distri-
butions were produced. To form Sn NCs within an a-SiO,
layer, a 2-um-thick a-SiO, film was thermally grown on a
crystalline Si (c-Si) substrate and sequentially implanted
with 430 and 200 keV Sn* ions to fluences of
7%10'® cm™ and 3X10'® cm™2, respectively, yielding a
near constant Sn concentration of 8 at. % over depths of
90-190 nm below the surface. Samples were then annealed
in vacuum for 30 min at 1000 °C to produce spherical me-
tallic Sn NCs with a broad size distribution. To form NCs at
or in close proximity to the a-SiO,/c-Si interface, a 200-nm-
thick a-SiO, film thermally grown on a c-Si substrate was
implanted with 200 keV Sn* ions to a fluence of
2Xx10'® cm™. Samples were then annealed in a two-step
process, first at 200 °C for 100 h at ambient atmosphere
followed by 1100 °C for 2 h in vacuum.'

For the SHII, samples were aligned perpendicular to the
incident ion direction and irradiated at room temperature
with 185 MeV Au ions to fluences of =2X 10" cm™. At
this energy, the electronic energy loss over the extent of the
a-Si0, layer is effectively constant at ~17 keV/nm while
the nuclear energy loss is two orders of magnitude lower.'¢

Transmission electron microscopy (TEM) was performed
using a Phillips CM300 microscope operating at 300 kV with
samples prepared in cross-sectional geometry. The minor and
major dimensions of the Sn NCs were manually measured
from representative micrographs and a minimum of ~500
NCs were examined for statistical reliability.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a representative TEM image of Sn NCs
embedded in a-SiO, following SHII to a fluence of
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FIG. 1. (Color online) (a) TEM micrograph of Sn NCs
embedded in a-SiO, irradiated with 185 MeV Au ions to a fluence
of 1X10" em™. (b) Minor (Dypiney) versus major (Dpgio) NC
dimensions for the same irradiation parameters.

1X 10" cm™. As previously demonstrated for Pt,> Au*
and Co (Ref. 11) NCs in a-SiO,, SHII also induces elonga-
tion of Sn NCs. Changes in NC shape are typically accom-
panied by NC dissolution, fragmentation, and coalescence,
the extent of which depends on the ion fluence plus the NC
composition and size.>!” As evident in Fig. 1(a), NC disso-
lution is very significant in the case of Sn where smaller
spherical NCs have clearly replaced once-larger spherical
NCs. Samples irradiated with twice the fluence
(2X 10" cm™) exhibited almost complete NC dissolution
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(not shown). As above, dissolution is concomitant with elon-
gation and the former impedes the direct observation of the
saturation of D, for Sn NCs. We are however able to
estimate this value from results derived at lower fluence as
explained below.

Figure 1(b) shows Do as a function of Dy, for Sn
NCs irradiated to a fluence of 1 X 10'* ¢cm™. Individual val-
ues of Do, represent an average of D, ;.. for all NCs of a
given Do+ /—1 nm. NCs below a critical size remain
spherical under irradiation while larger NCs elongate, as il-
lustrated by the kink in the plotted data. The saturation of
D inor Would be manifested by a horizontal line post kink as
previously observed for Pt NCs.? The position of the kink at
D inor=~ 11 nm indicates this is the minimum particle size
required for elongation and also serves as an estimate for the
saturation value of D, The correlation between D,
saturation and D, suggests that NC elongation is confined
by the molten ion track in a-SiO,. NCs smaller than D, do
not elongate or elongate at a significantly lesser rate given
they are already effectively confined. Dissolution is pro-
moted when the energy transferred from the incident ion to
NC exceeds the cohesive energy of the metal atoms that
comprise the NC.!8 The formation of the smaller NCs sub-
sequent to dissolution is then aided by the high mobility of
Sn in a-SiO,, especially at elevated temperatures.'>!° We
suggest that the enhanced dissolution observed herein for Sn
NCs is the result of the low cohesive energy (3.14 eV/atom)
relative to the other metals we have studied including
Pt (5.84 eV/atom), Au (3.81 eV/atom), and Co
(4.39 eV/atom).? The metal solubility in both the solid and
liquid phases of the matrix may also influence this result.

Figure 2 shows TEM micrographs of the second sample
set with Sn NCs located at or in close proximity to the
a-Si0,/c-Si interface, both before and after irradiation to a
fluence of 1X 10" cm™2. Prior to irradiation, the NCs are
single crystalline with the metallic 8-Sn structure.'> The ma-
jority of NCs exhibit a nearly spherical shape, particularly
those completely surrounded by a-SiO,, with an average di-
ameter of ~12 nm. Those NCs located at the interface have
a lenticular shape with a fraction of their volume embedded
in the c-Si substrate. After SHII, the NC shape transforma-
tion is readily apparent in Fig. 2(b). The NCs exhibit a pro-
late spheroid shape with the major dimension (Do)
aligned with the direction of the incident ions. For the elon-
gated NCs at the interface, traces of the original lenticular

unirradiated

FIG. 2. TEM micrographs of Sn NCs at or in
close proximity to the SiO,/Si interface, before

185 MeV/Au ions, and  after
1x10™ em?

tbeam direction

irradiation to a fluence of
1X 10" ecm™2.
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FIG. 3. High magnification TEM images of Sn NCs after
SHIIL.

shape are retained and a fraction on their volume remains
embedded in the c-Si substrate. There is no evidence of NC
elongation within the c-Si substrate. Within the a-SiO,, the
average D, of the elongated Sn NCs is ~11 nm, consis-
tent with our estimate from the first sample set.

Figure 3 shows high-magnification images of two Sn NCs
after irradiation. Both are single crystalline and of the same
B-Sn phase as their unirradiated counterparts. That shown in
Fig. 3(a) exhibits traces of the original lenticular shape, as
above, and is elongated toward the sample surface (opposite
to the incident ion direction). We suggest this NC was ini-
tially located at the SiO,/Si interface, partially embedded in
both materials. The single crystallinity of the NC and the
c-Si substrate facilitates the identification of the overlap be-
tween the two, as evidenced by the presence of Moiré
fringes. Subsequent to SHII, a change in shape is readily
apparent but only within the a-SiO, layer. Figure 3(b) shows
a second Sn NC after SHII that we suggest was initially
located within the SiO, in close proximity to the a-SiO,/c-Si
interface. No overlap with the c-Si substrate is apparent.
Again, a change in shape is readily apparent but the elon-
gated NC does not extend within the c-Si and is confined to
the a-SiO,. SHII of such NCs clearly yields elongation in
both directions and the NCs acquire the typical rodlike
shape.

Our results support the hypothesis that the shape transfor-
mation of embedded metallic NCs by SHII is influenced by
the properties of both the metal, as discussed above, and the
surrounding matrix.>*1%2! As described below, we now sug-
gest the irradiation of Sn NCs located at the a-SiO,/c-Si
interface demonstrates the necessity of a molten ion track in
the elongation process. While 185 MeV Au ion irradiation
readily yields a measurable ion track in a-SiO,,'*?? such is
not the case for ¢-Si. To form a molten ion track in a matrix,
sufficient energy must be transferred between the electronic
and lattice subsystems to induce melting in the latter. The
efficiency with which this energy is transferred is quantified
via the electron-phonon coupling constant g which scales as
(1/N\?%), where \ is the electron-atom interaction mean-free
path.?> Comparing amorphous and crystalline phases, the
former is more sensitive to electronic excitation due to the
reduced N. In amorphous material, the transferred energy is
thus more locally confined around the ion path and a greater
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lattice temperature is attained. A similar comparison of insu-
lators and semiconductors demonstrates the former generally
exhibits greater values of g given \ increases as the band gap
decreases.”> As a consequence, the electron-phonon
coupling constants of the amorphous insulator SiO,
[1.25X 10" W em™ K=! (Refs. 5 and 24)] and the crystal-
line semiconductor Si [1.8X 10'2 W cm™ K~!' (Ref. 25)]
differ considerably and, hence, ion track formation due to
185 MeV Au ion irradiation is only observed in a-SiO,. SHII
with single ions is thus an inefficient means of forming ion
tracks in c-Si.>®?’ In contrast, a much greater rate of elec-
tronic energy loss (>25 keV/nm) can be attained with Cg
cluster ion irradiation”2?® which overcomes the weak
electron-phonon coupling in c-Si and ion track formation can
be achieved.

Our results also show that NCs can elongate in a direction
opposite to that of the incident ion. Clearly the shape trans-
formation is not a ballistic mechanism but instead is consis-
tent with molten metal flow within the molten ion track
formed in a-SiO,. Indeed, the thermal spike calculations of
Awazu et al’ for Au and D’Orleans et al.' for Co demon-
strate that metal NCs embedded in a-SiO, can indeed melt
under SHII. We propose the shape transformation necessi-
tates melting of both the metallic NC and insulating matrix
followed by the flow of the former within the latter. The
ensuing rapid quench of both the NC and matrix is such that
the deformed NCs retain their elongated shape.

For our irradiation conditions, there is significant ion
track overlap and elongation thus results from multiple
ion-NC interactions. No evidence of an incubation fluence
requirement has been observed. As previously demonstrated,
NCs evolve in shape under SHII, gradually changing from
spheres to prolate spheroids to rods. Our low irradiation flux
(~5X% 10" ions/cm?/s) and the short-time frame for energy
relaxation predicted by the thermal spike model>?* is such
that the energy deposited in each ion-NC interaction is dis-
sipated before the next impact. The observed elongation is
thus the sum of small incremental changes induced by indi-
vidual ion-NC interactions.

IV. CONCLUSIONS

In summary, we have investigated the effects of SHII on
Sn NCs embedded in a-Si0,. The NCs changed shape after
irradiation, becoming prolate spheroids or rods with their
Dingjor aligned in the direction of the incident ions. The dis-
solution of Sn NCs was more pronounced than that observed
for other metals with higher melt temperatures and cohesive
energies and hampered the saturation of D,;,,. None the
less, we estimated the D, saturation and the threshold
diameter for elongation of Sn NCs was ~11 nm, compa-
rable to the diameter of the molten ion track in a-SiO,. NCs
located at or in close proximity to the a-SiO,/c-Si interface
changed shape under irradiation but only within the
a-Si0,. We suggest the absence of an irradiation-induced
molten ion track in c-Si inhibited NC elongation within the
substrate.
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