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Abstract

Spherical silica colloids with a diameter of 1.0 pm, made by wet chemical synthesis, were irradiated with 2-16 MeV
Au ions at fluences ranging from 2 x 10" to 11 x 10'* ¢m~2. The irradiation induces an anisotropic plastic deformation
turning the spherical colloids into ellipsoidal oblates. After 16 MeV Au irradiation to a fluence of 11 x 10" cm™ a size-
aspect ratio of 4.7 is achieved. The size polydispersity (~3%) remains unaffected by the irradiation. The transverse
diameter increases with the electronic energy loss above a threshold value of ~0.6 keV/nm. Non-ellipsoidal colloids are
observed in the case that the projected ion range is smaller than the colloid diameter. The deformation effect is also
observed for micro-crystalline ZnS and amorphous TiO, colloids, as well as ZnS/SiO, core/shell particles. No defor-
mation is observed for crystalline Al,O; and Ag particles. The data provide strong support for the thermal spike model
of anisotropic deformation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

MeV ion irradiation of amorphous materials
such as metallic or silica glasses is known to
cause anisotropic plastic deformation [1-5]. The
result is an increase in the sample dimension
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perpendicular to the ion beam and a decrease in
the direction parallel to the ion beam. This de-
formation process has been described meso-
scopically by a viscoelastic model, in which it is
assumed that due to the high electronic stopping
power a cylindrically shaped region around the
ion track is subject to transient heating (thermal
spike) [6-8]. During the thermal spike shear
stresses in the heated region relax, resulting in an
associated shear strain that would freeze in upon
cooling of the thermal spike.
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Experimentally, the anisotropic deformation
has been studied by observing macroscopic di-
mensional changes of (metallic) glass foils [1,2] or
by studying the wafer curvature induced by irra-
diated thin films constrained on a substrate [4,5,9].
Recently, we have discovered that the deformation
process also occurs in free-standing colloidal par-
ticles [10]. Spherical colloidal SiO, particles can be
changed into ellipsoidal shaped particles (oblates)
due to a biaxial expansion perpendicular to the ion
beam and a concomitant contraction along the ion
beam. Colloidal particles with variable shape can
find many applications in studies of self-assembly
and phase behavior [10,11] and, except ion irra-
diation, no other methods exist that can produce
ellipsoidal inorganic colloids that are monodis-
perse in size and shape.

In this paper, we study the dependence of the
deformation of spherical silica particles on the Au
ion energy in the range 2-16 MeV. The data are
consistent with the thermal spike model. In addi-
tion, we study the deformation of micro-crystalline
ZnS and amorphous TiO, colloids, ZnS/SiO,
core/shell particles, as well as single-crystalline
Al,O3 and micro-crystalline Ag particles.

2. Experimental

Colloidal silica spheres were made in a solution
containing tetra-ethoxysilane, ammonia and etha-
nol [12]. A drop of the colloidal dispersion was
dried on a Si(1 00) substrate which had previously
been cleaned in a KOH-ethanol solution. Next, the
particles were irradiated with Au ions using the 3
MYV tandetron accelerator at the ion beam facility
in Rossendorf [13]. The ion beam was electrostat-
ically scanned across a 5.1 x 5.1 cm? area. The ion
energy was varied between 2 and 16 MeV and
fluences ranged from 2 x 10" to 11 x 10" cm~2.
The ion beam energy flux was kept constant at a
value of 0.16 W/cm? during all irradiations. The
substrate holder was cooled to 77 K with liquid
nitrogen and all irradiations were performed at an
angle of 45° with respect to the Si surface. Vacuum
grease at the backside of the sample was used to
improve the heat contact between the sample and
the cooled substrate holder. Ion ranges and elec-

tronic energy losses were calculated using TRIM98
[14], a Monte Carlo calculation, using a silica
structure with a density of 2.0 g/cm? [13].

ZnS and ZnS/SiO; core/shell particles as well
as micro-crystalline Ag particles were synthesized
using methods described in [16-18]. TiO, colloids
were made as described in [19], and single-crys-
talline o-Al,O; particles were obtained from
Sumitomo Chemical (Japan). All these particles
were irradiated with a 4 MeV Xe ion beam at 77
K. The ion beam was electrostatically scanned
across a 2.7x27cm? area at a flux of
~ 0.02 W/cm?.

Scanning electron microscopy (SEM) was per-
formed at an energy of 10 keV under different
angles to image the particle shape before and after
irradiation. Image processing and analysis soft-
ware was used to characterize the particles before
and after irradiation.

3. Results and discussion
3.1. Silica colloids

Fig. 1(a) shows a SEM image of unirradiated
silica particles on a silicon substrate viewed under
normal incidence (see schematic in Fig. 1). The size
distribution of 65 analyzed colloids is displayed in
Fig. 2 (black histogram). The average colloid di-
ameter was 1004 + 20 nm ' with a standard devi-
ation characterizing the size polydispersity
o = 31 nm. This is typical for the colloid fabrica-
tion method used [12].

Next, the colloids were irradiated with a 14
MeV Au ion beam to a fluence of 4 x 10 cm—2,
under an angle of 45° (see schematic in Fig. 1). The
projected ion range was calculated to be about
3.5 um, well beyond the particle diameter. Fig 1(b)
shows a SEM micrograph after irradiation taken
in the direction perpendicular to the ion beam.
Clearly, the originally spherical particle has turned
into an ellipsoidal oblate with a dimensional

"' The error includes the error in the average determined
from the size histogram and the pixel dimension in the SEM
images.
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image (a)

image (b,c) ion irradiation

Fig. 1. SEM images of unirradiated and Au ion irradiated silica colloids on a silicon substrate. The ion beam direction and the different
SEM viewing angles are depicted in the schematic. The arrows in the SEM images indicate the direction of the ion beam. (a) Unir-
radiated silica colloids in top view. (b) Deformed silica colloid after irradiation with 14 MeV Au ions to a dose of 4 x 10'* cm~2 under
45° at 77 K. (c) Deformed silica colloid after a similar irradiation with 2 MeV Au ions. Circular and ellipsoidal shapes are shown for

reference by the dashed lines.

expansion perpendicular to the ion beam and a
contraction parallel to the ion beam.

Fig. 2 also shows the size distribution of the
transverse diameter of 33 oblates after irradiation
(gray histogram). This axis has increased to a
mean value of 1181 +20 nm, with ¢ = 27 nm.
This indicates that the ion irradiation process does
not significantly increase the particle size polydis-
persity. Note that at a fluence of 4 x 10" cm™
each colloid has been impacted by some 107 ions.
Any statistical variations are expected to be aver-
aged out at this large number of ions. Assuming
the colloidal volume remains constant after irra-
diation [10], the aspect ratio (ratio of transverse
and longitudinal diameter) of the deformed col-
loids in Fig. 1(b) is calculated to be 1.63.

Fig. 1(c) shows a SEM micrograph of a colloid
after irradiation with 2 MeV Au ions to a fluence
of 4 x 10" cm~2 viewed in the direction perpen-
dicular to the ion beam. The projected range of 2
MeV Au ions in SiO, is about 0.55 pm, roughly
equal to half the colloid diameter. This implies
that the lower half of the colloid is not fully irra-

diated, except at the lateral side edges. Fig. 1(c)
clearly shows a non-ellipsoidal shape of the col-
loid: the upper part of the colloid is deformed
whereas the lower part remains undeformed (see
white dashed line). This clearly indicates that the
deformation only takes place in the irradiated re-
gion of the colloid. From this, we can conclude
that the plastic deformation does not result from a
uniaxial hydrostatic pressure generated by the ion
beam, but results from single ion impacts only.
This is in agreement with the thermal spike model.

To investigate the energy dependence of the
deformation, silica spheres were irradiated with
Au ions at energies ranging from 4 to 16 MeV to a
fixed fluence of 4 x 10 cm~2. Fig. 3 shows the
measured relative change of the transverse diam-
eter after irradiation, plotted as a function of the
electronic stopping power in the colloid. The latter
is calculated using a three-dimensional averaging
method taking into account the changing shape of
the colloid during irradiation. Also included in
Fig. 3 is a data point obtained for 500 keV Xe
irradiation of 290 nm silica colloids at a fluence of
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Fig. 2. Histogram of the transverse diameter size distribution of
unirradiated silica colloids (black bars) and silica colloids ir-
radiated with 14 MeV Au ions to a fluence of 4 x 10" ¢cm~2
(gray bars). Gaussian distributions with standard deviations of
¢ = 31 nm (unirradiated) and ¢ = 27 nm (irradiated) are indi-
cated by the dashed lines.

1 x 10 cm~2, for which no deformation is found
(solid square).

Fig. 3 shows that the transverse diameter
increases with average electronic energy loss.
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Fig. 3. Relative change of the transverse diameter of the silica
oblates as a function of the average electronic energy loss at a
fixed fluence of 4 x 10" cm™2. Data were taken from experi-
ments using ion energies in the range 4-16 MeV Au. The drawn
line is a linear fit to the data. A data point for 500 keV Xe
irradiation (1 x 10'® ecm~2) of 290 nm colloids for which no
deformation was found is also indicated (solid square).
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Fig. 4. Angle between substrate and transverse axis of deformed
silica colloids, as observed in side-view SEM images (15° tilt), as
a function of ion fluence. Irradiations were performed using a
4 MeV Xe ion beam at 77 K. The drawn curve is a guide to the
eye. The inset shows a side-view SEM image (8° tilt) of a silica
colloid irradiated with a 16 MeV Au ion beam to a dose of
11 x 10" cm~2 at 77 K.

Because no deformation has been observed at a
low energy, there is an apparent threshold below
which no deformation occurs. This threshold
value is at least 0.41 keV/nm (500 keV Xe irra-
diation data point) and is interpolated to have
value of ~0.6 keV/nm (using Au irradiation
data). A threshold has also been found for the
irradiation of silica foils, though larger in mag-
nitude (2 keV/nm) [2]. The apparent threshold
can be explained in terms of a transition from a
more or less isotropically shaped collision cas-
cade for low energy irradiation, for which no
anisotropic deformation occurs, to an aniso-
tropically shaped thermal spike along the ion
track at high energy [2].

Fig. 4 (inset) shows a side-view SEM image of a
silica particle with the highest size-aspect ratio ob-
tained so far (4.7). A 16 MeV ion beam, incident at
45°, was used at a fluence of 11 x 10" cm™2. An
unirradiated spherical colloid is also observed and
must have jumped over from the unirradiated part
of the sample after the irradiation. At this large
deformation it is observed that the angle between
the long particle axis and the substrate is only 31°.
To obtain more insight in this effect, measurements
of the particle angle were performed as a function of
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Fig. 5. SEM images of ion irradiated colloids of various materials. The irradiations were all performed using a 4 MeV Xe ion beam at
77 K. The direction of the ion beam is indicated by the arrows. All images were taken as in projection (b) in the schematic of Fig. 1
(except (a), that was taken from the side at a 15° tilt): (a) irradiated micro-crystalline ZnS (5 x 10™ cm~2), (b) irradiated ZnS/SiO,
core/shell particles (4 x 10 cm™2), (c) unirradiated amorphous TiO,, (d) irradiated amorphous TiO, (3 x 10" ¢cm™2), (e) irradiated
single-crystalline ALO; (4 x 10'* cm~2), and (f) irradiated micro-crystalline Ag (4 x 10" cm™2).

ion fluence (Fig. 4). > A 4 MeV Xe ion beam was
used at fluences ranging from 1 x 10%
to 8 x 10" cm~2. An angle of 45° is observed for
small fluences (1 x 10'* cm~2), while for higher
fluences a gradual decrease is observed. From the
known sample geometry during irradiation we can
exclude gravity as a cause of the effect. Two possible
explanations of the particle tilt come to mind: (1)
momentum transfer [20] from the incident ions to
the particle which then rotates around its contact

2 As no data are yet available for the dependence of angle on
fluence for Au irradiation, we present data for Xe irradiation.

point with the substrate; (2) a gradual change in the
geometry of the contact area between the colloid
and the substrate due to the particle expansion.
Because no difference in contact angle is observed
for small (290 nm diameter) and large (~ 1 pm di-
ameter) irradiated silica colloids, a geometric effect
seems to be more likely than a ballistic effect.

3.2. Other materials

Fig. 5 shows SEM images of colloidal particles
of several other materials, all irradiated with 4
MeV Xe ions. A side view image of micro-crys-
talline ZnS particles irradiated at a fluence of
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5 x 10" ¢cm~2 is shown in Fig. 5(a). The size-as-
pect ratio of these particles is 2.2. This is similar to
what is observed for silica particles irradiated un-
der the same conditions [10]. Fig. 5(b) shows de-
formed core/shell particles composed of a 692 nm
diameter ZnS core covered by a 5 nm thick SiO,
shell after irradiation with 4 x 10" Xe cm™2. The
observed size-aspect ratio is about twice as large as
what would be observed for the individual mate-
rials at this same fluence. At present this difference
remains to be explained.

Next, we studied the deformation of amor-
phous TiO, colloids. These particles cannot be
made with the small size polydispersity as is
common for the SiO, and ZnS colloids, as can be
seen in Fig. 5(c). However a deformation after ir-
radiation (3 x 10 Xe cm™?) can clearly be seen in
Fig. 5(d). This demonstrates the versatility of the
ion irradiation technique to deform a wide variety
of materials.

Fig. 5(e) shows single-crystalline Al,O; colloids
after irradiation with 4 x 10" Xe cm™2. Although
less easy to identify in the SEM image because of
the particle clustering, we find no evidence for
anisotropic deformation of this material. Simi-
larly, micro-crystalline Ag colloids (4 x 10
Xe cm 2, Fig. 5(f)) show no deformation. The fact
that no deformation is observed in crystalline
materials is consistent with earlier work on the
deformation of thin foils [21]. Within the thermal
spike model of deformation, a crystalline material
would not deform because of the large resistance
(high viscosity, no free volume) to deformation. In
addition, for metals the molten region in the spike
would recrystallize so rapidly that it may not lead
to deformation.

Finally, we note that the deformation of micro-
crystalline ZnS colloids (Fig. 5(a)) may seem
inconsistent with the argument that crystalline
materials do not deform. However, these particles
may have amorphized under irradiation. This
feature is presently under investigation.

4. Conclusions

Spherical colloidal silica particles undergo an-
isotropic plastic deformation under 2-16 MeV Au

irradiation. The size polydispersity is not affected
by the ion beam. The transverse diameter increases
with the average electronic energy loss in the col-
loid, above a threshold value of ~ 0.6 keV/nm.
Non-ellipsoidal shapes are formed when the ion
range is smaller than the colloid diameter. Aniso-
tropic plastic deformation was also observed for
micro-crystalline ZnS, ZnS/SiO, core/shell and
amorphous TiO, particles. No deformation was
found for single-crystalline Al,O; and micro-
crystalline Ag particles. All data are consistent
with the thermal spike model of deformation.
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