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lon beam-induced anisotropic plastic deformation at 300 keV
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Contrary to earlier predictions, ion irradiation at energies as low as 300 keV causes dramatic
anisotropic plastic deformation of silica glass. Spherical colloidal silica particles with diameters of
125, 305, and 1030 nm were irradiated with Xe ions at energies in the range 0.3-4.0 MeV at
temperatures between 85 and 380 K. Irradiation-induced anisotropic plastic deformation changes the
colloid shape from spherical into oblate ellipsoidal at a rate that strongly increases with ion energy.
At a fixed fluence, the transverse diameter increases with electronic energy loss. Even at an energy
as low as 300 keV large particle anisotropy was foufsize aspect ratio of 1.43 at 1

X 10"® cm™?). The transverse plastic strain gradually decreases with increasing irradiation
temperature: it decreases by a factor 4.5 between 85 and 380 K. The data are in agreement with
a viscoelastic thermal spike model for anisotropic deformation.2@®3 American Institute of
Physics. [DOI: 10.1063/1.1629793

Amorphous materials subject to high-energy ion irradia-lier extrapolations. The transverse plastic strain increases
tion can undergo anisotropic plastic deformation at constantith electronic energy loss of the Xe ions, with no or only a
volumel~2One of the most striking examples of this effect is small threshold stopping. The deformation gradually de-
the deformation of single colloidal particles under mega-creases with increasing substrate temperature in the range
electron-volt ion irradiatiot:® Spherical silica colloids ex- 85-380 K. The results are in qualitative agreement with a
pand perpendicular to the ion beam and contract parallel ttmesoscopic viscoelastic model for anisotropic deformation.
the ion beam changing their shape to oblate ellipsoidal. This  Several dispersions of spherical colloidal silica particles
ion beam deformation technique provides a unique methodere synthesized in solution using methods described in Ref.
to tailor the shape of colloidal particles and aggregates. Fo9. A drop of the colloidal dispersion was dried on #1850
example, prolate ellipsoids can be made by using subsequestibstrate leading to a coverage well below 1 monolayer. The
ion irradiations from different directiorfsAlso, the optical sample was mounted on a copper block of which the tem-
properties of three-dimensional colloidal photonic crystalsperature was kept constant in the range 85—380 K by cooling
can be tailored by ion beam deformatidAnd recently we  with liquid nitrogen or by resistive heating. Vacuum grease
demonstrated how a colloidal mask for nanolithography camvas used to improve the heat contact between sample and
be modified by ion irradiatioh With these different applica- copper block. The colloidal particles were irradiated with Xe
tions evolving, and in order to obtain fundamental underons accelerated to energies in the range 0.3-4 MeV using a
standing of the deformation process it becomes important ta MV Van de Graaff accelerator and a Xe charge state up to
determine the critical parameters that determine the deformat+. The samples were homogeneously irradiated to ion flu-
tion rate. ences as high asX10'° Xe/cn? by electrostatically scan-

Previously, we have shown that for 16 MeV Au irradia- ning the ion beam through an aperture of>22.7 cnf. The
tion the deformation ratérelative expansion per unit flu- jon energy flux was kept constant at 0.04 Wicfor all ion
ence remains constant for increasing fluence, thus leading tenergies. All irradiations were performed at 45° with respect
an exponential growth of the transverse diameter with i0nto the surface normal to enable investigation of the particles
fluence? It was also shown that the deformation rate in-parallel and perpendicular to the ion beam. Scanning electron
creases with ion energy for energiegt MeV. In fact, many  mjicroscopy(SEM) using a 5 keV electron beam was used to
studies on anisotropic deformation are performed at veryetermine the size and shape of the colloids before and after
high energiegseveral 100 Mey® irradiation. The diameter of the unirradiated silica spheres

A natural question that has remained open is what thyas determined to be 125, 305, and 1030 nm, respectively,
lowest ion energy is at which anisotropic deformation oc-yith a relative polydispersity=3%.

curs. Extrapolation of high-energy deformation data has sug- Figure Xa) shows a SEM image taken after 4 MeV Xe

gested it will not occur below 1 Me¥’ In this letter we jiragiation of 305 nm diameter silica colloids to a fluence of
study anisotropic deformation at Xe ion energies in the rangg » 105 cm2 at a temperature of 85 K. The image is taken

0.3—4 MeV. We find that significant deformation still occurs perpendicular to the ion beam. The dashed sphere indicates
at energies as low as 300 keV, in contradiction with the earge original perimeter of the colloid before irradiation. It can

clearly be seen that the colloid has expanded perpendicular
3Electronic mail: t.v.dillen@amolf.nl to the ion beam and contracted parallel to the ion beam. The
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FIG. 1. Scanning electron microscopy images of silica colloids after Xe ion
irradiation to a fluence of X 10'° cm 2 at an energy of 4a), 1 MeV (b), FIG. 2. Relative transverse diameter change of the silica colloids as a func-
and 300 keMc,d). Irradiations were performed at a temperature of 85 K andtion of average electronic energy los, at a fixed fluence of 1
at an angle of 45°. All images are taken perpendicular to the ion beam. Th& 10" cm™2 at 85 K. The data are determined from the colloid deformation
arrow in (a) indicates the ion beam direction. The dashed circléajrwith after Xe irradiation with energies in the range between 300 keV and 4.0
a diameter of 305 nm represents the original spherical size before irradiatioMeV. The original diameter of the colloids was 305 nm for all irradiations,
for (a), (b), and(c). The diameter of the colloids used (d) is 125 nm. The  except for the 300 keV irradiation, where the original diameter was 125 nm
mean projected ion rang®, for 300 keV Xe is indicated irfc). [Fig. Ad)]. The solid line is a fit to the data using=exp@A¢)—1 and Eq.
(1) taken from a viscoelastic model. The dashed line represents the extrapo-
lation of this model to smals; .
apparent colloid size aspect ratimajor over minor axisis

2.52. Previous SEM studies have shown that during ion irra-
diation at 45°, the colloids perform a gradual angular “roll- ingly. Since the deformation increases with ion energy it
off” with respect to the perpendicular ion beam directon. must therefore be mainly dependent on the electronic stop-
For the sample in Fig. (& the angle between the colloid’s ping. This is consistent with earlier work at very high
minor axis and the ion beam is 151°, upon completion of energy’ Figure 2 shows the relative increase of the trans-
the irradiation. Taking this effect into account in the SEM verse diameter as a function of the average electronic stop-
projection, the actual size aspect ratio is calculated to b@ing of the Xe ions in the silica colloids at a fixed fluence of
3.21+0.20. No significant volume change is observed uponl X 10" Xe/cnt and at a constant temperature of 85 K. For
irradiation. this experiment we used 0.3, 0.5, 0.75, 1.0, 2.0, 3.0, and 4.0
Figure X¥b) shows a SEM image taken after irradiation at MeV Xe ions. The data in Fig. 2 were determined from de-
a lower Xe ion energy of 1 MeV (£ 10'® cm ?). The size formation experiments on 305 nm diameter collofesg.,
aspect ratio determined from the SEM analyaier correct-  Figs. 1(a) and Xb)] except for the 300 keV Xe irradiation,
ing for the roll-off angle of 6f is 1.84+0.05. This shows the where the deformation was determined on 125 nm diameter
anisotropic deformation process is strongly dependent on theolloids [Fig. 1(d)]. As can be seen in Fig. 2 the transverse
ion energy used, in agreement with experiments performed gtlastic strain gradually increases wi (solid squares
much higher energies. Trinkauset al. have proposed a model to explain the ion
Figures 1c) and Xd) show silica colloids after irradia- irradiation-induced deformation phenomena in terms of a
tion at an even lower energy of 300 keV. It can clearly beviscoelastic thermal spike mod€l? In this model the de-
seen that the shape of the colloids in Fi¢c)dis nonellipsoi-  formation is attributed to the high degree of anisotropy of the
dal. This is due to the fact that the projected Xe ion rangeon-induced thermal spike. For high valuesSyfa cylindri-
(136 nm as calculated using a Monte Carlo simulationcal region around the ion track is heated. Shear stresses
program*®is much smaller than the original colloid diameter brought about by the thermal expansion of the highly aniso-
of 305 nm. Only the ion-modified top part of the colloid has tropic heated region would then relax, resulting in a local
deformed. Additional experiments were then performed within-plane expansion perpendicular to the ion track. The latter
colloids having a diameter of 125 nm, smaller than the ionthen freezes in upon cooling down of the thermal spike. The
range. These do have an ellipsoidal shape as can be seennracroscopic anisotropic deformation then is the result of a
Fig. 1(d). The size aspect ratio of these colloids is 1.43large number of individual ion impacts (3010 for the
+0.04, again without observable volume change. colloids in this study. Within this viscoelastic model
The fact that considerable deformation is observed at Xéwo factors determine the energy dependence of the defor-
ion energies as low as 300 keV is striking. The typical de-mation. First of all, at low energy the ion trajectory angle is
formation rate, defined as the differential length change perdistributed due to Rutherford scattering that is quite promi-
pendicular to the ion beam per unit fluence, is 1nent(high nuclear stoppingleading to less anisotropic de-
X 10 16 cné/ion: at this rate a 300 keV Xe fluence of formation. At 300 keV the average angular variation over the
10" cm™2 will result in a transverse expansion of 1%. colloid thickness is below 15° and thus the angular anisot-
For 300 keV and 4 MeV Xe ions the average total en-ropy is relatively small. Second, a higher energy will cause a
ergy lost in atomic and electronic stopping proce¥s@s  higher temperature in the spike and thus a higher in-plane
silica is roughly identical(~2.3 keV/nm. In this energy expansion.
range, the electronic stopping, increases monotonically Within the viscoelastic thermal spike model, the trans-

with ion energy, the nuclear stopping decreases correspongerse plastic strain rat& (per unit fluencgis given by
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g %0 T 1 . . T T decreases with increasing temperature. It is about 4.5 times
s 1 4 MeV Xe, 4x10 " cm’ less at 380 than at 85 K. A similar temperature dependence
b 25 T has been observed for the deformation of thin foils of vitre-
g 5L i ] ous silica and metallic glasses at very high enerffes.

: I Within the viscoelastic model the decrease in deformation
5 15 - with increasing substrate temperature is attributed to the re-
o . laxation of the strained ion tracks that are under compression
g 10r = L3 1 due to the interaction with the surrounding silica matfix.

o 5 0 - The local compressive stress would be partly relaxed at a rate
= i ] determined by the reduced viscosity of the silica at elevated
e ol ! ! ! ! ! substrate temperature. This relaxation is more efficient at

100 150 200 250 300 350 400 higher irradiation temperatures, therefore reducing the net

Temperature (K) amount of anisotropic deformation as observed in Fig. 3. It
should be noted that under high-flux irradiatidieam fluxes
FIG.IS. Relative transverse diameter change of 1030 nm Qiam_et(_er Si",c?'nuch higher than used in this stygdsample heating may
colloids as a function of sample temperature measured after irradiation with . .
4 MeV Xe to a fluence of & 104 cm 2. also lead to reduced anisotropic deformation.

In conclusion, ion irradiation-induced anisotropic plastic
deformation of colloidal silica particles occurs at energies as
low as 300 keV. The deformation strain at 300 keV is 1% for
each Xe fluence of ¥@ions/cnt. In the energy range 300

keV—-4 MeV, the transverse strain increases with electronic
is the linear thermal expansion coefficieptjs the density, stopplng, wnhgut ||Indécat|on of a-:ﬂr.eshold.. The tt:atnS\t/ertse
andc is the specific heat of the target material. Equatibn expansion gradually decreases with Increasing substrate tem-

holds for low enough substrate temperatures to ensur%erature. The data can be e>_<plaﬁned by.a viscoelastic mpdel
freezing-in of the viscous strain and high enough values o or local shear stress relaxation in the high-temperature ion-

S, to ensure cylindrical symmetry of the thermal spike. For alnduced thermal spike. With this observation the deformation
e .

constant strain ratd during irradiation, the transverse diam- of a W|ded.\|/ar|ety.| Ogl coII0|d|a : rrt1ater|als .becomes possible
eter should increase exponentially with ion flueriedn that using readily avaliable accelerator energies.

case the transverse plastic strain is given by=exp(Ad) This work is part of the research program of the Foun-
—1. The solid line in Fig. 2 is a fit of the transverse straingation for Fundamental Research on Matfé®M) and was
data using this relation and E¢l) and ¢=1x10"cm % financially supported by the Dutch Organization for Scien-
The model provides a very good description of the data fokjfic ResearchNWO).
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with e=2.72, v is Poisson’s ratidtypically 0.2 for silicg, «
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