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10          Chapter 1 

1.1 Ion-solid interactions 

Ion implantation is a widely used technique in materials synthesis and 
modification. It is a key doping technique in semiconductor processing, and it is 
used to induce phase formation, amorphization, structural transformations or 
mixing in a wide range of materials. Its strength is the local control over species 
and concentration at a well-defined depth. 

As an ion penetrates a solid, it looses energy due to two distinct 
interactions.1,2 First, it looses energy by elastic, nuclear collisions with the target 
atoms (nuclear stopping) described by the well-known Rutherford cross sections 
for the Coulomb interaction between the charged atomic nuclei. Second, it looses 
energy inelastically by exciting and ionizing electrons of target atoms (electronic 
stopping). Both stopping processes strongly depend on the kinetic energy of the 
ion. Figure 1.1 shows a graph of the nuclear and electronic energy loss and their 
sum as a function of ion energy for Xe irradiation of a SiO2 target.  

As can be clearly seen in Fig. 1.1, the stopping for Xe is dominated by the 
nuclear energy loss for ion energies smaller than ~ 2 MeV. In this energy range 
ions predominantly loose their energy due to Rutherford scattering. Due to 
collisions with the incident ions, target atoms are displaced from their original 
positions,3 leading to a subsequent nuclear collision cascade. The direct 
interaction between incoming ion and target atoms can lead to structural changes 
such as the generation of point defects, the amorphization of crystalline 
materials, or structural transformations in amorphous atomic networks. Nuclear 
stopping is also the origin of most sputtering processes and ion beam mixing of 
materials. All of these nuclear stopping effects are most efficient when the 
Rutherford scattering cross section is highest, i.e. for heavy incident ions at 
energies of typically 10-100 keV.  

For higher ion energies (>2 MeV in Fig. 1.1) energy loss is dominated by 
electronic stopping. Due to the large mass difference between the ion and the 
electrons, the ion track remains roughly straight in this energy regime. Target 
atoms around the ion track are electronically excited. The energy in the 
electronic subsystem is subsequently transferred to the atomic subsystem by 
means of electron-phonon coupling, resulting in local lattice temperatures that 
can exceed several thousands of Kelvin.4,5 This then can lead to the formation of 
a cylindrically-shaped molten region around the ion track, of which the typical 
diameter is several nm. This process, commonly referred to as the ‘inelastic’ 
thermal spike model, can therefore indirectly bring about structural changes in 
the target material. Indeed, electronic stopping can lead to structural 
modifications such as amorphization, defect generation and structural 
transformations provided the stopping is high. One prominent effect of electronic 
stopping processes is anisotropic deformation, a macroscopic materials shape 
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change that is the result of microscopic processes occurring in the thermal spike 
of individual ion impacts. 
  In the past 20 years much insight has been achieved in ion implantation 
doping distributions, in how ion irradiation amorphizes crystalline materials, 
how (point) defects are generated in crystalline hosts, and how structural changes 
in amorphous materials take place. Anisotropic deformation, however, has only 
been poorly studied and its origin is still a question of heated debates. Yet, this 
process provides for a unique way to control the shape of nano- and microshaped 
materials. This thesis focuses on ion irradiation-induced anisotropic plastic 
deformation, its origin and applications. 

1.2 Anisotropic plastic deformation under ion irradiation 

In the early eighties of the 20th century Cartz et al. discovered that small 
amorphous silicate particles undergo an irradiation creep process, extending the 
particles in the direction perpendicular to the ion beam.6 More detailed studies of 
this phenomenon followed in later studies by Klaumünzer and coworkers.7-11 
Thin films of metallic glasses or silica glasses of 5 to 15 µm thickness were 
irradiated with ions of several 100 MeV, i.e. in the electronic stopping regime, 
and it was found that the films expanded perpendicular to the ion beam direction 
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Figure 1.1 The nuclear (dotted line), electronic (dashed line) and total (solid
line) stopping as a function of kinetic ion energy for Xe irradiation of a silica
film  (density: 2.2 g/cm3). The data are calculated using the SRIM 2000 Monte
Carlo simulation code.1  
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and contracted parallel to the ion beam direction, without significant volume 
change. Contrary to radiation-induced deformation that is observed in some 
cases in crystalline materials, where the anisotropy is the result of the preferred 
condensation of defects on certain crystallographic planes, the anisotropy of the 
growth phenomenon in amorphous materials was shown to originate from the 
directive ion beam.7 

The deformation is quantified by the deformation strain rate A, which is 
defined as the differential length change per unit fluence:12 

φd
dL

L
A ⋅= 1 ,        (1.1) 

where φ is the ion fluence (the number of incident ions per unit area) and L a 
representative dimension perpendicular to the ion beam. It follows directly from 
Eq. (1.1) that for a constant strain rate, the dimension perpendicular to the ion 
beam should grow exponentially with ion fluence: L=L0exp(Aφ). For high-energy 
ion irradiation (several 100 MeV) of thin foils of metallic and silica glasses at 
low substrate temperatures (<100 K), A was found to be in the range 10-17-10-14 
cm2/ion.10,12 As an example, the latter value, in combination with a fluence of 
1014 cm-2 that is typical for many irradiation processes, translates into a 
deformation strain of (L-L0)/L0 =1.7, indicating that anisotropic deformation can 
be quite a dramatic effect.  

To study this anisotropic deformation process in better detail we initiated 
experiments on the ion irradiation of freestanding colloidal particles.13 Colloidal 
particles can be fabricated with a high degree of control of size and composition, 
and in combination with high-resolution electron microscopy, provide for a 
unique tool to investigate the anisotropic deformation process in detail. Figure 
1.2 shows a scanning electron microscopy (SEM) image of a SiO2 colloid with 
an original diameter of 1 µm that was irradiated with 4 MeV Xe ions to a fluence 
of 4×1014 cm-2 at an angle of 45° at 90 K. The SEM image was taken (almost) 
perpendicular to the ion beam direction (side view, 10° tilt with respect to the 
substrate surface), using 10 keV electrons. The original ion beam is in the plane 
of the image, indicated by the white arrow. The original circumference of the 
colloidal particle before irradiation is indicated by the dashed circle. As can be 
clearly seen, the particle has expanded perpendicular to the ion beam and 
contracted parallel to the ion beam. The spherical particle has transformed into 
an oblate spheroid. The observed aspect ratio from this image (major over minor 
diameter) is ~2. This experiment demonstrates that the anisotropic plastic 
deformation can be accurately probed by imaging colloidal particles. Moreover, 
it also demonstrates that it can be observed at energies well below those studied 
in the early work by Klaumünzer and coworkers (several 100 MeV up to several 
GeV). Indeed, the 4 MeV ion energy used here is quite close to typical 
irradiation energies used in many practical experiments. In fact, as we will show 
in this thesis, anisotropic deformation is prominent at energies as low as 300 
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keV, making study of this phenomenon relevant for a large range of ion-
irradiation processes. Indeed, thousands of ion accelerators are operated today at 
voltages below 1 MV in integrated circuit manufacturing and in fundamental 
research on thin films. Anisotropic deformation is thus an important phenomenon 
that must be taken into account. 

This thesis provides a detailed investigation of anisotropic plastic 
deformation of colloidal particles under ion irradiation. Taking advantage of 
their small size we were able to study the deformation process over a large ion 
energy range from 300 keV to 30 MeV. We determine the fluence and 
temperature dependence, and study it not only for SiO2, but also for other 
amorphous and crystalline materials. The data are then described and analyzed in 
terms of a viscoelastic model for anisotropic deformation resulting from shear 
stress relaxation in individual ion tracks. Based on the experimental results 
presented in this thesis and their good agreement with the viscoelastic model, we 
now have a quite complete understanding of the anisotropic deformation 
phenomenon. 

 

Figure 1.2 Side-view scanning electron microscopy image of a silica colloid
after irradiation with 4 MeV Xe ions to a fluence of 4×1014 cm-2 at 90 K. The ion 
beam direction was tilted 45° away from the surface normal, indicated by the 
white arrow. The circumference of the originally spherical colloid is indicated by
the dashed circle. The SEM image was taken (almost) perpendicular to the ion
beam direction (10° tilt angle with respect to the substrate surface). The spherical 
colloid has transformed into an ellipsoidal oblate with its minor axis aligned with
the ion beam. 

250 nm
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1.3 This thesis 

In Chapter 2 a detailed analysis is presented of the shape change of spherical 
colloidal silica particles under 4 MeV Xe ion irradiation. It is shown that the 
aspect ratio can be accurately tuned by varying the ion fluence, and size aspect 
ratios up to 5 are achieved.  Particles irradiated at an angle of 45° with respect to 
the substrate surface normal perform a fluence-dependent angular “roll-off”, 
leading to an additional shape anisotropy. The deformation strain rate for 4 MeV 
Xe ion irradiation of colloidal silica particles is A=6.0×10-16 cm2/ion. 

In Chapter 3 we show that the irradiation does not significantly change 
the size polydispersity of a distribution of colloids. The transverse diameter 
perpendicular to the ion beam increases exponentially with ion fluence as 
predicted. By varying the ion energy in the range 4-16 MeV it is found that the 
deformation strain increases with electronic stopping. The deformation 
characteristics of colloidal particles of micro-crystalline ZnS, amorphous TiO2, 
crystalline Al2O3 and micro-crystalline Ag are also studied and it is shown that 
anisotropic deformation only occurs in amorphous materials. The deformation of 
ZnS-SiO2 and SiO2-Au core-shell particles is also investigated. 

In Chapter 4 we study anisotropic deformation in the energy range 
between 300 keV and 4.0 MeV. Anisotropic deformation at ion energies as low 
as 300 keV can still be observed. The transverse strain after irradiation increases 
with increasing electronic stopping without indication of a threshold, and 
gradually decreases with increasing irradiation substrate temperature.  

In Chapter 5 a viscoelastic continuum model is derived for Newtonian 
viscous flow in ion-induced thermal spikes. A general expression for the 
macroscopic deformation strain rate A is derived and its dependence on the 
electronic stopping and irradiation temperature is discussed. By comparing this 
model with the experimental data in Chapters 2-4, we conclude that viscous flow 
in individual ion tracks is the origin of the macroscopic deformation process.  

In Chapter 6 we present data on the deformation of crystalline and 
amorphous silicon micropillars during 30 MeV Cu irradiation. No deformation is 
found for crystalline Si, whereas amorphous silicon does deform anisotropically. 
The deformation rate of amorphous silicon is ~10 times smaller than that of 
silica glass, as will be discussed. 

While Chapters 2-6 focus on the irradiation-induced deformation of 
freestanding, unconstrained colloidal particles and microstructures, in Chapters 7 
and 8 we study the effect of a constraint on the deformation phenomenon. In this 
case irradiation-induced effects lead to the build-up of an in-plane stress, a 
quantity that can be accurately probed by measuring the sample curvature, using 
a sensitive, in-situ, scanning-laser wafer curvature technique.14 This makes it 
possible to study irradiation-induced processes that are accompanied by only 
very small dimensional changes (<1%, in case without constraint) that cannot be 
observed in the electron microscope.   
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In Chapter 7 we investigate the dynamic competition between anisotropic 
strain generation, densification by structural transformations, and Newtonian 
viscous flow under MeV ion irradiation. We demonstrate that the local stress in 
an irradiated SiO2 film on a Si substrate exhibits variations with depth as large as 
several hundred MPa, ranging between tensile and compressive. The concept of a 
“stress map” is introduced, that predicts the depth-dependent, high-fluence 
saturation stress in silica films for a large range of irradiation conditions. 

In Chapter 8 we present time-resolved stress measurements after MeV Xe 
ion irradiation of constrained films of thermal silica and alkali-borosilicate glass. 
From stress changes observed directly after the ion beam is switched off we 
conclude that, besides structural transformation, Newtonian viscous flow, and 
anisotropic strain generation, a fourth effect can occur during ion irradiation: the 
generation of volume-occupying defects. The accompanied stress changes are 
used to determine the defect activation energy spectrum in both thermally grown 
silica and alkali-borosilicate glass.  

Finally, in Chapter 9 we report on several applications of shape-
anisotropic colloidal particles made using ion irradiation. We discuss how 
anisotropic colloids can be brought in solution for studies on self-assembly. We 
show that ion irradiation can be used to deform two-dimensional colloidal 
crystals, providing a unique way to tailor masks for nanolithography. We then 
demonstrate the fabrication of three-dimensional photonic crystals of shape-
anisotropic particles with modified optical properties. We report on the 
fabrication of prolate ellipsoidal particles by performing two subsequent, 
orthogonal ion irradiations and finally, we present the effect of ion irradiation of 
Au/SiO2 core/shell particles, providing a novel way to fabricate Au nanorods 
with anisotropic optical properties. 
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Anisotropic plastic deformation of 
colloidal silica particles under 4 
MeV Xe ion irradiation 

Spherical colloidal silica particles with a diameter of 1029 nm (±3%) 
are irradiated with 4 MeV Xe ions to fluences ranging between 3×1013 
and 1×1015 Xe/cm2 at 90 K. During the irradiation the particles 
expand perpendicular to the ion beam and contract in the direction of 
the ion beam. The irradiation-induced anisotropic plastic deformation 
effect changes the shape of the particles from spherical into 
ellipsoidal, at constant volume. Particle size aspect ratios up to 
5.2±0.2 are achieved. The particles, irradiated at an angle of 45° with 
respect to the substrate normal, perform a fluence-dependent angular 
“roll-off”: after irradiation to a fluence of 1×1015 Xe/cm2 the 
colloid’s minor axis has rotated by (17±3)° with respect to the ion 
beam direction. As a consequence of this angular roll-off, ellipsoids 
form with three principal axes of different length. We will show that 
the experimental data can be well described by a macroscopic 
phenomenological model for anisotropic deformation, yielding a 
deformation strain rate of 6.0×10-16 cm2/ion. 

 
 
 
 



18          Chapter 2 

2.1 Introduction 

Colloidal particles play an important role in studies of self-assembly and phase 
behaviour, and can find many applications in practical materials with interesting 
optical properties. The synthesis of colloidal model suspensions is well-explored 
and understood for a wide variety of inorganic materials.1 However, most of the 
model systems with a narrow size distribution consist of spherical particles. It 
appears very difficult to synthesise non-spherical particles such as e.g., oblate 
and prolate ellipsoids with low polydispersity.2 A system of optically transparent 
ellipsoidal colloids with adjustable aspect ratio would be ideal to investigate the 
effect of anisotropic particle shape on phase behaviour or optical properties.3-5 In 
this chapter we report a novel method to synthesise a new class of silica 
ellipsoidal colloids, that exploits a combination of colloidal chemistry6,7 and ion 
irradiation techniques.8 We find that monodisperse silica microspheres show a 
dramatic anisotropic plastic deformation9,10 under 4 MeV Xe ion irradiation that 
can be precisely tuned by varying the ion fluence. We will describe in detail the 
deformation characteristics under ion irradiation and show that our experimental 
results are in good agreement with a macroscopic phenomenological model for 
anisotropic plastic deformation.11 

2.2 Experimental 

Silica microspheres with a diameter of 1030 nm were synthesized through 
hydrolysis and condensation reactions from tetraethoxysilane as described in 
Refs. 6 and 7. Drops of a dilute dispersion were placed on the clean surface of a 
Si (001) substrate, after which the ethanol solvent was left to evaporate. 

The colloidal particles were irradiated with 4 MeV Xe4+ ions using a 1 
MV Van de Graaff accelerator. The Xe4+ ions were generated in a Penning ion 
source. The ion beam was electrostatically scanned to homogeneously irradiate 
the entire sample to fluences in the range between 3×1013 and 1×1015 Xe/cm2. 
The beam flux was in the range (3–8)×1010 ions/cm2s. The Si substrate was 
tightly clamped against a copper sample stage and cooled to 90 K using liquid 
nitrogen. The base pressure during ion irradiation was 5×10-7 mbar.  

The projected mean ion range was calculated using the SRIM 2000 
computer code,12 a Monte Carlo simulation program, using a silica structure with 
a density of 2.0 g/cm3, typical for colloidal silica.13 The projected mean ion 
range of 4 MeV Xe ions into silica is around 1.7 µm, well beyond the particle 
diameter. 
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Before and after irradiation the shape and size of the colloidal particles 
was measured by scanning electron microscopy (SEM), using an electron beam 
at 5 or 10 keV. 

2.3 Results 

Figure 2.1(a) shows a SEM image of unirradiated silica spheres on the Si 
surface, viewed under normal incidence to the substrate. The particle diameter is 
1030 nm,14 with a relative size polydispersity of 3 %. Next, the particles were 
irradiated with 4 MeV Xe4+ ions with the sample surface held at an angle of +45° 
with respect to the direction of the ion beam, as indicated in the schematic inset 
in Fig. 2.1. Figures 2.l(b-d) show SEM images taken after irradiation to a fluence 
of 3×1014 ions/cm2. The images were obtained using different sample-tilt angles 
in the microscope. The three (almost) orthogonal projections provide a full 
identification of the particle shape after irradiation: expansion is observed in the 
plane normal to the direction of the ion beam, and contraction in the direction of 
the beam. In Fig. 2.1(b) these ellipsoids are viewed along the direction of the ion 
beam, i.e., at a +45° tilt angle as indicated in the schematic inset. In this 
particular projection the ellipsoids appear circular. The dashed circle represents 
the circumference of unirradiated spheres. The transverse diameter (diameter 
perpendicular to the ion beam) of the particles has increased by 24 %. Figure 
2.1(c) shows a SEM image taken perpendicular to the ion beam, at an angle of 
−45° (see schematic inset). The original ion beam direction is in the plane of the 
image as indicated by the white arrow in Fig 2.1(c). From this image it becomes 
clear that the colloidal particles have contracted parallel to the ion beam.  Figure 
2.1(d) shows a side view SEM image (15° tilt angle) taken perpendicular to the 
ion beam. From Figs. 2.1(c) and 2.1(d) it follows that the longitudinal diameter 
of the deformed particles (along the direction of the ion beam) has decreased 
with respect to the original diameter by about 35 %. From these measurements it 
follows that the volume of the colloids has remained constant during the 
irradiation. 

Experiments as described above were performed for various Xe ion 
fluences ranging from 3×1013 to 1×1015 ions/cm2. Figure 2.2 shows the 
ellipsoids’ major diameter T (open circles) and minor diameter D (solid circles), 
obtained from side view SEM micrographs, as a function of ion fluence 
measured by averaging over a large number of colloids (see Chapter 3).15 
Additional data at a fluence of 6×1014 Xe/cm2 (triangles) correspond to the 
principle diameters of prolate ellipsoids that will be discussed in Chapter 9 
(Section 9.5). As can be seen, the major diameter T increases monotonically with 
ion fluence, whereas the minor diameter D shows a monotonic decrease. We 
have performed deformation experiments using different ion fluxes in the range  
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Figure 2.1 Scanning electron microscopy images of silica particles on a silicon
substrate. (a) Top view (0o-tilt) of as-deposited silica spheres with two different 
diameters. (b)-(d) Silica ellipsoids that have formed after 4 MeV Xe irradiation
to a fluence of 3µ1014 /cm2, at an angle of 45o relative to the surface normal, at 
90 K. The ion beam direction and the different viewing angles are indicated in
the schematic inset. The original ion beam direction is also indicated in the 
images. The dashed sphere in (b) indicates the spherical size of the colloids 
before irradiation. Images (a)-(d) are taken at the same magnification. (e) A 
silica colloid irradiated with 1×1015 Xe/cm2 at an angle of 45o. The ion beam 
direction, the angle between the colloid and substrate, and the colloid’s ‘major
axis’ T and ‘minor’ axis D are indicated in the image.  
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(3.0–8.0)×1010 cm-2s-1, and found that the deformation for a given ion fluence is 
independent of the ion flux used. 

Figure 2.1(e) shows a side-view SEM image (10° tilt angle with respect to 
the substrate’s surface) of colloidal silica particles irradiated with 4 MeV Xe 
ions to a fluence of 1×1015 ions/cm2. The diameters T and D are schematically 
indicated as well. As can be clearly seen at this large deformation (T/D=4.8±0.3), 
the angle between the major particle axis (T) and the substrate is 31º, much 
smaller than the expected 45º, i.e. perpendicular to the original ion beam. The 
colloids have thus performed an angular “roll-off” with respect to the ion beam 
direction. For the particular colloid in Fig. 2.1(e) the roll-off angle is 14º, and on 
average an angle of 17±3º was found by analyzing a total of 10 colloids. 

Figure 2.3 shows the projected minor diameter Do of a single colloid 
measured at a view angle β with respect to substrate, as indicated in the 
schematic inset. We start by viewing perpendicular to the ion beam at β=45º, 
where a value of Do=556±5 nm is observed. By decreasing the view angle, Do 
first decreases and reaches a minimum value of Do=D=330 nm at β~30º. By 

Figure 2.2 The major diameter T (open circles) and minor diameter D (solid 
circles) of silica ellipsoids as a function of 4 MeV Xe4+ irradiation fluence, 
determined from side view SEM images. The drawn curves for T (solid), L
(dotted), and D (dashed) are calculated using Eq. (2.3) with a deformation strain
rate of A=6.0×10-16 cm2/ion. The triangles at a fluence of 6×1014 Xe/cm2

represent T (open triangle) and D (solid triangle) of prolate ellipsoids, obtained 
after 2 orthogonal irradiations as discussed in Chapter 9. 
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decreasing β further, the diameter increases again to a value of Do=518±12 nm at 
β=15º. In this way the roll-off angle can be accurately determined.  Moreover, 
from these data the ellipticity of the “rotated” colloid can be investigated (Sect. 
2.5). 

To obtain more insight in the fluence dependence of the roll-off effect, 
measurements of the particle angle α  were performed as a function of ion 
fluence, and are presented in Fig. 2.4. An angle of 45º is observed for small 
fluences (1×1014 cm-2), while for higher fluences a gradual decrease is observed. 

2.4 Macroscopic phenomenological model for anisotropic 
deformation 

In Chapter 5 it will be shown that, on a microscopic scale, the anisotropic 
deformation phenomenon is the result of local viscous flow in single, high-
temperature ion track cylinders brought about by the high electronic energy 
deposition of the ions. The observed macroscopic deformation is then the result 
of the integrated effect of a large number of microscopic single ion impacts. 
Note that at a fluence of 7×1014 ions/cm2 each micron-sized particle has been 
impacted by some 107 Xe ions. Over such large numbers any statistical 
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Figure 2.3 The observed (projected) minor diameter Do as a function of the view
angle β for a colloid irradiated with 4 MeV Xe to a fluence of 1×1015 Xe/cm2 at 
an angle of 45o relative to the surface normal, at 90 K. The particles are viewed
perpendicular to the transverse diameter L. The colloid angle α and view angle 
β are indicated in the schematic inset. The solid curve represents the best fit
using Eq. (2.5) for ellipsoids: α=(29.4±0.2)°, T=1630±25 nm and D=340±5 nm. 
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variations are expected to average out, so that the deformed particles are 
expected to be very monodisperse in both size and shape. Measurements of the 
size polydispersity of silica particles before and after irradiation will be shown in 
Chapter 3 and confirm this. 

Here we first focus on a description of the macroscopic deformation 
process quantified by a deformation strain rate A [Eq. (1.1)]. This process can be 
described phenomenologically by the rate-of-strain tensor dε/dt, resulting from 
many ion impacts randomly over the sample surface. In the absence of a large-
scale stress field, the rate-of-strain tensor for a sample irradiated at an ion flux 
Fion and with its normal (z-axis) tilted by an angle θ with respect to the ion beam 
reads11,16 
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Here, the in-plane y-axis is the tilt axis. As an example, Eq. (2.1) shows that for 
θ=0°, with the ion beam in the direction of the z-axis, the in-plane sample 
dimensions perpendicular to the ion beam (x and y) grow at a rate AFion, whereas 
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Figure 2.4 Angle α between substrate and major axis T of deformed silica 
colloids, as observed in side-view SEM images (10º and 15º tilt), as a function of 
ion fluence. Irradiations were performed using a 4 MeV Xe ion beam at 90 K.
The drawn curve is calculated using Eq. (2.4) from the phenomenological model
with A=6.0×10-16 cm2/ion. 
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the dimension in the direction of the ion beam (z) contracts at a rate -2AFion. The 
rate of volume change is equal to the trace of the rate-of-strain tensor and is 
zero. The deformation velocity vector v of the material is directly linked to the 
rate-of-strain tensor by: 

( )( )Tvvε ∇+∇=
•

2
1 ,       (2.2) 

where “ v is the velocity-gradient tensor and (“ v)T its transpose. 
In a recent article by Klaumünzer, Eqs. (2.1) and (2.2) are used to 

describe the deformation of colloidal silica particles under MeV ion irradiation.17 
In this model, the contact area of the colloid with the substrate is approximated 
by a fixed stress-free contact point. This approximation holds in case the stresses 
are confined to small region around the contact area. Using the condition that the 
substrate is a tangential plane of the colloid at the contact point, Eqs. (2.1) and 
(2.2) can then be integrated twice, resulting in the  motion r=(x,y,z) of the 
colloid. Klaumünzer has shown that under ion irradiation at an angle of θ=45° to 
a fluence φ, a spherical particle of radius R transforms into an ellipsoid having 
principal diameters D, T and L given by: 
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where the deformation strain rate A is assumed to be constant. Using Eq. (2.3) it 
is easy to show that the volume of the colloid remains constant, i.e. 
πDLT/6=(4/3)πR3. The axes D and T are indicated in the SEM image of Fig. 
2.1(e). The diameter L is always oriented perpendicular to the ion beam and is 
(almost) perpendicular to the image in Fig. 2.1(e). For a constant deformation 
strain rate A, the exponential behaviour of L can also be found directly from Eq. 
(1.1). 

Finally, as shown by Klaumünzer, the angle α  between the colloid and the 
substrate is given by:17  
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Equations (2.3) and (2.4) can now be used to fit our data presented in Figs. 2.2 
and 2.4. 
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2.5 Discussion 

The drawn curves in Fig. 2.2 show the major diameters T (solid) and L (dotted) 
and the minor diameter D (dashed) as a function of fluence, calculated using Eq. 
(2.3) with 2R=1029 nm. The model shows good agreement with the experimental 
data for diameters T and D using a deformation strain rate of A=6.0×10-16. This 
agreement also shows that the volume of the colloids is conserved up to fluences 
as high as 1×1015 cm-2. 

For small fluences (φ<6×1014 cm-2), the calculated growth of the major 
diameters L and T is similar and roughly linear with ion fluence. In this fluence 
range the ellipsoid is an oblate spheroid having two major diameters L and a 
minor diameter D. Indeed, in the small fluence range no difference is found 
experimentally between L and T. The calculation shows that for larger ion 
fluences (φ>6×1014 cm-2) the exponential growth of L deviates from the growth 
of T. In this fluence range the oblates gradually transform into ellipsoids having 
three principal axes of different length. For the highest fluence irradiation 
performed in this work (φ=1×1015 cm-2), L is found to be 1770 nm (not shown in 
Fig. 2.2), indeed larger than the measured value of T (1600 nm). The fact that T 
does not grow exponentially is the result of the colloid’s angular roll-off, since 
this axis is no longer perpendicular to the ion beam. In fact, from the model it 
can be derived that for Aφt2, T must contract. This would occur at φt3.3×1015 
cm-2 for the strain rate in our work.17  

The solid line in Fig. 2.4 shows the calculated fluence dependence of the 
colloid angle α  according to Eq. (2.4). Starting at α=45° the angle gradually 
decreases with ion fluence as is observed in our experiments (solid squares). 
Again, this phenomenological model shows good agreement with the 
experimental data for A=6.0×10-16 cm2/ion. This implies that the “roll-off” effect 
is a direct consequence of the anisotropic deformation effect.  

In the next chapters of this thesis, the measured “transverse diameter” is 
defined as the major diameter L, i.e. the direction that always remains 
perpendicular to the ion beam at each moment during irradiation, irrespective of 
the angular roll-off. It can easily be measured by taking SEM images 
perpendicular to the ion beam, as in Fig. 2.1(c), or along the substrate normal. 
Determination of the minor diameter D from SEM images taken perpendicular to 
the ion beam is more complicated. Due to the colloid’s rotation the observed 
projected minor diameter Do is larger than D.  For an ellipsoidal particle with 
major diameters L and T, minor diameter D oriented at an angle α  with the 
substrate, it can be shown that the observed (projected) minor diameter is given 
by: 
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when the colloid is viewed at an angle β with respect to the sample surface (see 
inset Fig. 2.3) and perpendicular to axis L.  

The solid line in Fig. 2.3 is a fit of Eq. (2.5) to the measured projections 
Do (solid squares), with α , T and D fitting parameters.18 For the specific colloid 
under investigation this results in α=(29.4±0.2)°, T=1630±25 nm and D=340±5 
nm. Note that these values for α  and T agree well with the values determined 
from side view projections (Figs. 2.2 and 2.4). The size aspect ratio of this 
colloid, defined as L/D, is therefore 5.2±0.2 (L=1770±50 nm). 

Figure 2.3 thus shows that, for large particle size aspect ratios, Do varies 
quite drastically for small variations in the view angle β. If the average minor 
diameter of colloids is determined from one projection only, e.g. perpendicular 
to the ion beam, a correction to the observed value using Eq. (2.5) is necessary. 
A side view image such as Fig. 2.1(e) is therefore needed to determine the 
average values of α  and T. In the next chapters of this thesis we have performed 
the correction using Eq. (2.5). For aspect ratios smaller than 2 and corresponding 
roll-over angles smaller than 10°, the correction modifies the result only slightly, 
generally within the error of the experiment. 

2.6 Conclusions 

The combination of chemical synthesis and ion irradiation techniques makes it 
possible to fabricate a new class of colloidal ellipsoids with continuously 
variable shape.  

Spherical colloidal silica particles with a diameter of 1029 nm were 
irradiated with 4 MeV Xe ions at an angle of 45° to fluences in the range 
between 3×1013 and 1×1015 Xe/cm2. It is shown that the irradiation induces an 
anisotropic plastic deformation effect at constant volume: the particles expand in 
the plane perpendicular to the ion beam and contract in the direction of the ion 
beam, changing the colloid’s shape from spherical to oblate ellipsoidal. A size 
aspect ratio as large as 5.2 is observed for the highest ion fluence used. The 
deformation increases with ion fluence and is independent of the ion flux used.  

During irradiation the particles perform a gradual angular “roll-off” with 
respect to its original direction perpendicular to the ion beam. The roll-off angle 
gradually increases with ion fluence to a value of (17±3)° at 1×1015 cm-2. Due to 
this effect the oblates transform into ellipsoids with three different principle 
diameters. The fluence dependence of the deformation and the angular roll-off 
effect can be well described by a phenomenological model, from which follows 
that the deformation strain rate under 4 MeV Xe ion irradiation is 6.0×10-16 
cm2/ion.  
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Ion energy-dependent anisotropic 
deformation in several materials 

Spherical silica colloids with a diameter of 1.0 mm, made by wet 
chemical synthesis, were irradiated with 2-16 MeV Au ions at 
fluences in the range (2-11)µ1014 cm-2. The irradiation induces an 
anisotropic plastic deformation turning the spherical colloids into 
ellipsoidal oblates. After 16 MeV Au irradiation to a fluence of 
11µ1014 cm-2, a size aspect ratio of 5.0 was achieved. The size 
polydispersity (~3%) remains unaffected by the irradiation. The 
transverse diameter increases exponentially with ion fluence. From 
the energy dependence it is concluded that the deformation is 
dominated by the electronic energy loss. Nonellipsoidal colloids are 
observed in the case that the projected ion range is smaller than the 
colloid diameter. The deformation effect is also observed for 
amorphized micro-crystalline ZnS and amorphous TiO2 colloids, as 
well as ZnS/SiO2 and SiO2/Au core/shell particles. No deformation is 
observed for crystalline Al2O3 and Ag particles. The data provide 
strong support for the thermal spike model of anisotropic 
deformation.  
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3.1 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 of the 
sample dimension perpendicular to the ion beam and a decrease in the direction 
parallel to the ion beam. This deformation process can be described 
mesoscopically 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 (see Chapter 5). 

Experimentally, the anisotropic deformation has been studied by 
observing macroscopic dimensional changes of (metallic) glass foils1,2 or by 
studying the wafer curvature induced by irradiated thin films constrained on a 
substrate.4,5,9 In Chapter 2, we have shown that the deformation process also 
occurs in free-standing colloidal particles.10 Spherical colloidal SiO2 particles 
can be changed into ellipsoidal-shaped particles 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 behavior11 and, except ion irradiation, no other methods 
exist that can produce nonspherical colloids that are monodisperse in size and 
shape. It is therefore important to study the dependence of the deformation effect 
on irradiation parameters such as ion energy and fluence. 

In this chapter, we study the dependence of the deformation of spherical 
silica particles on Au ion fluence in the energy range 2-16 MeV. We find that the 
anisotropic deformation rate shows a gradual increase with electronic stopping 
power in the colloid. We also study the special case in which the ion beam only 
partly penetrates the colloids, and find that nonellipsoidal particles are formed. 
The data provide strong evidence for the thermal spike model for anisotropic 
deformation. In addition, we study the deformation of micro-crystalline ZnS and 
amorphous TiO2 colloids, ZnS/SiO2 and SiO2/Au core/shell particles, as well as 
single-crystalline Al2O3 and micro-crystalline Ag particles. 

3.2 Experimental 

Colloidal silica spheres were made in a solution containing tetra-ethoxysilane, 
ammonia and ethanol.12  A drop of the colloidal dispersion was dried on a 
Si(100) substrate which had previously been cleaned for 10 minutes in a 1.0 M 
KOH-ethanol solution. Next, the particles were irradiated with Au ions using the 
3 MV tandetron accelerator at the ion beam facility in Rossendorf.13 The ion 
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beam was electrostatically scanned across a 5.1µ5.1 cm2 area. The ion energy 
was varied between 2 and 16 MeV and fluences ranged from (2 –11)µ1014 cm-2. 
The ion beam energy flux was kept constant at a value of 0.16 W/cm2 during all 
irradiations. The substrate holder was cooled 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. Note that the actual 
colloid temperature during irradiation might be higher than that of the holder. 
Ion ranges and electronic energy losses were calculated using TRIM98,14 a 
Monte Carlo simulation program, using a silica structure with a density of 2.0 
g/cm3.15  

ZnS and ZnS/SiO2 core/shell particles as well as micro-crystalline Ag 
particles were synthesized using methods described in Refs. 16 and 17. TiO2 
colloids were made as described in Ref. 18, and single-crystalline α-Al2O3 
particles were obtained from Sumitomo Chemical Co. ltd. (Japan). The synthesis 
of Au/SiO2 core/shell particles is described in Ref. 19. All these particles were 
irradiated with a 4 MeV Xe ion beam at 77 K. The ion beam was electrostatically 
scanned across a 2.7×2.7 cm2 area at a flux of ~0.02 W/cm2.  

Scanning electron microscopy (SEM) was performed at an energy of 10 
keV at different angles to image the particle shape before and after irradiation. 
Image processing and analysis software were used to characterize the particles 
before and after irradiation. 

3.3 Results and discussion 

3.3.1 Silica colloids 
 
Figure 3.1(a) shows a SEM image of unirradiated silica particles on a silicon 
substrate viewed under normal incidence (see schematic in Fig. 3.1). The size 
distribution of 65 analyzed colloids is displayed in Fig. 3.2 (black histogram). 
The average colloid diameter is 1004≤20 nm20 with a standard deviation 
characterizing the size polydispersity s=31≤3 nm. This is typical for the colloid 
fabrication method used.12   

Next, the colloids were irradiated with a 14 MeV Au4+ ion beam to a 
fluence of 4µ1014 cm-2, at an angle of 45° (see schematic in Fig. 3.1). The 
projected ion range was calculated to be about 3.5 µm,14 well beyond the particle 
diameter. Figure 3.1(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 ellipsoid with a dimensional expansion perpendicular to the 
ion beam and a contraction parallel to the ion beam.21  

Figure 3.2 also shows the size distribution of the transverse diameter L 
(perpendicular to the ion beam, as defined in Chapter 2) of 33 particles after 
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irradiation (gray histogram). This diameter has increased to a mean value of 
1181≤20 nm, with s=27≤3 nm. This indicates that the ion irradiation process 
does not significantly increase the particle size polydispersity. Note that at a 
fluence of 4µ1014 cm-2 each colloid has been impacted by some 106-107 ions. 
Indeed, at this large number of ions any statistical variations are expected to be 
averaged out. Assuming the colloidal volume remains constant after irradiation,10 
the size aspect ratio L/D of the deformed colloids in Fig. 3.1(b) is calculated to 
be 1.63.  

Figure 3.1(c) shows a SEM micrograph of a colloid after irradiation with 
2 MeV Au2+ ions to a fluence of 4µ1014 cm-2, viewed in the direction 
perpendicular to the ion beam. The projected range of 2 MeV Au ions in SiO2 is 
about 0.55 µm, roughly equal to half the colloid diameter. This implies that the 
lower half of the colloid is not fully irradiated, except at the lateral side edges. 
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Figure 3.1 Scanning electron microscopy (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) Unirradiated silica
colloids in top view. (b) Deformed silica colloid after irradiation with 14 MeV
Au4+ ions to a fluence of 4µ1014 cm-2 at 45° at 77 K. (c) Deformed silica colloid
after an irradiation with 2 MeV Au2+ ions (4×1014 cm-2). A circular shape is
shown for reference. 
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Figure 3.1(c) clearly shows a nonellipsoidal shape of the colloid: 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 region of the colloid. From this, we can conclude that the plastic 
deformation does not result from a uniaxial pressure generated by the ion beam, 
but results from single-ion impacts only. This is in agreement with the thermal 
spike model that will be discussed in Chapter 5. 

Figure 3.3 shows the transverse particle dimension after irradiation with 8 
MeV Au3+ ions at 45° for fluences ranging from (2-11)µ1014 cm-2. The data were 
obtained from SEM micrographs taken at normal incidence. The transverse 
diameter increases with ion fluence from 1004≤20 nm for unirradiated particles 
to L=1494≤20 nm after irradiation with 11µ1014 cm-2 Xe ions. If the strain rate 
per ion, defined by Eq. (1.1), would be constant with fluence, an exponential 
increase of the transverse diameter with ion fluence is expected. To describe the 
measured behavior, we fitted the data with an exponential function using a strain 
rate of A=(3.6≤0.1)µ10-16 cm2/ion.  

Figure 3.3 also shows the fluence dependence for 16 MeV Au5+ 
irradiation. The colloid size aspect ratio after 16 MeV Au irradiation to a fluence 
of 11µ1014 cm-2 is 5.0. Again, an exponential behavior is observed in the same 

Figure 3.2 Histogram of the transverse diameter size distribution of unirradiated
silica colloids (black bars) and silica colloids irradiated with 14 MeV Au4+ ions
to a fluence of 4µ1014 cm-2 (gray bars). Gaussian distributions with standard
deviations of s = 31 nm (unirradiated) and s = 27 nm (irradiated) are indicated
by the solid and dashed line, respectively. 
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fluence range, characterized by a strain rate of A=(4.8≤0.2)µ10-16 cm2/ion. 
Clearly, comparing the two data sets in Fig. 3.3, at a fixed fluence the 
deformation increases with ion energy. 

To further investigate the energy dependence of the deformation, silica 
spheres were irradiated with Au ions at energies ranging from 4-16 MeV to a 
fixed fluence of 4µ1014 cm-2. Figure 3.4 shows the measured transverse strain 
(relative to the original diameter) after irradiation, plotted as a function of the 
average electronic stopping power in the colloid. The latter is calculated using a 
3-dimensional averaging method taking into account the changing shape of the 
colloid during irradiation.  

Figure 3.4 shows that the transverse strain gradually increases with 
average electronic stopping. With increasing ion energy from 4 to 16 MeV the 
average nuclear stopping decreases monotonically from 1.9 to 0.8 keV/nm, 
whereas the average electronic stopping increases from 1.7 to 3.8 keV/nm. Since 
the deformation strain increases in this ion energy range, it must therefore be 
mainly dependent on the electronic energy loss of the ions. This will be further 
discussed in Chapter 4. 

  
3.3.2 Other materials 
 
Figure 3.5 shows SEM images of colloidal particles of several other materials, 
all irradiated with 4 MeV Xe ions at 77 K. A side view image of micro-
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Figure 3.3 Transverse diameter of the silica spheroids as function of ion fluence.
Results are shown for irradiations with 8 MeV Au3+ and 16 MeV Au5+.
Exponential fits to the data are included. 
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crystalline ZnS particles irradiated at a fluence of 5×1014 cm-2 is shown in Fig. 
3.5(a). The size aspect ratio of these particles is 2.2. This is similar to what is 
observed for silica particles irradiated under the same conditions (Chapter 2).10 
Figure 3.5(b) shows deformed core/shell particles composed of a 692 nm-
diameter ZnS core covered by a 5 nm thick SiO2 shell after irradiation with 
4×1014 Xe cm-2. The observed size aspect ratio is about twice as large as what 
would be observed for the individual materials at this same fluence. At present 
this difference remains to be explained. 

Next, we studied the deformation of amorphous TiO2 colloids. These 
particles cannot be made with the small size polydispersity as common for the 
SiO2 and ZnS colloids, as can be seen in Fig. 3.5(c). However a deformation 
after irradiation (3×1014 Xe cm-2) can clearly be seen in Fig. 3.5(d). This 
demonstrates the versatility of the ion irradiation technique to deform a variety 
of materials. 

Figure 3.5(e) shows single-crystalline Al2O3 colloids after irradiation with 
4×1014 Xe/cm2. Although less easy to identify in the SEM image because of the 
particle clustering, we find no evidence for anisotropic deformation of this 
material. Similarly, micro-crystalline Ag colloids [4×1014 Xe/cm2, Fig 3.5(f)] 
show no deformation. In addition, no deformation was found after irradiation of 
Ag colloids with 30 MeV Se ions to a fluence of 2×1014 Se/cm2 (data not 
shown).  
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Figure 3.4 Transverse strain of silica spheroids as a function of average
electronic energy loss at a fixed fluence of 4µ1014 cm-2. Data were taken from 
experiments using Au ions at ion energies in the range (4-16) MeV. 
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Figure 3.5 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. 3.1 (except (a), that was taken from the
side at a 15º tilt). (a) irradiated micro-crystalline ZnS (5×1014 cm-2), (b)
irradiated ZnS/SiO2 core/shell particles (4×1014 cm-2), (c) unirradiated amorphous 
TiO2, (d) irradiated amorphous TiO2 (3×1014 cm-2), (e) irradiated single-
crystalline Al2O3 (4×1014 cm-2), (f) irradiated micro-crystalline Ag (4×1014 cm-2). 
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The fact that no deformation is observed in crystalline materials is 

consistent with earlier work on the deformation of thin foils.22 Within the 
thermal spike model of deformation, a crystalline material would not deform 
because of the large resistance to deformation due to the absence of ‘shear sites’, 
regions containing local free volume.23 The molten region in the spike would 
then recrystallize so rapidly that it might not lead to deformation.  

We note that the deformation of micro-crystalline ZnS colloids [Fig. 
3.5(a)] may seem inconsistent with the argument that crystalline materials do not 
deform. However, these particles have amorphized under the ion beam, as was 
concluded from X-ray diffraction measurements after irradiation. 

Figure 3.6(a) shows a side view SEM image (10° tilt) of unirradiated 
SiO2/Au core/shell particles. The colloids consist of a silica core with a radius of 
205 nm and a closed Au shell with a thickness of 63 nm. The size polydispersity 
of the colloid distribution is (3-5)%. Fig. 3.6(b) is a similar side view SEM 
image of these colloids after irradiation with 4 MeV Xe ions to a fluence of 
1×1015 Xe/cm2. The core/shell particles have clearly deformed during ion 
irradiation. Since no deformation is observed for pure Au nanoparticles,24 the 
induced deformation of the Au shells is thus brought about by the anisotropic 
deformation of the silica core. This indirect deformation process of Au shells 
makes it possible to fabricate anisotropic metallic shells that have interesting 
optical properties.  

3.4  Conclusions 

Spherical colloidal silica particles undergo anisotropic plastic deformation under 
2-16 MeV Au irradiation. The size polydispersity is not affected by irradiation.  
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Figure 3.6 Side view SEM images (10º tilt) of metallo-dielectric SiO2/Au 
core/shell colloids (silica core radius 205 nm, Au shell 63 nm) before irradiation 
(a), and after irradiation with 4 MeV Xe ion irradiation to a fluence of 1×1015

cm-2 at 90 K (b). The ion beam direction in (b) is indicated by the white arrow. 
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The transverse diameter increases exponentially with ion fluence at a rate that 
increases gradually with the average electronic energy loss in the colloid. 
Nonellipsoidal shapes are formed when the ion range is smaller than the colloid 
diameter. Anisotropic plastic deformation was also observed for micro-
crystalline ZnS, ZnS/SiO2 core/shell and amorphous TiO2 particles. No 
deformation was found for single-crystalline Al2O3 and micro-crystalline Ag 
particles. Deformation was also found for metallo-dielectric SiO2/Au core/shell 
particles, in which case the deformation of the Au shell is induced by the silica 
core. The data provide strong support for the thermal spike model for anisotropic 
deformation.  
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Ion irradiation-induced 
anisotropic plastic deformation  
at 300 keV 

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 K 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 found (size aspect ratio of 1.43 at 
1×1015 cm-2). The transverse plastic strain after irradiation gradually 
decreases with increasing irradiation temperature: it decreases by a 
factor 4.5 between 85 K and 380 K. The data are in agreement with a 
viscoelastic thermal spike model for anisotropic deformation. 
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4.1 Introduction 

Amorphous materials subject to high-energy ion irradiation can undergo 
anisotropic plastic deformation at constant volume.1-3 One of the most striking 
examples of this effect is the deformation of single colloidal particles under MeV 
ion irradiation.4,5 This effect is described in detail in Chapters 2 and 3. Spherical 
silica colloids expand perpendicular to the ion beam and contract parallel to the 
ion beam, changing their shape to oblate ellipsoidal. This ion beam deformation 
technique provides a unique method to tailor the shape of colloidal particles and 
aggregates. For example, as will be shown in Chapter 9, prolate ellipsoids can be 
made by using subsequent ion irradiations from different directions.4 Also, the 
optical properties of three-dimensional colloidal photonic crystals can be tailored 
by ion beam deformation.6 And recently we demonstrated how a colloidal mask 
for nanolithography can be modified by ion irradiation.7 With these different 
applications evolving, and in order to obtain fundamental understanding of the 
deformation process it becomes important to determine the critical parameters 
that determine the deformation rate.  

In Chapter 3 we have shown that for 16 MeV Au irradiation the 
deformation rate (relative expansion per unit fluence) remains constant for 
increasing fluence, thus leading to an exponential growth of the transverse 
diameter with ion fluence.8 It was also shown that the deformation rate increases 
with ion energy for energies > 4 MeV. In fact, many studies on anisotropic 
deformation are performed at very high energies (several 100 MeV).3  

A natural question that has remained open is what the lowest ion energy is 
at which anisotropic deformation occurs. Extrapolation of high-energy 
deformation data has suggested it will not occur below 1 MeV.3,8 In this chapter 
we study anisotropic deformation at Xe ion energies in the range 0.3-4 MeV. We 
find that significant deformation still occurs at energies as low as 300 keV, in 
contradiction with the earlier extrapolations. The transverse plastic strain 
increases with electronic energy loss of the Xe ions, with no or only a small 
threshold stopping. The deformation gradually decreases with increasing 
substrate temperature in the range 85–380 K. The results are in qualitative 
agreement with the mesoscopic viscoelastic model for anisotropic deformation as 
described in Chapter 5. 

4.2 Experimental 

Several dispersions of spherical colloidal silica particles were synthesized 
in solution using methods described in Ref. 9. A drop of the colloidal dispersion 
was dried on a Si(100) substrate leading to a coverage well below one 
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monolayer. The sample was mounted on a copper block of which the temperature 
was kept constant in the range 85 –380 K by cooling with liquid nitrogen or by 
resistive heating. Vacuum grease was used to improve the heat contact between 
sample and copper block. The colloidal particles were irradiated with Xe ions 
accelerated to energies in the range 0.3-4 MeV using a 1 MV Van de Graaff 
accelerator and a Xe charge state up to 4+. The samples were homogeneously 
irradiated to ion fluences as high as 1×1015 Xe/cm2 by electrostatically scanning 
the ion beam through an aperture of 2.7×2.7 cm2. The ion energy flux was kept 
constant at 0.04 W/cm2 for all ion energies. All irradiations were performed at 
45° with respect to the surface normal to enable investigation of the particles 
parallel and perpendicular to the ion beam. Scanning electron microscopy (SEM) 
using a 5 keV electron beam was used to determine the size and shape of the 
colloids before and after irradiation. The diameter of the unirradiated silica 
spheres was determined to be 125, 305 and 1030 nm, respectively, with a relative 
polydispersity ≤ 3%. 

4.3 Results and discussion 

Figure 4.1(a) shows a SEM image taken after 4 MeV Xe irradiation of 305-nm 
diameter silica colloids to a fluence of 1×1015 cm-2 at a temperature of 85 K. The 
image is taken perpendicular to the ion beam. The dashed sphere indicates the 
original perimeter of the colloid before irradiation. It can clearly be seen that the 
colloid has expanded perpendicular to the ion beam and contracted parallel to the 
ion beam. The apparent colloid size aspect ratio (major over minor axis) is 2.52. 
SEM studies presented in Chapter 2 show that during ion irradiation at 45°, the 
colloids perform a gradual angular “roll-off” with respect to the perpendicular 
ion beam direction.5 For the sample in Fig. 4.1(a) the angle between the colloid’s 
minor axis and the ion beam is 15° ± 1°, upon completion of the irradiation. 
Taking this effect into account in the SEM projection, the actual size aspect ratio 
is calculated to be 3.21 ± 0.20. No significant volume change is observed upon 
irradiation. 

Figure 4.1(b) shows a SEM image taken after irradiation at a lower Xe ion 
energy of 1 MeV (1×1015 cm-2). The size aspect ratio determined from the SEM 
analysis (after correcting for the roll-off angle of 6°) is 1.84 ± 0.05. This shows 
the anisotropic deformation process is strongly dependent on the ion energy 
used, in agreement with data in Chapter 3 and experiments performed at much 
higher energies.3  

Figures 4.1(c,d) show silica colloids after irradiation at an even lower 
energy of 300 keV. It can clearly be seen that the shape of the colloids in Fig. 
4.1(c) is nonellipsoidal. This is due to the fact that the projected Xe ion range 
(136 nm as calculated using a Monte Carlo simulation program10) is much 
smaller than the original colloid diameter of 305 nm. Only the ion-modified top 
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part of the colloid has deformed. Additional experiments were then performed 
with colloids having a diameter of 125 nm, smaller than the ion range. These do 
have an ellipsoidal shape after irradiation as can be seen in Fig 4.1(d). The size 
aspect ratio of these colloids is 1.43 ± 0.04, again without observable volume 
change.  

The fact that considerable deformation is observed at Xe ion energies as 
low as 300 keV is striking. The typical deformation rate, defined as the 
differential length change perpendicular to the ion beam per unit fluence, is 
A=1×10-16 cm2/ion: at this rate a 300 keV Xe fluence of 1014 cm-2 will result in a 
transverse expansion of 1 %.  

For 300 keV and 4 MeV Xe ions the average total energy lost in atomic 
and electronic stopping processes10 in silica is roughly identical (~ 2.3 keV/nm). 
In this energy range, the electronic stopping Fe increases monotonically with ion 

Figure 4.1: Scanning electron microscopy images of silica colloids after Xe ion
irradiation to a fluence of 1µ1015 cm-2 at an energy of 4 MeV (a), 1 MeV (b) and 
300 keV (c,d). Irradiations were performed at a temperature of 85 K and at an
angle of 45°. All images are taken perpendicular to the ion beam. The arrow in
(a) indicates the ion beam direction. The dashed circle in (a) with a diameter 
of 305 nm represents the original spherical size before irradiation for (a), (b) and 
(c). The diameter of the colloids used in (d) is 125 nm. The mean projected ion 
range Rp for 300 keV Xe is indicated in (c). Note the different scale bar in (d). 
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energy, the nuclear stopping decreases correspondingly. Since the deformation 
increases with ion energy it must therefore be mainly dependent on the electronic 
stopping. This is consistent with earlier work at very high energy.3 Figure 4.2 
shows the relative increase of the transverse diameter as a function of the 
average electronic stopping of the Xe ions in the silica colloids, measured at a 
fixed fluence of 1×1015 Xe/cm2. All data were taken at a constant temperature of 
85 K. For this experiment we used 0.3, 0.5, 0.75, 1.0, 2.0, 3.0 and 4.0 MeV Xe 
ions. The data in Fig. 4.2 were determined from deformation experiments on 305 
nm-diameter colloids [e.g. Fig. 4.1(a) and (b)] except for the 300 keV Xe 
irradiation, where the deformation was determined on 125 nm-diameter colloids 
[Fig. 4.1(d)]. As can be seen in Fig. 4.2 the transverse plastic strain gradually 
increases with Fe (solid squares).   

Trinkaus et al. have proposed a model to explain the ion irradiation-
induced deformation phenomena in terms of a viscoelastic thermal spike 
model.11,12 In Chapter 5 we present a more general, viscoelastic model for time-
dependent viscous flow in ion tracks to describe the macroscopic deformation 
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Figure 4.2: Relative transverse diameter change of the silica colloids as a
function of average electronic energy loss Fe at a fixed fluence of 1µ1015 cm-2 at 
85 K. The data are determined from the colloid deformation after Xe irradiation
with energies in the range between 300 keV and 4.0 MeV. The original diameter 
of the colloids was 305 nm for all irradiations, except for the 300 keV irradiation,
where the original diameter was 125 nm [Fig. 4.1(d)]. The solid line is a fit to the
data using εT=exp(Aφ)-1 and Eq. (4.1) taken from a viscoelastic model. The 
dashed line represents the extrapolation of this model to small Fe. 
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process. In this model the deformation is attributed to the high degree of 
anisotropy of the ion-induced thermal spike. Within this viscoelastic model two 
factors determine the energy dependence of the deformation. First of all, at low 
energy the ion trajectory angle is distributed due to Rutherford scattering that is 
quite prominent (high nuclear stopping), leading to less anisotropic deformation. 
At 300 keV the average angular variation over the colloid thickness is below 15° 
and thus the angular anisotropy is relatively small. Second, ions with a higher 
energy and thus a higher electronic stopping Fe induce a larger thermal spike 
cross section, and thus a larger deformation strain rate A.  

Within the viscoelastic thermal spike model, the transverse plastic strain 
rate A (per unit fluence) is given by (see Eq. (5.6.11) in Chapter 5): 

eF
Ce

A
ρ
α

ν
ν
45

126.1
−
+= ,      (4.1) 

with e=2.72, ν Poisson’s ratio (typically 0.2 for silica), α  the linear thermal 
expansion coefficient, ρ the density and C the specific heat of the target material. 
Eq. (4.1) holds for low enough substrate temperatures to ensure freezing-in of 
the local viscous strain and high enough values of Fe to ensure cylindrical 
symmetry of the thermal spike. For a constant strain rate A during irradiation, the 
transverse diameter should increase exponentially with ion fluence φ. In that case 
the transverse plastic strain is given by: εT=exp(Aφ)-1. The solid line in Fig. 4.2 
is a fit of the transverse strain data using this relation and Eq. (4.1) and φ=1×1015 
cm-2. The model provides a very good description of the data for α/ρC=1.4×10-12 
m3/J. For typical values of ρ=2.0 g/cm3 and C=103 Jkg-1K-1, this results in a 
value of α=2.8×10-6 K-1 for the colloidal silica, a reasonable value. 

These data imply that anisotropic deformation is a general phenomenon 
that must be taken into account even in the tens-hundreds of keV energy range 
that is commonly used in many experiments and technological applications. 
Previous high-energy irradiation experiments indicated an apparent threshold 
value for the electronic stopping in the order of 1 keV/nm below which no 
deformation would be expected.3,8 Our data show that deformation occurs well 
below this value and in fact the model that fits the data well does not predict 
such a threshold (dashed line, Fig. 4.2). Ion beam-induced deformation is thus 
expected at energies well below 300 keV, although it should be noted that for 
low energy Eq. (4.1) must be corrected for angular straggle. More measurements 
are needed to study this in detail. 

We have also studied the dependence of the deformation process on 
irradiation substrate temperature. Spherical silica colloids with a diameter of 
1030 nm were irradiated with 4 MeV Xe ions to a fluence of 4×1014 cm-2 at 
temperatures in the range of 85 – 380 K. Figure 4.3 shows the relative transverse 
diameter change as a function of temperature. 

As can be seen, the transverse plastic strain gradually decreases with 
increasing temperature. It is about 4.5 times less at 380 K than at 85 K. A similar 
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temperature dependence has been observed for the deformation of thin foils of 
vitreous silica and metallic glasses at very high energies.1,3 Within the 
viscoelastic model the decrease in deformation with increasing substrate 
temperature is attributed to the relaxation of the strained ion tracks that are under 
compression due to the interaction with the surrounding silica matrix, as 
discussed in Chapter 5 and Ref. 12. The local compressive stress would be partly 
relaxed at a rate determined by the reduced viscosity of the silica at elevated 
substrate temperature. This relaxation is more efficient at higher irradiation 
temperatures, therefore reducing the net amount of anisotropic deformation as 
observed in Fig. 4.3. It should be noted that under high-flux irradiation (beam 
fluxes much higher than used in this study), sample heating may also lead to 
reduced anisotropic deformation.13 
 

4.4 Conclusions 

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 1014 ions/cm2. In the energy range 300 keV-4 
MeV, the transverse strain increases with electronic stopping, without indication 
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Figure 4.3: Relative transverse diameter change of 1030 nm-diameter silica 
colloids as a function of sample temperature measured after irradiation with 4
MeV Xe to a fluence of 4µ1014 cm-2. 
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of a threshold. The transverse expansion gradually decreases with increasing 
substrate temperature. The data can be explained by a viscoelastic model for 
local shear stress relaxation in the high-temperature ion-induced thermal spike 
(Chapter 5). With this observation the deformation of a wide variety of colloidal 
materials becomes possible using readily available accelerator energies.  
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Anisotropic plastic deformation by 
viscous flow in ion tracks 

A model describing the origin of ion beam induced anisotropic plastic 
deformation is derived and discussed. It is based on a viscoelastic 
thermal spike model for viscous flow in single ion tracks derived by 
Trinkaus et al. Deviatoric (shear) stresses, brought about by the rapid 
thermal expansion of the thermal spike, relax at ion track 
temperatures beyond a certain flow temperature. Shear stress 
relaxation is accompanied by the generation of viscous strains. The 
model introduces differential equations describing the time evolution 
of the radial and axial stresses, enabling an exact derivation of the 
viscous strains for any ion track temperature history T(t). It is shown 
that the viscous strains effectively freeze in for large track cooling 
rates, whereas reverse viscous flow reduces the net viscous strains in 
the ion track for smaller cooling rates. The model is extended to 
include finite-size effects that occur for ion tracks close to the sample 
edge, enabling comparison with experimental results for systems with 
small size. The �effective flow temperature approach�, that was 
earlier introduced by Trinkaus et al. by making use of Eshelby�s 
theory of elastic inclusions, follows directly from the viscoelastic 
model as a limiting case. We show that the viscous strains in single 
ion tracks are the origin of the macroscopic anisotropic deformation 
process. The macroscopic deformation rate can be directly found by 
superposing the effects of single ion impacts. By taking realistic 
materials parameters, model calculations are performed for 
experimentally studied cases. Qualitative agreement is observed. 
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5.1 Introduction 

Stress-free amorphous materials subjected to irradiation with ions at energies of 
~100 keV and higher exhibit anisotropic plastic flow.1-7 The anisotropy is related 
to the direction of the ion beam: materials expand perpendicular to the ion beam 
and contract parallel to the ion beam while maintaining their volume. The 
anisotropic deformation is most pronounced at low temperatures (<100 K) and 
decreases with increasing irradiation temperature.4,7 The deformation increases 
with ion fluence at a constant rate, without saturation. It is well established that 
the deformation is mainly driven by electronic excitations rather than the atomic 
displacements induced by the ion beam. 

Anisotropic deformation has been experimentally investigated in great 
detail for thin foils of silica and metallic glasses.3,4 Recently, MeV ion 
irradiation of micron-sized colloidal silica particles was used to change the 
colloids’ shape from spherical to oblate ellipsoidal.6-8 The ion irradiation 
induced-anisotropic deformation technique is now a well-established tool to 
tailor the shape of nanoscale and microscale structures. It has led to many 
applications, such as the tailoring of lithographic as well as colloidal nanomasks, 
tuning the optical bandgap of colloidal photonic crystals, tailoring the plasmon 
resonance in metallo-dielectric colloids, and controlling the anisotropy of 
colloidal particles for use in colloidal ordering studies, as will be shown in 
Chapter 9.9,10 

One of the most successful attempts to describe the deformation process 
with many of its characteristics is the viscoelastic model derived by Trinkaus et 
al..11-14 This model, also known as the “effective flow temperature approach”, 
describes the viscous relaxation of shear stresses in the ion track, brought about 
by the rapid thermal expansion of the cylindrical thermal spike induced by the 
ion. Complete stress relaxation in the ion track is assumed to take place when the 
ion track temperature exceeds a certain flow temperature T*. Trinkaus et al. use 
Eshelby’s theory of ellipsoidal elastic inclusions in elastically isotropic media to 
calculate the viscous shear strains and assume these to freeze in upon rapid 
cooling so as to produce the overall anisotropic deformation.11 The aim of the 
current chapter is to analyze in detail this stress relaxation process, focusing on 
the spatial evolution of stress and strain as a function of temperature and time. 
Along the way, due attention is paid to boundary conditions and approximations.   

 
This chapter is organized as follows. After defining the proper type of 

viscoelastic model and describing the equations and boundary conditions 
governing the viscous flow in ion tracks (Sect. 5.2), we will first analyze the 
stresses and strains that develop upon initial thermal loading (Sect. 5.3). 
Subsequently, in Sect. 5.4, we will study viscous relaxation by deriving a set of 
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differential equations describing the evolution of the stresses and the viscous 
strains in ion tracks. This will lead to a general closed-form solution for the 
viscous strains. Based on these general solutions we will show in Sect. 5.5 some 
examples of time-dependent flow in ion tracks and compare our results with the 
“effective flow temperature approach” approximation. We will also show that 
ion tracks close to a sample edge exhibit reduced viscous flow compared to ion 
tracks situated far away from the edges. This result enables comparison with 
experiments performed on nanoscale systems with dimensions comparable to 
that of the ion track. In Sect. 5.6 we will show that the macroscopic deformation 
(as the result of multiple ion tracks) can be calculated directly from our 
mesoscopic model, without the necessity of calculating the volume average of 
the total strain. Finally, in Sect. 5.7, we will compare the calculated macroscopic 
deformation rate for silica glass with experimental values.  

5.2 Formulation of the model 

When an ion penetrates a solid it is slowed down by nuclear and electronic 
stopping processes.15 Anistropic deformation is mainly dependent on the 
electronic energy loss Fe. This excitation/ionization process takes place within 
10-16 s. After local thermalization of the electronic subsystem, energy is 
transferred from the electronic to the atomic subsystem (electron-phonon 
coupling)16 at time scales in the range 10-14-10-12 s. The rapid thermal expansion 
of the track results in large shear stresses in the heated region. For high Fe the 
heated region around the ion track may become fluid. Due to the reduced 
viscosity the thermally induced shear stresses relax, resulting in viscous 
expansion in the plane perpendicular to the ion track. After ~ 10-10 to 10-9 s the 
thermal spike has cooled down to the irradiation (substrate) temperature. For 
high cooling rates inside the thermal spike, the viscous strain freezes in, leading 
to anisotropic deformation.11 In order to describe the viscous flow in ion tracks 
we now, for the first time, explicitly formulate the assumptions, make the proper 
choice of viscoelastic model, write down all governing equations and solve them 
under appropriate approximations and boundary conditions as listed below: 
 

1. The electronic stopping Fe is energy-dependent and thus changes as a 
function of depth. However, for high enough ion energies and small enough 
target thicknesses this depth-dependence can be neglected. Indeed, for MeV ion 
irradiation of colloidal silica particles and the high-energy ion irradiation of thin 
foils of metallic and silica glasses the variation of Fe with depth is only small. 
Consequently, also the resulting track temperature T is independent of depth.17 
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2. Toulemonde et al. have calculated the space-time evolution of the 
temperature distribution in the thermal spike by solving the heat flow equations 
in the electronic and atomic subsystems that are coupled by the electron-phonon 
interaction.16,18,19 It is found that the track temperature T(r,t) (r is the radial 
coordinate measured from the center of the track) can rise up to several thousand 
K. In this article we will not take into account these “exact” temperature profiles, 
but assume that the time-dependent temperature in a cylinder around the ion 
track (r≤a) is uniform (i.e., independent of r). The radius of the cylinder, a, is 
determined by the so-called flow temperature T*, the temperature at which the 
material shows fluid-like behavior at time scales of the thermal spike.13, 14  

The geometry of the ion track in the sample is schematically depicted in 
Figure 5.1. The sample is modeled as a cylindrical disk of height h and radius b. 
An ion penetrates the sample at r=0 (along the z-axis). As a result of assumptions 
1 and 2, a cylindrical region of fixed radius a is uniformly heated. By virtue of 
the cylindrical geometry of the sketched problem we will use cylindrical 
coordinates r, θ and z (see Fig. 5.1).  

3. The radius a of the thermal spike is typically on the order of several 
nm. 19 The height h of the sample, however, is on the order of several µm. The 
aspect ratio of the cylinder, h/a, thus is typically >103. This suggests that the ion 
track geometry can be described by an infinitely long cylinder of radius a inside 
a matrix of radius b.  As a result, at each time during the deformation process, 
planes remain flat (axial displacement uz independent of r), while the axial 

Figure 5.1 Geometry of a cylindrical ion track of radius a in a disk (sample) with
radius b and height h. The cylindrical coordinates r, θ, z are indicated in the
figure as well as the stress components σrr and σθθ. 
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strain, εzz= ∂uz/∂z, is independent of z. This condition is known as generalized 
plane strain. We will show that for b→∞ the axial strain vanishes, a condition 
known as plane strain. 

4. The equations of motion describing the evolution of a velocity field vi 
in a stress field with components σij, are given by (neglecting body forces) 
ρdvi/dt=∂σij/∂xj, where we have used Einstein’s summation convention and 
where ρ is the mass density. The inertia forces are only important for describing 
the emission of elastic waves during the initial stage of the thermal spike and are 
neglected here. This yields the equations of equilibrium 

0.ij

jx
σ∂

=
∂

        (5.2.1)  

5. To describe anisotropic deformation as a result of the shear stress 
relaxation by viscous flow in ion tracks, it is important to make the proper choice 
for the stress-strain relations. The commonly used viscoelastic models are the 
Kelvin/Voigt model, used in Refs. 20, 21 and Maxwell’s model used by Trinkaus 
et al..14 In the former model a spring (elastic, Hookean element) and a dashpot 
(viscous, Newtonian element) are coupled in parallel, while they are placed in 
series in the Maxwell model.  

The Kelvin/Voigt model does not allow for complete stress relaxation 
because of the constraint imposed by the elastic, Hookean element. We here 
choose Maxwell’s model in which shear stresses can be relaxed at reduced 
viscosities leading to concomitant viscous strains. The latter then are the origin 
of the anisotropic plastic deformation. In Maxwell’s model the total strain εij is a 
superposition of elastic (εij

e), viscous (εij
v) and thermal strains (εij

th), that is 

th
ij

v
ij

e
ijij εεεε ++=   ,       (5.2.2) 

while it is related to the displacement field ui in the following way: 
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For isotropic elastic media, the elastic strain tensor εij
e is coupled to the stress 

tensor σij by Hooke’s law: 
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1   ,     (5.2.4) 

where µ=E/[2(1+ν)] is the shear modulus, and E and ν are Young’s modulus and 
Poisson’s ratio, respectively. In Eq. (5.2.4) σkk=σ11+σ22+σ33 is the hydrostatic 
stress (negative pressure), and δij is the Kronecker-delta  (δij=1 for i=j, δij=0 for 
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i≠j). The elastic behavior of the material is therefore described by two 
independent material parameters E and ν. 22 

The inelastic behavior of the material is described by volume-conserving 
Newtonian viscous flow through  

ij

v

ij

v
ij s

dt
d

η
ε

ε
2
1=≡

•
  ,       (5.2.5) 

where  

ijkkijijs δσσ 3
1−≡           (5.2.6) 

are the components of the stress deviator and η is the material’s shear viscosity, 
which is strongly temperature dependent. Note that viscous flow can occur only 
in a non-hydrostatic (i.e. deviatoric) stress state, sij≠0. This is the basis for the 
phenomenon of shear stress relaxation, although it should be noted that not the 
shear stresses are relaxed, but the deviatoric stresses.23  

Finally, the last term in Eq. (5.2.2) concerns the thermal strains εij
th, 

which are given by: 

ij
th
ij Tδαε ∆=   ,       (5.2.7) 

where α  is the coefficient of linear thermal expansion and ∆T=T-Ts is the 
difference between the ion track cylinder’s temperature T and the temperature of 
the substrate Ts. 

The governing equations (5.2.1) to (5.2.7) describe shear stress relaxation 
through viscous flow inside the ion tracks. When an ion penetrates the sample it 
rapidly heats up a cylinder of radius a. Due to the mismatch in thermal straining 
(the elastic cylinder around the ion track remains at the substrate temperature Ts, 
so that εij

th=0 for r>a) and the geometry of the ion track, non-hydrostatic stresses 
build up. Above a so-defined flow temperature T*, the viscosity η(T) inside the 
ion track cylinder is low enough for the deviatoric stresses to relax, thus 
introducing viscous strains.  Since heating of the ion track cylinder occurs at a 
time scale within ~10-12 s, i.e. much smaller than the time scale of viscous flow, 
the heating can be taken as instantaneous. Therefore, we split the analysis in two 
parts: a thermal loading part (Sect. 5.3), describing the generation of internal 
stresses due an instantaneous temperature increase ∆T (at t=0) in the ion track, 
and a viscous relaxation part (Sect. 5.4), describing stress relaxation and the 
associated viscous flow determined by the temperature evolution ∆T(t).  
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5.3 Initial state: instantaneous thermal loading 

The instantaneous thermal loading is a thermoelastic problem that can be solved 
by starting from the equations of equilibrium (5.2.1). In case of cylindrical 
symmetry (no dependence on circumferential angle θ), only a single equilibrium 
condition is left:24 
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Figure 5.2 Distribution of the stresses σrr, σθθ and σzz (a), and the strains εrr,
εθθ and εzz (b) after instantaneous heating and expansion of the ion track cylinder,
as a function of r/a [Eqs. (5.3.6) and (5.3.7)]. Results are plotted for ν=0.2 and 
b=4a (δ=0.25). 
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0=
−

+
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d rrrr θθσσσ
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The direction of the stresses σrr (radial) and σθθ (hoop) are shown in Fig. 5.1. 
The shear stresses σrθ, σrz and σθz vanish due to the cylindrical symmetry. In the 
absence of viscous flow the stress-strain relations given by Eqs. (5.2.2), (5.2.4) 
and (5.2.7) reduce to 
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For cylindrical symmetry the radial and hoop total strains εrr and εθθ are 
determined solely by the radial displacement ur through 

r
u

dr
du rr

rr == θθεε      ,       .      (5.3.3) 

In the absence of external forces, the total force in the axial direction, Fz, should 
vanish: 
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zzz πσ   .      (5.3.4) 

With Eq. (5.3.4) and the traction-free boundary condition σrr(r=b)=0, the 
solutions of Eqs. (5.3.1), (5.3.2) and (5.3.3) for the normal stress components are 
found as:24 
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We assume a uniform temperature distribution within the thermal spike region 
and thus the ion track cylinder of radius a is homogeneously heated to Tmax 
(∆T=Tmax-Ts≡∆T0 for r≤a) while the surrounding material remains at the 
temperature Ts (∆T=0 for a<r≤b). For this specific temperature profile, the 
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stresses inside the ion track cylinder (r≤a) from Eqs. (5.3.5) and the 
corresponding strains from (5.3.2) are found to be 
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where δ≡a/b. The result for a<r≤b is given by25 
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Eqs. (5.3.6) and (5.3.7) fully characterize the stress-strain distribution in the 
thermal spike and its surrounding material upon instantaneous heating. Figures 
5.2(a) and (b) show the stress and strain distributions respectively, calculated 
using Eqs. (5.3.6) and (5.3.7) for δ=0.25 and ν=0.2. The stresses are normalized 
with αE∆T0/[2(1-ν)] and the strains with α∆T0/[2(1-ν)]. Figure 5.2(a) shows that 
the (compressive) stresses are uniform inside the cylinder of radius a. This result 
also follows from Eshelby’s theory of ellipsoidal elastic inclusions as adopted by 
Trinkaus.11 The axial stress (σzz) is compressive and is twice as large as the in-
plane compressive stresses (σrr, σθθ). Since the stress tensor is non-hydrostatic, 
there are deviatoric stresses sij, which follow from (5.2.6) and (5.3.6) to be 
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These deviatoric stresses are the driving force for viscous straining according to 
Eq. (5.2.5), which will generate negative viscous strains in axial direction and 
positive viscous strains in radial and hoop directions. The details of this 
relaxation process will be the subject of the next two sections.  

In the surrounding material (a<r≤b) the stresses and strains decay as 1/r2. 
These solutions are identical to the well-known elastic solution for a thick-
walled cylinder under internal pressure.24 Note that for finite δ the radial stress 
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vanishes at r=b, whereas the hoop stress does not, while σrr + σθθ  is uniform in 
a<r≤b. 

Figure 5.2(b) shows that within the heated region, r≤a, the strains are 
uniform. The axial strain εzz is indeed constant as was imposed by the condition 
of “generalized plane strain” (Sect. 5.2). For δ→ 0 it follows from Eqs. (5.3.6) 
and (5.3.7) that εzz=0, i.e. “plane strain”.  

The stress and strain distributions shown in Fig. 5.2 are the initial 
conditions (at t=0) for the time-dependent viscous flow in the ion track cylinder, 
as described next. 

5.4 General time-dependent solution for viscous flow in 
single ion tracks 

After the initial instantaneous heating at t=0, the deviatoric stresses inside the 
ion track cylinder (r≤a) may relax as long as the ion track temperature is above 
the flow temperature, i.e. T>T*. The governing equations for this stage are 
different than those leading to the solution discussed in Sect. (5.3), since now the 
viscous contribution (5.2.5) to the strain (5.2.2) needs to be considered.  

The equilibrium condition (5.3.1) is, in general, not sufficient to 
determine the stress fields, but we can make use of the structure of the initial 
solution found in Sect. 5.3. Inside the ion track (r≤a), σrr(r;t=0) and σθθ(r;t=0) 
are uniform and equal. Since this holds for the initial state, the equilibrium 
condition (5.3.1) remains satisfied identically when 

)();();( tctrtrrr == θθσσ   .      (5.4.1) 

Here c(t) is a function that only depends on time t. In Appendix 5.A it is shown 
that in this case the axial stress σzz is also uniform in this region. 

For a<r≤b the solution in Eq. (5.3.7) satisfies σrr(r;t=0)+ 
σθθ(r;t=0)=constant. Using this result for each time t and by applying the 
appropriate boundary conditions, 
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the solution of the equation of equilibrium in a<r≤b is 
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As a result of Eq. (5.4.3), σzz is also uniform for a<r≤b (see appendix 5.A). Since 
the axial force resultant Fz should vanish in the absence of external forces and by 
making use of uniformity of the axial stresses in both regions, we find that 
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At this stage we have shown that inside the ion-track cylinder (r≤a), all stresses 
σrr=σθθ, and σzz are uniform (and therefore also all strains) and that in the 
surrounding elastic material (a<r≤b) σzz is uniform, while σrr and σθθ have a 
radial 1/r2

 dependence according to Eq. (5.4.3). Note that through Eqs. (5.4.3) 
and (5.4.4) all stresses in the material follow from the uniform stresses σrr(a;t) 
and σzz(a;t) inside the ion-track cylinder. To calculate the time evolution of these 
stresses we use the constitutive equations (5.2.2) to (5.2.7) and the following two 
continuity conditions at r=a:  

 
1. Since the radial displacement ur(r;t) must be continuous at r=a it follows from 
Eq. (5.3.3) that the hoop strain εθθ(r;t) should also be continuous at r=a: 
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2. Due to the condition of generalized plane strain (i.e., εzz(r;t)=εzz(t), indepen-
dent of r): 
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For r≤a it follows from Eq. (5.4.1) that 3/)()( 2
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from Eq. (5.2.5) the viscous strain rates are uniform, given by 
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Since εij
v(t=0)≡0 it follows from Eq. (5.4.7) that )()()()( 2
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therefore the total uniform strains [εij(r;t)=εij(t)] in Eqs. (5.2.2)-(5.2.7) become 
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For a<r≤b, the strain in the elastic surrounding medium is given by Eq. (5.2.4). 
Taking the limit for r→ a and by using Eqs. (5.4.2) and (5.4.3) we find that 
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where the stresses σrr(t) and σzz(t) are the uniform stresses σrr(a;t) and σzz(a;t) in 
the ion-track cylinder. Inserting Eqs. (5.4.8) and (5.4.9) into the continuity 
conditions (5.4.5) and (5.4.6) results in two equations for σrr(t), σzz(t) and εrr

v(t). 
If we then take the time derivative and use Eq. (5.4.7) to eliminate the viscous 
strain rates, two differential equations can be obtained for the radial and axial 
stresses inside the ion track: 
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with initial condition, from Eq. (5.3.6), 
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with ξ=1-δ2 and η(t)≡η(T(t)). Addition of the two equations in a proper way 
gives a relation between the stress rates. By integrating over time we obtain the 
following relation between σrr(t) and σzz(t):  
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With the aid of Eq. (5.4.11), the set of first order differential equations (5.4.10) 
can be reduced to a single second-order differential equation for the radial 
viscous strain εrr

v(t), through Eq. (5.4.7): 
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where 
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is the characteristic viscous flow time scale at time t, and 
η0=η(t=0)=η(T(t=0))=η(Tmax), is the spike’s thermal viscosity at t=0. If T(t) and 
η(T(t)) are known, the solution of Eq. (5.4.12) gives a full description of the 
viscous strains in ion tracks in a virgin sample without external stresses. By 
integrating Eq. (5.4.12) twice with respect to time we find the following closed-
form integral solution for εrr

v(t): 
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This expression allows us to directly calculate the evolution of the viscous 
strains in both the high-temperature and the (rapid) cooling phase of the ion track 
cylinder. In the next section we will show how viscous strains are generated at 
spike temperatures T>T* and how these strains are frozen in upon subsequent 
cooling down.  

5.5 Viscous flow in single ion tracks: results 

Calculations of flow in an ion cylinder can be performed by numerically solving 
the differential equations (5.4.10) for σrr and σzz and (5.4.12) for εrr

v [or 
alternatively, evaluating  Eq. (5.4.14)]. Normalization of these equations allows 
us to perform general calculations without using specific material dependent 
parameters. To this end we have normalized the temperature T with respect to the 
maximum temperature Tmax inside the ion track. We used a temperature 
dependent shear viscosity η(T) of the following general form: 

TT
λ

ψη 10)( =   ,       (5.5.1) 

where ψ and λ are material dependent parameters. In normalizing the 
temperature with Tmax in Eqs. (5.4.10), (5.4.12) and (5.4.14), with η from Eq. 
(5.5.1), we have used the following normalized parameters for our numerical 
calculations: Ts/Tmax=0.025 and λ/Tmax=6.8.26 Finally, the stresses σij were 
normalized with αE∆T0, and the time t was normalized with τ0, given by 
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where Poisson’s ratio ν was chosen to be 0.2, a typical value for silica glass.  
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Figure 5.3 (a) Time evolution of the ion track temperature T, (b) the
corresponding stresses σij [σrr=σθθ (solid line), σzz (dashed line)] for r≤a, (c) the
associated radial viscous strain εrr

v [for ξ=1.0 (solid line), ξ=0.36 (dotted line)]
for r≤a, and (d) the resulting macroscopic deformations Err (solid line) and Ezz

(dashed line) for ξ=0.36. The time is normalized with τ0 [Eq. (5.5.2)]. Results are
plotted using: ν=0.2, Ts/Tmax=0.025 and λ/Tmax=6.8. Stresses are normalized with
αE∆T0 and the strains in (c) and (d) with ε* [Eq. (5.5.6)]. At the spike lifetime
τs=6τ0 the temperature almost instantaneously drops from Tmax to the substrate
temperature Ts. 
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First we will evaluate a limiting case in which the temperature T(t) inside 
the ion track remains at a high temperature Tmax during a time interval τs (spike 
lifetime) and then (almost) instantaneously drops to the substrate temperature Ts. 
This temperature evolution is shown in Fig. 5.3(a), where the (normalized) ion 
track temperature T/Tmax is plotted as a function of t/τ0. In this calculation the 
spike lifetime τs has been chosen to be 6τ0 to allow for nearly full relaxation of 
the stresses to their steady-state value. Since the temperature remains constant 
for t≤τs the differential equations (5.4.10) and (5.4.12) can easily be solved 
analytically since dτ(t)/dt=0 and d∆T(t)/dt=0. In this case the evolution of the 
radial stress is given by 
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which reveals that the characteristic relaxation time scale is τ0/ξ = τ0/[1–(a/b)2]. 
The axial stress σzz(t) can then be found from Eq. (5.4.11).  

Figure 5.3(b) shows the result of the numerical calculation of the 
normalized radial stress σrr(t) (solid curve) and axial stress σzz(t) (dashed curve), 
as a function of t/τ0, for the case ξ=1.0, i.e. bàa. The initial values of σrr and σzz 
are compressive, as given by Eq. (5.3.6) (normalized values of -0.625 and -1.25, 
respectively). During viscous flow, for 0≤(t/τ0)≤(τs/τ0)=6, the compressive radial 
stress increases, whereas the compressive axial stress decreases, thereby 
reducing the deviatoric stresses. As can be seen in Fig. 5.3(b), this process 
continues until all stresses are equal (σrr=σθθ=σzz) and a negative hydrostatic 
stress state is achieved. From equations (5.5.3) and (5.4.11) it immediately 
follows that for τ0át<τs this stress is given by 
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where p is the hydrostatic pressure inside the ion track after stress relaxation. 
From Eq. (5.5.4) it follows that the hydrostatic stress state has a pressure of 
p/(αE∆T0) = 3ξ/(5-4ν) = 0.714, as can also be seen in Fig. 5.3(b).  

For 0≤t≤τs the viscous strains resulting from the stress relaxation can be 
found by solving Eq. (5.4.12) or by directly calculating Eq. (5.4.14), and are 
given by: 
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Viscous strains thus build up at a characteristic time scale of τ0/ξ and saturate at 
a limiting value of  
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This is shown in Fig. 5.3(c) where the in-plane viscous strain εrr
v, normalized by 

ε*, is plotted as a function of t/τ0 for ξ=1. Starting at εrr
v=0 at t=0, the in-plane 

viscous strain increases and exponentially approaches its saturation value of ε*, 
which is reached at the end of the spike lifetime τs. Note that the result in Eq. 
(5.5.6), which follows from the time-dependent relaxation model as a limiting 
case, was also found by Trinkaus et. al. in his ‘effective flow temperature 
approach’.11   

Next, at t/τ0=6, the spike instantaneously cools down to the substrate 
temperature Ts [Fig. 5.3(a)]. The viscosity η thus changes from a small value 
(liquid) to a relatively large value (solid), abruptly turning off viscous flow. As a 
result, the viscous strains given by Eq. (5.5.6) freeze in. This can be seen in Fig. 
5.3(c) where εrr

v does not change upon the instant temperature quenching. As in 
the case of instantaneous heating (Sect. 5.3) the instantaneous cooling down is a 
simple elastic problem. The stress field can be derived by using the same 
continuity conditions at r=a (Sect. 5.4) and by taking the in-plane frozen-in 
viscous strain equal to ε*. This yields the following final stress state: 
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Figure 5.3(b) reveals that both stresses abruptly adapt to the instant temperature 
jump and reach values of σrr/(αE∆T0) = –0.089 and σzz/(αE∆T0)= +0.54. The 
compressive radial stress and tensile axial stress are a direct consequence of the 
frozen-in viscous strains. Since the ion track has viscously expanded 
perpendicular to the ion beam, the in-plane stress remains compressive (<0) 
whereas the axial stress becomes tensile (>0) due to the viscous axial 
contraction.  Said differently, if the ion track would be cut out from its elastic 
surrounding medium, the only strains within the ion track cylinder would be the 
viscous strains given by Eq. (5.5.6). The cylinder would expand freely in the 
direction perpendicular to the ion track with strain ε* and contract in the axial 
direction with strain -2ε*  (to conserve volume). Forcing the cylinder back into 
the surrounding medium would imply that it had to be compressed in the in-plane 
direction (radial and hoop) and to be pulled on in the axial direction (tensile 
stress). Therefore, “an ion track penetrating a thin film acts like a tensioned 
string tight between the two surfaces of the film”.11 

Fig. 5.3(c) also shows the viscous strain as a function of t/τ0 for ξ=0.36 
(dotted curve), i.e. a case where the sample’s edge at r=b is located close to the 
ion track cylinder wall (b=1.25 a). It can be seen that the characteristic time for  
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Figure 5.4 (a) Time evolution of the ion track temperature T, and (b) the 
corresponding radial viscous strain εrr

v (solid line) for r≤a. The time is 
normalized with τ0, the characteristic time for shear stress relaxation in ion track
cylinders at temperature Tmax situated far away from the sample’s edge [Eq. 
(5.5.2)]. Results are plotted using: ν=0.2, Ts/Tmax=0.025, λ/Tmax=6.8 and ξ=1. The 
viscous strain is normalized with ε* [Eq. (5.5.6)]. The dashed curve in (b)
represents the radial viscous strain upon instantaneous freezing in [solid line in
Fig. 5.3(c)]. Between 6τ0 and 60τ0 the temperature decreases from Tmax to Ts at a 
constant rate dT/dt. The dotted lines indicate the time and the effective flow 
temperature T* at which the viscous strains freeze in. 
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shear stress relaxation, τ0/ξ, is now longer. As a consequence, the fully relaxed 
hydrostatic stress state in the ion track cannot be achieved within the spike 
lifetime and the viscous strain is frozen-in before it has reached its maximum 
value of ε*. Ion tracks very close to the edge of a sample therefore should exhibit 
reduced viscous flow.27 

The situation described above is a limiting case in which cooling occurs 
instantaneously. The effect of the cooling rate dT/dt on viscous flow in ion tracks 
can be studied by numerical integration of Eq. (5.4.12). As a first step towards 
incorporating the effect of a temperature-time profile in the calculations we 
study the case for an ion track cylinder that cools down at a constant rate. Figure 
5.4(a) shows an example of the ion track temperature T as a function of t/τ0, 
where the temperature again remains constant at Tmax for t≤6τ0, after which the 
ion track cylinder cools down at a constant rate and reaches Ts at t=60τ0. All 
parameters used for this calculation are equal to those used in Fig. 5.3, i.e. 
Ts/Tmax=0.025, λ/Tmax=6.8, ν=0.2 and ξ=1.0. The solid line in Fig. 5.4(b) shows 
the calculated normalized in-plane viscous strain εrr

v/ε* as function of t/τ0. For 
comparison, the dashed line in Fig. 5.4(b) shows εrr

v/ε* for infinitely large 
cooling rates and is identical to the solid line in Fig. 5.3(c). For 6τ0≤t≤60τ0 the 
temperature in the spike decreases, which again introduces deviatoric stresses in 
the ion track. Since σrr-σzz becomes negative, the in-plane viscous strain rate, 
dεrr

v/dt, is now negative according to Eq. (5.4.7). Therefore, the material will 
exhibit viscous flow in the opposite direction (with respect to the flow for t≤6τ0) 
in order to relax these deviatoric stresses, shown by the initial decrease in the 
solid curve of Fig. 5.4(b). As the temperature continues to decrease, the viscosity 
increases until it becomes too large for reverse viscous flow to continue on the 
time scale of the thermal spike. Hence, the in-plane viscous strain freezes in at a 
value smaller than ε*, depending on the cooling rate dT/dt and the temperature 
dependence of the viscosity, η(T). In this particular example, the effective 
frozen-in viscous strain is 0.91ε* (solid line), 9 % lower than the value for 
infinitely large cooling rates (dashed line). From Fig. 5.4 we can estimate the 
effective flow temperature T*, below which no stress relaxation occurs at the 
time scale of the thermal spike; it amounts to ~0.8Tmax in this example (dashed 
lines). 

To estimate the value of T* for a commonly irradiated material like silica 
glass, a material that exhibits large anisotropic plastic deformation under ion 
irradiation,4,7 the characteristic time scale τ for viscous flow in ion tracks, Eq. 
(5.4.13), can be set equal to the characteristic thermal spike lifetime τs.14 For 
SiO2 containing 0.12 wt.% water, the viscosity (in Pa⋅s) below about 1800 K is 
specified as28 

T

4
10 1067.27.7log ×+−=η   ,     (5.5.8) 
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with the temperature T in K. If we extrapolate Eq. (5.5.8) for temperatures higher 
than 1800 K and use typical elastic parameters for silica, ν=0.2 and µ=34 GPa 
(E=81.6 GPa),29 an estimated value of T* ~ 3250 K is obtained when using a 
typical thermal spike lifetime of 10-10 s. This implies that for irradiation 
conditions in which the thermal spike temperature does not reach ~3250 K, no 
anisotropic deformation is expected. 

 
In the preceding sections, we have derived an exact model to solve the 
anisotropic strain in a single ion track cylinder, assuming a homogeneous 
temperature distribution in the spike for a spike duration τs, and a subsequent 
temperature quenching profile. Experimental data on anisotropic deformation are 
only available on systems that have had multiple ion impacts. For example, the 
well-characterized deformation of spherical colloidal particles with diameters of 
~ 1 µm, is the overall effect of some 106-107 ions impacting on a single colloid.6 
In the next section we will describe how such a macroscopic effect can be 
derived from the mesoscopic model introduced above. 

5.6 From mesoscopic model to macroscopic deformation 

To show that the local viscous flow in single ion tracks is the origin of the 
macroscopic deformation process, we have to determine the change in the 
macroscopic sample dimensions due to successive ion impacts. 

Our sample is a disk of radius b and height h, as sketched in Fig. 5.1. 
During a single ion-induced thermal spike having an internal radial viscous 
strain of εrr

v(t), the radius of the sample changes with ∆b(t) and its height with 
∆h(t). From Eq. (5.3.3) it follows that ∆b(t)=ur(b;t)=bεθθ(b;t), so that the 
macroscopic radial strain Err(t) can be written as 

);()()( tb
b

tbtErr θθε=∆≡   .      (5.6.1) 

The macroscopic axial strain Ezz(t) in the direction of the ion beam during a 
single ion-impact can be found in a similar manner and reads  
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h

thtE zzzz ε=∆≡   .      (5.6.2) 

We can therefore directly calculate the macroscopic strains Err and Ezz resulting 
from a single ion impact using the mesoscopic model described in the previous 
sections. For the calculated example shown in Fig. 5.3(c) with b=1.25a (δ=0.8 or 
ξ=0.36, dotted line) the result is shown in Fig. 5.3(d), where Err (solid line) and 
Ezz (dashed line) are plotted as a function of t/τ0. This plot is obtained by 
numerically solving σrr(t) and σzz(t) from Eq. (5.4.10), substituting the solutions 
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into Eqs. (5.4.3) and (5.4.4), and finally by using εθθ and εzz from Eq. (5.2.4) at 
r=b. 

Figure 5.3(d) shows that just after the abrupt temperature increase at t=0 
the macroscopic strains (for a single ion impact) are equal and given by 

2
0)0()0( δα TtEtE zzrr ∆≡===   ,     (5.6.3) 

which follows directly from Eq. (5.3.7). Next, for 0≤t≤τs, Err increases during 
deviatoric stress relaxation resulting from the in-plane viscous expansion 
(εrr

v(t)>0), whereas Ezz decreases due to the axial viscous contraction  
( 0)(2)( <−= tt v

rr
v
zz εε ). Finally, at t=τs, the viscous strains freeze in during 

instantaneous temperature quenching, resulting in a net macroscopic expansion 
perpendicular to the ion beam, Err>0, and a net contraction parallel to the ion 
beam, Ezz= -2Err <0.  

In case the ion track cylinder has a frozen-in radial viscous strain of ε*, 30 
the frozen-in macroscopic strains in Eqs. (5.6.1) and (5.6.2) after a single ion 
impact can be directly calculated using Eqs. (5.5.7), (5.4.3), (5.4.4) and (5.2.4), 
resulting in 

2*
2
1 δε≡−= zzrr EE   .      (5.6.4) 

Eq. (5.6.4) clearly shows that the macroscopic deformation is volume 
conserving. 

After N independent ion impacts31 distributed randomly32 over the sample 
surface, the total macroscopic deformation is simply a superposition of the 
individual ‘total’ strains. Recognizing that N=πb2φ, where φ is the ion fluence, 
we can rewrite the macroscopic deformation as 

zzrr EaE 2
1*2 −== φεπ   .      (5.6.5) 

Eq. (5.6.5) immediately demonstrates that in the present model the viscous flow 
in single ion tracks is the origin of the macroscopic deformation process. We 
point out that our derivation of the macroscopic deformations directly from the 
single-ion results is notably different from the averaging procedure adopted by 
Trinkaus et al., albeit yielding the same result.14 

 
The rate of macroscopic deformation, A, defined as the differential length change 
perpendicular to the ion beam per unit ion fluence, is given by 

2* aEA rr πε
φ

=
∂
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according to Eq. (5.6.5). The value of A can be computed once the radius of the 
ion track is known. For an estimate, let us assume that the initial temperature 
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distribution has the form of a delta function along a linear ion track. Then the 
track temperature at a distance r from the ion track at time t can be found by 
solving the classical heat conduction law and is given by33 
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with Ω=Fe/(4πκ) and Λ=ρC/(4κ). Here ρ is the mass density of the material, κ  is 
the thermal conductivity, C is the specific heat capacity, and Ts is the substrate 
temperature. It is shown in Appendix 5.B that for this Gaussian temperature 
distribution the following relation can be found between the spike’s cross section 
πa2 and the flow temperature T*: 
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where e=exp(1) and ∆T*=T*�Ts. When the (time-dependent) temperature 
distribution inside the track is uniform, the uniform in-plane viscous strain εrr

v at 
the end of a thermal spike is equal to ε* [see Eq. (5.5.6)] for large track cooling 
rates. In the case of large cooling rates but a non-uniform temperature 
distribution, we may replace Eq. (5.5.6) by an appropriate average  
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where T∆  is the space and time-averaged temperature increase in the thermal 
spike. In Appendix 5.B it is shown that, for a Gaussian temperature distribution, 

T∆  is given by34 
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Replacing ε* in Eq. (5.6.6) by εrr
v from Eq. (5.6.9) and by substituting Eqs. 

(5.6.8) and (5.6.10), the steady state deformation rate A now reads  
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5.7 Discussion: comparison with experiment 

a) A at very high energy and low substrate temperature 
 
Klaumünzer et al. studied the expansion of silica foils under 360 MeV Xe ion 
irradiation  at 100 K and determined A=(8.0±0.5)×10-16 cm2/ion.35 Eq. (5.6.11) 
with the corresponding stopping of Fe=15.1 keV/nm and typical material 
parameters of ν=0.2, α=0.6×10-6 K-1, ρ=2.2×103 kg⋅m-3 and C=103 Jkg-1K-1 
yields A=8.7×10-16 cm2/ion, which is in close agreement with the experimental 
result. 

 
b) Energy dependence of A 
 
As was shown in Chapter 4 significant anisotropic deformation is observed at 
energies as low as 300 keV,7 and a linear increase of A with Fe is experimentally 
observed. This is in direct agreement with Eq. (5.6.11). The increase of A with 
Fe is brought about by the increasing cylindrical track radius a [see Eqs. (5.6.6) 
and (5.6.8)]. 

 
c) Threshold Fe for anisotropic deformation 
 
It has been experimentally observed for some silica as well as metallic glasses 
that no deformation occurs below a threshold electronic stopping, typically 
around 2 keV/nm.4,35 This is in contrast to what we found in Chapter 4 for 
colloidal silica, where no threshold is observed.7 One explanation for this 
difference may be the relatively low value of the flow temperature T* for 
colloidal silica compared to that of other amorphous materials. Indeed, the bulk 
melting temperature of colloidal silica is several 100 K below that of fused 
silica. 

 
d) Substrate temperature dependence of A 
 
As was shown in Chapter 4, A decreases with irradiation substrate temperature 
by a factor 4.5 between 85 K and 380 K for colloidal silica particles,7 similar to 
what was found by Klaumünzer et al. for silica and metallic glasses.1,4 A 
decrease with temperature is in agreement with the viscoelastic model: the 
deviatoric stress resulting from the thermal spike [see Eqs. (5.2.6) and (5.5.7)] 
can be partly relaxed at elevated substrate temperatures. Additional calculations 
must be done to quantitatively study this effect. 
 
Summarizing the comparison between experiment and theory above, we 
conclude that the viscoelastic model provides an excellent qualitative and often 
quantitative representation of experimental results. 
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5.8 Conclusions 

We have performed a detailed investigation of a viscoelastic thermal spike model 
describing viscous flow in ion tracks as the origin of anisotropic deformation. 
First, the track geometry and the imposed condition of ‘generalized plane strain’ 
were discussed. After assigning Maxwell’s model as the physical relevant model, 
the governing equations describing the flow were discussed in detail. By 
dividing the analysis in a thermal loading and viscous relaxation part, we solved 
the equations yielding the time evolution of the stresses and (viscous) strains for 
a specific track temperature history T(t). A closed-form expression for the radial 
viscous strains in ion tracks has been found. 

We have shown that for large track cooling rates the viscous strains freeze 
in effectively, while for smaller cooling rates reverse flow reduces the net 
viscous strains in the ion track. The model also demonstrates that ion tracks 
close to the edge exhibit reduced viscous flow with respect to tracks located far 
away from the edge.  

As a limiting case, for sufficiently large thermal spike lifetimes and 
instantaneous temperature quenching, the ‘effective flow temperature approach’ 
as introduced by Trinkaus et al. follows directly from the viscoelastic model. For 
SiO2 the effective flow temperature T*, at which the viscous strains effectively 
freeze in, is about 3250 K. 

Next, we have shown that the frozen-in viscous strains of individual ion 
impacts are the origin of the macroscopic anisotropic deformation process. In 
particular, the macroscopic deformation rate can be calculated directly from the 
mesoscopic model by considering multiple, independent ion tracks randomly 
penetrating the sample.  

Based on a Gaussian temperature profile the macroscopic deformation 
rate has been calculated. For vitreous silica irradiated with 360 MeV Xe ions at 
low irradiation temperatures the experimentally observed deformation rate by 
Klaumünzer et al. agrees well with the calculated value from the viscoelastic 
model. Finally, the experimental dependence of the deformation rate on 
electronic stopping Fe and irradiation substrate temperature Ts is discussed and 
shows qualitative agreement with the viscoelastic model. 
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Appendix 5.A 

To show that the axial stress σzz is uniform for r≤a, we write Hooke’s law, Eq. 
(5.2.4) for isotropic elastic media, in the form 

2 e e
ij ij kk ijσ µε λε δ= +   ,      (5.A.1) 

where λ=k-(2/3)µ is Lamé’s constant and k=E/[3(1-2ν)] the bulk modulus of 
elasticity. Using Eqs. (5.A.1), (5.2.2) and (5.2.7) we then obtain  
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making use of the fact that viscous strains are volume preserving, i.e. 0v
kkε = . 

Since σrr=σθθ [Eq. (5.4.1)] and εrr
v= εθθ

v  [Eq. (5.4.7)], it follows from Eq. 
(5.A.2) that εrr=εθθ. From Eq. (5.3.3) it immediately follows that both εrr and εθθ 
are uniform as well. By taking the time derivative of axial stress in Eq. (5.A.2) 
and substituting Eq. (5.4.7) we can now write for r≤a 
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All terms on the right-hand side of Eq. (5.A.3) are clearly uniform. Since 
σzz(t=0) is uniform [Eq. (5.3.6)] it follows from Eq. (5.A.3) that σzz is uniform at 
each time t. 
For the elastic surrounding medium, a<r≤b, it follows from Eq. (5.A.2) with 
∆T=0,  
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that 

( )( ) zzrrrr λεεελµσσ θθθθ 22 +++=+   .    (5.A.5) 

According to Eq. (5.4.3) σrr+σθθ is uniform and from Eq. (5.A.5) it then follows 
that εrr+εθθ is uniform and therefore εkk as well. Thus, σzz is also uniform over 
a<r≤b. 
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Appendix 5.B 

For the Gaussian temperature profile given by Eq. (5.6.8) the maximum 
temperature at radial distance r is 

sT
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Λ
Ω= 2max )(   ,      (5.B.1) 

occurring at t= Λr2. The radius r=a is defined as the radius of the cylinder where 
the maximum temperature Tmax just reaches the flow temperature T* at time t=t*. 
Hence, 
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with ∆T*=T*-Ts. 
Since viscous strains are generated at temperatures above the flow 

temperature T*, the appropriate average track temperature increase T∆  can be 
found by averaging the temperature difference ∆T(r;t) over space and time where 
T≥T*, starting at t=t*: we therefore consider the region r≤R(t)≤a with its 
boundary, specified by T(R(t);t)=T*, moving towards the center. At time 
t≥t*=Λa2=Ω/(e∆T*) the radius R(t) of the region for which T≥T* is given by 

















+=




∆

Ω
Λ

=
t
t

t
ta

tT
ttR

*

** ln1ln)(   .   (5.B.3) 

Since 0≤R(t)≤a, the time interval for which the track temperatures exceed T* 
therefore equals t*≤t≤et*. First we determine the spatial average at a fixed time t 
over the region r≤ R(t): 
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Next, the average track temperature increase T∆  can be found by averaging 
this mean value )(tT∆  over the relevant time interval t*≤t≤et*, resulting in 
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Ion irradiation-induced 
anisotropic plastic 
deformation of silicon 
microstructures 

Amorphous silicon micropillars show anisotropic plastic shape 
changes upon irradiation with 30 MeV Cu ions. The transverse plastic 
strain rate is (2.5±0.2)×10-17 cm2/ion at 77 K, which is about one 
order of magnitude less than that of silica glass. In contrast, 
crystalline silicon pillars, irradiated under the same conditions, do 
not exhibit anisotropic deformation. A viscoelastic and free volume 
model is used to qualitatively describe the data.  By irradiating 
partially amorphous structures a variety of silicon microshapes can 
be fabricated. 
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6.1 Introduction 

Amorphous materials such as metallic and silica glasses, subjected to high-
energy ion irradiation, show irreversible anisotropic plastic flow at temperatures 
far below the glass transition temperature;1-3 these materials expand in the 
direction perpendicular to the ion beam and shrink in the direction parallel to the 
ion beam, while their volume remains constant. The deformation strain increases 
with ion fluence at a constant rate that increases with ion energy and decreases 
with increasing substrate temperature.3 This beam-induced anisotropic 
deformation leads to a dramatic shape change of free-standing colloidal 
particles,4 as described in Chapters 2 and 3. In Chapter 4 we demonstrated that 
the deformation process occurs at ion energies as low as 300 keV.5 

Ion irradiation-induced deformation of silicon has not been studied in 
detail, with one exception of hydrogenated amorphous Si (a-Si:H) foils that did 
show deformation under 360 MeV ion irradiation.6 As ion implantation of Si is a 
technologically important process, it is important to study deformation of this 
material. The deformation effect may then be exploited to tailor the shape of Si 
microstructures. In addition, by comparing ion irradiation effects in the 
crystalline and amorphous phases of Si, insights in the mechanism behind the 
deformation process may be acquired.   

In this chapter we investigate the irradiation of 1.5 µm tall Si micropillars 
with 30 MeV Cu ions. We find that pre-amorphized pillars show anisotropic 
plastic deformation under irradiation, while crystalline pillars do not. We 
determine the deformation rate constant, compare our data with a viscoelastic 
and free volume model for deformation, and demonstrate the formation of unique 
microstructures in amorphous/crystalline composite structures. 

6.2 Experimental 

Crystalline Si(100) pillars of 1.5 µm height were made by anisotropic reactive 
ion etching of a silicon-on-insulator substrate (1.5 µm Si/3.0 µm SiO2/Si) in a 
SF6/O2 plasma using a method described in Ref. 7. By careful tuning of the 
etching parameters near-vertical sidewalls were achieved.  

Some pillars were turned amorphous using 3 MeV Xe irradiation at 
fluences up to 1.0×1015 cm-2, while cooling the substrate holder with liquid 
nitrogen. These irradiations were performed with the ion beam titled 7° away 
from the normal to avoid ion channeling. The thickness of the amorphous layer 
was determined by channeling Rutherford backscattering spectrometry on a 
planar Si(100) sample irradiated under the same conditions, and was at least 1.5 
µm. Electron backscatter diffraction patterns of the pillars during SEM 
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confirmed that the pillars were amorphous. Partial amorphization of the Si pillars 
was achieved after irradiation with 1 MeV Xe ions to a fluence of 2.1×1015 cm-2 
at 77 K. 

Substrates containing both c-Si and a-Si pillars were clamped to a liquid-
nitrogen cooled copper block and then irradiated with 30 MeV Cu ions to 
fluences in the range (1.8-8.2)×1015 cm-2 using tandem accelerators in Rossen-
dorf and Utrecht. The irradiations were performed at normal incidence or with 
the ion beam titled 4° away from the normal to avoid channeling in the c-Si 
pillars.  

Before and after the ion irradiations the size and shape of the Si 
micropillars were investigated by scanning electron miscroscopy (SEM) using a 
5, 10 or 20 keV electron beam. 

6.3 Results and discussion 

Figure 6.1(a) shows a side-view SEM image (2° tilt) of Si pillars with a 
width of 1.8 µm. The pyramidal footprint in the contact region with the silica 
substrate layer is characteristic for the etching process and is caused by the 
reduced etch rate of Si in the (111) directions.7 

Figure 6.1(b) shows a side-view SEM image (10° tilt) of amorphized 
silicon pillars. The dashed box in Fig 6.1(b) outlines the outer boundaries of a 
pillar and is identical to that for the crystalline pillars in Fig. 6.1(a). Thus, no 
measurable deformation is observed after amorphization using 3 MeV Xe. Since 
ion beam-amorphized Si (a-Si) has a density that is 1.8 % lower than that of 
crystalline Si (c-Si),8 the pillars must have homogeneously expanded by about 
0.6 %. This expansion is too small to be observed in SEM. 

Figure 6.1(c) shows a SEM image of c-Si pillars after irradiation with 30 
MeV Cu ions to a fluence of 1.8×1015 cm-2 at an ion beam energy flux of 0.7 
W/cm2. No anisotropic deformation of the c-Si pillars is observed. Amorphous Si 
pillars [from Fig. 6.1(b)] irradiated under the same conditions are shown in the 
SEM image of Fig. 6.1(d).  It can clearly be seen that the a-Si pillars have 
expanded perpendicular to the ion beam and contracted parallel to the ion beam 
direction, retaining the rectangular cross sectional shape. The relative lateral 
expansion is 12.2 ± 2.0 %. From measurements of the transverse and longitudinal 
dimensions it follows that (within ± 3%) the a-Si pillar’s volume has remained 
constant after deformation.  

By comparing the data in Figs. 6.1(c) and (d) we thus conclude that there 
is a clear difference in ion beam-induced effects in c-Si and a-Si. Ion irradiation-
induced anisotropic deformation is a universal phenomenon in amorphous 
materials.9 As shown in the previous chapter, the driving force for this effect is 
the electronic stopping Fe, the energy loss of the ions into electronic excitations 
and ionization of target atoms.10 The deformation effects in silica and metallic 
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glasses can be well described by a viscoelastic model derived by Trinkaus et 
al.,11 and the time-dependent extension that we presented in Chapter 5. In this 
model viscous flow in ion track cylinders is the origin of the macroscopic 

Figure 6.1 Scanning electron microscopy images of (a) unirradiated c-Si(100) 
pillars, (b) Si pillars amorphized with 3 MeV Xe, 1.0×1015 cm-2, (c) c-Si pillars 
irradiated with 30 MeV Cu, 1.8×1015 cm-2, (d) a-Si pillars irradiated with 30 
MeV Cu, 1.8×1015 cm-2, (e) a-Si pillars irradiated with 30 MeV Cu, 8.2×1015

cm-2, and (f) partially amorphized Si pillars, subsequently irradiated with 30
MeV Cu, 6.1×1015 cm-2. SEM images were taken with a side-view tilt angle of 2º 
± 1º (a,c-f) and 10º ± 1º (b). Magnification is the same for all micrographs. 
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anisotropic deformation. It is assumed that thermal expansion of a cylindrically 
shaped region around the ion track leads to the generation of shear stresses that 
subsequently relax due to local atomic rearrangements in (overlapping) shear 
sites, regions with a local free volume.9 The net effect of this shear stress 
relaxation is a local in-plane expansion perpendicular to the ion track, which 
freezes in upon cooling down of the thermal spike. Within this model, 
anisotropic deformation is not expected to occur in crystalline materials, due to 
the lack of shear sites.2,9 In those materials, epitaxial recrystallization at the 
track’s solid-liquid interface would restore the initial state, without anisotropic 
deformation. Our data on c-Si and a-Si provide clear experimental support for 
this model.  

Figure 6.2 shows the fluence dependence of the transverse strain of a-Si 
pillars after irradiation with 30 MeV Cu ions at fluences in the range (2.0–
8.2)×1015 cm-2 at a beam energy flux of 1.5 W/cm2 (solid squares). As can be 
seen the transverse plastic strain increases gradually with ion fluence. A SEM 
image of the sample irradiated to a fluence of 8.2×1015 cm-2 is shown in Fig. 
6.1(e); it shows a transverse plastic strain as high as 21.8 ± 2.1 %.  Note that the 
rectangular shape of the pillar with its pyramidal footprint remains conserved 
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Figure 6.2 Transverse strain of ion beam-amorphized Si pillars during 30 MeV 
Cu irradiation at a beam energy flux of 1.5 W/cm2 as a function of Cu ion 
fluence (φ). The sample holder was cooled with liquid nitrogen. The solid
squares refer to the deformation of Si pillars amorphized with 3 MeV Xe [e.g.
Fig. 6.1(e)], the open circles to deformation of Si pillars amorphized with 1 MeV
Xe [e.g. Fig. 6.1(f)]. The solid curve is a fit to the data (solid squares) using the
relation εT=exp(Aφ)-1 and results in A=(2.5 ± 0.2)×10-17 cm2/ion. 
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upon continued irradiation, except for the expansion factor. This is attributed to 
the radiation-induced lowering of the viscosity of the underlying SiO2 substrate 
(a known effect12) that enables Newtonian plastic flow around the interface of 
the expanding a-Si and the SiO2 substrate. Assuming a constant deformation rate 
A, the transverse plastic strain should increase exponentially with ion fluence φ: 
εT=exp(Aφ)-1.3 The solid line in Fig. 6.2 is a fit of the transverse strain data 
(solid squares) to this relation. From the fit we find that A=(2.5±0.2)×10-17 
cm2/ion.  

To further illustrate how we can obtain local control over the shape of 
silicon microstructures by ion irradiation we have irradiated Si pillars that were 
partially amorphized. This amorphization was done by irradiating 1.5 µm-tall 
c-Si pillars with 1 MeV Xe ions to a fluence of 2.1×1015 cm-2 at 77 K, which 
resulted in a 710-nm thick amorphous top layer. SEM micrographs did not show 
deformation of the Si pillars due to the 1 MeV Xe irradiation. Next, these pillars 
were irradiated with 30 MeV Cu ions to fluences of 2.0×1015, 4.1×1015 and 
6.1×1015 cm-2 at a beam energy flux of 1.6 W/cm2, while cooling the substrate 
holder with liquid nitrogen. Figure 6.1(f) shows a SEM image of a partially 
amorphized pillar irradiated to a fluence of 6.1×1015 cm-2. As can be clearly seen, 
the amorphous top part of the pillar has expanded whereas the bottom crystalline 
part has remained undeformed. Note that the expansion at the lower part of the 
amorphous region is constrained by the non-deforming c-Si underneath. The 
transverse strain measured at the top of the pillar is included in Fig. 6.2 for the 
three fluences used (open circles). These data fit well with the trend observed for 
the completely amorphous pillars. 

At this stage we have clearly demonstrated that 30 MeV Cu irradiation of 
a-Si leads to anisotropic deformation with a well-defined rate constant. We can 
now compare the deformation of ion beam-amorphized Si with the well-known 
deformation of silica glass (SiO2). Benyagoub et al. have studied the deformation 
of vitreous silica under high-energy ion irradiation.3 From interpolation of their 
data a strain rate constant of A=2.5×10-16 cm2/ion is derived for silica at an 
electronic stopping equivalent to that in our experiment (Fe=6.0 keV/nm). This is 
10 times larger than the strain rate found for a-Si in this work (Fig. 6.2). In 
addition, the deformation of colloidal silica particles upon MeV ion irradiation 
was found to be at least 10 times larger than that of a-Si found here (Chapters 2-
4).4 We can also compare the deformation of ion beam-amorphized Si with that 
of hydrogenated a-Si under 360 MeV Xe ion irradiation as studied by 
Klaumünzer et al..6 From that work a deformation strain rate of at least 5×10-16 
cm2/ion can be estimated at Fe=6.0 keV/nm, again much higher than the value 
found here for pure a-Si. Finally, Chicoine et al. have studied surface 
deformations during off-normal 24 MeV Se irradiation of several amorphous 
materials and found that lateral mass transport in pure a-Si was about 30 times 
smaller than in fused silica.13 
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In the viscoelastic model (Chapter 5) the deformation rate depends on the 
parameters that determine the effective diameter and the thermal expansion of 
the heated region around the ion track (i.e. Fe, specific heat, mass density, 
thermal expansion coefficient).11 Using parameters for a-Si and silica, it is found 
that the calculated deformation rate of these two materials would be quite 
similar, contrary to what is observed. One possible explanation of the difference 
is that a-Si may not contain a high enough amount of free volume to mediate full 
shear stress relaxation. Indeed, the excess free volume in a-Si (relative to c-Si) is 
only 1.8 %, whereas this difference for amorphous SiO2 and quartz amounts to 
~17 %. A counter argument, however, to the amount of free volume being a 
limiting factor determining the deformation is the fact that metallic glasses, that 
are known to have small free volume,2 do show large anisotropic deformation 
strain rates, similar to SiO2.  

One phenomenon that distinguishes silicon from most other materials is 
that its molten phase has a larger density (by 8 % at the melting point) than the 
solid. This would imply that the amorphous region around the ion track would 
initially expand as the temperature increases, but then contract as the ion track 
region becomes molten. This effect could cause a reduced deformation rate for a-
Si compared to other amorphous materials such as SiO2. 

Finally, we note that not only thermally-induced viscous flow but also ion 
irradiation-induced defects may cause shear stress relaxation in the ion tracks 
(and thus deformation). Thus, the density of such defects, or the radiation-
induced viscosity, is also a parameter that might determine the deformation rate. 
Values for the radiation-induced viscosity during ion irradiation have been 
measured for both a-Si14 and SiO2,12 and, under comparable conditions (2 MeV 
Xe), the viscosity of a-Si was found to be 5 to 10 times higher than that of SiO2, 
implying that a-Si flows less than SiO2. 

A quantitative model of the deformation of a-Si must therefore 
necessarily include (at least) the effects of free volume, density change upon ion 
track melting and radiation-induced flow, and remains thus quite a challenge to 
establish. 

6.4 Conclusions 

Ion beam-amorphized Si pillars show anisotropic plastic deformation under 30 
MeV Cu ion irradiation at a transverse strain rate of (2.5 ± 0.2)×10-17 cm2/ion. In 
contrast, crystalline Si pillars irradiated under the same conditions do not show 
anisotropic deformation due to the lack of shear sites with local free volume.  
The relatively low value of the strain rate for pure a-Si compared to SiO2 could 
be related to the smaller amount of free volume in a-Si, contraction of silicon 
upon melting, or its relatively high radiation-induced viscosity. By irradiation of 
partially amorphous structures, a variety of microshapes can be fabricated. 
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Stress map for ion irradiation: 
depth-resolved dynamic 
competition between radiation-
induced viscoelastic phenomena 
in SiO2 

The dynamic competition between structural transformation, 
Newtonian viscous flow, and anisotropic strain generation during ion 
irradiation of SiO2 leads to a strongly depth-dependent evolution of 
the mechanical stress, ranging between compressive and tensile. 
From independent in-situ stress measurements during irradiation, 
generic expressions are derived of the nuclear stopping dependence 
of both the structural transformation rate and the radiation-induced 
viscosity. Using these data we introduce and demonstrate the concept 
of a stress map that predicts the depth-resolved saturation stress in 
SiO2 for any irradiation condition with ion energies up to several 
MeV. 
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7.1 Introduction 

Ion irradiation is a widely used technique to modify the structure and 
composition of thin film materials. It is the key doping technology in integrated 
circuit manufacturing and is used to locally modify and tailor optical, magnetic, 
or mechanical properties of a wide range of materials. Over the past years ion 
irradiation has enabled a large number of important fundamental and 
technological innovations.   

 Ion irradiation can induce large changes in the mechanical stress state of 
a material. Surprisingly, this effect has only been marginally studied.1-3 Yet, 
mechanical stress is known to affect important parameters such as thin film 
growth kinetics and stability, impurity diffusion, optical birefringence, and many 
other properties. For example, ion irradiation of amorphous SiO2 causes a 
reduction in the mean Si-O-Si bridging bond angle, leading to a new structural 
state with a higher equilibrium density.4 This leads to the build-up of a tensile 
stress if the irradiated film is constrained on a substrate. Second, Newtonian 
viscous flow takes place, mediated by radiation-induced defects that relax the 
stress at a rate proportional to the stress.3-6 Third, as we described in Chapters 2-
5, shear stresses, brought about by the expansion of the highly anisotropic ion-
induced thermal spike, relax, generating anisotropic strain that freezes in as the 
thermal spike cools down.7 This results in the build-up of a compressive stress if 
the film is constrained on a substrate.  

In the past we have developed a qualitative model to describe the stress 
evolution in SiO2 during ion irradiation, taking into account the interplay 
between the three ion irradiation-induced processes. For ion energies in the range 
between 100 keV up to several MeV this model describes the measured mean 
stress evolution reasonably well.3 Even though this model appears successful, it 
is only a rough approximation and its applicability is limited, since it does not 
take into account the depth-dependence of each of the radiation-induced effects 
in the film. However, each of the three effects strongly depends on either the 
nuclear or electronic stopping, which are both highly depth-dependent.  

In this chapter we will for the first time evaluate the depth-dependence of 
the local stress in SiO2 due to the depth-dependence of the electronic and nuclear 
stopping. We will demonstrate that the local stress shows giant variations with 
depth of several hundred MPa, even ranging between compressive and tensile. 
The model also solves a long-standing contradiction between the theory and 
some of our experiments, where an apparent tensile saturation stress is observed 
experimentally for Xe irradiations at energies below 3.5 MeV,3 while anisotropic 
strain generation would be expected to drive the stress to a compressive value. 
Using this new model it now becomes possible to construct “stress maps” that 
can be used to predict the local saturation stress in SiO2 for any ion/energy 
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combination. In our analysis we limit ourselves to ion energies up to a few MeV, 
where electronic stopping effects on densification and Newtonian flow are 
negligible. 

7.2 Description of the model 

As a starting point we use the solution of a differential equation that describes 
the interplay between the three ion irradiation-induced processes3,8 and gives the 
in-plane stress as a function of ion fluence: 
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where C=6ηRAD(ε2-ε1)/(6ηRAD-Yoxφs) and εSAT=-6AηRAD/Yox. Here we have 
assumed a damage overlap model for structural transformation,9 where the in-
plane strain evolves exponentially from ε1 to ε2 with a characteristic fluence φs, 
Newtonian viscous flow with a radiation-induced viscosity ηRAD and anisotropic 
strain generation at a constant rate A. In Eq. (7.1), Yox is the biaxial stress state 
modulus of the SiO2 film and compressive stress is defined to be positive.  

Next we take into account the stopping dependence of the parameters φs, 
ηRAD and A in SiO2. Experiments by Devine et al. have shown that structural 
transformations occur at a characteristic fluence: φs = κ Fn

-λ, with Fn the nuclear 
stopping.4 Previous measurements by Snoeks et al. have shown that the 
radiation-induced viscosity decreases with Fn as: ηRAD = α  Fn

 -δ.3 Both λ  and δ 
are of order 1. The dependence of φs and ηRAD on the nuclear stopping holds for 
ion energies up to several MeV. For much higher energies also the electronic 
stopping will affect densification and stress relaxation by Newtonian flow.4,10,11 
Benyagoub and others have shown that the anisotropic strain generation rate A 
for pure silica increases linearly with electronic stopping (Fe) above a 
threshold:12 A=c×(Fe-Fth), with c=3.38×10-17 cm2×nm/keV. Using these 
parameters, Fth=0.6 keV/nm, and Eq. (7.1) we can now calculate the fluence 
dependence of the local stress at each depth z, with the depth-dependent stopping 
Fe(z) and Fn(z) as input.  

To obtain the depth-dependence of the electronic and nuclear stopping, 
we have used the SRIM 2000 computer code.13 This program is a Monte Carlo 
simulation that calculates, after specifying the irradiation conditions and the 
target material, the ion trajectories and the ion-solid interactions at any 
irradiation depth.  
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7.3 Depth dependence of the in-plane stress 

Figure 7.1(a) shows Fe(z) and Fn(z) for 2 MeV Ar irradiation of a SiO2 film on 
Si. Figure 7.2(a) shows the corresponding local in-plane stress as a function of 
Ar ion fluence for three different depths, calculated using Eq. (7.1) and 
characteristic parameters as will be discussed later on. The solid line in Fig. 
7.2(a) represents the local stress at the surface of the film (z=0). The initial 
stress, before irradiation, is taken to be compressive at the experimental value of 
260 MPa. It is due to the difference in thermal contraction between the SiO2 film 
and the Si substrate upon cooling down the substrate to room temperature after 
thermal oxidation at 1050 °C.3 Upon irradiation the near-surface stress first 
changes from compressive to tensile. This is due to the structural changes that 
compact the silica network. After a maximum tensile stress is reached, the stress 
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Figure 7.1 (a) Electronic and nuclear stopping (Fe and Fn) as a function of the 
depth z for 2 MeV Ar irradiation of SiO2. The threshold stopping for anisotropic 
strain generation (Fth =0.6 keV/nm) and the corresponding depth (1200 nm) are
indicated by the dashed lines. (b) Local stress as a function of depth for 2 MeV 
Ar (7×1014 Ar/cm2, solid line) and 2 MeV Xe (1×1014 Xe/cm2, dashed line) 
irradiation of SiO2. 
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relaxes due to Newtonian viscous flow. Ultimately, a compressive saturation 
stress as high as 270 MPa is reached. This saturation stress is a result of a 
dynamic competition between compressive anisotropic stress generation (with 
strain rate A) and stress relaxation due to Newtonian viscous flow (with viscosity 
ηRAD) and amounts to 6AηRAD [the high-fluence limit of Eq. (7.1)]. The large 
saturation stress near the surface results from the high anisotropic strain rate due 
to the high electronic stopping as the ion energy is still high, and the high 
viscosity due to the relatively small nuclear stopping [see Fig. 7.1(a)].  

An entirely different behavior is observed deeper in the film, at z=1500 
nm [dashed curve in Fig. 7.2(a)]. At this depth the electronic stopping is below 
the threshold for anisotropic strain generation and the high-fluence limit of Eq. 
(7.1) is zero. Stress relaxation at this depth occurs slightly faster than at the 
surface due to the higher nuclear stopping. Fig. 7.2(a) also shows the stress 
evolution at the end-of-range of the ions (z=2100 nm, dotted line) where the 
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Figure 7.2 (a) Local stress as a function of fluence, calculated using Eq. (7.1),
for 2 MeV Ar irradiation of SiO2 at three different depths indicated in the figure.
(b) In-situ measurement of the integrated stress S as a function of ion fluence
during 2 MeV Ar irradiation of SiO2 at 115 K (solid line). The dashed line
represents a calculation by the local stress model using integration of Eq. (7.1). 
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nuclear stopping is small and structural changes and radiation-induced flow 
therefore occur at a slower rate, as is observed in the calculation.  

From Fig. 7.2(a) we can immediately conclude that at a fixed fluence the 
local stress is strongly dependent on the depth in the irradiated film. For 
example, at a fluence of 3×1014 Ar/cm2, the surface stress is highly compressive 
(200 MPa) while at the end-of-range the stress is highly tensile (-600 MPa). Such 
giant stress inhomogeneities in thin films under ion irradiation have never been 
considered before. To further illustrate the depth-dependence of the stress, Fig. 
7.1(b) plots the local stress as a function of depth for 2 MeV Ar irradiation at a 
fluence of 7×1014 ions/cm2 (solid line). A high compressive stress is seen just 
below the surface, the stress then decreases with depth and finally vanishes at 
1200 nm. The latter is the depth at which the electronic stopping is equal to the 
threshold stopping for anisotropic strain generation [see dashed lines in Fig. 
7.1(a)]. At the end-of-range of the ions, around 2100 nm, a narrow tensile stress 
region is observed, as explained above. 

Figure 7.2(b) shows a measurement (solid line) of the integrated in-plane 
stress S as a function of the ion fluence during 2 MeV Ar irradiation of a 2.5 µm 
thick thermally grown SiO2 film on a 150 µm thick Si(100) substrate at a 
temperature of 115 K. These data were taken using an in-situ wafer curvature 
technique2 that probes the integrated stress rather than the local stress in the film. 
Since our model provides the local stress at each depth, we can calculate the 
depth-integrated stress at any fluence. This calculation is also shown in Fig. 
7.2(b) (dashed line). As can be seen, the calculation corresponds closely with the 
measurement. 

In fitting our model we have optimized the functions φs=κFn
-λ and 

ηRAD=α  Fn
-δ to obtain good agreement for three independent measurements of the 

integrated stress as a function of fluence (1 MeV Ne, 2 MeV Ar and 2 MeV Xe) 
using an iteration procedure. Note that the three irradiations, with very different 
ion masses, lead to entirely different depth profiles of Fe and Fn. These three 
different measurements were all fitted using the same set of input functions for 
φs and ηRAD: φs(ions/cm2)=1.46×1013 Fn

-0.55 and ηRAD(Pa ion/cm2)=1.79×1023 

Fn
-0.83, with Fn in units of keV/nm. The fact that these exponents are smaller than 

unity may point to defect reactions by thermally activated processes.14 
As an illustration of how these generic expressions consistently describe 

entirely different experiments, we show in Fig. 7.3 a measurement of the 
integrated stress as a function of fluence during 2 MeV Xe irradiation of a SiO2 
film on Si performed at 115 K (solid line). The stress curve exhibits a totally 
different behavior than for 2 MeV Ar irradiation; the most striking difference is 
the apparent high-fluence saturation stress that is now tensile. Nevertheless, the 
calculation (dashed line in Fig. 7.3) performed using the same set of input 
functions as used for the calculation of the 2 MeV Ar irradiation shows very 
good agreement with the measurement. 
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This analysis now provides a consistent explanation for the tensile 
saturation stress that had remained controversial and unexplained to date. This 
tensile stress now naturally follows from our model as can be seen in Fig. 7.1(b), 
which shows the local stress as a function of depth for 2 MeV Xe irradiation at a 
fluence of 1×1014 Xe/cm2  (dashed line). Clearly, the large ion straggle for Xe 
leads to a broad tensile contribution at the end-of-range, thus leading to a tensile 
integrated stress. 

7.4 Stress map for ion irradiation 

Finally, by analogy of the deformation mechanism map that predicts stress-
strain-temperature behavior for materials, we introduce the new concept of a 
“stress map” for ion irradiation. Since the anisotropic strain generation rate A 
depends on the electronic stopping Fe and the radiation-induced viscosity ηRAD 

on the nuclear stopping Fn (for ion energies up to several MeV), the saturation 
stress σSAT=6AηRAD can be calculated for any irradiation condition. These data 
can be plotted on a stress map in which iso-saturation stress contours are plotted 
versus Fe and Fn, as is shown in Fig. 7.4. For Fe below 0.6 keV/nm the saturation 
stress vanishes. It can immediately be seen that a high electronic energy loss and 
a small nuclear energy loss results in a high local saturation stress. In contrast, a 
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Figure 7.3: In-situ measurement of the integrated stress in a SiO2 film as a 
function of ion fluence during 2 MeV Xe irradiation at 115 K (solid line). A
calculation by the local stress model using integration of Eq. (7.1) is also
included (dashed line). 
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small value of the saturation stress occurs in regions where Fn is high and Fe 
small. 

For comparison, the solid dots in Fig. 7.4 indicate the calculated near-
surface saturation stress for 2 MeV Ar and 2 MeV Xe irradiations, taken from 
Fig. 7.1(b). The 2 MeV Ar irradiation results in a much higher saturation stress 
(∼ 270 MPa) than the 2 MeV Xe irradiation (∼ 20 MPa) due to the smaller nuclear 
stopping. Using the stress map in Fig. 7.4 we can now predict the final saturation 
stress in SiO2 for any irradiation condition (energy, ion) at 115 K with ion 
energies up to several MeV. Since the temperature dependence of both the 
anisotropic strain generation rate A and the radiation-induced viscosity ηRAD are 
known,8 stress maps for SiO2 at other temperatures can also be made. Finally, 
since ηRAD and A have been determined for other materials as well,15-17 stress 
maps for these materials may also be constructed. 

7.5 Conclusions 

We have for the first time calculated the depth-dependent mechanical stress 
induced by the interplay between densification by structural transformation, 
Newtonian viscous flow and anisotropic strain generation in a constrained SiO2 

Figure 7.4: Stress map of SiO2 at 115 K under ion irradiation. Plotted are iso-
stress curves of the high-fluence saturation stress σSAT=6AηRAD (values indicated 
in units of MPa) as a function of the electronic stopping Fe and the nuclear 
stopping Fn. The near-surface saturation stress (z=0 nm) for 2 MeV Ar and 2 
MeV Xe irradiation is also shown (solid circles). 
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film, by taking into account the electronic and nuclear stopping dependence of 
these processes. As a function of the depth, the stress shows giant variations of 
several hundred MPa ranging between compressive and tensile. Finally, we have 
constructed a stress map that can predict the final saturation stress in SiO2 at any 
depth in the film for any irradiation condition with ion energies up to several 
MeV. 
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Activation energy spectra for 
annealing of ion irradiation-
induced defects in silica glasses 

In-situ stress measurements were performed on alkali-borosilicate 
glass samples during and after 2 MeV Xe ion irradiation at several 
temperatures between 95 and 580 K. After switching off the ion beam, 
stress changes are observed that are related to the annealing of ion 
beam generated defects. The activation energy spectra for defect 
annealing are obtained from the data at each irradiation temperature. 
Defects are observed in the energy range from 0.26 and 1.85 eV. At 
each temperature the spectrum increases monotonously with 
activation energy. At each energy the defect density per unit energy is 
smaller at higher temperatures. This behavior can be explained using 
a binary collision model. The data are contrasted with the results 
obtained for 4 MeV Xe ion irradiation of thermally grown SiO2 films, 
which can be explained using a thermal spike model. Measurements 
of the radiation-induced viscosity support the difference in 
mechanisms. The difference in defect spectra may be attributed to the 
difference in glass composition. 
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8.1 Introduction 

The effect of ion irradiation on the structure of silica glasses has been studied for 
many years, and many of the radiation-induced phenomena that can occur are 
now well established. For example, ion irradiation can cause structural 
transformations in which rearrangements in the glass network topology take 
place.1 When the irradiated region is constricted by a substrate, such changes 
may lead to the build-up of mechanical stress in the material. This stress can be 
relaxed by radiation-induced viscous flow.2,3 In addition, as described in the 
previous chapters, ion irradiation may cause anisotropic deformation in 
amorphous materials,4-6 leading to stress in the plane perpendicular to the 
direction of the ion beam.2,7   

Ion irradiation also leads to the generation of point defects or larger 
defect agglomerates. Spectroscopic techniques have been used to try to identify 
the charge state and bonding nature of these defects.1,8 Little is known, however, 
about the typical annihilation activation energies of these defects and their 
steady state concentration as a function of activation energy. One way to study 
this is by measuring the mechanical stress in an irradiated region that has built 
up due to the excess volume generated by such defects.2 In this chapter, we 
present time-resolved stress measurements during and after 2 MeV Xe ion 
irradiation of alkali-borosilicate glass and of SiO2 films that are thermally grown 
on Si. Measurements are performed at different irradiation temperatures in the 
range from 95-580 K. The results are compared with similar measurements that 
were performed earlier on thermally grown SiO2 films under 4 MeV Xe 
irradiation.3,9 Some striking differences between the defect spectra are found, 
and are related to a fundamental difference in the nature of the defect generation 
process. 

8.2 Experimental 

Measurements were performed on 150 µm thick rectangular bulk alkali-
borosilicate glass samples (6×23 mm2, Menzel cover glasses). Rutherford 
backscattering spectrometry and elastic recoil detection show that this glass 
contains (besides Si and O) approximately 4.7 at% Na, 3.7 at% B and also small 
concentrations of K, Ca, Ti and Zn.  

One end of the samples was clamped to a temperature-controlled copper 
block, leaving the other end free to bend. The bare glass-side of the samples was 
homogeneously irradiated with a 2 MeV Xe ion beam that was electrostatically 
scanned over the sample at an ion flux of (4.0-9.0)µ1010 ions/cm2s. The 
maximum ion range was about 1.0 µm.2 During irradiation the radius of 
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curvature of the sample was measured using a sensitive scanning laser technique, 
from which the average in-plane stress σ in the irradiated region was derived.10 
In order to obtain a good reflection from the sample a 50 nm thick Cr film was 
evaporated on the backside of the sample. The measurements were performed at 
fixed temperatures between 95 and 580 K. 

In addition, measurements were performed on 2.4 mm thick SiO2 films 
grown by wet thermal oxidation (1100 oC) on 95 µm thick Si (100) substrates. 
These films were homogeneously irradiated with 2 MeV Xe ion beam at a flux of 
(1.0-1.5)µ1011 ions/cm2s at fixed sample temperatures between 90 and 375 K. 

 
 

Figure 8.1 In-situ measurements of the average in-plane stress σ of alkali-
borosilicate glass before, during and after 2 MeV Xe ion irradiation as a function
of time. Results are shown for a sample temperature of 580 K (a), and 95 K (b).
The ion beam was switched off after a total irradiation fluence of 8µ1013 Xe/cm2

(a), 4.3µ1013 Xe/cm2 (b). 
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8.3 Results and analysis 

We will first describe the data measured on the alkali-borosilicate glass samples. 
Figure 8.1(a) shows a typical stress measurement as a function of time during 
and after ion irradiation at a temperature of 580 K. The ion beam is switched on 
at t=54 s and switched off at t=893 s. Compressive stress is defined to be 
positive. After switching on the ion beam there is small initial increase in the 
stress. The stress then becomes tensile and reaches a maximum tensile stress at 
t=130 s, corresponding to a Xe fluence of 7.3µ1012 cm-2. The stress then turns 
towards compressive values and saturates at a value of –3 MPa after ~500 s, 
corresponding to a fluence of about 4µ1013 Xe cm-2.  

As shown previously, the stress changes during ion irradiation are caused 
by different processes that occur simultaneously.3,9 The small initial peak is 
caused by stress induced by the creation of volume occupying defects in the 
glass as the ion beam is switched on. The subsequent change towards tensile 
stress is attributed to a structural change of the glass.1,9 At the same time, 
radiation-induced viscous flow occurs, a continuous stress-driven process that 
eventually relaxes the stress towards zero. Figure 8.1(b) shows a stress 
measurement at a temperature of 95 K. It shows the same features as the data in 
Fig. 8.1(a), except that the stress saturates at a positive value. As described 
earlier (see also Chapters 2-7), this is due to anisotropic strain generation that 
occurs most efficiently at low irradiation substrate temperature (see Chapter 
4).2,4-7,9 The interplay between the latter three processes and the resulting (depth-
dependent) stress evolution during ion irradiation is described in detail in 
Chapter 7. 

 After switching off the ion beam the stress changes towards tensile 
values as can be seen in Fig. 8.1 both at 95 K and 580 K. The same effect was 
also observed in measurements performed at intermediate temperatures.11 This 
stress change is attributed to the annealing of volume occupying defects 
(generated by the ion beam) that have a spectrum of annihilation times. The 
densification is given by9,12,13 

   ]
)(

exp[)()(
0
∫
∞

∞ −−∆=∆ dQ
Q

QD
τ

θρθρ   ,    (8.1)  

where D(Q) is the density change per unit energy, θ is time after switching off 
the beam and τ(Q), given by 

   ]exp[)(
kT
Q

kT
hQ =τ   ,      (8.2) 

is the characteristic annihilation time of defects with an activation energy Q. In 
Eq. (8.2) k and h are Boltzmann’s and Planck’s constants, respectively, and T is 
the temperature. 
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If the defect activation energy spectrum is very broad and varies slowly 
with activation energy it follows from Eq. (8.2) that at a time θ after switching 
off the ion beam defects with activation energies in a small band of order kT 
around 

   ]/ln[ hkTkTQ ⋅= θθ       (8.3) 

are annealing out, resulting in a certain stress change. The spectrum D(Qθ) can 
then be approximated from the measured stress change by9 

( )
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b ⋅

∆
⋅

−=
θ

σρ
θ   ,     (8.4) 

where ∆σ is the stress change after switching off the ion beam with respect to the 
saturation stress (∆σ<0), ρ is the density of the silica glass (6.9µ1022 atoms/cm3) 
and Yb the biaxial modulus of the modified region of the glass (90 GPa).2 It 
should be noted here that, in contrast to Chapter 7 where we have demonstrated 
that the local stress is strongly depth-dependent, we have taken the average in-
plane stress σ for our analysis. The spectrum D(Q) is therefore a depth-averaged 
quantity without any local information. 

Figure 8.2 The stress change ∆σ from Fig. 8.1 (relative to saturation stress) after
switching off the ion beam, plotted as a function of the time θ after switching off
the ion beam. Results are shown for the alkali-borosilicate glass at sample
temperatures of 580 and 95 K. At both temperatures the samples were first
irradiated to reach a saturation stress value. The drawn lines are polynomial fits
through the data. 
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Figure 8.2 shows the transient stress change from Fig. 8.1 after switching 
off the ion beam plotted on a logarithmic time scale. According to Eq. (8.4) the 
spectra D(Q) can now be calculated by taking the derivative of ∆σ with respect 
to ln[θ ⋅kT/h]. This is done by fitting a 3rd order polynomial to the data and then 
taking the derivative of these curves versus ln[θ]. The result is shown in Fig. 
8.3(a), where D(Q) is plotted versus Q for the temperatures between 95 and 580 
K. To avoid possible contributions from beam heating on the stress measurement 
only data for θ >30 s are used. 
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Figure 8.3 (a) Defect annihilation activation energy spectra for alkali-
borosilicate glass derived from the data in Fig. 8.2 and from additional data taken
at other temperatures (all after irradiation with 2 MeV Xe at a flux of (4-9)µ1010

ions/cm2s). (b) The same for thermally grown SiO2 films on Si (after irradiation
with 4 MeV Xe at a flux of 5µ1012 ions/cm2s). 
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8.4 Discussion 

As can be seen in Fig. 8.3(a), at each temperature the spectrum for D(Q) 
increases with increasing Q. It can also be seen that at a fixed activation energy 
the defect density per unit energy decreases with increasing sample temperature. 

We will compare these spectra of alkali-borosilicate glass with activation 
energy spectra derived from stress measurements performed on 2.4 mm thick, 
thermally grown SiO2 films on Si.9 These measurements were performed after a 
4 MeV Xe4+ irradiation at a flux of 5.0µ1012 Xe/cm2s, and data for four different 
temperatures taken from Ref. 9 are shown in Fig. 8.4.  The stress relaxation 
curves in Fig. 8.4 and additional curves taken at different temperatures were 
analysed as described above to obtain the defect spectra D(Q). The result is 
plotted for different temperatures in Fig. 8.3(b). All spectra decrease gradually as 
a function of the activation energy Q.  

By comparing all spectra for pure silica measured at different 
temperatures they seem to fit one ‘universal’ continuous spectrum independent 
of temperature. To confirm this, a smooth curve D(Q) was fitted to the spectra of 
Fig. 8.3(b) (drawn line). The time dependence of the stress change was then 
calculated using this spectrum, Eq. (8.1), and the relation ∆ρ/ρ=-3∆σ/Yb.2 The 
result is shown for the four temperatures in Fig. 8.4. Good agreement with the 
measured data is observed. Comparing the spectra of the two glass types it can 
first be concluded that defects are more stable in alkali-borosilicate glass, 
because the spectrum of alkali-borosilicate glass has non-zero values up to at 
least 1.85 eV whereas for the thermal oxide the spectrum vanishes above 0.75 
eV.  

The existence of a universal spectrum for thermal SiO2 can be explained 
using a thermal spike model,9 in which the defect generation is independent of 
sample temperature, as the temperature in the thermal spike3,9,14 is much higher 
than the sample temperature. The defect population that is probed by the stress 
measurement would then be generated during the thermal spike that causes local 
melting of the SiO2 film, and quenched in during rapid cooling.  

The fact that this ‘universal’ behavior is not found for alkali-borosilicate 
glass implies that in this glass the steady state concentration of defects depends 
on sample temperature. This can be explained by a binary collision model for 
which, in contrast to a thermal spike, an ion impact does not cause local melting 
but produces isolated defects as a result of binary collisions. In this case, a 
steady state defect population builds up due to temperature-independent defect 
generation and temperature-dependent defect annihilation. The steady state 
defect population then depends on the annihilation activation energy Q, the 
sample temperature and the maximum concentration of defects that can be 
generated for each Q. Because the annihilation rate 1/τ [with τ from Eq. (8.2)] is 
larger for higher temperatures, the steady state defect population for a fixed 
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activation energy is smaller for higher temperatures, which is in agreement with 
the data in Fig. 8.3(a). 

Additional indications for the different nature of the defect generation in 
the two cases are found by comparing the temperature dependencies of the 
radiation-induced viscosity ηrad

2,3,7,9 for both glass types. These data are derived 
from stress relaxation measurements during ion irradiation. We estimated ηrad by 
fitting an exponential function to the part of the stress curve (see Fig. 8.1) 
between ~300 and 700 s (fluencet1.5µ1013 Xe/cm2), the same method as used in 
Ref. 3. The results are shown in Fig. 8.5. As can be seen, the viscosity for alkali-
borosilicate glass (triangles) slowly increases with increasing temperature from 
(0.75±0.10)µ1023 Pa ion/cm2 at 95 K to (1.1±0.10)µ1023 Pa ion/cm2 at 580 K. 
For comparison, the data for pure SiO2 (solid squares, taken from Ref. 3) are 
included. These data show an opposite behavior of ηrad, in agreement with 
calculations using a thermal spike model (the drawn line in Fig. 8.5).3 This 
provides independent evidence that the defect generation in alkali-borosilicate 
glass is not governed by a thermal spike process. 

To further investigate the universality of the defect spectra D(Q) for pure 
silica in Fig. 8.3(b) we varied both the ion energy and flux. First, 2 MeV Xe ions 
were studied at the same flux of (1.0-1.5)µ1011 Xe/cm2s as used for the 4 MeV 
irradiation as described above. Fig. 8.6 shows the average in-plane stress change 
(relative to the saturation stress) after switching off the ion beam after these 

Figure 8.4 The average in-plane stress change in the SiO2 film after the 4 MeV
Xe ion beam was switched off (Data from Ref. 9). Results are shown for four
sample temperatures 95, 135, 195 and 255 K. The dashed lines are calculations
of these stress changes using the universal spectrum in Fig 8.3(b) and Eq. (8.1). 
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irradiations. Data are shown for three sample temperatures: 120, 145 and 170 K. 
Next, the time dependence of the stress change was calculated using the 
universal spectrum derived from the 4 MeV data [Fig. 8.3(b)] and Eq. (8.1). The 
result is shown in Fig. 8.6 (dashed lines). Again good agreement with the 
measured data is observed, indicating that the defect activation energy spectrum 
of thermally grown SiO2 does not depend on irradiation energy in the 2-4 MeV 
Xe ion energy range. To study the dependence of the defect spectrum on the ion 
beam flux, we raised the flux for 2 MeV irradiation of thermal SiO2 to ~5µ1011 
Xe/cm2s (at 95 K). No beam flux dependence was found in the structural 
relaxation behavior.15 

We also investigated the temperature dependence of the radiation-induced 
viscosity of thermal SiO2, using a 2 MeV Xe ion beam at a flux of (1.0-1.5)µ1012 
Xe/cm2s. These data are shown in Fig. 8.5 (open squares). The viscosity 
decreases from (2.5≤0.4)µ1023 Pa ion/cm2 at 90 K to (1.8≤0.3)µ1023 Pa ion/cm2 
at 375 K. As can be seen, the radiation-induced viscosity for 2 MeV irradiation is 
very similar to that for 4 MeV irradiation (closed squares). Finally, from 
additional post-irradiation wafer curvature experiments (not shown) we could 

Figure 8.5 The radiation-induced viscosity ηrad, derived from stress relaxation 
measurements during Xe ion irradiation, plotted as a function of temperature for
2 MeV irradiation of alkali-borosilicate glass (triangles) and 4 MeV irradiation of
thermally grown SiO2 films at a flux of ~1011 Xe/cm2s (solid squares). The solid 
line is a calculation of ηrad according to a thermal spike model (multiplied by a
factor 4.7 to obtain agreement between the model and the data).3 The dashed line 
is a guide to the eye for alkali-borosilicate glass. Data for irradiations of thermal 
SiO2 using 2 MeV Xe ions are also shown (open squares). 
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also conclude that the defect activation energy spectrum of alkali-borosilicate 
glass at 4 MeV is similar to that at 2 MeV.15  

The different behavior found for pure silica and alkali-borosilicate glass, 
as observed in Fig. 8.3 must be due to the difference in glass composition. 
Indeed, it has been shown that the presence of boron affects the stability and the 
density of ion irradiation-induced defects in silica glass.8,16 

8.5 Conclusions 

Borosilicate glass as well as thermally grown SiO2 films show characteristic 
transients in their in-plane stress upon termination of ion irradiation, that are 
ascribed to the annihilation of volume-occupying defects. From the stress 
relaxation kinetics, studied over a broad temperature range, the defect 
annihilation activation energy spectra are determined for the two glasses. The 
spectrum for silica shows a decreasing trend with energy, universal for all 
irradiation temperatures in the range 95-255 K, independent of ion energy and 
flux, and vanishes above ~0.8 eV. In contrast, the spectrum for alkali-
borosilicate glass is strongly temperature dependent and increases with energy 
over the range that is probed. 

Figure 8.6 The average in-plane stress change in thermal SiO2 films after 
switching off a 2 MeV Xe ion beam (flux: (1-1.5)µ1011 Xe/cm2s). Results are 
shown for three sample temperatures 120, 145 and 170 K. The dashed lines are
calculations of these stress changes using the universal spectrum in Fig. 8.3(b)
(derived from the 4 MeV Xe irradiations) and Eq. (8.1). 
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The distinctly different characteristics are attributed to different defect 
generation mechanisms, as is supported by an observed difference in the 
radiation-induced viscosity with temperature. The silica data are consistent with 
a thermal spike model, while the results for borosilicate glass may be explained 
by a binary collision model with temperature-dependent defect annihilation. 
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Applications of shape-anisotropic 
colloidal particles and aggregates 

The ion-beam deformation technique can be used to modify the shape 
of nano- and micrometer-sized colloidal composite materials. We 
show five different applications. Particles can be brought in 
suspension for studies on self-assembly and phase behaviour. The 
hole size of two-dimensional colloidal crystals that serve as mask for 
nanolithography is tuned by ion irradiation. We demonstrate the 
fabrication of three-dimensional colloidal photonic crystals of shape-
anisotropic particles. Prolate silica ellipsoids can be obtained after 
two subsequent, mutually orthogonal ion irradiations to equal 
fluences, and spherical Au particles embedded in a silica matrix can 
be turned into nanorods by MeV ion irradiation. 
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9.1 Introduction 

In the Chapters 2-4 we have shown in detail how ion irradiation can be used to 
change the shape of single colloidal silica particles in a well-controlled way. In 
this chapter we present several applications of shape-anisotropic colloids and 
composite materials of which the shape is modified by ion irradiation. 

9.2 Anisotropic colloidal particles in solution 

Colloidal particles play an important role in studies of self-assembly and phase 
behavior. The synthesis of colloidal model suspensions is well explored and 
understood for a wide variety of inorganic materials. However, most of the 
model systems with a narrow size distribution consist of spherical particles. It 
appears very difficult to synthesize nonspherical particles such as oblate and 
prolate ellipsoids with low polydispersity. With the work in this thesis we now 
provide a new technique by which highly anisotropic monodisperse ellipsoidal 
colloids can be made with adjustable aspect ratio.  

For studies of self-assembly and phase behavior, colloidal particles must 
be brought in suspension. We have shown that, by using ultrasonic treatment, ion 
irradiated colloidal particles can be removed from the substrate. A stable 
suspension of deformed silica particles in solution was obtained and light 
scattering confirmed that the spheroids were redispersed as single entities. 
Preliminary self-assembly experiments have been performed and showed indica-
tions of the formation of nematic colloidal liquid crystalline phase of ion beam 
deformed oblate colloids.1 

The typical particle yield in our experiments is on the order of 3×108 
colloids (0.3 mg) per hour (4 MeV Xe4+, 40 nA/cm2, 90 K, area ~6 cm2). This 
assumes an areal density of 108 colloids per cm2, which can be achieved using a 
properly patterned template. Using high-energy, high-throughput and high-
current ion irradiation systems the yield may be improved by 1–2 orders of 
magnitude. Indeed, quantities in the order of milligrams are valuable for a wide 
variety of model experiments in e.g. self-assembly, phase-behavior, or to study 
optical properties. 
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9.3 Modification of two-dimensional colloidal crystals, 
nanolithography  

Two-dimensional ordered structures of colloidal particles show dramatic shape 
changes upon irradiation. A hexagonally close-packed structure of 1030 nm-
diameter spherical silica colloids on a silicon substrate was irradiated with 4 
MeV Xe4+ ions at normal incidence to a fluence of 7.5×1014 cm-2 at 90 K. Fig. 
9.1(a) shows a scanning electron microscopy (SEM) image after irradiation. As 
can be seen, the particles that were originally spherical have deformed quite 
strongly and fill completely the empty space between particles. Even a vacancy, 
that was present in the original unirradiated structure and that terminated a 
dislocation coming in from the lower left, is completely filled up as a result of 
the deformation. The structure in Fig. 9.1(a) is completely different to what 
would be observed if the colloids had been deformed by purely thermal 
treatment.2 

Figure 9.1(b) shows a hexagonally packed monolayer of silica particles 
irradiated at an angle of 45o to a fluence of 3×1014 Xe/cm2. As can be seen in the 
SEM image, taken normal to the surface, this results in a structure of partially 
overlapping rows of particles, reminiscent of shingles or roof tiles. The 
anisotropy is caused by the fact that due to the sample tilt during irradiation the 
particles were free to expand in one direction perpendicular to the ion beam, but 
constrained in the other direction due to the presence of neighboring particles. 

(b)(a) 

2.0 µm

Figure 9.1 SEM images of a hexagonally close-packed monolayer of 1030 nm 
diameter silica particles after irradiation. (a) After irradiation under normal 
incidence using 4 MeV Xe4+ ions to a fluence of 7.5µ1014/cm2. The remnants of a 
dislocation in the original structure, terminated by a vacancy, are clearly seen.
(b) After irradiation under 45o off the surface normal (at an azimuth indicated by 
the arrow) to a fluence of 3µ1014 Xe/cm2. The dashed lines indicate the original 
hexagonal arrangement. Both (a) and (b) are imaged normal to the surface, and 
both irradiations are performed at 90 K 
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Such anisotropic colloidal films are expected to show highly anisotropic optical 
properties. 

The deformation of regular colloidal structures can also be used to tailor 
the shape of microspheroids comprising a self-assembled lithographic mask for 
thin-film deposition.3,4 In this way the lattice spacing and shape of the voids in 
between the spheres can be uncoupled. As an example of this effect we show in 
Fig. 9.2 SEM images of hexagonal patterns of 30 nm thick Ag dots formed by 
thermal evaporation through a close-packed hexagonal arrangement of 1.0 µm 
diameter silica colloids placed on glass substrate (a). The image was taken after 
removal of the colloidal mask by ultrasonic treatment for 1 minute. Figure 9.2(b) 
shows an image taken after evaporation through a colloidal mask that was first 
irradiated under normal incidence with 4 MeV Xe ions to a fluence of 6×1014 
cm-2 at 90 K. This experiment clearly shows a major reduction in feature size of 
the Ag dots using the deformed colloidal mask: the feature size has decreased 
from 234±15 nm [Fig. 9.2(a)] to 125±15 nm [Fig. 9.2(b)]. By controlling the ion 
fluence the hole size of the colloidal mask can be continuously tuned, and feature 
sizes below 50 nm have been demonstrated.5 Such small feature sizes are 
difficult to achieve with other techniques. 

1 mµ  1 mµ  

Ag dots Ag dots(a) (b)

Figure 9.2 Ag patterns (thickness 30 nm) on a glass substrate made by 
deposition (thermal evaporation) though a self-assembled colloidal mask that 
was (a) unirradiated, or (b) deformed with 4 MeV Xe ions at 90 K to a fluence of
6×1014 cm-2 at normal incidence. The images were taken at normal incidence, 
after removal of the colloids. In the images the bright spots are the Ag features
on the substrate. 
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9.4 Photonic crystals of shape-anisotropic colloidal silica 
particles 

A photonic crystal is a regular arrangement of a dielectric material that interacts 
strongly with light. It offers a unique way to control the propagation and 
emission of light. Optical bandstructure calculations show that, for a given 
particle asymmetry, photonic crystals composed of spheroids can have larger 
bandgaps than those composed of spheres.6 

Colloidal photonic crystals were fabricated from monodisperse 220 nm 
diameter SiO2 colloids (relative polydispersity ± 3%), synthesized using a 
microemulsion method followed by seeded growth.7 Thin colloidal crystals of 8-
10 layers thick were grown on clean glass substrates using a controlled drying 

Ion beam

45º (c) +45º

(a)-45º (b)
(a)

(c)

500 nm

(b)

Ion beam

45º (c) +45º

(a)-45º (b) Ion beam

45º (c) +45º

(a)-45º (b)
(a)(a)

(c)(c)

500 nm

(b)

500 nm

(b)

Figure 9.3 SEM images of a planar photonic crystal of close-packed SiO2 oblate 
ellipsoids obtained after irradiation with 4 MeV Xe4+ ions to a fluence of 
1.0×1015 cm-2 at an angle of 45° at 90K. (a) Top view of the crystal showing the 
(111)-crystal plane. (b) Image of the irradiated crystal taken perpendicular to the 
ion beam direction. The average semi-axes of the ellipsoids determined from the 
SEM image are x = 123 ± 5 nm and y = 74 ± 2 nm. (c) Side-view image (45° tilt) 
of a broken crystal showing the depth of the deformation caused by the
irradiation. The arrows show the direction of the ion beam. 
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method3,8,9 and then annealed at 600°C for four hours in air.2 Next the crystals 
were irradiated with 4 MeV Xe4+ ions to a fluence of 1.0×1015 cm-2 at 90 K with 
the sample surface held at an angle of 45° with respect to the direction of the ion 
beam. Samples were coated with a 5 nm Pt/Pd layer before analyzing by SEM at 
5 kV.  

Figure 9.3(a-c) shows SEM micrographs of a thin planar crystal of close-
packed monodisperse silica colloidal particles after ion iradiation. The different 
viewing directions are drawn in the schematic inset. After irradiation all particles 
were deformed and turned into (almost) oblate ellipsoids as is best seen in Fig. 
9.3(b). The particles expanded relatively undisturbed in the plane perpendicular 
to the ion beam direction. When the sample is imaged at -45° [Fig. 9.3(b)] both 
ellipsoidal semi-axes (x, y) can be measured directly. We find x=123±5 nm and 
y=74±2 nm (aspect ratio 1.65±0.09) by image processing of the SEM 
micrographs.  From these values it follows that the particle volume has decreased 
by 16 %, which is ascribed to the shrinkage of the silica colloids upon thermal 
annealing.  Similar volume changes upon thermal annealing have been observed 
in Ref. 2. Due to this shrinkage and the attachment of the crystal to the substrate 
randomly oriented cracks appear after the thermal anneal of the crystal. No 
cracks were observed in annealed and irradiated free-standing colloidal 
crystalline films.  

From the side view [Fig. 9.3(c)], one can see that the anisotropic 
deformation is extended throughout the full crystal including the layer of 
particles in contact with the substrate. However, particles close to the substrate 
are less deformed since the crystal thickness (~ 1.8 µm) is close to the 
penetration depth of the 4 MeV Xe4+ ions, taking the angle of irradiation and the 
filling fraction of SiO2 into account. Higher energies could be used to deform 
thicker crystals more uniformly. From Fig. 9.3(c), it is apparent that there is a 
deviation from the ellipsoidal shape caused by the fact that deforming spheres 
were touching in the crystal. Most likely, this increases the packing fraction and 
consequently the effective refractive index of the composite.  

Optical transmission spectra on these thin photonic crystals were taken 
along the (111) direction (normal incidence).10 The spectra before and after the 
ion irradiation exhibit a minimum in the optical transmission, where the Bragg 
condition is fulfilled and light is diffracted away from the axis of propagation. 
The presence of a Bragg peak after irradiation indicates that the crystal structure 
remains after the ion irradiation.  However, the Bragg minimum, corresponding 
to the stop gap, that occurs at a wavelength of 453 nm before irradiation shifts to 
424 nm after irradiation. This shift is ascribed to the combined effect of changes 
in the crystal symmetry (lattice spacing) and particle form factor due to the ion 
irradiation, and possibly a small crystal densification. These measurements 
clearly demonstrate that the optical properties of three-dimensional photonic 
structures can be modified in a controllable way using ion irradiation.  
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9.5 Prolate silica colloids by multiple ion irradiation 

As an illustration of the reproducibility and versatility of the ion irradiation 
technique, we demonstrate that anisotropic deformation can also be used for the 
synthesis of prolate ellipsoids. First, oblate particles were made from originally 
1030-nm-diameter silica spheres by 4 MeV Xe4+ irradiation to a fluence of 
3×1014 cm-2 at an angle of +45o, similar to what is shown in Figs. 2.1(b-d). Next, 
the particles were again irradiated with 4 MeV Xe4+ ions to a fluence of 
3×1014 cm-2, now with the sample tilted at -45o, i.e. orthogonal to the direction of 
the first irradiation.  

Figure 9.4 shows SEM images of these doubly irradiated particles. In the 
image of Fig. 9.4(a), taken using the same sample orientation as in Fig. 2.1(b), 
the particles appear elliptical. The same is found in SEM images taken at other 
sample tilt angles within the plane expanded by the two ion beam directions. 
Figure 9.4(b) shows a side-view image [15o tilt angle, as in Fig. 2.1(d)] that is 
almost normal to both of the two ion beam directions. From this angle of view 
the particle projection is close to circular. Therefore, it can be concluded that the 
ellipsoids in Fig. 9.4 have a prolate shape. The total ion fluence used to form 
these prolate ellipsoids was 6×1014 cm-2, and the major and minor diameters of 
the particles are included in Fig. 2.2 (triangles). The measured transverse 
diameter L of the prolate ellipsoids (open triangle) agrees well with the 
calculated curve of L (dotted line) for ellipsoidal particles after a single 
irradiation to the same total ion fluence.11 This experiment demonstrates that a 
high level of shape control can be achieved. In general, repeated ion irradiations 

Figure 9.4 Prolate ellipsoids: SEM images of silica particles such as shown in
Fig. 2.1(a)-(d), after an additional 4 MeV Xe4+ ion irradiation to a fluence of 
3µ1014 cm-2 at an angle orthogonal to the first irradiation. (a), View along the 
direction of the first ion irradiation (+45o tilt). (b), Side view almost 
perpendicular to both ion beams [same orientation as in Fig. 2.1(d)]. 
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from different directions can be used to create ellipsoidal particles with variable 
ratios between the three principal diameters.12 

9.6 Aligned gold nanorods in silica made by ion irradiation 
of core-shell colloidal particles 

Core-shell colloidal particles composed of a 14 nm-diameter Au core surrounded 
by a 72 nm-thick SiO2 shell, were prepared in solution using a method described 
elsewhere.13 A few drops of a diluted solution were dispersed on a 10 nm-thick 
Si3N4 membrane which allowed transmission electron microscopy (TEM) of 
individual particles. The particles were irradiated with 30 MeV Cu or Se ions to 
fluences in the range (2–4)×1014 ions/cm2. During irradiation the samples were 
clamped to a liquid-nitrogen cooled Cu block. Some irradiations were done at 
normal incidence, others with the ion beam 20º or 45º tilted away from the 
normal. 6 MV tandem accelerators in Rossendorf and Montreal provided the ion 
beams. Following irradiation the colloids were examined by SEM (5 keV 
electron beam), TEM (200 keV electron beam), and optical transmission 
measurements. 

Figure 9.5(a) shows a TEM image of an Au-silica core-shell particle 
before irradiation. It is spherically shaped, with the 14 nm-diameter Au core 
centred inside. Fig. 9.5(b) shows a TEM image after 30 MeV Se irradiation at a 
fluence of 2×1014 cm-2, with the ion beam 45° off-normal. The image was taken 
along the normal, and the arrow in Fig. 9.5(b) indicates the ion beam direction 
projected onto the surface. Clearly, after irradiation, neither the silica shell nor 
the Au core is spherically shaped. The deformation of the silica shell is 
consistent with the anisotropic deformation described in the previous chapters, 
i.e. formation of an oblate particle, with the minor axis parallel and two major 
axes perpendicular to the ion beam. The relative expansion of the longitudinal 
(major) axis is ~20 %.  

Figure 9.5(b) also shows that the Au core has deformed, but in an entirely 
different manner: a major axis is observed along the ion beam and a minor axis 
perpendicular to the beam. The initially 14 nm-diameter Au core has deformed 
into a rod with apparent dimensions of 6 by 38 nm. Correcting for the 45º 
projection of the TEM image relative to the ion beam direction, the major axis is 
as large as 54 nm (size aspect ratio ~9). Assuming cylindrical symmetry, we can 
derive from the TEM image that the volume of the Au particle does not change 
during the deformation, within an error bar of ± 20%.  

Reference measurements were also performed, in which 14 nm-diameter 
Au colloids, not surrounded by a silica shell, were irradiated with 30 MeV Se 
ions, and no deformation was observed. These data indicate that the deformation 
of the Au core is related to an effect imposed by the silica shell.  
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To study this in more detail, a series of core-shell particles was made with 
different silica shell thicknesses (and identical Au cores) in the range 15–72 nm. 
No measurable deformation of the Au core was observed for silica shells thinner 
than 26 nm. A second additional observation, of similar nature, is that for core-
shell particles of equal size and shell thickness, the deformation of the metal core 
depends on the local surroundings of the particles: particles that are stacked two 
or three layers thick and are in contact before irradiation exhibit significantly 
larger deformation of the metal core than isolated particles. From these two 
independent experiments (varying shell thickness and varying colloid contact) 
we conclude that the Au core deforms more efficiently as more silica surrounds 
it.  

To explain the shape change of the Au core due to the presence of the 
silica shell we propose the following indirect deformation scenario. Each 
individual ion impact in silica leads to the formation of a thermal spike bringing 
about an in-plane viscous strain perpendicular to the ion beam, as described in 
Chapter 5. In the core-shell colloids the lateral stress fields surrounding each 
individual ion track in silica act on the Au core. Metals are known to be 
relatively soft under ion irradiation, as evidenced e.g. from the low ion 
irradiation-induced viscosity.14 Thus, with an in-plane stress acting on the soft 
core, it may flow in the out-of-plane direction, i.e. along the direction of the ion 
beam. 

Preliminary optical extinction measurements presented in Ref. 15 show 
that aligned anisotropic Au nanorods made by high-energy ion irradiation have 
shifted surface plasmon absorption resonances with respect to isotropically 

(a) (b) 

Figure 9.5 TEM images of core-shell colloids composed of a 14 nm-diameter Au
core surrounded by a 72 nm-thick silica shell. (a) before irradiation, (b) after 30
MeV Se ion irradiation at an angle of 45° at a fluence of 2×1014 cm-2. The ion
beam direction projected onto the surface is indicated by an arrow. The original
spherical perimeter is indicated by the dashed circle. 
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shaped Au nanoparticles. The ‘indirect’ ion beam deformation technique can 
therefore be used to change the optical properties of metal nanoparticles. 

9.7 Conclusions 

We demonstrated several applications of ion-beam induced anisotropic 
deformation in colloidal systems: 
1. Ion beam-deformed colloidal particles can be brought in suspension for 
studies of self-assembly. Typical quantities that can be formed are mg/hr.  
2. By MeV ion irradiation-induced deformation of self-assembled two-
dimensional colloidal crystals used as masks for thin film deposition, the size of 
the deposited features can be precisely tuned. 
3. Colloidal photonic crystals of shape-anisotropic particles were made using 
MeV ion irradiation. Both the lattice structure and form factor were changed in a 
controlled way, resulting in modified optical properties of the colloidal crystal. 
4. By using multiple ion irradiations different ellipsoidal particle shapes can be 
produced. As an illustration, we made prolate-shaped particles by using two 
subsequent, mutually orthogonal ion irradiations to equal fluences. 
5. MeV ion irradiation of colloidal silica particles containing an Au core leads to 
a deformation of the shell into an oblate ellipsoid and of the Au core into a 
nanorod. The Au deformation is attributed to the in-plane mechanical stress in 
the silica shell acting on the radiation-softened Au core. Size aspect ratios as 
large as 9 were observed for the Au rods.  
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Summary 
 
When an amorphous microstructure is subjected to an ion beam of high enough 
energy, an anisotropic plastic shape transformation can take place that is the 
result of the thermal spike around the ion tracks. This thesis presents a detailed 
investigation of this ion irradiation-induced anisotropic plastic deformation 
phenomenon in a wide range of materials and under a range of conditions. It 
provides understanding of its fundamental origin and provides a range of 
applications of ion beam-deformed microstructures. 

In Chapter 2 we show that colloidal silica particles with a diameter of 1 
µm change their shape from spherical to oblate ellipsoidal under 4 MeV Xe ion 
irradiation: the particles expand in the plane perpendicular to the ion beam and 
contract in the direction of the ion beam, while remaining their volume. The size 
aspect ratio (major over minor diameter) of the colloids can be accurately tuned 
by varying the ion fluence and size ratios up to 5 are achieved. During off-
normal irradiation the colloids perform a gradual angular “roll-off” with respect 
to the incident ion beam: after irradiation at an angle of 45° to a fluence of 
1×1015 cm-2 the minor axis has rotated by 17°. The particles have thus 
transformed into ellipsoidal particles with three different principal diameters. 
The fluence dependence of principal axes and roll-over angle are well described 
by a macroscopic phenomenological model for anisotropic deformation derived 
by Klaumünzer. For 4 MeV Xe the typical deformation perpendicular to the ion 
beam is 6% for each unit fluence of 1×1014 cm-2.  

In Chapter 3 it is shown that the size polydispersity of a silica colloid 
distribution is unaffected by the ion irradiation. The transverse diameter 
perpendicular to the ion beam grows exponentially with ion fluence. From ion 
energy-dependent measurements using 4-16 MeV Au ions, it follows that the 
deformation rate increases with electronic stopping. Nonellipsoidal shapes can 
be obtained in case the mean projected ion range is smaller than the colloid 
diameter. Ion beam-induced anisotropic deformation is also observed for 
amorphized micro-crystalline ZnS and amorphous TiO2 particles, as well as for 
composite ZnS/SiO2 and SiO2/Au core/shell particles. No deformation is 
observed for single-crystalline Al2O3 particles and micro-crystalline Ag 
particles.  

Chapter 4 focuses on anisotropic deformation for Xe ion energies between 
300 keV and 4 MeV: a strong effect still occurs at ion energies as low as 300 
keV, underlining the importance of this effect at commonly used ion irradiation 
energies. We find that the deformation strain rate increases with electronic 
stopping without indication of a threshold. It is also found that the deformation 
rate decreases with increasing irradiation substrate temperature. 
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The data presented in Chapters 2-4 provide strong evidence for a 
viscoelastic thermal spike model for anisotropic deformation that we develop in 
Chapter 5. In this model the deformation process is attributed to time-dependent 
viscous flow in single ion tracks. Deviatoric stresses brought about by the rapid 
thermal expansion of heated ion track cylinders relax by subsequent Newtonian 
viscous flow for ion track temperatures exceeding a certain flow temperature. 
The stress relaxation is accompanied by viscous expansion perpendicular to the 
ion track and an associated contraction along the direction of the ion track. Upon 
rapid cooling of the ion track cylinder, these strains freeze in, leading to a net 
deformation. From our model it also follows that ion tracks close to the sample’s 
edge should exhibit reduced viscous flow compared to ion tracks located far 
away from the edge. The macroscopic deformation is then found by superposing 
the deformations resulting from independent ion tracks randomly distributed 
over the sample surface. The model shows excellent qualitative agreement with 
experimental data in Chapters 2-4. 

In Chapter 6 we concentrate on the deformation of silicon pillars under 30 
MeV Cu irradiation. We find that amorphous silicon pillars anisotropically 
deform at a transverse strain rate that is one order of magnitude smaller than that 
of silica under similar irradiation conditions. No deformation was found for 
crystalline Si(100) pillars. The latter is attributed to the lack of regions with local 
free volume required for the shear stress relaxation leading to the deformation. 
The small amount of free volume, the relatively high irradiation-induced 
viscosity or the fact that Si contracts upon melting are possible explanations for 
the relatively low deformation strain rate for amorphous Si. Irradiation of 
partially amorphized Si pillars with 30 MeV Cu ions demonstrates that 
deformation can be used to generate a variety of microstructures.  

In case the irradiated material is constrained on a substrate, dimensional 
changes resulting from ion irradiation-induced effects lead to the build-up of an 
in-plane compressive or tensile stress. The in-plane stress results in a wafer 
bending that can be accurately measured using a sensitive scanning laser wafer 
curvature technique. This technique allows us to in-situ determine the integrated 
stress in an irradiated film and to investigate phenomena that are accompanied 
by dimensional changes smaller than 1%. In Chapter 7 we study the dynamic 
competition between three irradiation-induced phenomena in vitreous silica: 
tensile stress generation due to densification by structural transformation, stress 
relaxation by Newtonian viscous flow, and creation of compressive stress by 
anisotropic strain generation. Each of these processes strongly depends on either 
electronic or nuclear stopping. We demonstrate that due to the strong depth-
dependence of both stopping processes, the in-plane stress, resulting from the 
interplay between the three irradiation-induced processes, is also highly depth-
dependent and shows large variations over depth, ranging between compressive 
and tensile. We introduced the concept of a stress map for ion irradiation that 
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predicts the high-fluence saturation stress of a constrained silica film under any 
irradiation condition with ion energies up to several MeV. 

Time-resolved stress measurements presented in Chapter 8 show that after 
2 and 4 MeV Xe ion irradiation of both alkali-borosilicate glass and thermally 
grown SiO2 films the in-plane stress changes towards tensile values. We attribute 
this phenomenon to a fourth irradiation-induced effect, namely the generation 
and subsequent annihilation of volume-occupying defects that have a distribution 
of activation energies. We derive the activation energy spectra of these defects. 
For alkali-borosilicate glass defects are observed with strongly temperature 
dependent annihilation energies, whereas for thermal silica a temperature 
independent spectrum is found that vanishes for activation energies higher than 
0.8 eV. The difference is attributed to differences in the nature of defect 
generation in the two types of glass.   

Finally, in Chapter 9, we report on several applications of shape-
anisotropic particles and aggregates fabricated using the ion irradiation 
technique. Colloidal particles can be removed from the substrate after ion 
irradiation and brought in solution, so that studies of self-assembly and phase 
behaviour of monodisperse highly anisotropic colloids become possible. We 
show that the hole size of two-dimensional colloidal crystals that serve as mask 
for thin film deposition can be tuned by ion irradiation, resulting in deposited 
features of reduced size. We demonstrate the fabrication of three-dimensional 
colloidal photonic crystals of almost ellipsoidal particles that show modified 
optical properties as a result of a change in crystal lattice structure and particle 
form factor. We show that prolate ellipsoidal silica particles can be made by 
using two mutually orthogonal ion irradiations to equal fluences, and finally, we 
show that spherical Au nanoparticles surrounded by a silica matrix transform 
into nanorods upon 30 MeV Cu  ion irradiation. 

In summary, the experimental results on ion beam-induced anisotropic 
plastic deformation of colloidal particles and their good agreement with the 
developed theoretical model provide a nearly complete picture of the origin and 
characteristics of the deformation phenomenon.  We have also demonstrated that 
the ion irradiation-induced deformation technique can be used to fabricate 
unique microstructures that find applications in a range of scientific fields.  
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Samenvatting 
 
Als een amorfe microstructuur wordt bestraald met ionen van voldoende hoge 
energie, kan er een anisotrope plastische vormverandering optreden ten gevolge 
van de hoge temperatuur in smalle zones rondom de ionenbanen door het 
materiaal. Dit proefschrift beschrijft een gedetailleerd onderzoek naar anisotrope 
plastische deformatie van een veelheid van materialen onder verschillende 
bestralingscondities. Het geeft fundamenteel inzicht in de oorsprong van het 
proces en laat verschillende toepassingen zien van microstructuren die zijn 
gedeformeerd met ionenbundels. 
 In hoofdstuk 2 laten we zien dat colloïdale silica deeltjes met een 
diameter van 1 µm onder bestraling met 4 MeV Xe ionen een vormverandering 
ondergaan van bolvormig naar oblaat ellipsoïdaal: loodrecht op de ionenbundel 
zetten de deeltjes uit, evenwijdig aan de bundel krimpen ze. Daarbij verandert 
hun volume niet. De verhouding van de lange en de korte diameter van de 
colloïden kan nauwkeurig worden ingesteld door het variëren van de ionendosis. 
Verhoudingen ter grootte van 5 worden bereikt.   
 Gedurende niet-loodrechte bestraling ondergaan colloïden op een vlak 
substraat een “roll-off” ten opzichte van de ionenbundel: na bestraling tot een 
dosis van 1×1015 cm-2 onder een hoek van 45° met de normaal van het substraat 
is de hoek van de korte as met de ionenbundel toegenomen tot 17°. De deeltjes 
hebben een ellipsoïdale vorm gekregen met 3 hoofdassen van verschillende 
lengte. De dosisafhankelijkheid van deze diameters en de “roll-off”-hoek kunnen 
goed worden beschreven met een fenomenologisch model dat is ontwikkeld door 
Klaumünzer. Voor 4 MeV Xe is de typische uitzetting loodrecht op de 
ionenbundel 6 % per eenheidsdosis van 1×1014 cm-2. 
 In hoofdstuk 3 laten we zien dat de spreiding in deeltjesgrootte van silica 
colloïden niet wordt beïnvloed door ionenbestraling. De transversale diameter 
loodrecht op de ionenbundel groeit exponentieel met de ionendosis. Uit 
bestralingen met Au ionen met energieën tussen 4 en 16 MeV blijkt dat de 
deformatiesnelheid toeneemt met het energieverlies van de ionen aan het 
bestraalde materiaal als gevolg van elektronische excitaties. Niet-ellipsoïdale 
deeltjes worden verkregen indien het gemiddelde geprojecteerde bereik van de 
ionen kleiner is dan de diameter van de colloïden. Anisotrope deformatie treedt 
ook op bij bestraling van geamorfiseerde microkristallijne ZnS en amorfe TiO2 
deeltjes, evenals bij ZnS/SiO2 en SiO2/Au kern/schil-deeltjes. Geen deformatie is 
waargenomen na bestraling van monokristallijne Al2O3 en microkristallijne Ag 
deeltjes. 
 Hoofdstuk 4 behandelt anisotrope deformatie onder Xe ionenbestraling 
met energieën tussen 300 keV en 4 MeV. Zelfs bij 300 keV treedt nog 
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aanzienlijke deformatie op. Dit onderstreept het belang van het de deformatie-
effect bij gangbare energieën. Uit de resultaten volgt dat de deformatiesnelheid 
toeneemt met het elektronische energieverlies. Een drempelwaarde voor dit 
energieverlies waaronder geen deformatie zou optreden, wordt niet gevonden. 
Tevens blijkt dat de deformatiesnelheid afneemt met toenemende 
substraattemperatuur. 
 De data gepresenteerd in hoofdstukken 2-4 passen binnen een 
mesoscopisch, viskoelastisch model voor anisotrope deformatie dat in hoofdstuk 
5 wordt ontwikkeld. In dit model vindt het deformatieproces zijn oorsprong in 
tijdsafhankelijke viskeuze vervloeiing in de smalle zone rondom de baan van een 
ion in het bestraalde materiaal. Deviatorische spanningen, veroorzaakt door de 
snelle thermische uitzetting van deze hete, cilindrische zone, relaxeren als 
gevolg van Newtoniaanse viskeuze vervloeiing bij temperaturen boven een 
zekere ‘vloeitemperatuur’. Deze spanningsrelaxatie gaat gepaard met een 
viskeuze uitzetting van de hete zone loodrecht op de baan van het ion en een 
krimp langs de baan van het ion. Tijdens snelle afkoeling vriezen deze viskeuze 
rekken in, hetgeen leidt tot een netto deformatie van de zone. Uit ons model 
volgt tevens dat de viskeuze vervloeiing af zou moeten nemen naarmate de 
ionencilinder dichter bij de rand van het substraat ligt. De macroscopische 
deformatie is vervolgens het collectieve resultaat van individuele, onafhankelijke 
ioneninslagen, willekeurig verdeeld over het oppervlak van het bestraalde 
materiaal. 
 In hoofdstuk 6 behandelen we het deformatiegedrag van silicium paaltjes 
met afmetingen van enkele µm, onder bestraling met 30 MeV Cu ionen. 
Waargenomen wordt dat amorfe silicium paaltjes anisotroop deformeren met een 
transversale reksnelheid die een orde van grootte kleiner is dan die van silica 
onder gelijke bestralingscondities. Kristallijne Si(100) paaltjes daarentegen 
blijken niet te deformeren, hetgeen wordt toegeschreven aan het ontbreken van 
gebieden met lokaal vrij volume, waardoor spanningsrelaxatie niet kan optreden. 
De lage deformatiesnelheid van amorf Si is mogelijk het gevolg van het geringe 
vrije volume, de relatief hoge viscositeit onder ionenbestraling of het anomale 
smeltgedrag van Si. Bestraling van gedeeltelijk geamorfiseerde Si paaltjes met 
30 MeV Cu ionen laat zien dat deze deformatietechniek kan worden gebruikt 
voor het maken van unieke microstructuren. 

Indien een materiaal niet vrij is te deformeren, maar daarin wordt beperkt 
door bijvoorbeeld een onderliggend substraat, leiden de bestralingsgeïnduceerde 
dimensieveranderingen tot de opbouw van druk- of trekspanningen. Voor dunne 
films op een substraat leidt dit tot een kromming die nauwkeurig kan worden 
gemeten met een gevoelige laser reflectie techniek. Deze techniek stelt ons in 
staat de geïntegreerde spanning in de bestraalde film in-situ te bepalen en op 
deze manier processen te bestuderen die dimensieveranderingen veroorzaken 
kleiner dan 1%. In hoofdstuk 7 bestuderen we de netto spanningsevolutie als 
gevolg van drie processen in silica onder ionenbestraling: opbouw van 
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trekspanning als gevolg van verdichting door structuurveranderingen, 
spanningsrelaxatie door het optreden van Newtoniaanse viskeuze vervloeiing en 
ontwikkeling van drukspanning als gevolg van anisotrope deformatie. Deze drie 
processen hangen ieder verschillend af van het elektronische energieverlies of 
van het directe energieverlies van de ionen door botsingen met de atomen in het 
bestraalde materiaal (atomaire energieverlies). We tonen aan dat als gevolg van 
de sterke diepteafhankelijkheid van zowel het elektronische als het atomaire 
energieverlies van de ionen de spanningen in de bestraalde film ook sterk 
diepteafhankelijk zijn. We introduceren het concept van een spanningskaart voor 
ionenbestraling, die de hoge-dosis verzadigingsspanning in een gefixeerde silica 
film voorspelt onder iedere bestralingsconditie met energieën tot enkele MeV. 

Tijdsopgeloste spanningsmetingen bij verschillende substraattem-
peraturen tussen 95 en 580 K in hoofdstuk 8 laten zien dat na 2 en 4 MeV Xe 
ionenbestraling van zowel alkali-borosilicaatglas als thermisch gegroeide SiO2 
films de spanning langzaam verandert in de richting van trekspanning. We 
schrijven deze verandering toe aan een vierde, bestralingsgeïnduceerd effect: de 
generatie en de daaropvolgende annihilatie van volume-innemende defecten die 
een verdeling aan activeringsenergieën hebben. Uit deze spanningsmetingen 
bepalen we de activeringsenergiespectra van deze defecten. Voor alkali-
borosilicaatglas is het defectenspectrum sterk temperatuurafhankelijk en neemt 
het toe met activeringsenergie bij iedere temperatuur. Voor thermisch silica 
daarentegen vinden we een spectrum dat onafhankelijk is van de temperatuur, 
geleidelijk afneemt met activeringsenergie en verdwijnt voor energieën groter 
dan 0.8 eV.  

Tenslotte laten we in hoofdstuk 9 verschillende toepassingen zien van 
anisotrope deeltjes en aggregaten die zijn gemaakt met ionenbestraling. 
Colloïdale deeltjes kunnen van het substraat worden verwijderd en in oplossing 
worden gebracht, zodat studies naar zelfordening en fasegedrag van 
monodisperse, sterk anisotrope colloïden mogelijk worden. De gaten in twee-
dimensionale colloïdale kristallen, die als masker dienen voor de depositie van 
dunne films, kunnen worden verkleind door ionenbestraling, hetgeen resulteert in 
gedeponeerde structuren van kleinere afmeting. We laten zien hoe drie-
dimensionale, fotonische kristallen van bijna-ellipsoïdale colloïden kunnen 
worden gemaakt. Deze kristallen hebben gemodificeerde optische eigenschappen 
als gevolg van een verandering van de roosterstructuur van het kristal en de 
vormfactor van de deeltjes. We hebben prolaat-ellipsoïdale silica deeltjes 
gemaakt door achtereenvolgens twee ionenbestralingen van gelijke dosis uit te 
voeren, loodrecht op elkaar. Tot slot tonen we aan dat bolvormige Au 
nanodeeltjes, omgeven door een silica schil, veranderen in staafjes onder 30 
MeV Cu bestraling. 

Kort samengevat, de experimentele resultaten van de anisotrope 
plastische deformatie van colloïdale deeltjes onder ionenbestraling en de goede 
overeenstemming met het ontwikkelde theoretische model geven een bijna 
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compleet beeld van de oorsprong en de karakteristieken van het 
deformatieverschijnsel. We hebben ook aangetoond dat deze deformatietechniek 
kan worden gebruikt voor het maken van unieke microstructuren die kunnen 
worden toegepast in verscheidene wetenschapsgebieden. 
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