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1. Introduction

Ion implantation is a frequently used technique in today’s physical research. This technique is
applied in materials science, for example in the field of opto-electronics and semiconductor physics, During
ion implantation every ion penetrating a material loses energy by atomic collisions and electronic
excitations, which changes the properties of the irradiated material. lon irradiation induced effects in a wide
class of materials have been studied for many years. Examples of these effects are defect generation and
annihilation, structural transformations, viscous flow and anisotropic deformation [1, 2, 3].

lon beam Tensile Compressive

l l l l stress stress

Figure 1.1 Possible effects of ion imradiation of bulk samples or thin films constrained by a substrate. If the ion modified
film wants to contract a tensile stress is built up. An expansion of the film leads to a compressive stress.

Ion irradiation induced phenomena can be studied by measuring the mechanical stress in the ion
modified film or by measuring the deformation of the ion irradiated material. If, for example, we irradiate a
freestanding object, the material is free to expand or coniract in any direction, If, however, the irradiated
material is constrained by a substrate this might lead to the build-up of mechanical stress. An example is
schematically depicted in Fig. 1.1, where a thick bulk sample is irradiated with ions. Due to puclear and
electronic stopping the ions have a range much smaller than the thickness of the sample, Therefore only the
top film of this sample is modified. As a result of this ion beam modification this thin film might want to
contract. In this case the thin film is under a tensile stress, because it is constrained by the substrate, the
non-itradiated part of the sample, If the thin film wants to expand, a compressive stress is built up. In both
cases the build-up of stress is accompanied by a curvature of the sample which can be measured.

In this master thesis we apply MeV Xe ion irradiation to investigate ion beam induced effects, One
way of doing this is by measuring the curvature of a sample during and after ion irradiation (Fig. 1.1). In
chapter 2 we describe the setup used to in-situ measure the curvature of a sample. In chapter 3 we apply
this technique to study ion irradtation-induced defects and viscous flow. In chapter 4 this technique will be
used to investigate anisotropic stress generation. Finally, in chapter 5 we apply the ion irradiation technique
to deform micron-sized silica colloids into oblate and prolate spheriods. In this case the deformation of
these colloids is investigated by scanning electron microscopy (SEM).




2.  Experimental setup

In chapter 1 it was already discussed that ion irradiation
can bring about mechanical stress in a sample. The in-plane
stress ¢ is defined to be the force per unit area parallel to the
surface normal.

Figure 2.1 shows a schematic diagram of a thin film
(ion modified region, thickness t) constrained by a substrate
(thickness 1,). The stress distribution in the film (o7 and in the
substrate (o) are also shown in this figure [4]. In this report we
are concerned with determining the stress o in the thin film. If
we assume that the film thickness is much smaller than the

21 Schematic di ¢ e substrate thickness, the average in-plane stress o7 in the film can
miséibuﬁm?a thin?iﬁ?dﬁzkness be calciulated _from the curvature R of the sample, by using
1) and the substrate (thickness ;). Stoney’s equation [4,5]:

2
o =Yb.s'ts ' (2.1)
f 6Re,

Y} is the biaxial modulus of the substrate given by ¥, /(I-3), where ¥, and » are Young’'s modulus and the
Poisson's ratio, respectively.
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Figure 2.2 Schematic illustration of the wafer curvature setup, This setup is used to measure the
radins of curvature R of a sample during and after ion implantation

The setup used to measure the radius of curvature of the sample during and after jon implantation
is schematically depicted in figure 2.2 and was built based on a description described in Ref. [6]. One end
of a sample is clamped to a temperature controlled block leaving the other end free to bend. One side of the
sample is homogeneously irradiated with an ion beam, The sample curvature is measured by a sensitive
scanning-laser technique described below.

A He Ne laser beam is reflected by a galvanometer-controlled, rotating mirror set in the focal
plane of a 1 m converging lens. After passing through the lens the scanning laser beam is therefore parailel
to the optical axis. The beam is then reflected off the back surface of the sample and after passing through
the same lens the beam falls onto a position sensitive photodiode which is also placed exactly in the focal



plane of the mirror. During the laser scan the position d of the reflected beam on the detector is linearly
related to the angle ¢ between the incoming laser beam and the surface normal of the sample at that point,
provided that & is small. From figure 2.2 we derive:

d=ftan(2¢)=2f¢ , (2.2)

where fis the focal length of the converging lens {1m). A change 4d in the detector position as the beam is
scanned 4s along the sample is:

Ad
__=2fé£___.%i, (23)
As As R

where R is the radius of curvature of the sample at point s (Fig. 2.2). From Eq. (2.3) we can conclude that
the iaser spot remains stationary(4d4=0) in case of a flat sample (R=00). The position and intensity of the
laser spot on the photodiode were recorded by a computer; Eq. (2.3) was used to determine the curvature R
of the sample from the recorded data. More details are described in [6, 7]. Using Stoney’s equation (2.1)
the average in-plane stress in the ion modified region can be calculated.




3.  Activation energy spectra for annealing of ion irradiation induced
defects in silica glasses

31 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 [2]. 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 [1, 8). In
addition, irradiation at high (MeV) energies may cause anisotropic deformation, leading to stress in the
plane perpendicular to the direction of the ion beam [1, 3, 9, 10]. This ion irradiation phenomenon will be
described in more detail in chapters 4 and 5.

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 [2, 11]. 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 [1). In this chapter, we present stress measurements during and after 2 MeV Xe ion
irradiation of alkali-borosilicate glass and SiQ; films, thermally grown on $i. Measurements are performed
at different irradiation temperatures in the range from 95-580 K. The results are compared with similar
measurements that were recently performed on 4 MeV Xe irradiated thermally grown SiO, films [8, 12].
Some striking differences between the defect spectra are found, and are related to a fundamental difference
in the nature of the defect generation process.

3.2 Experimental

Energy (MeV) Measurements were pf:rforme:q on 150 pm thick

05 1.0 15 2.0 rectangular bulk alkali-borosilicate glass samples
25 T T T (6x23 mm®, Menzel cover glasses). Figure 3.1
—RBS spectrum of alkali-borosilicate glosa shows the Rutherford backscatiering spectrometry

-4 (RBS) spectrum of this glass. It contains (besides Si
and O) approximately 4.7 at% Na and also small
concentrations of K, Ca, Ti and Zn, Elastic Recoil
Detection (ERD) measurements show that this glass
contains about 3.7 at% B. One end of the samples
1 was clamped to a temperaturs-controlled copper
block, leaving the other end free to bend. The bare
1 glass-side of the samples was homogeneously
irradiated with a 2 MeV Xe ion beam that was
electrostatically scanned over the sample with an
100 0 0 e soo on flux of 4-9x10'° ions/cm’s. The maximum ion
Channel range was about 1.0 pm [1]. During irradiation the
radius of curvature of the sample was measured
Figure 3.1 RBS spectrum of alkali-borosilicate glass, USINg a sensitive scanning laser technique, from
performed with 2.0 MeV ‘He". which the average in-plane stress ¢ in the irradiated
region was derived (see chapter 2). In order to
obtain a good reflection from the sampie 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 um thick Si0, films grown by wet thermal
oxidation (1100 °C) on 95 pm thick Si (100) substrates These films were homogeneously irradiated with 2
MeV Xe ion beam at a flux of 1-1.5%10*! jons/cm’s at fixed sample temperatures between 90 and 375 K.
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3.3  Results and analysis
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Figure 3.2 In-sim measurements of the average in-plane stress & of alkali-
borosilicate glass before, during and after 2 MeV Xe 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 afier a total irradiation fluence of &x 10"
Xe/om? (2), 4.3%10" Xe/em? (b).

We will first describe the
data measured on the alkali-
borosilicate glass samples. Figure
3.2(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 5 and switched
off at t=893 s. In this report, com-
pressive 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 =130 s,
correspondin§ to a Xe fluence of
7.3%10'2 cm®. The stress then turns
towards compressive values and
saturates at a value of -3 MPa after
~500 s, corresponding to a fluence of
about 4x10" Xe cm™.

As shown previously, the
stress changes during ion irradiation
are caused by different processes that
occur simultaneously [8, 12]. 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 [12]. At the same
time, radiation-induced viscous flow
occurs, a continuous stress-driven
process that eventually relaxes the
stress towards zero. Figure 3.2(b)
shows a stress measurement at a
temperature of 95 K. It shows the

same features as the data in Fig. 3.2(a), except that the stress saturates at a positive value. As described
earlier, this is due to an anisotropic stress generation phenomenon in the silica glass, that occurs at low

temperature [1, 3, 9, 10] (see chapter 4),

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

[12]:

Ap = ADQ—ID(Q) -e"ﬂt(c)dQ ,
[4]

(3.1)

where D((Q} is the density change per unit energy, ¢’ is time after switching off the beam and #Q), given

by:

h
_ 2 enT
r(Q)-kT e,

(3.2)




is the characteristic annealing time of defects with an activation energy Q. In Eq. (3.2) £ and £ are
Boltzmann’s and Planck’s constants respectively and T is the temperature,

If the activation energy spectrum of the defects is very broad and varies slowly with activation
energy it follows from Eq. (3.2) that at a time ¢ after switching off the ion beam defects with activation
energies in a small band of order £T around

O, = kKT -In{"kT / ) , (33)

are annealing out, resulting in a certain stress change. The spectrum D({Q,) can then be approximated from

the measured stress change by [12] (more details in appendix):

-3p  d(Ao)
kT ¥, d(in[rkT/h])’

D(Q) = GH

where deis the stress change after switching off the ion beam with respect to the saturation stress, 21is the

Ao (MPa)
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density of the silica glass (6.9x10%
atoms/cm’) and Y, the biaxial modulus
of the modified region of the glass (90
GPa) [1].

Fig. 3.3 shows the transient stress
change from Fig. 3.2 after switching
off the ion beam on a logarithmic time
scale. According to Eq. (3.4) the
spectra D{Q@) can now be calculated by
taking the derivative of Ao with
respect to Inft’ -kTtk). This is done by
fitting a 3" order polynomial to the
data and then taking the derivative of
these curves versus /n(r’ ). The result is
shown in Fig. 3.4(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 1'>30 s are used.

10° 10' 10° 10°
t(s)

Figure 3.3 The stress change Ao from Fig. 3.2 (relative to saturation stress)
after switching off the ion beam, plotted as a function of the time after
switching off the ion beam {i"). Results are shown for the alkali-borosilicate
glass at sample temperatares of 580 and 95 K (from Fig. 3.2). At both
temperatures the samples were first irradiated to reach a saturation siress value,
The drawn lines are polynomial fits through the data.

3.4  Discussion

As can be seen in Fig. 3.4(a), at each temperature the spectrum for D{Q} increases with increasing
@ over the whole range. It'can 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 um thick, thermally grown SiO, films on Si [12], that are
shown in Fig. 3.4(b). These measurements were done with a 4 MeV Xe™ beam at an ion flux of 5x10'?
Xe/cm®s and some of them are shown in Fig. 3.5.

In contrast to the case of alkali-borosilicate glass, for 5i0, no stress change due to defect
annealing was observed for temperatures higher than 255 K. Therefore the annihilation activation energy
spectrum calculated from the data shows no contributions for Q > 0.75 eV as can be seen in Fig 3.4(b).
Furthermore, all spectra decrease gradually as a function of the activation energy 0. By comparing all
spectra for pure silica measured at different temperatures they seem to fit one ‘universal’ continuous
spectrum. To confirm this, a smooth carve D(Q) was fitted to the spectra of Fig. 3.4(b) (drawn line). The
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Figure 3.4 (a) Defect annihilation activation energy spectra for alkali-
borosilicate glass derived from the data in Fig, 3.3 and from additional data
taken at other temperatures (all after irradiation with 2 MeV Xe at a flux of 4-
9x19" ions'cm’s). (b) The same for thermally grown $iO: films on Si (after
irradiation with 4 MeV Xe at 3 flux of 5x 10" ions/cm’s).
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Figure 3.5 The average in-plane stress change in the SiCy film afier the 4 Me¥
Xe ion beam was switched off. Results are shovm 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 3.4 and Eq. (3.1)

time dependence of the stress change
was then calculated wusing this
spectrum and Eq. (3.1), and the result
is shown for four temperatures in
Fig. (3.5). 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 for alkali-borosilicate glass
has non-zero values up to at least
1.85 eV whereas for the thermal
oxide the spectrum vanishes above
6.75 eV,

The universal behavior of
the spectra for thermal SiQ; can be
explained using a thermal spike
model [12]. The defect gereration is
independent of sample temperature,
as the temperamre in the thermal
spike [8, 12, 14] is much higher than
the sample temperatire. The defect
population that is probed by the
stress measurement is generated
during the thermal spike that causes
local melting of the Si0; 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 tem-
perature. 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 a temperature
independent defect generation and a
temperafure dependent defect an-
nihilation. Therefore the steady state
defect population then depends on
the activation epergy (, the sample
temperature and the maximum
concentration of defects that can be
generated for each . Because the
annihilation rate (Eq. (3.2)) is larger
for higher temperatures, the steady
state defect population for a fixed
activation energy is smaller for
higher temperatures, which is in
agreement with the data in Fig
3.4(a).
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Figure 3.6 The radiation-induced viscosity g, derived from stress relaxation

data during Xe jon irradiation, plotted as a function of temperature for 2 MeV
irradiation of alkali-borosilicate glass (triangles) and 4 MeV irradiation of
thermally grown SiO; films at a flux of ~10"" Xe/om®s (solid squares), The
solid line is a calenlation of 7.t according to a thermal spike model (multiplied
by a factor 4.7 to obtain agreement between the model and the data) [8], The
dashed line is a guide to the eye for the alkali-borosilicate glass. Data for
irradiations of thermal 8i0, using 2 MeV Xe are also shown (open squares).
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Figure 3.7 The average in-plane stress change in the Si0O, film after the 2 MeV
Xe ion beam (flux: 1-1.5%10"" Xe/cm®s) was switched off. 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 3.4
{derived from the 4 MeV Xe irradiations) and Eq. (3.1)

Additional indications for
the different nature of the defect
generation in the two cases are found
by comparing the temperature
dependencies of the radiation-indu-
ced viscosity 7, [1, 8, 10, 12] for
both glass types. These data are
derived from stress relaxation
measurements during ion irradiation.
We estimated 7, by fitting an
exponential function to the part of
the stress curve (see Fig. (3.2))
between ~ 300 and 700 s (fluence =
1.5%x10" Xe/cm?®), the same method
as used in [3]. The results are shown
in Fig. 3.6. As can be seen, the
viscosity for alkali-borosilicate glass
(triangles) slowly increases with
increasing temperature from
(0.7520.10)x10% Pa ion/cm? at 95 K
to (1.130.10)x 10 Pa ion/cm” at 580
K. For comparison, the data for pure
§8i0, (solid squares) are included. It
is important to note that these data
were obtained by using a 4 MeV Xe
ion beam, but at a flux of ~10"
jons/cm®s (and not 5%10'? Xe/cm®s
as in Fig 3.4(b) and Fig. 3.5). These
show an opposite behavior of 7,4, in
agreement with calculations using a
thermal spike model (the drawn line
in Fig. 3.6) [8]. This provides indep-
endent evidence that the defect
generation in alkali-borosilicate glass
is not governed by a thermal spike
process.

The different behavior
chserved above for pure silica and
alkali-borosilicate glass may be due
to the difference in the ion energy (4
MeV for pure silica versus 2 MeV
for alali-borosilicate glass), the
difference in the beam flux that was
used (5%10'? Xe/cm’s for pure S$iO,
versus 4-9x10'° Xe/em®s for alkali-
borosilicate glass), or the difference
in the composition of the glass.
Indeed it has been shown that the
presence of boron affects the stability

and the density of ion irradiation induced defects in silica glass [11, 15).

To further investigate the difference in the behavior of defect annealing we also performed relax-
ation measurements on thermalily grown 8iQ; films under the same irradiation conditions as in the case of
the alkali-borosilicate glass: 2 MeV Xe at a flux of 1-1.5x10"! Xe/cm?s and at different sample temperatur-
es between 95 and 375 K. Fig. 3.7 shows the average in-plane stress change (relative to the saturation
stress) after switching off the ion beam after these irradiations. Data are shown for three sample
temperatures 120, 145 and 170 K. The time dependence of the stress change was calculated using the same
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Figure 3.8 The average in-plane stress change in the SiO. film after the 2
MeV Xe ion beam was switched off. Results are shown after irradiating with a
beam flux of 1.3x10" Xefem® (solid line) and a beam flux of 4.9x10"
Xelcm®s (dashed ling). The sample temperature was held constant at 90 K,
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Figure 3.9 The average in-planc stress change in alkali-borosilicate glass after
switching off the 2 MeV Xe ion beam (flux: 10" Xefcm’s) at a sample
temperature of 295 K(solid line). Strectural relaxation data (taken from
reference [1)) after | MeV Xe irradiation (dashed line) and after 4 MeV Xe
irradiation (dotted line) are,also shown. For the latter two curves the
temperature was 300 K and the flux during irradiation was ~3x10'° Xefem’s,

universal spectram derived from the
4 MeV data (Fig. 3.4(b)) and Eq.
(3.1). The result is shown in Fig. 3.7
(dashed lines). Again good agree-
ment with the measured data is
observed, indicating that the defect
spectrum after 2 MeV Xe irradiation
at a flux of about 10" Xe/cm®s is
approximately the same as the
(universal) spectrum in Fig. 3.4(b).
Hence we conclude that the defect
activation energy spectrum of
thermally grown SiQ; does not
depend on the irradiation energy of
the Xe ions in the 2Z-4 MeV Xe
energy range. To swmdy the de-
pendence of the defect spectrum on
the beam flux, we raised the beam
flux for 2 MeV irradiation of thermal
8i0, to ~5x10" Xe/cm’s. Experi-
ments performed at a beam flux of
~1.3x10" and ~49x10" Xefem®s
are compared in Fig. 3.8 (solid and
dashed line respectively). The sample
temperature was 90 K during and
after both irradiations. As can be
seen no beam flux dependence is
found in the structural relaxation
behavior.

Next, we investigated the
temperature  dependence of the
radiation-induced viscosity, using a 2
MeV Xe ion beam with a flux of 1-
1.5%10'? Xe/cm’s. These data are
shown in Fig. 3.6 (open squares).
The viscosity decreases from
(2.5£0.4)x10* Pa jon/cm’ at 90 X to
(1.820.3)%10% Pa ion/em” at 375 K.
It is seen that the radiation-induced
viscosity for 2 MeV irradiation is
very similar to that for 4 MeV
irradiation (Fig 3.6, closed squares).
Similar to the 4 MeV Xe irradiations
with a flux of ~10" Xe/cm®, the
radiation-induced viscosity decreases
with increasing temperature, con-

sistent with a thermal spike behavior as discussed before,

Finally we investigated the dependence of the structural relaxation behavior of the alkali-
borosilicate glass on the energy of the Xe ions. Figure 3.9 shows the average in-Plane stress change in
alkali-borosilicate glass after switching off a 2 MeV Xe jon beam with a flux of ~10" Xe/cm’s (solid line).
The sample temperature was held constant at 295 K. We compared these data with the stactural relaxation
data of alkali-borosilicate glass presented in [1]). The experiments in [1] were performed at 300 K using a 4
MeV Xe ion beam (dashed line) and a 1 MeV Xe ion beam (dotted line). The beam flux was approximately
3x10' Xe/cm®s. To compare these tesults taken at slightly different temperatures the stress changes are
plotted versus the activation energy Q defined by Eq. (3.3) rather than time. First it can be seen that the
slope of all curves in Fig. 3.9 is constant from ~0.96 eV to at least 1.04 eV. For the 2 MeV data this means
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that the spectrum rises from 0 to (3525)x10"* cm™® eV at ~0.96 eV (like in Fig 3.4(a)) and remains
constant at this value between 0.96 and at least 1.04 eV. For the 1 and 4 MeV data the shape of the
spectrum is almost the same; these spectra rise and remain constant between 0.96 and at least 1.04 eV at a
value of (48+5)x10" cm® eV (1 MeV) or (435)x10” cm® eV (4 meV). Therefore we can conclude
that the defect activation energy spectrum of alkali-berosilicate glass does not seem to depend on the
energy of the Xe ions.

The arguments described above indicate that the different behavior found for pure silica and
alkali-borosilicate glass (as observed in Fig. 3.4) is not due to the difference in beam flux or energy, but
must be due to the difference in glass compostion.

35 Conclusions

In conclusion, we determined the defect activation energy spectra and the temperature dependence
of the radiation-induced viscosity for alkali-borosilicate glass under ion irradiation with 2 MeV Xe at a flux
of 4-9x10'° Xe/cm?s. We compared these results with data for thermaily grown SiO, films irradiated with 4
MeV Xe at a flux of 5x10'? Xe/cm®s. :

We find that defects in alkali-borosilicate glass are more stable than in pure silica. A binary
collision model explains the shape of the obtained defect activation energy spectra. This contrasts with data
for pure silica that were explained using a thermal spike model. In addition, the temperature dependence of
the radiation-induced viscous flow in alkali-borosilicate glass deviates from a thermal spike behavior.

Relaxation measurements on thermally grown Si0, have also been performed after 2 MeV Xe
irradiation at a flux of 1-1.5x10" Xe/cm®. The calculated time dependence of the stress changes using the
universal spectrum after 4 MeV irradiation of thermal silica shows good agreement with the measured data
after these 2 MeV irradiations. Moreover no beam flux dependency of the spectrum is found. In addition,
the temperature dependence of the radiation-induced viscosity during 2 MeV irradiation of thermal silica
also follows a thermal spike behavior. Finally, the defect activation energy spectrum of alkali-borosilicate
glass does not seem to depend on the energy of the Xe ions. These arguments indicate that the difference in
the nature of defect generation between pure silica and alkali-borosilicate glass must be due to the
difference in glass compostion.
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4. Anisotropic stress generation

4.1 Introduction

In chapter 3 we discussed the effect of defect annjhilation on the average in-plane stress after ion
irradiation. In this chapter we will focus our attention on a particular process occurring during ion
implantation: ‘anisotropic stress generation’,

As was discussed in chapter 3 the average in-plane stress during ion imradiation reaches an
equilibrium. Stress saturation at a non-zero value indicates the presence of a continucus in-plane stress
generating process {1]. This non-zero saturation stress results from a dynamic equilibrium between this
anisotropic stress generating process and viscous flow that tries to relax the stress to zero. An example of
this is shown in Fig. 3.2 which shows a positive saturation stress of ~32 Mpa for high fluence irradiation. In
this chapter we will investigate the behavior of the anisotropic stress generating process as a function of
sample temperature. Results are presented for the stress measurements performed on alkali-borosilicate
glass and thermally grown silica during 2 MeV Xe ion irradiation (see section 3.2 for experimental details).

4.2  Theory and analysis

When an ion enters the solid it deposits its energy in atomic collisions and electronic stopping. As
a result a sharp rise in the local temperature near the ion track occurs. For high irradiation energies the
energy loss is mainly due to electronic stopping. Due to the low directional straggle the locally heated
region around the ion track is more or less cylindrically shaped. Shear plastic relaxation of the local stress
induced by thermal expansion of this hot cylindrical region results in a compressive in-plane stress on the
material surrounding this region. If the material is not constrained by a substrate this can result in plastic
deformation perpendicular to the direction of the ion beam. This process is called anisotropic growth. A
more detailed study of this ion irradiation phenomenon is presented in chapter 5, where this process is used
to deform micron-sized silica colloids,

If, however, the irradiated material is a thin film constrained by a substrate a compressive in-plane
stress builds up. Stress saturation at a non-zero value results from a dynamic equilibrium between this
anisotropic stress generating process and viscous flow that tries to relax the stress. For high fluences
(#22x10"* Xe/cm? for 2 MeV Xe iradiation of alkali-borosilicate glass and thermally grown SiO, films)
the average in-plane stress depends on the combined effect of viscous flow and anisotropic stress
generation:

do o

with Y), the biaxial stress state modulus of the film (ion modified region), A the in-plane strain generated per
ion (anisofropic stress generation rate) and 7.+ the radiation-induced viscosity. From Eq. (4.1} it follows
that the in-plane stress exponentially reaches its saturation value o;,~6A#.. The anisotropic stress
generation rate A can therefore be determined by fitting an exponential function to the high fluence part of
the data (during ion irradiation).

4.3 Results and dfscussion

Figure 4.1 shows the temperature dependence of the anisotropic stress generation rate A during 2
MeV Xe ion irradiation of alkali-borosilicate glass at a flux of 4-9x10'° ions/cm’s (triangles). This value
varies between (7.4+1.3)x10""7 cm¥ion at 95 K and (=3.5+1.1)x10™"® em¥ion at 375 K. The decrease of the
anisotropic stress generation rate with increasing temperature was also observed in [9, 12]. A possible
explanation for this effect is that the in-plain strain generated by each thermal spike can be partly relaxed
after the thermal spike phase. The plastically deformed region that is under compression due to the
interaction between the thermal spike region and the surrounding material will try to relax to the state
before ion impact, The rate at which this reverse relaxation process occurs depends on the thermal viscosity
of the glass at a particular sample temperature. Hence this reverse relaxation rate will be higher at higher
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temperatures, resulting in effectively
. - lower anisotropic stress generation
80 | + alkali-borosilicate glass rate A. As can be seen in Fig. 4.1 A
I * thermal SiO, becomes slightly negative for high
temperatures. Indeed, the saturation
stress for irradiation at 580 K
- remains tensile (&,,<0, see Fig 3.2).
Figure 4.1 also shows the
stress generation rate during 2 MeV
Xe ion irradiation of thermally grown
siica at a flux of 1-1.5x10"
ions/cm’s (squares). As can be seen
the value of A is negative for all
temperatures. By comparing these
N T B B data with results for 4 MeV Xe ion
~12.0 irradiation of thermal Si0; presented
0 100 200 300 400 500 €00 in [12) where the value of A is
T (K) positive up to ~ 500 K., we can
_ conclude that the anisotropic stress
Figure 4.1 The temperature dependence of the anisotropic stress generation generation rate A increases with in-
;‘:: i:r‘;“;fyzgxﬂ ?dmdxg?gﬁh-mmww glass (triangles) creasing imradiation energy for all
temperatures up to at least 375 XK.
This effect had slready been observed in 1] at room temperature, More experiments need to be done to
understand the physical origin of this negative value of the anisotropic stress generation rate. A possible
explanation is given in [1]. Due to local heating near the ion track surface atoms are forced out of the
material, The surrounding material then would attempt to fill the vacant space resulting in a net tensile
stress.

E
o
|

A (10" cm¥ion)
o
(=]

& 3
=
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4.4 Conclusions

We performed in-situ wafer curvature measurements to determine the temperature dependence of
anisotropic stress generation rate during 2 MeV Xe ion irradiation of alkali-borosilicate glass and thermally
grown silica, For alkali-borosilicate glass we observed a decrease in the deformation rate with increasing
temperature and at high temperatures the rate becomes even slightly negative. This decrease might be due
to the smaller thermal viscosity of the glass at higher temperatures. For thermally grown silica the value of
the stress generation rate was negative for all temperatures. This should be contrasted with experiments in
thermally grown silica using 4 MeV Xe that show a positive stress generation rate up to ~ 500 K. The
anisotropic stress generation rate therefore increases with increasing irvadiation energy.

In summary, the anisotropic stress generation rate is slightly negative at low irradiation energy,
and positive at higher energies; the turn over energy depends on the type of glass used,




13

5.  Colloidal spheroids with continuously variable shape*

5.1 Introduction

The synthesis of colloidal hard-sphere suspensions is a well explored and understood field of
research. For example, silica spheres with core radii of up to a few hundred nanometers with very low
polydispersity can be synthesized [16]. However, it is very difficult to synthesize colloidal particles with
non-spherical shape. Oblate and prolate spheriods with low polydispersity would find numerous application
in studies of self-assembly or in novel photonic materials [17, 18). Ottewill et al. have been able to produce
low yields of prolate particles by a molecular stretching technique [19], but monodisperse oblate spheroids
have to our knowledge not been demonstrated,

In this chapter we combine our experience in colloidal chemistry [16] and ion beam modification
of materials [1, 10] to synthesize a new class of ellipsoidal micro spheroids. From previocus studies it is
known that amorphous materials can undergo an anisotropic deformation under MeV heavy ion irradiation
[3, 9). In the past studies this effect was demonstrated by macroscopic expansion or by the build up of
mechanical stress in irradiated thin films (see chapter 3, 4). In this report we apply this irradiation technique
on micron sized colloidal silica with low polydispersity, to synthesize both oblate and prolate spheroids.
The shape of these spheroids can be controlled by changing the irradiation conditions, and aspect ratios of
at least 3.1 can be obtained.

5.2  Experimental

Two dispersions of silica spheres in ethanol, with different diameters, were synthesized using
techniques described in Ref. [16]. They were dropped onto a clean surface of a Si(001) substrate, after
which the ethanol was left to evaporate, Scanning electron microscopy (SEM) was used to view the spheres
[20]. The two different sizes are easily distinguished with diameters sharply centered around 290 and 1030
nm and a dispersion of <2 %.

The particles were irradiated with 4 MeV Xe ions with the sample held at different angles with
respect to the ion beam. The jon beam was electrostatically scanned to homogeneously irradiate the entire
sample with a flux varying between 3 and 8x10'° ions/cm’s. The projected mean ion range of 4 MeV Xe
ions into silica is around 1.7 gm, well beyond the particle diameter. The base pressure during ion irradiation
was 5%107 mbar. The Si substrate was tightly clamped against a temperature controlled copper sample
stage cooled to about 90 K using liquified nitrogen. The samples were irradiated to different fluences
between 3x10' and 8x10" Xe/cm® at a beam flux of about 6x10'® Xe/cm’. In addition, irradiations were
performed using a 500 keV Xe ion beam with a flux of ~ 6.5%10'? Xe/cm®s,

53 Results and discussion

In Fig, 5.1(2) 2 SEM image is shown of the silica spheres on the Si surface, viewed under normal
incidence to the substrate. The two sizes are easily distinguished. The diameters are sharply centered
around 290 and 1030 nm.

~ Next, the particles were irradiated with 4 MeV Xe ions with the sample held at an angle of +45°
with respect to the direction of the ion beam, as indicated in the schematic inset in Fig. 5.1. Figures 5.1
{b).(c) and (d) show SEM images taken after irradiation to a fluence of 3x10' ions/cm®. 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: a biaxial expansion is observed in the
plane normal to the direction of the ion beam, while a contraction is observed in the beam direction. In Fig.
5.1 (b) these oblate spheroids are viewed along the direction of the ion beam, ie. at a +45° tilt angle as
indicated in the schematic inset. In this particular projection, the sphercids appear circular, The dashed
circle represents the circumference of unirradiated spheres. The diameters of both the large and small
particles have increased by 24 %. The two images perpendicular to the ion beam, Figs. 5.1 (c) and (d),

* This chapter is based on &n excerpt from: E. Snocks, A. van Blaaderen, C.M. van Kats, M.L. Brongersma, T. van Dillen and A.
Polman, submitted to Science

]
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Figure 5.1 Scanning electron microscopy (SEM) images of two sizes of silica particles on & silicon substrate. (A) is a top view
{0°-tilt) of the spheres as grown. (B, C, D) show spheroids after 4 MeV Xe irradiation to a fluence of 3x10* /em®, imaged under
the different view angles that are indicated in the schematic inset. The dashed arrow in (B) indicates the direction of a subsequent
irradiation performed to obtain the prolate particles.

show the elliptically shaped side views of the spheroids, The size decrease of the deformed particles along
the direction of the ion beam with respect to the criginal diameter is 35 %.

The images of Fig. 5.1 unambiguously show that anisotropic plastic deformation occurs: the silica
biaxially expands transverse to the direction of the ion beam, while it uni-axially contracts in the direction
along the ion beam. The volume of the spheroids remains almost unchanged.

Experiments as described above were performed for various Xe jon fluences ranging from 3x10"
to 8x10 jons/cm?. Figure 5.2 shows the average transverse (circles) and parallel (dots) diameters of the
oblate spheroids as a function of fluence, for the large (Fig. 5.2 (a)) and small (Fig. 5.2 (b)) particles. The
magnitude of the deformation follows a clear monotonous trend, and the aspect ratio of the strongest
deformed spheroids in Fig. 5.2 is 3.11+0.13. The drawn line is a linear fit through the transverse axis data,
while the dashed line is calculated from the drawn line assuming constant volume, Both lines describe the
data quite well, indicating that the volume of the particles does not significantly change during the
deformation process. The lines shown in Fig 5.2 (a) and (b) for the large and small particles are identical
and only scaled by the ratio of the original sphere diameters. As can be seen, the large spheres change
shape in the same way as the small spheres do.

The particles shown so far have all been obtained using 4 MeV Xe ion irradiation at 90 K. We
have also studied beam-induced deformation of silica spheres at room temperature, The particies deform in
the same way but a 4.2£1.0 times higher fluence is required than at 90 X to obtain the same amount of
deformation. This agrees well with measurements of the temperature dependence of the deformation rate on
planar silica films [12],

As was explained in section 4.2, the anisotropic deformation phenomenon can be described by a
microscopic thermal spike model in which cylindrically shaped narrow thermal spike evolves around the
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Figure 5.2 Diameter transverse to (open data marks) and along the direction of the ion beam (solid marks) for the (A) large and
(B) the small spheres. Round marks correspond to oblate spheroids, and triangles (o prolate spheroids,

ion track, provided that the electronic energy deposition (~2 keV/nm for 4 MeV Xe) is high enough. The
observed macroscopic deformation would be the result of the integrated effect of a large number of
microscopic single ion events. Note that at a fluence of 7x10"* ions/cm® each micron-sized particle has
been impacted by some 107 Xe ions. Any statistical deviations are therefore expected to average out over
such large numbers, so that the particles are expected to be very monodispersive in both size and shape.

To prove that the deformation is indeed the result of the anisotropic nature of the thermal spike
around each ion track at 4 MeV, experiments were also performed using 500 keV Xe ions [21]. The amount
of stopping is roughly equal to the case of 4 MeV (~ 2 keV/nm), but in this case nuclear collisions
dominate the energy depostion, This leads to a more spherically shaped excitated region embedded in the
solid, so mostly radial pressure will build up without shear components. Although the energy deposition in
such a region could be high enough for strong thermal expansion, no anisotropy would be observed.
Indeed, we did not observe the plastic shape change after irradiation at an energy of 500 keV, even to a
fluence as high as 1x10'%/cm?,

Finally we will demonstrate how the irradiation technique can be used for synthesis of prolate
spheroids. First oblate particles were made, using 4 MeV Xe to a fluence of 3x10'* Xe/cm?, precisely as
shown and explained in Fig. 5.1. Next the particles were irradiated with 4 MeV Xe ions to the same fluence
of 3x10'* Xefom?, with the sample tilted at -45°, i.e. orthogonal to the direction of the first irradiation. This
is indicated by the dashed arrow in Fig. 5.1 (b). Figure 5.3 shows the SEM image of these doubly irradiated
particles. The particles in Fig. 5.3 (a), taken using the same sample orientation as in Fig, 5.1 (b), now appear
elliptical. This is true for all tilt angles within the plane expanded by the two ion beam directions, Figure
5.3 (b) shows the same sample, imaged in a direction that is almost normal to both of the two ion beam
directions (75° off of the surface normal). From this angle of view the particle projection is close to
circular: the spheroids in Fig. 5 are thus indeed prolate shaped. The total jon fluence used to form these
prolate spheroids was 6x10"%cm?, and the relative dimensions of the particles are also included in Fig. 5.2
(triangles), Note that the dimensional change perpendicular to both the ion beams (the transverse axis) falls
close to the trend observed for the transverse length change of the oblate spheroids. This further confirms
that the deformation phenomenon is beam-directionally anisotropic, and that a high level of shape control
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Figure 5.3 SEM images of silica particles such as shown in Fig. 5.1 after an additional orthogonal Xe jon irradiation to a fluence
of 3%10'cm? (A} is viewed along the direction of the first ion irradiation (+45° tilt), and (B) almost perpendicular to both ion
beams. (15° ilt from the sample surface, 90° azimuth.}

can be achieved.

It is interesting to note that, while a linear increase in the transverse diameter of the spheroids is
observed in Fig, 5.2, an exponential growth of the transverse lengths with fluence would be expected if the
deformation rate is constant. That this is not observed implies that the apparent deformation rate per ion
decreases with ion fluence, One explanation for this effect could be that the increasing surface curvature or
surface-to-volume ratio combined with surface tension makes it less favorable to deform stronger for
higher fluences. However, the fact that the small spheres deform in exactly the same way as the large
spheres in this experiment, excludes this possibility, Alternatively it may be that the actual deformation rate
A decreases due to a structural or compositional change of the silica during ion irradiation. To describe the
data in Fig. 2 we find that the strain rate per ion would gradually decrease from 6.5x10™% e¢m?¥ion to
4.3%10™¢ cm®/ion.

54 Conclusions

We use 4 MeV Xe ion irradiation to deform two sizes of silica colloid spheres (diameter: 290 nm
and 1030 nm) produced by chemical synthesis. At a temperature of 90 K we observe a bi-axial expansion
transverse to the direction of the ion beam and a uni-axial contraction along the direction of the ion beam.
The transverse dimension increases linearly with ion fluence and the volume of the oblates remains almost
unchanged. An aspect ratio of 3.11:£0.13 is achieved after a fluence of 8x10'* Xe/cm®. The small spheres
deform in exactly the same way as the large spheres. A 4.2+1.0 times higher fluence is required to obtain
the same deformation at room temperature. No anisotropic plastic deformation was found using 500 keV
Xe ions, indicating that the observed deformation is the result is the result of the anisotropic nature of the
thermal spike around the ion track.

Finally, we produced prolate spheroids after two successive 4 MeV Xe ion irradiations (at 90 K).
The direction of the second ion beam was perpendicular with respect to the direction of the first irradiation.
and the same fluence was used for both irradiations. We can therefore control the shape of silica spheroids
at a high level of accuracy..
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Appendix A, Theory of isothermal uni-molecular defect annealing

In this appendix we will summarize the theory of uni-
molecular defect annealing, described in Refs. {1] and [2.]
Defect annesling is described by considering an array of
isolated double well potentials as depicted in Fig. A.1. A defect is
Eb considered to be in the higher energy minimum of the potential (at
energy E;). Defect annihilation occurs when the local structure
Eh jumps to the lower energy level E;, thereby passing the energy
barrier Ep. The energy needed for this jump (annihilation) is equal
to E, - E,, the activation energy Q.

El Defect annealing is described by a differential equation:
Figure A.1 Schematic illustration of a ai
double well potential - :Igt_ =c.q", (A.1)

where g is the concentration of defects, ¢ is the time, ¢ is the reaction constant and # is the order of the
reaction. In this chapter we will only consider the case of uni-molecular defect annealing where the order n
of the reaction is unity. The reaction constant ¢ can be equated to an Arrhenius expression with an
activation energy Q: -

2
C=V,-¢ kT . (A2)

where ) is an attempt frequency [3], k is Bolzmann’s constant and T is the temperature. The attempt
frequency # is assumed to be kTVh, where A is Planck’s constant. When the temperature remains constant
(isothermal annealing) the solution of Eq. (A.1) is given by:

9(t:0) = g,(Q) ¢ "@ , (A3)

where go(Q) is the value of ¢ at =0 and 7{Q) the characteristic annealing time for a defect with activation
energy Q, given by:

g

1 & =
——_ A4
T c kT € S

The exponential in Eq. (A.3) is the characteristic annealing function &;(Q,t) for uni-molecular defect
annealing. The behavior of the characteristic annealing function is shown in Fig. A.2 as a function of @ for
a fixed time £, The point of inflection [4] is called the characteristic activation energy Q,, given by:

Q, =kT-Inft-kT/ h]. (A5)

Fig. A.3 shows &((0,¢t) as a function of t for various energies Q.
The concentration of defects is probed by the measurement of a physical quantity, say P, e.g. a
change in density associated with the annihilation of the defects. Then:

P(5) = [ po(0)-©,(Q.1d0 . (A6)
4]

The mathematical description of Eq. (A.6) is that a function P(t) is built up of a combination of functions
#(Q,¢} as indicated in figure A.3. The function p{Q) is a weight function which determines the eventual
contribution to the value of P due to the annealing of defects with activation energy Q.
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The time derivative of the property P is called
the ‘rate of annealing’, At a certain time #* this rate is
only determined by defects with activation energies in the
range between Q; en O, as can be seen in Fig. A.3.
Defects with activation energies smaller than (), have
already been annealed out and defects with activation
energies higher than (, will anneal out on larger time
scales, This indicates that at a certain time only defects

o will anneal out that have activation energies in a small
band (about 6 k7).
The rate of annealing is given by:

Figure A.2 The characieristic annealing function
for isothermal uni-molecular defect annealing

dP
1 o, —E'=£p Q).[ ]dQ A7

This means that defects annjhilating simultanecusly at the

maximum of d@/df have a maximum contribution if we

neglect the effect of the initial activation energy spectrum

i Po( Q). For isothermal annealing dé@)/dt is proportional to

0 t  d@/dQ (as a function of Q). Hence, defects annihilating

0 £* simultaneously mainly consist of defects possessing the
characteristic activation energy O,

Figure A.3 Characteristic annealing functions The main concern of defect annealing

versus the time f for several defects with activation  measurements in this report is to determine the activation

eoergie 0. energy spectrum py(Q) from the data P(t). The inversion

of the isothermal annealing data P{t) to extract p#{{} can

be done by means of a Laplace transform. If, however, the spectrum p,(Q) is very broad, many times k7,

the characteristic annealing function (Fig. A.2) may be approximated by a step function. In that case (A7)

reduces to:

t dP dP
Pol@,) = T dQ, (A.8)

In conclusion, at a time f defects are annealing that have activation energies which lie in a narrow
band (order 6 k7) around the characteristic annealing energy Q,, given by Eq. (A.5). To extract the initial
activation energy spectrum po{ Q) from the data P(r) we can make an approximation using Eq. (A.8). These
equations will be used to analyse our data in this report. A more detailed study of defect annealing is
described in Refs. (1, 2].
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DETERMINATION OF ACTIVATION ENERGY SPECTRA FOR ANNEALING
OF ION RADIATION INDUCED DEFECTS IN SILICA GLASSES

T. van Dillen, E. Snoeks, M.L. Brongersma, and A. Polman, FOM-Institute for Atomic and
Molecular Physics, Amsterdam, The Netherlands.

Little is known about the defect activation energy spectra of jon irradiation induced defects in glasses. In
this work we measure the sample curvature using a sensitive scanning-laser technique to detect small
changes in mechanical stress in the irradiated surface layer of a glass during and after irradiation.
Borosilicate glass slides were irradiated at 2 MeV Xe at temperatures between 95 and 590 K., During ion
irradiation, stress changes occur due to stryctural transformations, radiation-induced viscous flow, an
anisotropic stress generating effect and the creation/annihilation of point defects. The beam-induced stress
changes saturate after a typical fluence of 4x10' Xe-ions/cm?, i ,

After switching off the ion beam the stress changes towards tensile values on time scales varying from
seconds to several days. This is attributed to the annealing of volume occupying point defects, which is
governed by a broad spectrum of activation ener?cs. When the ion beam is switched on again, the stress
returns to its original value within typically 5x10** Xe-ions/em’.

Annealing of defects is observed for all temperatures, indicating contributions to the activation energy
spectrum between 0.2 and 1.9 eV. The shape of the spectrum strongly depends on the irradiation
temperature.

These results contrast to what was found for thermally grown SiO; films on Si. For pure Si0; the spectrum
is independent of irradiation temperature and only has contributions up to 0.7 eV.

The difference may be caused by the presence of the boron, which is known to stabilize irradiation induced
defects in the silica network.
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