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This study investigated structural modifications in vitreous silica (SiO2) induced by low-energy ion
irradiation using 75 keV N°* and 165 keV Ar''" ions. The primary goal was to clarify the competing roles
of nuclear and electronic energy losses in these changes. Fourier transform infrared spectroscopy revealed
a decrease in the 1078 cm™* TO3 band and the appearance of a 1044 cm™' peak, indicating bond
angle distortion and densification. Comparative analysis, supported by the unified thermal spike model,
demonstrates that nuclear energy loss is the dominant mechanism driving structural transformations
under these irradiation conditions, with electronic energy loss having a limited impact.
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1. Introduction

Vitreous silica (SiO3), prized for its superior
mechanical, optical, chemical, and electrical prop-
erties, is a crucial material in high-technology sec-
tors, especially those involving exposure to ionizing
radiation, such as nuclear and spatial applications.
Understanding how radiation alters the structure
of vitreous silica is therefore vital for ensuring
the longevity and efficacy of these technologies.
Although the literature contains extensive studies
on defect formation in SiO5 under ion bombard-
ment [1-8], the relative importance of nuclear and
electronic energy losses (i.e., S, and S, respec-
tively) in driving these changes remains an open
question, particularly at low ion energies (as those
used in this paper — 75 keV N®T and 165 keV
Ar''*). To address this, our research uniquely in-
tegrates detailed infrared spectroscopy measure-
ments, which provide insights into the Si—-O—Si bond
angle and network modifications, with theoreti-
cal simulations based on the unified thermal spike
model (u-TSM). This combined approach aims to
establish a direct link between the energy deposited
through both nuclear and electronic processes and
the resulting structural transformations, ultimately
identifying the dominant energy loss mechanism re-
sponsible for damage in SiOs under these specific
irradiation conditions.
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2. Experimental methodology

Thin films of vitreous SiOy (approximately
104 nm thick, with mass density of 2.2 g/cm?) were
thermally grown on both sides of 5 cm diameter
Si (100) wafers. Samples (~ 1 x 1 c¢m?) were cut
and irradiated at normal incidence with 75 keV N5+
and 165 keV Ar'!'* ions at ARIBE (Accélérateur
pour la Recherche avec des Ions de Basse Energie,

o
w
o

Ar " (165 keV)

Virgin

o
N
a

2 o
1.1 x 1013i0nslcm

M,

H H 13 2
i 9.1x10 " ions/cm

20x ‘ll’1 3 |ons/cm2

Absorption
e o o
- - N
o L4, o

et
o
a

et
o
=]

1200 1100 1000

Wave number [cm™]

1300 9200

Fig. 1. Infrared spectra of vitreous SiO2 in the
900-1350 cm™' range following irradiation with
165 keV Ar''T ion at the indicated fluences.
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Infrared spectra of vitreous SiOs: (a) unirradiated, (b, c) irradiated with 75 keV N°7 ions, and (d, e)

irradiated with 165 keV Ar!'* ions at the indicated fluences. The dashed lines represent the fitted contributions
of the 1044, 1078, and 1197 cm ™! bands (labeled in the figure). The red solid line shows the sum of these fitted
bands, plotted against the experimental data (black dots).

CIMAP, GANIL, Caen, France). These specific ions
and energies were chosen because of their compara-
ble nuclear and electronic energy losses, allowing for
a direct comparison of their effects. The estimated
energy loss values, calculated using the Stopping
and Range of Ions in Matter (SRIM) code [9], are
summarized below:

e For 75 keV N°% ions, the electronic energy loss
is S, = 260 €V /nm, the nuclear energy loss is
Sp = 80 eV/nm, and the projected range is
R, = 210 nm.

e For 165 keV Ar'!'* ions, the electronic energy
loss is S, = 390 €V /nm, the nuclear energy
loss is S, = 420 eV/nm, and the projected
range is R, = 175 nm.

Ion fluxes ranged from 1 x 10 to 6 x 10!°
ions/(cm? s), with fluences up to 3 x 10® ions/cm?.
Structural changes were monitored by Fourier
transform infrared (FTIR) spectroscopy using a
Nicolet iS10 spectrometer operating at a resolution
of 2 em~! over 64 scans.

3. Results and discussion
3.1. Infrared spectroscopy
Figure 1 illustrates the evolution of infrared
spectra with increasing ion fluence for vitreous

SiO4 samples irradiated with 165 keV Ar!!'* jons.
The analysis concentrated on the TO3 absorption
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band (1000-1120 cm~!) and the LO4-TO4 pair
(1165-1200 cm™1!). The primary observations were
as follows:

e There was a decrease in the intensity of the
1078 ecm~! TO3 band, accompanied by the
appearance of a peak at 1044 cm ™!, indicating
a reduction in the Si-O-Si bond angle and a
consequent, compaction.

e The intensity of the LO4-T0O4 band remained
largely unchanged.

The full width at half maximum (FWHM) values
of the bands at 1078, 1197, and 1044 cm™! were
obtained by Gaussian fitting. These values are con-
sistent with previously reported data [5, 7]. The
Gaussian fits are shown in Fig. 2, which displays the
infrared spectra of unirradiated samples as well as
those irradiated at various fluences with both N5+
and Ar''* ions.

3.2. Cross-section of structural transformation and
radius determination

The increases in the peak area of the 1044 cm™!

band as a function of ion fluence (for 75 keV N+
and 165 keV Ar''* ions) are shown in Fig. 3. At
high fluences, saturation behavior is observed —
the 1044 cm~! band reaches a maximum. At low
fluences, the increase in the 1044 cm~! band (asso-
ciated with disordered SiOs) is proportional to the
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Fig. 3. Evolution of the 1044 cm ™" band area with
ion fluence for irradiation with 75 keV N°' and
165 keV Ar''* jons. Solid lines represent fits to the
experimental data using Poisson’s law.

absorbed dose. The evolution of the band area with
fluence ¢ is shown in Fig. 3 and fitted using Pois-
son’s law [10]

Fy =1-exp(-0¢), (1)
where F, is the fraction of the damaged material,
and o is the effective damage cross-section for the
structural transformation.

Now, Fj is defined as F; = N/Ny, where N is
the number of oscillators associated with the newly
formed absorption band induced by irradiation, and
Ny corresponds to the number of oscillators at com-
plete damage. Since the number of oscillators is pro-
portional to the area of the absorption band, Fj; can
be directly related to the ratio of band areas.

Therefore, F,; can also be expressed as F; = S/,
where S represents the area of the irradiation-
induced absorption band at a given fluence, and Sy
is the saturation value corresponding to the com-
plete damage of the material. The evolution of the
irradiation-induced peak (Fig. 3) will be analyzed
using the following relation

S =8 (1—exp(—0cyp)). (2)
The variation of the induced peak area as a func-
tion of fluence enables the estimation of both the

initial slope and the damage cross-section, and con-
sequently, the effective damage radius. The initial

TABLE I

Deduced and modeled damage radii for N and Ar ion
irradiation. The table presents: ion energy (E), elec-
tronic (Se) and nuclear (S,) energy losses (calculated
using the SRIM code [9]), experimentally determined
damage radius (Rexper), and damage radius (Rmodel)
predicted by the unified thermal spike model.

Parameter Ton
N5+ Ar11+
E [keV] 75 165
Se [eV/nm] 260 390
Sp [eV/nm] 80 420
o [em?] (1.14£04) x 107" | (1.1 £0.7) x 107**
Rexper [nm] 0.6 +0.2 1.94+0.4
Rmodel [nm] 0.6 1.6

slope of this curve (see Fig. 3) provides insight into
the damage efficiency in the low-fluence regime,
where track overlapping is negligible. It is deter-
mined by evaluating the derivative of the fluence-
dependent function at zero fluence.

Assuming that each ion produces a circular dam-
age track, the effective damage radius R can be cal-
culated using the relation o = 7R2. The calculated
damage cross-section ¢ and radii R for irradiations
with N°F and Ar'!'* ions are given in Table I.

3.3. Unified thermal spike model (u-TSM) analysis

A unified thermal spike model (u-TSM) was em-
ployed to interpret the experimental results. This
model, detailed by Mieskes et al. [11] and Toule-
monde et al. [7], integrates the elastic collision spike
and inelastic thermal spike models to account for
both nuclear and electronic energy losses. It de-
scribes the diffusion of electronic energy loss via
electron—electron interactions and its subsequent
transfer to the lattice through electron—phonon cou-
pling. Nuclear energy, in contrast, is deposited di-
rectly onto the atoms, leading to a transient ther-
mal effect, as proposed by Ollerhead et al. [12].
The thermal spike model [13-16] is a widely used
and effective tool for describing swift heavy ion-
induced damage in various materials, including met-
als [17], semiconductors [18], and insulators [19-21].
The model is governed by the following coupled dif-
ferential equations

oT, 1 0 oT,
Ce(Te)W - ;5 (TKG(Te) 8’/’ ) _g(Te_Ta)
+A€(ra t)v (3)
aT, 10 ar,
Oa(Ta)E = o <7‘Ka(Ta)ar) +9(T.—T.)

+Bn(r;1). (4)



Structural Modifications in

Vitreous SiOy Induced by. . .

10F T or r . 0.30 m
E adius [nm ure nuclear with 2=2.6nm 3§ ure electronic with A=2.6 nm 3
E(a) pusnoe winizsml 025 _ A
o S, =80 eVinm 1 Radius [nm] S, = 260 eVinm E
0.20
= =0.15 =
g 4 s s
s E ] s
3 F 3,0.10 3
o o Q
& i &
01 0.05 E
107 10" 10 10" 10 0™ 107 10" 10" 10" 10" 10" 0% 10" 0™ 0™ 0™ 0™
Time [s] Time [s] Time [s]
100 —r —r - —r 1.0 - vr - - 100 E—p—rrrrm—T T
E (d) Radius [nm] Nuclear only with = 2.5 nm -(e) Pure electronic with i=2.6nm o E ('r) Electroni
E for Ar beam at 165 keV' o for Ar beam at 165 keV o Radius [nm] A=25n)
o S, =420 eVinm L S, =390 eVinm L
T 10 - Radius [nm] _ 10k
st ; ot
§ F K kS
e | 3 2
1 > > 1
> F I >
8 w w
w
0.1 01k
10" 10" 10" 10" 10" 10™ 10" 10" 10™ 10" 10" 10 10" 10" 10™ 10" 10" 10
Time [s] Time [s] Time [s]
Fig. 4. Time evolution of energy transferred to atoms at various radial distances [nm] from the ion path for

N°* and Ar''™" ions. Curves show contributions from pure nuclear energy loss (S,), pure electronic energy
loss (Se), and their combination (Siotal), as indicated. U-TSM calculations were performed with A = 2.5 nm.
For nitrogen irradiation (a, c), the melting energy threshold (E, = 0.38 eV/at) is exceeded within a radius
of 0.6 nm. Under argon irradiation (d, f), this threshold is surpassed within a radius of 1.6 nm.

Here, T, and T, represent the electronic and atomic
temperatures, respectively, while C, and C, are
their corresponding specific heats. Further, K, and
K, denote the thermal conductivities, and g is the
electron—phonon coupling constant.

In (3), Ac(r,t) represents the energy transferred
to the electronic subsystem by the incident ion
through ballistic collisions at a radius r. Integrat-
ing A.(r,t) over space yields the electronic stopping
power (Se). Conversely, B, (r,t) in (4) accounts for
the additional energy contribution from nuclear en-
ergy deposition [22]. This term is significant in the
formation of a molten zone [23], indicating the en-
ergy input into the atomic system.

These two equations, i.e., (3) and (4), are solved
numerically to account for the evolution of all pa-
rameters with respect to 7. and 7T,. The electron—
phonon coupling constant g, which is the only free
parameter of the model, is related to the electron—
phonon mean free path A by the expression

>\2 = Dece/ga (5)

as proposed for insulators [24]. Here, D, and C.
represent the electronic thermal diffusivity and the
electronic specific heat, respectively, and are treated
as constants for insulators (C. = 1 J/(g K) [25],
D. = 2 cm?/s [25, 26]). The parameter A\ char-
acterizes the radial expansion of the initial energy
before it is transfered to the atoms. This model
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is applicable because the high charge of the in-
cident ion is neutralized within a depth of less
than 5 nm [27].

Model simulations were performed assuming a su-
perheating scenario [15, 28]. In these simulations,
track radii were defined by the regions where the de-
posited energy surpassed the melting energy thresh-
old (E,, = 0.38 ¢V/atom for vitreous SiO3). An
electron-phonon mean free path (A) of 2.5 nm was
used in the model. This parameter characterizes the
characteristic radial distance over which the elec-
tronic energy initially deposited by the ion spreads
before being transferred to the lattice via electron—
phonon interactions. The value of 2.5 nm corre-
sponds to the best-fit parameter determined by
Toulemonde et al. [29].

Figure 4 illustrates the temporal evolution of
atomic energy deposition at various radial dis-
tances. The key findings include:

e For 75 keV N5 ions, despite nuclear energy
loss being three times lower than electronic
energy loss, the thermal effect from nuclear
collisions is at least ten times greater than
that from electronic collisions.

In the case of 165 keV Ar''* ions, where nu-
clear and electronic energy losses are compa-
rable, nuclear energy loss remains the domi-
nant factor in structural modifications.
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e These findings confirm that at low irradiation
energies, structural modifications in vitreous
SiOq are primarily driven by nuclear energy
loss, with negligible contributions from elec-
tronic excitation, even for light incident ions.

4. Conclusions

This study provides compelling evidence that
nuclear energy loss is the primary driver of struc-
tural modifications in vitreous SiO, under low-
energy ion irradiation. The observed spectroscopic
signatures — specifically the attenuation of the
1078 ¢cm~! band coupled with the emergence of
the 1044 cm~' peak — strongly indicate a reduc-
tion in the Si—O-Si bond angle, resulting in ma-
terial compaction, which is consistent with previ-
ous research [5, 7]. The successful application of the
unified thermal spike model (u-TSM) further rein-
forces these findings, unequivocally demonstrating
the negligible contribution of electronic excitation
to structural changes at these energy levels. The
results hold significant implications for the design
of radiation-hardened materials, particularly in en-
vironments where low-energy ion bombardment is
prevalent. Furthermore, the understanding gained
here is crucial for optimizing the long-term perfor-
mance of materials used in nuclear waste contain-
ment, where resistance to radiation-induced struc-
tural alterations is paramount.
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