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Abstract

lonoluminescence (IL) of the two Si(phases, amorphous silica and crystalline
guartz, has been comparatively investigated in wosk, in order to learn about the
structural defects generated by means of ion iatah and the role of crystalline order
on the damage processes. Irradiations have betarmped with Cl at 10 MeV and Br at
15 MeV, corresponding to the electronic stoppingime (i.e., where the electronic
stopping powefs is dominant) and well above the amorphizationshodd. The light-
emission kinetics for the two main emission bardsated at 1.9 eV (652 nm) and
2.7 eV (459 nm), has been measured under the same@radiation conditions as a
function of fluence for both, silica and quartz €Titole of electronic stopping power has
been also investigated and discussed within cunents for electronic damage. Our
experiments provide a rich phenomenological baakgiathat should help to elucidate

the mechanisms responsible for light emission aifda creation.

Keywords: lon irradiation; ion damage; swift heawgs; SiQ; silica; quartz.

"Corresponding author: ovidio.pena@uam.es

Manuscript length estimate: 4.2 pages




1. Introduction

Silicon dioxide (SiQ), either crystalline (quartz) or amorphous (siics a
relevant compound very abundant in nature that emtss many applications, as
functional and structural materials, in a largeietgrof fields ranging from photonics
and microelectronics to geology (dating) and arolagy. In several of these
technologies, both materials are subjected to fiigtes of radiation such as photons in
laser technology, or neutrons and charged partiolegcelerators and nuclear fission
and fusion facilities [1,2]. Therefore, a lot ofsearch activity has been devoted to
understand the effects of irradiation on the atoemc electronic structures of the
crystalline and amorphous phase of Siterest in the damage produced by high
energy heavy mass (swift) ions has strongly in@éasecently because electronic
mechanisms may dominate on elastic nuclear catiésiand the induced damage
presents a considerable number of differential ufest not yet sufficiently
understood [3-6].

Likewise, luminescence [7,8] is a very sensitivehteque, often applied for
characterization of dielectric and semiconductotemals. It provides information on
the electronic structure of theolid, particularlyon intra-gap levels associated to
impurity and defect centers, such as those intrediuxy irradiation. In particular, the
luminescence induced by ion-beam irradiation, comlignamamed ionoluminescence
(IL), is an appropriate technique to investigate iicroscopic processes accompanying
the generation of damage, its kinetic evolutionhwtite irradiation fluence, and the
formation of color centers [9-14]. IL can be comrsetl as an lon Beam Analysis (IBA)
technique that is complementary to Rutherford beattering spectrometry (RBS),
particle-induced X-ray emission (PIXE), and nuclezaction analysis (NRA) methods.
However, IL is far less used that the other IBAaques because the analysis of the IL
data is more complex and requires theoretical nustinot yet sufficiently developed.

The purpose of this work focuses on a comparatieysof the ionoluminescence
induced on crystalline quartz and amorphous stigarradiation with Cl at 10 MeV
and Br at 15 MeV; i.e., in the electronic stopphegime. It is well known [4,5] that
every swift ion impact generates a nanometric amaup track, whenever the electronic
stopping power is above a certain critical thregdhalue, estimated around 2 keV/nm.
Moreover, the electronic damage is cumulative sat,tleven below threshold,

amorphization can be still achieved through trackriapping [15]. The IL spectra and
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yields will be discussed within such scheme, st tieav relevant information could be
obtained on track formation and crystal amorpharatin particular, it will be shown
that IL is strongly related to the number of steesbonds, suggesting its possible use as

a sensor of structural disorder.

2. Experimental

The high-purity syntheticquartz and silica samples used in this work were
provided by Crystran and EMS, respectively.both cases the OH content is below
10 ppm and the total impurity content below 30 parhe original wafer of 10 cm
diameter (1 mm thickness)ere cut into pieces of 10x10 nfnand covered by a copper
mask to define an irradiation area of 6x6 fremd avoid electric arcs. Samples were
irradiated in a standard scattering chamber, aicawm of 1¢ Pa, connected to a 5 MV
tandem accelerator in the Centro de Micro-Analides Materiales (CMAM) [16].
Irradiations were performed with Cl at 10 MeV andaB 15 MeV, using currents in the
range 10-15 nA to avoid overheating of the sampidgences were determined by
direct current integration from the target (samiptdder) using electron suppression.
The electronic stopping powerS) at the sample surface for the ions and materials
used in this work are shown in Table 1.

Figure 1 shows a schematic diagram of the expetmhsertup used to measure the
IL spectra. The IL emission was transmitted throagilica window port placed at 45°
with respect to the ion beam and collected anddedwith a 25mm-diameter, 4cm-
focallength silica lens into a silica optical fiber oindm diameter, located outside of
the vacuum chamber. The light was guided to a cotrgizectrometeiQE6500 (Ocean
Optics Inc), configured with a multichannel array detector foneasuring
simultaneously the whole spectrum in the range &0+ m with a spectral resolution
better than 2 nm. The IL spectra were recordedguamintegration time of 5 &1 the
presented graphs we have converted the IL yieldi(@ly in units ofl(1)dl) to I(E)dE
by multiplying the measured counts b% this is required because the original units
distort the view obtained in the energy plots [1Dle to the high sensitivity of the IL
against small current fluctuations (around 1 nAyvas necessary to record the real-time
evolution of the current in order to discriminatariations in the IL produced by the
kinetics of damage evolution from those associatgld current changes. It should be
recalled that the dependence of IL with the ionvfis not necessarily linear for large



variations of the latter; therefore, this correstics only valid for small current

fluctuations.

3. Results

Figure 2 shows some representative IL spectraliohgFig. 2a and 2c) and quartz
(Fig. 2b and 2d) irradiated with Br at 15 MeV arshunon fluences of 2.5x1bcm?®
(Fig. 2a and 2b) and 3xX0cm? (Fig. 2¢c and 2d). These two fluences, respectively
correspond to low and high fluences in the scaleunfexperiments. The observed color
of the irradiated samples changes with material #indnce as illustrated in the
corresponding inset photos accompanying the spettra spectra have been in all
cases decomposed into four different emission hamdsse peak positions and widths
are listed in Table Il. All of the=bands have been previously reported in the lileeat
and ascribed to substitutional impurities of Fgand at 1.65 eM{)L8,19], non-bridging
oxygen hole centers (band at 1.9 ¢¥)L.0,20,21] radiative recombination of the self-
trapped exciton with an E’ center (band at 2.26 [6¢¥%) and emission from self-trapped
excitons GTE,band at 2.7 eV)20-26] It should be noted that some authors [27] have
attributed the latter band to ODC-Il (oxygen-dediti centers). However, one has to
remark that in these cases the emission has baamed in photoluminescence (PL)
experiments after the irradiation. In our opinitinings are different under direct ion
irradiation (ionoluminescence), where the main Iagd process is the production of e-
h pairs and eventually of self-trapped excitonsEBTn fact, there are a number of
experiments under irradiation (e.g., Messiat al.[21]) showing that the STE
recombination yields the 2.7 eV emission (togetivith the NBOHC emission at
1.9 eV) and it also leads to the creation of isligrcolor centers. That assignment of the
2.7 eV IL emission has been also supported by étieat calculations [23,26,28] and it
appears, presently, as a well established fact.héwy one cannot rule out some
contribution of OCD-II emission (due to exciton eetbination at these irradiation-
induced centers), although this contribution is ested to be relatively small in
comparison to the main recombination chanfike bands lying at 1.9 eV (652 nm) and
2.7eV (459 nm) are far more intense than the sthas can be seen in Fig. 2.
Consequently, we will focus the further discusstonthem and hereafter they will be
simply called the red and blue band, respectively.

For silica, one sees from Fig. 2 that the blue haraearly dominant over the red
one for low as well as for high fluences. For gquadn the other hand, the red band
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dominates at low fluences but the blue one becanwe intense at the higher fluences.
It should be noted that, in spite of the differéintspectra for the two materials at the
initial stage of irradiation (Fig. 2a and 2b), thiegcome nearly identical at the end of
our irradiation process (Fig. 2c and 2d). Therefardetailed kinetic study is required to
go deeper into the comparison.

The evolution of the IL yields for the two main losn(red and blue) as a function
of fluence is shown in Fig. 3a and Fig. 3b forcsiland quartz, respectively. Initially all
curves exhibit a quasi-linear growth but then tleédvior becomes more complicated
and clearly different for the two Si(phases. Fosilica both IL bands follow a rather
similar kinetics but the blue band is clearly pnedlvant over the red one for all
irradiation cases and fluences, keeping a roughigtant ratio of about 5. The IL yields
of both bands grow up to a maximum, reached belfiweace of around ¥8cm?, and
then they strongly decrease down to a roughly steatle. Forquartz the red band
experiences a similar behavior as for silica, simgva maximum yield value at fluences
=~ 10" cm?, followed by a fast monotonic decrease. The marimyeld is clearly
higher than that observed for silica. On the ottaerd, the blue banditially presents a
much smaller intensity and experiences a monotgnaavth with fluence up to a
saturation or slow-growth stage that appears dodeut slightly lower than the final
value reached in silica. This behavior suggestsatftar a high enough fluence we reach
in both materials an equivalent “damaged” phase2 @ay also note that the maximum
in the red band coincides with a slight changdediope of the blue curve.

The ratio between the intensity of the blue andpeaks is also plotted in Figure 4,
for a better comparison. This ratio has the additi@dvantage of being independent of
the experimental setup, which facilitates comparistth other experimental results. As
can be seen, the growth of the blue peak with c#gpehe red one strongly depends on
both, the material and the stopping power, beingelafor silica and for the ion with the
higher stopping power (Br at 15 MeV). In the satiora phase thé'g/Yg ratio reaches
values independent of the incident ion and clos€ 4o0and3 for silica and quartz,

respectively.

5. Discussion

In accordance with available results, our expertaletiata confirm that the same
bands with similar optical parameters (peak enargy half-width) are observed in the

IL spectra of both, the crystalline and amorphoif3,SThe two main bands appear at
5



1.9 eV (red band) and 2.7 eV (blue band). As wd abbve, most authors attribute the
red band to non-bridging oxygen hole centers (NBQHG,20,21] having an unpaired
electron in the 2p orbital along the broken Si-hdhoAs we discussed beforehe
specific mechanism for the emission of the bluedb&nnot yet definitely established
although it appears to be related to emission fregtf-trapped exciton®2—-26],
preferentially located at strained bon@s§]. Recently, Ismail-Beigi and Lou{&3] have
confirmed, using aab initio study, the role of straining on the self-trappaigxcitons.
They conclude that the formation of STE impliest tine bond is broken, with the hole
localized on the defected oxygen and the electmorthe defected silicon atom in a
planar sp conformation. In line with this scenario we cammdiscuss our IL results.

For silica, the large number of strained bonds, due to stracteasons, accounts
for the intense blue band that is predominant fiaoas and fluences. Its height is about
5-6 times larger than that one for the red bandredeer, this ratio keeps roughly
constant throughout most of the irradiation sugggssome connection between the
corresponding emission mechanisms. This behavioy b® related to the results
reported by Messina, Vaccaro and Car@as using synchrotron radiation above the
gap-energy threshold for SiOThey have ascertained that the 1.9 eV emissionl ba
accompanies the 2.7 eV emission band during STRydétis has been interpreted as
the NBOH centers being created at their excitet@stduring the breaking of Si-O bond
associated to the formation of the self-trappedtens.

The overall kinetic behavior of the two bands iticai also deserves some
comments. Both bands grow up to a maximum yiel& aather low similar fluence
(2x10" cm®) and then strongly decrease down to smaller vakiesse ratio is roughly
Ys/Yr = 5-6. This reduction in the yield with increasitgence is a relevant novel result
of our experiments. The reason for this behavionas clear and indeed it is not
expected, given the constancy of the NBOHC conagatr with fluence (after reaching
the saturation stage) and the saturation or slawthr for the amorphization volume of
the irradiated materiaP9]. This behavior can be related to the compactidecef
induced by irradiation in silica. This irradiatiamduced densification has been recently
reported 29| and occurs for fluences similar to those at whinghstrong reduction in IL
yield is produced. Some authors consider that effesct appears in parallel with the
overlapping of individual ion tracks at high enoufifhenceq29]. The compaction
effect reduces the bond strains leading to a madeq structure (metamict
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phas€30,31) closer to that of damaged quartz (see below)nThies reduces the
trapping capability for excitong3,26].

For quartz the main result is the initial dominance of the rewhission that
progressively changes to the blue emission. ThimWer is also consistent with the
available information supporting that exciton dedfpping and recombination occurs
preferentiallyat heavily strained Si-O bonds, such as thoseeptas silicaor in a
damagedjuartz crystalln this respect, there is some experimental evielehat STE
luminescence can be excited in a pristine quastgtar using an electron pulse [32] or
the second harmonic of an ArF laser [33]; howeNdras been shown, using theoretical
calculations [23,26,28], that the self-trappingnisich more probable in the strained
bonds.Another relevant feature from the experiments iartpis that the IL kinetics for
the blue band is quite different (even oppositehtd observed for silica. It experiences
a monotonic rise up to a saturation or slow-grostdge without any sign of decrease.
The behavior is quite comparable to that reporbedife amorphization kineti¢s4|, as
expected from the STE model discussed above. Oaotliee hand, the red band presents
a similar behavior to that observed for silica, geowing up to a maximum followed by
a marked decrease. In other words, for quartz tisen® clear correlation between the
evolution of the red and blue bands. Here, amdding amore quantitative analysis, one
may invoke a competition between the recombinagather NBOHC or STE, sites. At
the start of the irradiation few strained bonds available for STE recombination.
Therefore, most recombinations take place at NBOddé@Gters, already existing or
produced by another mechanism. On increasing ttemsion of the irradiation-induced
structural damage, the STE recombination chanmmelgjiand raises the contribution of
the blue emission. Additional data are needed fooee complete understanding.

The above analysis is more clearly visualized lokilog at Figure 4. We observe
that the relative growth of the blue band is muastdr in silica than in quartz; probably
this effect comes from the large number of stredsmuds preexisting on the former
material while for the latter it is necessary tewoulate some damage before enough
stressed bonds are produced and the blue peak rappdareover, the damaged
stationary state is also reached much later intguban in silica. This effect can be
explained if we consider that the crystalline dinoe represents a lower energy state
(i.e., it is more stable) than the glassy structuhde the damaged material represents

an intermediate state between them. Thus, in terhfsee energy it is much more
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convenient to pass from the vitreous phase than fre crystalline one to the damaged
state; that's why the former transition occurs meehlier than the latter. Finally, the
transitions occur before for higher stopping powsiraply because more energy is

being deposited on the lattice.

Conclusions

We have performed a detailed comparative experiahshidy of the IL induced by
swift heavy ions on the two phaseslofih-purity SIO,, either crystalline (quartz) or
amorphous (silica). The results support #Hmsignment othe blue emission band at
2.7 eV to recombination of self-trapped excitonsstined bonds that are initially
present in silica and develop during irradiationguartz. In silica, the data appear
consistent with the assignment of the 1.9 eV emmsdband to NBOHC centers
generated during the recombination of STE. The nredskinetic behavior, showing a
strong reduction of the yield for the two emissiamssilica, could be attributed to the
compaction of the Si-O-Si network. For quartz, be bther hand, the kinetic behavior
points out to a competition between recombinatipNBOHC centers and STE sites.
Although the presented results are mostly qualikathey offer relevant clues for a

more quantitative and rigorous analysis that isemity underway.
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Tables

Clat 10 MeV | Br at 15 MeV
Silica 3.6 keV/nm 4.5 keV/nm
Quartz | 4.4keV/inm 5.4keV/nm

Table I: Electronic stopping powers for the ionsdamaterials used in thisvork,
calculated using SRIM 20Q85,36].

Peak No. | Position (eV )] FWHM (eV )| Origin

1 1.65 0.30 F& -> SP*[18,19]
2 1.9 0.35 NBOH(C10,18]

3 2.26 0.40 STE+E18]

4 2.7 0.45 STE22,23]

Table II: peak positions, width and possible originthe four emission bands obtained

from the decomposition of the IL spectra.
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Figure captions

Figure 1. Schematic representation of the experimentalpseised to perform the

ionoluminescence measurements.

Figure 2: lonoluminescence spectra of silica irradiatechv8r at 15 MeV for low (a)
and high (c) fluences and for quartz irradiatechvidt at 15 MeV for low (b) and high
(d) fluences. The green curves represent the emidsands used to decompose the

spectra.

Figure 3: Intensity of the blue (a) and red (b) bands daration of the irradiation

fluence for the ions and materials used in thiskwor

Figure 4. Ratio between the yield intensity of the blue aed peaksYg/Yg) for the

two materials and ions used in this work.
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