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ARTICLE INFO ABSTRACT

Keywords: Luminescence is a powerful tool to analyse various types of defects in a wide range of materials; it is often applied

1‘?n°1umi“escence for silica, which is a broadly used material in photonics, microelectronics, nuclear energy industry, optoelec-

lS)lsz . tronics and other important technological applications. In this work, a single crystalline (0001) a-SiO; (quartz)
efects

Helium irradiation

sample has been investigated by the ionoluminescence (IL) method. In this case, intense emitted light can be
observed when a 2 MeV He ' beam reaches the quartz sample. Three emission bands were found at 1.45 eV, 1.76
eV and 2.34 eV, the corresponding defects were identified as an unknown origin, non-bridging oxygen hole
centres (NBOHC), and self-trapped excitons (STEs), respectively. The evolution of the defect-related IL peaks was
determined as a function of He™ irradiation fluence. To perform accurate data evaluation, the instrumental
function of the applied IL set-up (collimator, optical fibers and spectrometer) was determined and taken into
account. The importance of methodological issues in the IL measurement (including set-up, sample holder and
proper beam settings) was also discussed. The described steps of system calibration and data evaluation are
indispensable for IL spectrum analysis leading to a detailed understanding of defect evolution taking place during

the ion-beam irradiation process.

1. Introduction

Amorphous and crystalline silica (a-SiO5) are broadly used materials
in photonics, microelectronics, nuclear industry, optoelectronics and
other important applications (e.g., geological dating, archaeology, laser
technology, spacecraft, accelerators, nuclear fission, and fusion devices)
[1,2]. For these applications, it is essential to recognise the conse-
quences of various defects on the electronic and atomic structures, as
well as the optical properties of crystalline SiO5 [3].

Ion beam analytical methods are powerful tools to determine the
composition and impurities in the near-surface region of materials. In
single crystalline materials, these methods can be combined with the
channelling technique to determine the lattice location of impurities or
damage level and defect structures. Although in most cases, the back-
scattering spectrometry (BS) is combined with channelling [4] for these
purposes, all the other ion-beam methods like particle-induced X-ray
emission (PIXE) [5], or nuclear reaction analysis (NRA) [6] can also be
combined with channelling. The channelling technique is a powerful
method in defect analysis; however, there is a disadvantage: a single
crystalline material structure is needed.

* Corresponding author.

Lots of materials, like e.g., insulators (like silica) emit light when
irradiated by an ion beam. In this case, the light can be collected and
analysed, i.e., ion-beam-induced luminescence or ionoluminescence (IL)
method can be utilized as an analytical tool. Luminescence methods are
commonly related to light emission from the ultraviolet (UV) to infrared
(IR) spectral region, including also the visible range, and show both
broad [7,8] and narrow band spectra emitted by optically active centres
[9,10]. In the luminescence process, the emission of light is due to
electronic excitations by various external factors. In general, electrons
(cathodoluminescence, CL), photons (photoluminescence, PL), x-rays
(radioluminescence, RL), and ion beams (IL) are used most frequently as
the source of excitation, but other excitations are also possible [11].
Luminescence is a comprehensive and suitable tool for the spectral
analysis of various types of defects [12-14]. It is often hard to compare
the results reported in the literature on luminescence due to the wide
range of applied instrumentations and data evaluation procedures.
Although, ref [15] discussed a lot of problems with luminescence
method: signal intensity corrections of the spectrometers, sample
anisotropy, grating polarization effects, errors in spectral deconvolution,
and especially the conversion from wavelength to energy scale.
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Unfortunately, it is not always clear whether these corrections were
considered or not in a given work.

The ionoluminescence method is helpful for analysing pre-existing
defects in materials and also those ones, which are generated by the
ion irradiation process itself [16,17]. The development of the colour
centres [1,3,7,10,18,19], and/or their radiation tolerance [7,10,20,21]
as a function of the ion fluence can also be evaluated by the IL method.

Various types of defects can be found in the materials, such defects
are substitutional and interstitial impurities, inherent imperfections
(vacancies, self-interstitials, dislocations, etc.), or process related defects
(induced by electron- and ion-irradiation, high-temperature vacuum
treatment, etc.) [22]. Point defects can be formed due to diffusion,
trapping, and recombination processes, which are dependent on the
temperature (T), dose rate, atmosphere, and probing conditions [23,24].

The optical and electronic properties of silica can be modified by
point defects, nanosize clusters [25-28] etc. NBOHC (non-bridging ox-
ygen hole centre, =Si — Oe) [16,17,29-34] and the self-trapped excitons
(STEs) [35-39]. STE is one of the important radiation-induced defects in
silica. In crystals where valence electronic excitation leads to a strong
local deformation of the lattice, an exciton may be immobilized by its
own lattice distortion field, i.e. self-trapped [40]. In quartz, the self-
trapping mechanism of an exciton is developed due to the formation
of oxygen distortion related states, as it is revealed by cluster calcula-
tions of the self-trapping mechanism [35,41,42]. STE’s already appear at
low-fluences during ionizing radiation [35]. Besides point defect-related
centres, the irradiation process also contributes to developing nanosized
clusters in SiOy [43].

Ion beam analysis of insulator materials like SiO3 is not easy: during
the measurement such samples often emit light and their sparking dis-
turbs the detector and electronic system. Ref. [44] presents a very
detailed discussion of how the insulator materials can be measured
appropriately. Light emission can be treated by using special, so-called
“blind” particle detectors, which can work under light illumination.
On the other hand, ion beam-induced charge accumulation can be
avoided experimentally in daily practice by using thin protection layers,
wrapping or masking the samples, and applying very low beam currents
for the experiments. An electron source operating in the chamber can be
also applied if the current integration system is independent of the
chamber as in the case using a transmission Faraday-cup [5]. Combining
the electron sources with “blind” detectors and transmission Faraday-
cup provides a unique possibility to determine the composition of
insulator materials in almost all the IBA methods except IL.

In this work, various types of optically active defects in a-SiO9 are
investigated by the IL technique. The study is focused on both the
methodological problems and defects analysis. Methodological issues of
the IL set-up (collimator, optical fibers, and spectrometer), sample
holder, and proper beam settings are discussed. It is also shown how the
instrumental function could be determined and used in the accurate
evaluation of IL spectra, taking into account the relevant correction is-
sues mentioned in ref. [15].

2. Experiment

A single crystalline (0001) a-SiO2 (quartz) sample produced by
Goodfellow with the dimensions of 10 x 10 mm size and 0.5 mm
thickness was used. The IL experiment was performed in a scattering
chamber equipped with a two-axis goniometer connected to a 5 MV Van
de Graaff-type ion accelerator under a vacuum (2 x 10" Pa). A liquid N
trap was used to reduce surface contamination. The 2 MeV “He* beam
was collimated with two sets of four-sector slits to the spot size of 0.5 x
0.5 mm?, while the beam divergence was kept below 0.05 degrees. To
get a more homogeneous ion beam flux on the sample tilted by 46.5°
with respect to the normal incidence, the beam was electrostatically
scanned both in horizontal and vertical directions before the two set of
four-sector slits. A transmission Faraday cup [45] was used to measure
the beam current, which was 3 nA.

Nuclear Inst. and Methods in Physics Research, B 555 (2024) 165470

A beam chopper, installed in the transmission Faraday-cup, was used
to stop the beam and determine the beam current 2 times per second for
1/11 part of the measurement, i.e. approximately 0.045 s on each
occasion. In the IL measurements, the measuring time for one IL spec-
trum was short (typically 0.1-5 s) so the beam chopper may cause a
large uncertainty in the yield. Moreover, for irradiation tolerance ex-
periments, the IL measurements were repeated several hundred times to
determine the IL intensity as a function of He™ ion fluence. To avoid the
current uncertainty problem, the transmission Faraday-cup was
switched off during the experiment and let the ion beam reach the
sample; the dose was determined as a product of the stable current
(determined before and after the IL experiment) and measuring time.

The IL setup based on Ocean Optics components: a 74-UV type
collimator lens was fastened to a stage in the chamber, and it focuses the
collected light to a vacuum optical fiber (PV200-050-UV-SR) with a core
diameter of 200 pm. The light enters into a spectrometer through a
vacuum feedthrough and another optical fiber (QP200-2-SR-BX). All the
applied fibers including that in feedthrough are solarisation-resistant
thus allowing to detect UV radiation for wavelengths < 300 nm. The
emitted light was analysed by an Ocean Optics Maya 2000pro spec-
trometer in the wavelength range of 200-1100 nm and it contains a low
noise, back-thinned CCD sensor (S10420) produced by Hamamatsu
Photonics K.K. The optical detection stage can be moved by motors to
ensure that the lens collects the light exactly from the beam spot. An
Ocean View code was used to control the experiments and save the
spectra. The wavelength calibration of the spectrometer was checked
with a reference Ar-Hg-lamp.

Usually, the samples are fastened to a sample holder (i.e., aluminium
plate) with a measuring area of 50 x 50 mm?2. The X-Y sample holder
was controlled by stepping motors; however, the Z position was adjusted
with spacers, in such a way that the surface plane of the specimen is
placed exactly to the intersection point of the azimuth and tilt axes of the
goniometer. If the ion beam reaches the sample at this intersection point,
the beam spot is stable on the sample surface, independently of any
movement on the tilt or azimuth axes. If the sample surface is above or
below this intersection point, the beam spot will move on the surface of
the sample if the tilt angle is changed.

In the case of IL, it is essential to put the sample surface exactly to the
intersection point with an accuracy of < 0.1 mm and this point has to be
the focus point of the IL setup, too. The focus of the collimating lens has
to be set carefully to collect most of the emitted light from the measuring
spot. To check the proper settings of the optics, the IL setup can be
illuminated by a laser beam through the optical fiber in a reversed way.
In this way, it is easy to determine which part of the sample can be
analysed by IL, i.e., that part of the sample, from where the light can be
reached at the fiber within the acceptance angle. Moving the optics
stage, the laser spot has to be set properly to the ion beam spot, which is
placed exactly at the intersection point of the goniometer’s axes.

If the thicknesses of the samples are not exactly the same, the spacer
method cannot be applied because only a given thickness can be set
correctly to the intersection point; for the other samples, the IL intensity
can be decreased due to a loss of the focus of the optics. Therefore, a
special sample holder was used for IL. measurements as shown in Fig. 1,
where windows were open on the holder. The samples are fastened to
the holder from the backside resulting in the surfaces of the samples
being in the same plane. By using a proper spacer, this sample holder
ensures that the surface of all samples can be moved exactly to the
intersection point. However, for general purposes this sample holder has
some limitations in high-tilt angles experiments because it shows a
shadow effect due to the material of the sample holder itself. Moreover,
the electrons used for charge neutralization reach the electrically con-
ducting sample holder sooner than the insulating samples, so this effect
reduces the efficiency of the electron source. Nevertheless, in IL exper-
iments the charge-neutralization electron source cannot be applied
because of its light emission [44] that hinders the measurement of light
emitted by the sample to be analysed.
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Fig. 1. The applied IL setup with the special sample holder.

3. Methodology issues of IL

Switching on the spectrometer in dark conditions, large spikes can be
observed and they give a background to the emitted light IL spectra,
which yield can be much smaller than the background spikes. To see the
emitted light spectra during the IL measurements, appropriate back-
ground subtraction is essential. If the background subtraction is good,
only the noise of the spectrometer can be detected in dark conditions
that follow Poisson statistics [46]. In this case, the average level of noise
usually increases with increasing time and sometimes outliers can be
observed, too. The measured IL spectra are saved after background
subtraction, therefore only the continuously increasing noise level and
outliers have to be removed in spectrum evaluation.

To determine the instrumental function of the IL-setup (collimating
lens, fibers, and spectrometer) an Ocean Insight (DH-3PLUS-CAL) cali-
brated light source equipped with both deuterium and halogen lamps
was used. First, the calibration points of the deuterium and halogen
lamps were fitted by polynomials to determine interpolated calibrated
values for the whole wavelength range, see Fig. 2a. Then spectra were
taken for both the deuterium and halogen lamps with their emitted light

[N}
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passing through the whole IL setup. To do this, the IL collimating lens
was turned simply to the light source in the air. Therefore, the whole
system i.e., the collimating lens, all the fibers (in the vacuum chamber,
in the vacuum feedthrough and between chamber and spectrometer) as
well as the spectrometer give contribution to the instrumental function.
Admittedly, an extra attenuation is created due to 2-3 cm thickness of
the air (between the collimating lens and the light source) could also be
included. Fig. 2b shows typical spectra for each calibration lamp. The
spectral efficiency was calculated by the ratio of the total intensity of the
deuterium/halogen lamp and the corresponding fit of the calibrated
values. The two datasets were normalised to the joint wavelength range
near 400 nm. Finally, the efficiency curve of the IL setup shown in Fig. 2¢
and it was normalized to 100 %. In the efficiency curve, the basic shape
comes from the efficiency of the spectrometer, and the minimum near
950 nm is due to the absorption of the optical fibers. The instrumental
function has to be determined again, if any part of the IL setup is
replaced. In the evaluation of raw IL spectra, the real intensity/wave-
length distribution of the light emitted by the sample by taking into
account the efficiency curve, i.e., the instrumental function of the IL
setup can be determined. With this concept, the wavelength and in-
tensity calibrated IL spectra can be derived from the measured raw IL
spectra.

After the necessary correction, the IL spectra have to be transformed
to the energy scale, where the decomposition can be made by the
Gaussian (or Breit-Wigner) function [15]. The wavelength (abscissa
axis) and intensity (ordinate axis) were transformed by the equations:

E=hc/i D

I(E) = I(2)4* /hc 2

Fig. 3 shows the effect of the applied correction steps. The shape of
the spectra was drastically changed after the conversion of wavelength
to energy scale both with and without taking into account the instru-
mental function.

The corrected-transformed IL spectrum is usually composed of
several broad overlapping peaks from the irradiation-damaged crystal
and it may also contain sharp lines (connected to e.g. impurities). The
next step of the evaluation process is to determine the number of
Gaussian functions for the appropriate fit of the measured data. The
fitting procedure can be optimized by increasing the number of Gaussian
model functions, and plotting the calculated reduced Chi-square (3%
values as an indicator vs. the number of Gaussians applied. If the
reduced y? value is not decreased further significantly, there is no need
to use more Gaussian functions in the fit [22]. An alternative evaluation
method is based on the residual fits compared to a noise spectrum (taken
without an ion beam in dark conditions, and handled similarly as a real
IL spectrum). A simple example of this method is shown in Fig. 4. In the
case of a-SiOo, there is no need to use more Gaussian functions after
involving the third one in the fit.

To determine the He™ irradiation tolerance of a-SiO5, 900 IL spectra
were measured subsequently, then treated, and fitted. To evaluate such
large numbers of spectra, a special macro was written in Genplot [47].
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Fig. 2. (a) The calibrated absolute irradiance values of the deuterium and halogen lamps, (b) Spectral intensity distribution of deuterium and halogen lamps (c) The
evaluated instrumental function of the IL setup, i.e., the detection efficiency of light as a function of wavelength.
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Fig. 3. The effect of the applied correction steps: a) Wavelength scale: the measured raw IL spectrum, after removing the baseline shifts and outliers, as well as after
an additional correction with the instrumental function b) Energy scale: the effect of the instrumental function is demonstrated converting the last two spectra
of Fig. 3a.
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Fig. 4. The corrected and transformed IL spectrum of a-SiO» using 2 MeV “He™ ion beam with a current of 3nA; collection time 5 s, sample tilt 46.5°, after 74 min.
irradiation i.e., a fluence of 2.3 x 10'® He*/cm?. a) spectrum fit with one Gaussian function, with b) two c) three, and d) four Gaussians. e) reduced y? (Chi-square) as
a function of the number of Gaussians calculated after the fitting process. The fitted Gaussian parameters, peak position and FWHM, together with their uncertainty,
are represented. f) The residual fits are plotted together with a noise spectrum, i.e., a spectrum recorded without an ion beam in dark conditions, and handled similar
way as a real IL spectrum.
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4. Results and discussion

In this experiment, the quenching of the IL signals cannot be
observed due to the unique characteristics of a-SiO; in the case of the
He™ ion beam irradiation. It is known that quartz crystals give intense
light under H' or Het ion beams for several hundred or thousand hours
and this property of a-SiO is generally used in accelerator techniques to
observe the beam shape and intensity on a retractable quartz beam
viewer.

The relative IL line intensities also depend on the type of the applied
beam projectile and its energy etc. In the irradiated target material,
electrons, holes, and excitons are generated due to the ion beam energy
absorbed by the solid sample and its conversion into primarily electronic
excitations [35]; however, the nuclear stopping power of He™ is rather
low compared with heavier ions, hence, the probability to create diva-
cancies or vacancy clusters can be much lower. Moreover, helium can
diffuse away very easily in silica [48,49] and therefore helium cannot
stabilize divacancies and vacancy clusters as it can be observed in other
materials [48]. Accordingly, in this case appearance of only a few
spectral bands connected to various defects of a-SiO5 can be expected.

In this experiment, only three bands were identified in the visible-
infrared spectral range with peak positions at 1.45 eV, 1.76 eV, and
2.34 eV for a-SiO, irradiated by 2 MeV He" ions. To find the best
transition energy values, several spectra taken after various He" irra-
diation fluences were evaluated. The first band at 1.45 eV is unknown;
although in the literature bands at 1.3-1.75 eV are assigned to
embedded Si nanoclusters [50,51]. However, this Si nanocluster related
band usually appears after annealing specimens previously implanted
with Si ions. In the case of He implantation there is no evidence in the
literature for the formation of Si nanoclusters in as implanted quartz.
The two other bands were previously identified as NBOHC (band at
1.85-1.95eV) [3,51], and STEs (band at 2.2-2.5 and 2.6-2.8 eV) [3,51].
The transition energies are different compared to the literature values.
Due to the correction of the instrumental function, a small shift in the
peak position occurs as shown in Fig. 3b, which also may affect to the
energies of the various defects.

The intensities of all three bands increased with increasing He™*
fluence, which means that these defect centres are created by the ion
beam irradiation. The composition of defect states and the visible defect
structure is largely determined by the ion beam-induced excitation and
de-excitation processes through the various radiative recombination
channels acting in the target material. Fig. 5 shows typical measured IL
spectra for low and high He™" irradiation fluence cases, together with the
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best spectrum decompositions using three Gaussians.

Fig. 6 shows the measured intensity of the IL spectra, the intensities
of fitted bands as well as the fitted total IL intensity as a function of
irradiation fluence; the energies of the transitions were fixed in the
fitting procedures. From the measured total intensity curve, the stability
of the ion beam current can be estimated and the standard deviation of
the saturation value (1.8 %) gives an upper limit of the ion current
uncertainty. The red band dominates over the IR and green ones,
showing that the NBOHCs are created most easily by the helium ion
beam. All three band intensities start from low levels, then increase and
tend to saturate. Their evolution can be described by an exponential
curve:

y=A(l—exp(—k(x—x))) 3
In Fig. 6, all the fitted band intensities (y) show acceptable

Sio,

T T T

* Measured
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Fig. 6. Line intensities, i.e., the area of the Gaussian as a function of He" ion
fluences for the various spectral lines as shown in Fig. 5. Black x stands for the
measured IL intensities and dots for the fitted ones: dark reddish for the
Gaussian #1 at 1.45 eV, red one for the Gaussian #2 at 1.76 eV, and green one
for the Gaussian #3 at 2.34 eV, while cyan represents the total fitted IL in-
tensities. Solid lines show the fitted exponentials given by Eq. (3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 5. Measured IL spectra of a-quartz (a-SiO,) irradiated with 2 MeV He™" ions to a fluence of (a) 1 x 10 He*/cm? (b) 2.3 x 10'® He'/cm?. Peak positions and
best spectrum decompositions using three Gaussians and remaining fits are also plotted.
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agreement with the measured ones as a function of fluence (x). In gen-
eral, the actual value of x indicates that either the unirradiated material
contains some pre-existing or intrinsic defects (x. < 0) or a critical flu-
ence is needed to create them (x. > 0).

In this case, the unknown band at 1.45 eV (with x. = -62 + 3) and
NBOHCs (with x. = -68 + 2) show a very small negative shift compared
to the STEs, which have a much larger negative shift (x. = -487 + 17).
To determine x,, it is very important to perform the experiment on a
virgin sample, because the beam is able to create the defects, which may
remain in the sample. Here, STEs are intrinsic defects [51], the 2.34 eV
band appears as soon as the beam is turned on and has a weak fluence
dependence compared to the two other bands. The saturated values (A)
can be explained by the nature of defect dynamic equilibrium provided
by the ion beam. However, these values depend on the beam settings,
beam current, etc., so instead of their absolute values only their relative
saturated values can be compared. The parameter k in Eq. (3) has quite
different values for the three bands (0.0012 for STEs, 0.0024 for the
unknown band at 1.45 eV, and 0.0056 for NBOHC).

5. Conclusions

Light emission from single crystalline (0001) a-SiO2 (quartz) under 2
MeV He' ion beam irradiation was studied by ionoluminescence (IL)
method. The IL spectra were decomposed for three emission bands
centred at 1.45 eV, 1.76 eV, and 2.34 eV. The origin of the first band is
unknown, the two other bands correspond to non-bridging oxygen hole
centres, and self-trapped excitons, respectively. The evolution of these
defects is determined as a function of ion fluence for the IL intensities of
the three defect related bands. The observed trends are due to the
simultaneous formation of various defect centres and their possible in-
teractions during the ion-beam irradiation process. The instrumental
function of the IL set-up (collimator, optical fibers, and spectrometer)
was determined and it was taken into account in the evaluation of the
measured IL spectra. The importance of methodological issues in the IL
measurements (including set-up, sample holder, and proper beam set-
tings) as well as the steps of proper spectrum evaluation were also dis-
cussed in detail.
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