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Abstract

Light emission under MeV hydrogen and oxygen ions in stoichiometric SrTiOs3
are identified at temperatures of 100 K, 170 K and room-temperature. MeV ions
predominately deposit their energies to electrons in SrTiO3 with energy densities orders
of magnitude higher than from UV or X-ray sources but comparable to femtosecond
lasers. The ionoluminescence (IL) spectra can be resolved into three main Gaussian
bands at 2.0 eV, 2.5 eV and 2.8 eV, whose relative contributions strongly depend on
irradiation temperature, electronic energy loss and irradiation fluence. Two main bands,

observed at 2.5 eV and 2.8 eV, are intrinsic and associated with electron-hole


mailto:mcrespil@utk.edu
mailto:wjweber@utk.edu

recombination in the perfect SrTiO; lattice. The 2.8 eV band is attributed to
recombination of free (conduction) electrons with an in-gap level, possibly related to
self-trapped holes. Self-trapped excitons (STEs) are considered suitable candidates for
the 2.5 eV emission band, which implies a large energy relaxation in comparison to the
intrinsic edge transition. The dynamics of electronic excitation, governs a rapid initial
rise of the intensity; whereas, accumulated irradiation damage (competing non-radiative
recombination channels) accounts for a subsequent intensity decrease. The previously
invoked role of isolated oxygen vacancies for the blue luminescence (2.8 eV) does not
appear consistent with the data. An increasing well-resolved band at 2.0 eV dominates
at 170 K and below. It has been only previously observed in heavily strained and
amorphous SrTiOs, and is, here, attributed to transitions from d(#;) conduction band
levels to d(eg) levels below the gap. In accordance with ab-initio theoretical calculations
they are associated to trapped electron states in relaxed Ti*" centers at an oxygen
vacancy within distorted TiOs octahedra. The mechanism of defect evolution monitored
during real-time IL experiments is presented. In conclusion, the light emission data

confirm that IL is an useful tool to investigate lattice disorder in irradiated SrTiOs.
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1. Introduction

Perovskite oxides are a fascinating class of materials with an extraordinary
variety of physical properties. In particular, stoichiometric SrTiOz (STO) is an insulator
with a simple cubic structure exhibiting an indirect band-gap of 3.2 eV at RT, and
second-order phase transitions at low temperatures (20, 35 and 105 K) [1].The electrons
are highly mobile at low temperature, leading to metallic behavior and
superconductivity below 1.2 K [2-5]. Owing to the high permittivity of STO, electronic
carriers can strongly couple to the highly polarizable crystal lattice and become self-
trapped in the form of small polarons. In particular, holes have been recently shown to
self-trap in the lattice at O sites surrounded by a distorted lattice [6]. The calculated
self-trapping energy is 13 meV, and the energy barrier for polaron hopping is 66 meV,
leading to a low hole mobility (5.09x10 ¢cm?/Vs) at room-temperature (RT). On the
other hand, while electron self-trapping has been observed in many oxides including
LiNbOs [7] and PbTiOs [8], there is a lack of experimental evidence for self-trapping in
SrTiO3s, although this possibility has been previously considered [9, 10]. In fact, a self-
trapped electron as Ti*" was proposed to be responsible for a donor level at 0.6 eV
below the conduction band minimum, observed after X-ray irradiation [10] and by UV
photoemission spectroscopy [9].

Aside from transport properties, luminescence experiments in the regime of
electronic excitation density are a powerful tool to investigate electron (e) and hole (h)
trapping and e-h recombination processes. So far, a variety of irradiation sources have
been wused for electronic excitation including pulsed laser excitation,
photoluminescence, X-rays, and electrons (cathodoluminescence, CL). The main
objective has been to correlate the optical emission bands with in-gap electron and hole

levels associated to either intrinsic or extrinsic recombination centers.



Interpreting the available experimental information is difficult since it represents
combinations of different types of samples (stoichiometric, non-stoichiometric, Nb-
doped, acceptor-doped, reduced in low-oxygen pressure, ion (Ar)- irradiated,
amorphous, etc), different excitation sources (UV light, laser pulses, electrons) and
different temperatures. The basic situation summarized in Table I shows that practically
all previously performed experiments use light excitation above the band gap. In
addition to a band-edge emission at 3.2 eV for temperatures below 100 K [11], the
results in Table I indicate that, the emission spectra cover an extended wavelength
range and include components at 2.0 eV, 2.4-2.5 eV, and 2.9 eV, depending on material
and irradiation conditions. In particular, the relative intensities of the bands depend on »
or p-type doping or prior ion irradiation, as well as excitation spectra and density. The
band at 2.0 eV is difficult to identify, and it appears as an unresolved shoulder to the
other bands. It has been attributed by some authors to light emission in heavily strained
or amorphous STO [12-15].

The interpretation of the various identified components of the emission spectra is
still controversial. A main point of controversy relates to the competition between
intrinsic and extrinsic recombination mechanisms for light emission and, particularly,
with the role of oxygen vacancies, which are the most investigated lattice defect. Kan et
al. [16] have proposed that e-h recombination at oxygen vacancies accounts for the blue
emission at 2.8 eV, whereas the green emission at 2.4 eV has been attributed to intrinsic
self-trapped exciton (STE) recombination [10, 17]. On the other hand, Rubano et al.
[17] have proposed that the two green and blue bands are both intrinsic and associated
with different e-h recombination pathways. Another point to be clarified is the role of
self-trapped electrons (or holes) and self-trapped excitons (STEs), which may be

stabilized by local lattice distortions due to strong electron-phonon coupling [3, 18].



To the best of our knowledge, experiments have not yet been performed using
electronic excitation with ion beams (ion beam induced luminescence or
ionoluminescence, IL), although there are a number of luminescence measurements on
samples previously irradiated with ions [19]. IL experiments are not a simple variant of
those ones using light excitation or photoluminescence (PL). They constitute an in-situ
real-time technique that, depending on ion mass and energy, offers a wide range of
penetration depths, excitation schemes (see Section 4. Discussion) and excitation
densities. In particular, high-energy ions (E > 0.1 MeV/amu), where energy is mostly
deposited to electrons in the material causing electronic excitation, offer interaction time
and excitation density similar to those achieved through high-power femtosecond (fs)
pulsed-laser excitation. Moreover, the damage to the lattice caused by either electronic
excitation or elastic ion-atom scattering (nuclear energy loss) allows introducing
controlled amounts of lattice defects, mainly vacancies and interstitials. Furthermore,
the penetration depth can be varied from less than one micron to tens of microns,
through an appropriate choice of ion energy; thus, in contrast to low energy CL or UV
light excitation, surface effects can be minimized [20-22]. One advantage of IL [23, 24]
is that, being an in-situ technique, it avoids post-irradiation annealing processes that
may modify the structural evolution brought about by the irradiation.

The purpose of this work is to carry out ion-beam irradiation experiments using
high-energy ions (H and O), where the dominant interaction with the material is
electronic. In a way, these experiments appear similar to those performed by Rubano et
al. [17, 25] with photon energies above the band-gap of STO (3.2 eV). In fact, the
excitation densities are similar and the de-excitation processes may be discussed within
a rather common scheme. The role of irradiation fluence has been investigated in the

range from 10'! to 10" cm™, and three irradiation temperatures have been used (100 K,



170 K and RT). This extended fluence range offers a transition from a purely electronic
excitation in a perfect crystal at low fluences (<10'* cm), to a severely distorted STO
lattice due to the oxygen disorder caused at the higher fluences (>10'* cm?). These
values offer a wide span of physical situations that enable a systematic understanding of

the electronic and luminescence processes during ion-solid interaction.

2. Experimental details

High-purity stoichiometric STO (100) single crystals, provided by MTI
Corporation, were used in this study. One-side polished samples with dimensions of
12.5x12.5%0.5 mm were irradiated at temperatures of 100 K, 170 K and RT under a
vacuum of 5x107° Pa, at the Ion Beam Materials Laboratory (UT-ORNL IBML) at the
University of Tennessee, Knoxville [26]. All of the measurements were carried out with
the polished side facing both the ion beam and the viewport coupled to the optical fiber
used to collect the emitted light (IL). The samples were tilted a few degrees with respect
to the incident ion beam to avoid ion channeling. Adjustable beam slits were used to
define an irradiation area of 3x3 mm? (RT) and 2x2 mm? (100 K, 170 K) on the sample
surface. Beam homogeneity was within 10% throughout the irradiated area. Irradiations
were performed with 3 MeV H and 8 MeV O with beam current densities in the range
of 3-4.5 nA/mm? to avoid beam heating and charge accumulation on the samples [27].
The ion flux was kept constant throughout each irradiation. For the 3 MeV H
irradiations, the ion fluxes were 1.9x10'? and 2.8%10'> cm™s™! for the low temperature
(LT) and RT irradiations, respectively. For the 8 MeV O irradiations the fluxes were
0.8x10'2 cm?s! and 1.1x10'2 cm™s™! for LT and RT irradiations, respectively. Stopping
powers for the given ions and materials used in this work were calculated using the
Stopping and Range of lons in Matter (SRIM) binary collision approximation (BCA)

software using full-cascade simulations (version 2012) [28, 29]. The calculated stopping



powers are shown in Table II, assuming threshold displacement energies of 53.5 eV, 65
eV and 35.7 eV for the Sr, Ti and O atoms, respectively [30], and a density of 4.81g cm’
3 for STO.

A schematic diagram of the in-situ luminescence experimental setup is shown in
Fig. 1 [24]. The light emitted from the samples is transmitted through a sapphire
window port at 150° with respect to the ion beam direction, collected into a silica
optical fiber of 1 mm diameter located outside of the vacuum chamber and coupled to
an imaging spectrometer. The spectral resolution is better than 0.2 nm. More details
regarding the optical setup, spectrometer and detector can be found elsewhere [24, 26].

Time evolution of the IL spectra was acquired using an integration time per
spectrum between 0.2 and 1.0 s for the case of 3 MeV H at LT and RT, respectively,
and 0.1 s in the case of irradiations with 8 MeV O ions. The ion-induced luminescence
intensity was normalized to take into account the ion energy, flux, the acquisition time
and the irradiated spot area (luminescent area), with the aim of quantitatively comparing
the luminescent yields coming from different ion beam irradiations. Therefore, the
normalized yields presented here may be considered proportional to the photons per
excited electron-hole (e-h) pair. Furthermore, as has been described previously [24], the
IL corrected spectra have been converted from wavelength (originally in units of
I(2)d2) to energy space (I(E)dE) by taking into account the factor A°.

The steady state temperature of the sample surface was measured via a K-type
(chromel-alumel) thermocouple (TC). More details on the experimental apparatus are

provided elsewhere [26, 27].



3 Results and analysis

3.1 IL Spectra

Figure 2 (a, b and c¢) shows the IL spectra obtained under irradiation with 3
MeV H ions at temperatures of 100 K, 170 K and RT to different ion fluences. Similar
experiments were performed at the same temperatures using 8 MeV O, and the
measured spectra are displayed in Fig. 3 (a, b, ¢). Essentially, the same bands are
observed with O ions as with H ions, although the normalized intensities are higher for
O 1ons in accordance with the higher electronic stopping power (hence higher excitation
density). In fact, simple estimates based on the number of generated e-h pairs per ion
(Ne-n = E/(2.5%Eg), with Eg being the gap energy) and the value of the projected range
yield e-h pair densities (p.-») that are roughly 40 times higher for O ions than for H ions
(Table II). All spectra can be decomposed into three Gaussian bands peaked at around
2.0eV,2.5¢eV and 2.8 eV, as illustrated in Fig. 4 (a, b, ¢) for the three temperatures and
representative fluences. Table III provides the peak positions and widths (Full Width at
Half Maximum, FWHM) determined for each case. Figures 2 to 4 clearly show that, for
both H and O ion irradiations, the emission yields strongly increase with decreasing
temperature. In addition, one notices that for both ions the 2.0 eV emission dominates at
low temperatures (around or below 100 K); whereas at RT, the 2.5 and 2.8 eV bands are
predominant and the 2.0 eV band appears as a shoulder. It is remarkable that the clearly

identifiable and resolved emission band at 2.0 eV has not been previously reported.

3.2 Kinetics of emission yield with irradiation fluence

For H irradiations, the dependence of the peak emission yields (area under the

Gaussian fit) on ion fluence for each band and temperature is shown in Fig. 5 (a) for the



2.5 eV and 2.8 eV bands, and in Fig. 5 (b) for the band at 2.0 eV. The fluence range
extends up to 5x10'* cm™. Similar information for the case of O ion irradiations is given
in Fig. 6 (a-c) for fluences up to 2x10'* cm™. The inset shows the kinetics of the very
low fluence region below 10'?> cm™. The figures show that the yield for the 2.5 eV and
2.8 eV bands exhibits a fast rise (not resolvable by the acquisition time) up to a
maximum value followed by a slower decay, this behavior becomes more clearly
evident for the O ion irradiations. For H ion irradiations, the decay is hardly observable
and the evolution of the yield is essentially flat. Therefore, the experimental behavior is
better visualized for the O irradiations. For these irradiations, the key point is that all
bands reach a maximum at a fluence of around 10'' cm™, independent of temperature.
On the other hand, for H ions, the rise time in units of fluence is much lower, around
10'3 cm™. This behavior is, in accordance with the much higher excitation rate reached
with the O irradiations (see Section 4. Discussion). Another noteworthy feature is that
the kinetics and absolute yield values for the 2.5 eV and 2.8 eV bands are quite similar.
As to the band observed at 2.0 eV, it shows a different behavior to that for the
2.5 and 2.8 eV bands. The initial rise of the yield at low fluences is much slower and
significant values are only reached at high enough fluences where the irradiation has
caused substantial disorder. In accordance with this view, the rise of the yield is

considerably enhanced for oxygen ion irradiation due to the higher damage rate.

4 Discussion

The experimental approach provides an extensive set of data across a wide range
of excitation densities and irradiation temperatures, heretofore not studied. The spectral
and kinetic data obtained in the present work, together with those previously obtained
(see Table I), offer adequate grounds for a meaningful discussion about the

mechanisms of the luminescence emissions at 2.0 eV, 2.5 eV and 2.8 eV.
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4.1. The blue (2.8 ¢V) and green (2.5 eV) bands

The bands observed at 2.8 eV and 2.5 eV under 170 K and RT irradiations are
similar to those obtained for other radiation sources, such as laser pulses or X-rays,
where no lattice defects are introduced, and over a variety of crystal sources and
qualities. Therefore, this may suggest that the responsible optical transitions are intrinsic
and not related to either impurities or irradiation-induced structural defects. Moreover,
the kinetic data (Figs. 5 and 6) provide strong support to this view. In fact, they show
that the yields start from a small value and rapidly develop with irradiation (at low
enough fluences) before a substantial amount of defects have even been introduced by
the irradiation. In other words, they appear to correspond to optical transitions between
electronic states of the excited electron-hole cloud that precedes structural modifications
of the crystal. This point can be quantitatively supported by some simple SRIM
calculations assuming that the lattice damage arises from elastic nuclear collisions. At
the damage peak, the damage rate is 3.1x10!'? dpa cm? for H (3 MeV) and 1.9 x1071¢
dpa cm? for O (8 MeV) leading to an atomic concentration of possible recombination
centers of around 10 for both H and O ions at the peak of the kinetic curve. These
concentrations are, in principle, low enough to represent optical transitions from a
recombination center (impurity or defect). After the fast initial growth, the kinetic
curves experience a very pronounced decay, indicating that the lattice defects generated
during irradiation are effectively “quenching” the luminescence emissions. It is
noteworthy that the rate of decrease in the case of O irradiations is about a factor of 100
times larger than for H ions, which could be qualitatively consistent with the simple
SRIM estimates for the damage production given above. This argument should be
validated in future work by comparing the kinetics of a wider range of ions and

energies. One should, however, note that in some previous studies it has been proposed
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that the active in-gap levels are associated with intrinsic lattice defects, such as oxygen
vacancies [16, 31]. It is indeed true that oxygen vacancies are created by the ion-beam
irradiation, at least due to elastic nuclear collisions [32]. However, the arguments given
above, particularly the very rapid initial rise of the emission yield at very low fluences
(<10 cm?) where a low lattice disorder is generated, makes this proposition
questionable.

As a consequence of the above results and discussions, one should ascribe the
green and blue bands to intrinsic transitions between conduction-band electrons or
valence-band holes and “intrinsic” in-gap levels, or alternatively to transitions between
levels of self-trapped excitons (STEs). In principle, the simplest candidate for these in-
gap levels is the self-trapped hole (O7) [13], whose existence has been previously
ascertained [6, 13]. Therefore, we propose that the spectral component at 2.8 eV, which
is close to the band-gap energy, could be related to an optical transition from conduction
band levels (possibly at the band minima) to such an in-gap level. Theoretical
calculations have yielded a self-trapping energy of 0.130 eV above the valence band
edge, qualitatively supporting our proposed assignment for the 2.8 eV emission peak.
On the other hand, the 2.5 eV emission band, which is very often observed under a
variety of excitations and exhibits a larger energy relaxation, may correspond to
recombination of self-trapped excitons (STEs), as suggested by a number of authors [8,
10, 17, 25].

In relation to the above discussion, it is interesting to compare the proposed
mechanisms for the 2.5 and 2.8 eV bands with some nanosecond-scale kinetic data
obtained with a pulsed laser source at RT [17, 25]. The yield of a blue (2.9 eV) emission
in STO crystals was monitored under laser excitation above the band gap (3.49 eV). The

studies reveal two different behaviors, unimolecular (UD) kinetics, associated with
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bound e-h pairs (excitons), and bimolecular kinetics (BD), attributed to transitions from
free (conduction) electrons to some in-gap level, such as that provided by the self-
trapped hole. This behavior may be consistent with that expected for the contribution of
the two bands peaked at 2.5 eV and 2.8 eV, which are strongly mixed. Unfortunately,
these previous efforts [17, 25] to identify the spectra of the two kinetic components
were unsuccessful, due to the strongly overlapped and unresolved bands.

It is relevant to ask about the role of irradiation temperature on the relative
importance of the two emissions. The 2.5 eV band is clearly apparent at low
temperatures but its intensity strongly decreases at RT. This could be, indeed, due to the
enhancement of non-radiative recombination processes, even thermal annihilation, as
revealed by the shortening of the total emission lifetime of the excitation [25]. However,
one should also consider the migration of the STEs at high temperatures to certain
“killer” traps, which quench the luminescence. In other words, the present data strongly
support the previous hypothesis that the 2.8 eV and 2.5 eV emissions correspond to two
alternative intrinsic channels: recombination of conduction band electrons with self-
trapped holes for the 2.8 eV band and to STEs for the 2.5 eV band. It is worth
mentioning that the 2.8 eV band may include transitions from excited conduction band
levels above the band edge in the case of high enough excitation densities and/or
temperatures [17, 25]. This could explain some observed asymmetry of the band that
extends further into the high-energy side. The simple Gaussian fitting of the present

work does not consider asymmetry nor the possible cut-off from the band edge.

4.2. The orange (2.0 eV) emission band

The origin of the 2.0 eV emission is less clear and maybe qualitatively different
from that proposed for the other two bands. This emission has only been distinctly

observed in amorphous or heavily disordered STO, obtained after high temperature
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annealing in vacuum [33] or after light-ion irradiations (H" and C at 60 keV) [34].
Theoretical calculations reveal that the disorder associated to O-vacancies introduces
new electronic levels in the gap as well as modifies the location of the Fermi level. In
fact, it has been shown [35] that n- and p-doping, associated to the introduction of either
O-vacancies or V or Sc substitutional impurities generate new Ti 3d-e, states below the
conduction band edge. Similar results have also established [36, 37] that O-vacancies
induce a chemical reduction of the two Ti ions adjacent to the vacancy so that the two
oxygen electrons occupy 3d-e, orbitals extending towards the center of the vacancy. As
far as we know, direct optical evidence for these levels was not yet available.

In accordance with the above theoretical calculations our proposal is that the 2.0
eV emission band is associated with an optical transition from d(#2,) conduction band
(CB) levels to a localized d(eg) orbital in a relaxed Ti"> center close to an oxygen
vacancy inside the TiOs octahedral unit. In support of such view, one should also
mention that the wavelength range for such emission at 2.0 eV roughly lies at the
location where optical transitions have been reported for octahedral TiO¢ clusters in
solution [38]. Moreover, the location for such a band coincides with the spectral
location of an unresolved absorption band in the spectra of X-ray irradiated samples at
very low temperatures [10]. Further evidence for the occurrence of Ti*" after plasma
treatment of the samples has been obtained from X-ray fluorescence measurements. The
octahedral distortion has been attributed to the increase in the concentration of oxygen
vacancies [39]. The band only appears at very low temperatures (100 K), and it rapidly
disappears after the end of irradiation, as expected for an electron polaron that may
migrate and become trapped at defects or color centers created by the irradiation [40].
The proposed assignment for the 2.0 eV band is also supported by the remarkably

higher yield of the emission under O (8 MeV) compared to those obtained under H (3
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MeV) irradiation, possibly due to the much higher concentration of oxygen vacancies
and higher lattice disorder in the first case. The fact that such a band has not been
observed in many previous studies may be due to the use of photoluminescence
measurements with very narrow laser light excitation and photon energies slightly
above the (direct and indirect) band gaps. In contrast to those experiments, irradiations
with charged particles, either via cathodoluminescence (CL) or ionoluminescence (IL),
excite a larger span of conduction band levels that should allow the observation of
localized d-d transitions overlapped with those arising from conduction band states. The
influence of the excitation source on the shape and composition of the luminescence
spectra is not novel, and it has been illustrated in a recent study [41]. In summary, the
origin of the 2.0 eV luminescent band may provide sound evidence for the existence of
trapped electrons as relaxed Ti’" centers. As a conclusion, the proposed optical
transitions in this work are schematically illustrated in Fig. 7.

One may, indeed, think of additional structural characterization experiments to
quantify the oxygen concentration in the irradiated samples and provide an independent
test for the model. As an example, RBS/C (Rutherford Backscattering Spectroscopy in
Channeling configuration) experiments performed previously by authors [42] clearly
show the progressive amorphization of the STO crystal with fluence until a fully
amorphous state is achieved at damage doses (calculated number of displacements per
host atom) reach values from 0.1 to 0.4, depending on the temperature. Unfortunately,
these experiments do not distinguish the type of defects, and thus the specific role of
oxygen vacancies cannot be separately identified. Therefore, we have performed, as an
alternative convenient strategy, some calculations of the vacancy concentrations
generated in the initial region of irradiation before clusters and more complex defects

are formed. These calculations are based on a SRIM code and use displacement energy
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values obtained from molecular dynamics calculations [30]. They show that at fluences
of 7.0 x10'? cm™ for H and 8.0 x10' cm™ for O similar vacancy concentrations of
around 10 (1 appm) are produced; whereas, from the IL kinetic curves, a similar yield
around 107 a.u. is measured for the 2.0 eV emission in both H and O samples irradiated
at 100 K for comparable fluences, respectively. In this fluence range, the oxygen
vacancy concentration should increase linearly with fluence, which is consistent with
the linear increase in IL yield with fluence at 100 K. A more quantitative correlation of
these concentrations with the luminescence yields is not easy, since the quantum
efficiency of the corresponding optical transitions responsible for the 2.0 eV band is not
known. In summary those SRIM calculations qualitatively support our analysis of IL
mechanisms although further work is still needed to assess the proposed model for the

2.0 eV emission band.

5. Summary and outlook

Ionoluminescence spectra during ion-beam irradiation with 3 MeV H and 8§ MeV
O 1ons have been presented and discussed. They cover a broad spectral range that can be
decomposed into three main Gaussian components at 2.0 eV, 2.5 eV and 2.8 eV, whose
intensities strongly depend on irradiation conditions (ion mass, energy, temperature and
fluence). The effect of irradiation fluence suggests that optical transitions at impurity
and/or oxygen-vacancy levels should be ruled out as the origin of the 2.5 eV and 2.8 eV
IL emissions. According to the present data and the available information in the
literature, the 2.8 eV band appears to be due to transitions from conduction band
electrons to intrinsic in-gap levels, very likely associated with self-trapped holes. On the
other hand, the 2.5 eV transition, showing a large energy relaxation, may correspond to
recombination of a self-trapped excitons (STEs), which are rapidly formed after

electronic excitation of the STO lattice. The 2.0 eV band is particularly interesting. The
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proposal discussed in this work ascribes it to transitions from CB d(#2,) levels to d(eg)
states below the gap, and associated to oxygen vacancies introduced by irradiation.
These latter d states are localized inside a TiOg octahedron that becomes distorted by the
oxygen vacancies introduced by the irradiation. This mechanism is consistent with
previous observations of the same band in strongly strained and amorphous STO. The
connection between luminescent emissions and lattice strain, recently ascertained for
ion-beam irradiated silica, is a topic of upmost interest [23] and should be further
investigated in future work. Furthermore, this work illustrates the relevance of
luminescence as an in-situ, real-time and highly-sensitive tool for structural

characterization of materials.
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Tables

Table I. Summary of experimental results from several spectroscopic techniques and

excitation sources for emission bands observed in STO.

STO samples Excitation source/ Temperature Emission band References
Energy peak (eV)

Stoichiometric ps-laser 3.49e¢V) RT 24,29 [17]

Stoichiometric electrons (CL) RT 24,29 [43]
(20 kV/15 nA)

Stoichiometric X-rays LT (15K) 2.5 [10]
(50 kV/40 mA)

Stoichiometric ns-laser (N-He) LT (< 100 K) 2.5 [44]
(3.68¢eV)

Stoichiometric and ps-laser above RT 2.3,2.8,3.0 [25]

doped (3.5eV)

O vacancy doping electrons (CL) RT 24,29 [43]
(20 kV/15 nA)

O vacancy doping laser (He-Cd) RT 2.9 [16]
(3.82¢eV)

O vacancy doping laser (He-Cd) LT 2.4 [16]
(3.82¢V)

Stoichiometric and electrons (CL) RT 2.1,24,2.8 [39]

impurity doping

Acceptor doped, non- laser (Ar) RT 2.1,2.2 [12]

doped, amorphous (241 eV)

Stoichiometric, laser (Ar) RT 2.0,2.4 [13]

amorphous (2.54¢V)

Stoich., non- laser (Ar) RT 2.0,2.4 [14]

stoichiometric (2.54eV)

Stoich., O vacancy laser (He-Cd) RT - LT 1.5,2.0,2.3 [15]

doping, amorphous (3.82¢eV) (300 - 20 K) 2.5,2.9,3.1
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Table II. Irradiation parameters for the ions and materials used in this work, calculated
using Stopping and Range of lons in Matter (SRIM) full-cascade simulations (version
2012) [28, 29], where S. is the electronic stopping power at the surface, Se max 1s the
maximum value of the electronic stopping power, S, is the maximum value of the
nuclear stopping power and R, is the projected ion range. N, average number of
electron-hole (e-h) pairs generated by single ion impact along the whole trajectory, pe-s,
e-h pairs density per unit of volume along the ion trajectory considering an excitation

radius of ~10 nm.

Ion Energy Se Se max Sh R, Nen Peh
(MeV) (keV/nm) (keV/nm) (keV/nm) (um) (e-h/ion)  (e-h/cm?)
H 3 0.04 0.14 4.76x10° 54.0 3.75x10°  2.21x10"Y
(0] 8 3.16 3.21 5.10x107 3.6 90.93x10° 8.78x10%*
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Table III. Peak position and width (FWHM) for each temperature of the three emission
bands obtained from the decomposition of the IL spectra under 8 MeV O irradiation

shown in Fig. (4). The values within brackets are less reliable.

Temperature Position (eV) FWHM (eV)

RT 2.00 (0.42)
2.52 0.57
2.82 0.35
170 K 2.00 (0.56)
2.53 0.58
2.83 0.48
100 K 2.04 0.57
2.50 0.90
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Figure captions

Fig. 1. Schematic of the experimental setup for in-situ IL measurements adopted from

[24].

Fig. 2. IL spectra (a.u. equals “arbitrary units”’) obtained under 3 MeV H ion irradiation
at (a) room temperature (RT), (b) 170 K and (¢) 100 K to various fluences. The spectra

can be decomposed into three Gaussian bands peaked at 2.0 eV, 2.5 eV and 2.8 eV.

Fig. 3. IL spectra obtained under 8 MeV O ion irradiation at (a) room temperature (RT),
(b) 170 K and (¢) 100 K to various fluences. Note that at the lowest temperature (c), an
initial rapid increase is observed in the 2.0 eV emission band that reaches a maximum
yield at 2.5x10'! cm™.

Fig. 4. IL spectra and emission bands components under 8 MeV O ion irradiation for
the initial irradiation fluences, where the maximum intensity is reached for different
temperatures: (a) RT, (b) 170 K and (¢) 100 K. The same three Gaussian bands peaked
at2.0 eV, 2.5 eV and 2.8 eV can be observed. The dashed curves represent the emission
bands used to decompose the spectra. The solid green line represents the global fit of
the spectrum.

Fig. 5. Comparison of the yield intensity as a function of 3 MeV H ion fluences at
different temperatures for: (a) the 2.5 eV and 2.8 eV emission bands; and (b) the 2.0 eV
emission band.

Fig. 6. Comparison of the yield intensity as a function of 8 MeV O ion fluence at
different temperatures for: (a) the 2.0 eV emission band, (b) the 2.5 eV emission band
and (c) the 2.8 eV emission band. Insets show more details in the low fluence regime.
Fig. 7. Schematic for possible mechanisms of the electronic processes involved in the
IL for STO. The conduction band (CB) is mainly composed of a 3d orbital of Ti and the

22



valence band (VB) is associated with O 2p states. White and grey circles represent the
excited holes and electrons, respectively. (a) The 2.8 eV (blue light) emission band is
attributed to recombination of conduction electrons with an in-gap level attributed to
self-trapped holes; (b) the radiative recombination process of excited holes and
electrons in a self-trapped excited state (STE) responsible for the green emission band
(2.5 eV); and (c¢) the well-defined band at 2.0 eV (orange) observed at LT is attributed
to d-d transitions (inside TiOs octahedron) from electrons that are trapped as relaxed

Ti3*centers.
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Fig. 6
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