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Abstract. Results recently reported on the effect of thermochemical treatments on the (He-Cd) laser-
excited emission spectra of strontium titanate (STO) are re-analyzed here and compared with results
obtained under ion-beam irradiation. Contributing bands centered at 2.4 €V and 2.8 eV, which appear
under laser excitation, present intensities dependent upon previous thermal treatments in oxidizing (O2)
or reducing atmosphere (H2). As a key result, the emission band centered at 2.8 eV is clearly enhanced
in samples exposed to a reducing atmosphere. From a comparison with the ionoluminescence data, it
is concluded that the laser-excited experiments can be rationalized within a framework developed from
ion-beam excitation studies. In particular, the band at 2.8 eV, sometimes attributed to oxygen vacancies,
behaves as expected for optical transitions from conduction-band (CB) states to the ground state level of
the self-trapped exciton center. The band at 2.0 eV reported in ion-beam irradiated STO, and attributed
to oxygen vacancies, is not observed in laser-excited crystals. As a consequence of our analysis, a consistent
scheme of electronic energy levels and optical transitions can now be reliably offered for strontium titanate.

1 Introduction

Strontium titanate (SrTiOs, STO) is a paradigmatic
example of a class of oxide perovskites with outstand-
ing optoelectronic properties and is a dominant mate-
rial in the novel field of complex-oxide-based electronics
(1, 2]. Having a simple cubic structure at room tem-
perature (RT) and an indirect band gap of 3.27 eV
[3], it presents a rich variety of electrical properties
ranging from insulating to metallic [4], semiconduct-
ing and even superconducting behavior [5]. Moreover,
under suitable doping, it shows efficient photocatalytic
activity for hydrogen generation through water decom-
position [6-8]. For each of these noteworthy behaviors,
structural and impurity defects are known to play a
key role [9]. In particular, oxygen vacancies are intrinsic
defects that determine many of the physical and chem-
ical properties of oxide perovskites, especially in STO.
Luminescence, due to its superior sensitivity and resolu-
tion, is the main, and often only optical technique used
to investigate the properties of transition metal impuri-
ties and defects in dielectric materials and their relation
to the lattice structure. Photoluminescence (PL), as a
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key optical technique, is widely used to identify and
characterize excited states of defect centers [10, 11].
Recently, some interesting results on the effect of
thermal treatments in different atmospheres on the
emission spectra of STO have been reported for a broad
range of temperatures from 10 K to RT [11]. Although
this work from Lim et al. [11] focused on the main emis-
sion band centered at 2.6 eV, the paper presented evi-
dence that nearby bands at 2.4 eV and 2.8 eV were
quite sensitive to the thermochemical environment. The
data were obtained under excitation above the bandgap
using a He-Cd laser (325 nm). The role of several oxi-
dation-reduction treatments at temperatures ranging
from 400 to 900 °C was investigated. The obtained
results showed that the relative yields of the bands at
2.4 eV and 2.8 eV could be significantly modified by
subjecting the samples to either oxidizing (Oy atmo-
sphere) or reducing (Hs atmosphere) thermal treat-
ments. In particular, the intriguing emission at 2.8 eV
was clearly enhanced in the samples that had been
heated in a reducing atmosphere. In this work, we dis-
cuss the above data in relation to extensive and system-
atic information gathered under ion-beam irradiation
[8, 12-16]. This procedure induces electronic excitation
above the bandgap, as achieved by laser excitation, but
offers additional possibilities, including the generation
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of oxygen vacancies through elastic ion-atom collisions.
A major experimental advantage of this approach is
that the irradiation parameters (energy and range of
the projectile particles) can be easily modified and,
therefore, the deposited energy and the effects of the
damage can be tailored. The excitation intensity can
reach local electronic densities comparable to femtosec-
ond pulsed lasers (~10*°-10%! cm~3), which enables one
to investigate the role of electronic excitation density on
light emissions. Finally, the broad excitation spectrum
and high electron-hole densities guarantee the simul-
taneous observation of all contributing luminescence
bands and interplay among them [16, 17]. The results
obtained with ion-beam-induced luminescence or iono-
luminescence (IL) have provided a coherent framework
to account for the radiative emission mechanisms by
electronic de-excitation [14].

The objective of this paper consists of discussing the
newly reported data on laser excitation [11] in rela-
tion to those recently presented in our ion-beam exci-
tation (ionoluminescence) studies [8, 12-16]. Using ions
with different masses (from H to Ti) and energies up
to 18 MeV, the ionoluminescence (IL) studies led to
a physical model that accounts for most experimen-
tal features of the light emissions in ion-beam irradi-
ated STO crystals. Moreover, they revealed that iso-
lated oxygen vacancies are responsible for the emission
band centered at 2.0 eV. In fact, a linear correlation
was found between the initial growth rate of the red
emission band at 2.0 eV and the generation rate of
oxygen vacancies per incident ion, as calculated using
the SRIM Monte Carlo code [18, 19]. Additional stud-
ies have associated the 2.0 eV emission to an optical
transition between d-levels of the Ti** electron small-
polaron, which is trapped near the oxygen vacancy [13,
14]. The assignment is corroborated by theoretical cal-
culations [20-23] for the d-levels of Ti** around the
vacancy. On the other hand, the broad green emission
band centered at 2.5 eV, accompanied by strong lat-
tice relaxation, is associated with a triplet-singlet opti-
cal transition of a self-trapped exciton (STE) inside a
regular octahedron [24-27]. It has been observed under
a large variety of excitation methods including visible
light, X-rays, and ion beams [25, 26, 28, 29], and the
mean lifetime exhibits a long decay time of milliseconds
in accordance with the spin-forbidden character of the
transition [25, 27, 30]. Finally, more recent results sug-
gest that the blue emission at 2.8 eV is not consistent
with a previous assignment to oxygen vacancies [31],
and it has been very recently associated with optical
transitions from conduction band (CB) states to the
ground state of the STE [15].

As we will discuss in this paper, the data reported
n [11], after different thermal treatments using both
reducing as well as oxidizing atmospheres, appear rel-
evant to address the intriguing origin of those emis-
sion bands. In particular, it is shown that the effect of
thermal treatments on the emission bands centered at
2.4 €V and 2.8 eV is consistent with the model derived
from the ion-beam experiments [12-16], although some
unsettled questions may still remain.
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2 Experimental details

Along this section, a brief overview of most relevant
experimental details from the previous studies is pre-
sented with the aim of making a more straightforward
comparison between the parameters used in both phys-
ical scenarios.

2.1 Experiments with laser excitation

(100) STO single crystals used in [11] were supplied by
the Crystal Bank at Pusan National University. Laser
excitation, with an energy above the bandgap, was
achieved using a continuous He-Cd laser (A=325 nm)
[32]. Unfortunately, Lim et al. [11] did not report the
excitation rate to allow for a more quantitative com-
parison of the electronic excitation densities.

Before the photoluminescence (PL) experiments were
carried out, crystals were subjected to high temper-
ature annealing treatments in different atmospheres.
The annealing temperature was fixed at 900 °C in the
reduced crystals treated in Hy and Ny atmospheres. For
the annealings performed in O, the temperature was
varied from 400 to 900 °C.

2.2 Experiments with ion-beam irradiation

High-purity, one-side EPI-polished (ultra-flat, surface
finish (RMS) lower than 5 A), stoichiometric SrTiO3
(001) single crystals for the ion-beam studies were
obtained from MTI Corporation Ltd. (Richmond, CA).
The nominal impurity concentrations, as provided by
the manufacturer, can be found elsewhere (Table 1
in [8]). Substrates were irradiated at temperatures of
100 K, 170 K and 300 K (RT) with a variety of pro-
jectile ions and energies (3 MeV H, 8 MeV O, 15 MeV
Si, 18 MeV Cl and 18 MeV Ti ions) to cover a wide
range of electronic (S.) and nuclear (S,,) stopping pow-
ers. A more detailed description of the irradiation setup
and experiments can be found elsewhere [8, 12, 13, 15,
33, 34]. The relevant irradiation parameters, includ-
ing electronic excitation densities and total number of
oxygen vacancies generated per incident ion [18], are
summarized in Table 1. Typical electronic excitation
rates reached under irradiation are around 10'® e-h
pairs cm~2 s~!, comparable to those achieved in most
picosecond (ps)-pulsed laser experiments [15, 16].

2.3 SRIM simulations

Electronic stopping powers (S.), projected ion ranges
(Rp), ionization energies (E;oni;), and number of gen-
erated oxygen vacancies, included in Table 1, were cal-
culated using the Stopping and Range of Ions in Matter
(SRIM) binary collision approximation (BCA) software
(version 2012) [18, 19] using full-cascade simulations
[35]. Threshold displacement energies of 35.7 eV, 65 eV
and 53.5 eV were assumed for the O, Ti, and Sr atoms,
respectively [36].
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Table 1 Irradiation parameters calculated using SRIM (version 2012) full-cascade simulations [18, 19]. R, is the projected
ion range, Se, max iS the maximum electronic stopping power and FEioni, is the energy deposited in the electronic system
per incident ion. F' is the average incident particle flux and p. 5 is the excited e—h pair density generated per incident ion
per unit of volume along R, assuming an excitation radius of ~ 10 nm (see Refs. [15, 16] for further details). Total oxygen
vacancies are the total number of oxygen vacancies produced per incident ion integrated along Rp

Ton, Energy Ry (pm) Se, max (keV/nm) Eioniz (MeV) F (% 10'2 ¢cm™2 Pe-h (e—h Total oxygen

(MeV) s em™?) vacancies

H, 3 54.00 0.14 2.98 2.20 2.20 x 11.42
10"

0,8 3.70 3.21 7.85 0.90 8.55 X 756.43
1020

Ti, 18 4.15 8.31 17.05 0.44 1.64 x 4749.95
1021

Cl, 18 4.15 7.31 17.47 0.44 1.68 x 2816.96
102t

Si, 15 4.00 6.14 14.64 0.64 1.46 x 2002.95
102t

lon Beam

—

SP-2556
Spectrograph

Mirrors

Fig. 1 Schematic of the experimental setup for in situ iono-
luminescence (/L) measurements reprinted from Crespillo
et al. [34], Copyright (2016), with permission from Elsevier

2.4 lonoluminescence (IL) characterization

The experimental setup for IL spectra acquisition (used
in the previous works by the authors of the present
paper in the Ton Beam Materials Laboratory (IBML
UTK-ORNL) at the University of Tennessee, Knoxville
is schematically illustrated in Fig. 1 and is described
in detail elsewhere [8, 12]. The light emitted from the
samples is transmitted through a sapphire window and
collected into a silica optical fiber of 1 mm diameter
located outside 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 in [33, 34].
The sample temperature was monitored during the ion
irradiation experiment with a K-type (chromel-alumel)
thermocouple attached to the sample surface [33, 37].

3 Comparative analysis between
laser-excited (PL) and ionoluminescence
(IL) spectra from STO: Physical discussion

Figure 2(a) illustrates the emission spectra observed in
[11] consisting of several broad bands with peaks cen-
tered at 2.39 eV, 2.57 eV and 2.77 eV, although small
shifts can be observed depending on thermal treat-
ments. On the other side, a main conclusion of the IL
studies performed at UTK [8, 12-16] is that all emis-
sion spectra can be decomposed into three nearly Gaus-
sian component bands centered at 2.0 eV (red), 2.5 eV
(green) and 2.8 eV (blue). The decomposition, plotted
in Fig. 2(b), is quite robust and essentially indepen-
dent of the type of projectile ion and temperature. For
simplicity, only two projectile ions are included in the
figure, a light ion (H) and a representative heavy ion
(Si). The band centered at 2.0 €V is not observed under
laser excitation (see Fig. 2(a)), whereas the bands cen-
tered at 2.57 eV and 2.77 eV appear similar under both
types of excitation source, laser and ion-beam. Slight
differences in the peak centers and widths of the bands
are possible due to the shape parameters of those bands
being somewhat dependent on temperature and pos-
sibly on the specific nature of the substrates (crystal
growth method, residual strain, presence of impurities,
etc.). In fact, different values for those parameters were
found when reviewing the literature (e.g., see Table 1
in Ref. [12]). The spectral decomposition is displayed in
Fig. 2(b) at representative temperatures (RT (300 K),
170 K and 100 K). Noteworthy differences between the
results obtained under laser excitation [14] and ion-
beam irradiation are addressed next.

First, the red band (at 2.0 V) is very weak and dif-
ficult to identify in the spectra from Lim et al. [11].
This is not surprising since our recent IL work has con-
clusively shown that it is associated to oxygen vacan-
cies, and laser irradiation is not expected to gener-
ate new vacancies. Similarly, that emission band has

@ Springer



314 Page 4 of 7

Eur. Phys. J. D (2021)75:314

(a) (b) . 3 MeV H 15 MeV Si
L4 T T T T i . T T T T T T T T T T T T T T
. _ _ = 12 -2 d4 = 11 -2 4
L (i) STO-0900 ] 3 ‘1_’_?'2 313/ cm RT | 100{¢=6.0x10"cm RT
1+ Peak | Peak II . o : -==20eV
© 1.24===25eV N 1 804---25ev - i
L DN 8 -==28eVH, \\ ---28ev/,. 1’ 3
0 ’ ¢  — t ¢ % 084 (; v \ | 604 ,. SN g
L(ii) STO-0700 S-SV L e “ ) /%
= ’ g .
I 7 2 0.4 ) / YN i / ; \
I A > s l' \\ 20 o ll l' ‘\ 1
0 ¥ i t I t T + = N ,' Y ll ’ ;’ \\
L (iif) STO-0500 . _ 1 0.0 e e ek 0+t - 57
"5\ 1k g N i 7 T T T T T T T T T T T T T
El 4 : S e 170K 25016 = 5.0 x10 " cmy 170K 1
: - /// .2 | _ 14 -2‘ -- e Oe
o = © =4.0x10 ————
€ 0 —+ T / T =1 t © 54 '\ ¢ e))((ptal. d(;rlr; 7 200-__ _gg :x o )
S Li(iv) STO-0400 . = --20eV i’ 7Sy 0N
41 ; ---25ev ] 1501 NS 1
> 2+ a < oo 5e K ),
= Z 3](11) ---28ev ] mLr X
= r A ko] Cumulative 1004 ' N 1
% 0 ¥ e : . + Q24 Fit Peak Y A
St (v) Untreated J z 1] /,»._‘—Au:)_\_ . 1 50+ /, \v\'-’/ \\\ J
A2r T 0 - T .""”.‘ ——r—) 0 e e \‘. T
i 1 240 ———— —_——
0 f———F oy 5 N 100K 12001 100 K 1
L (vi) STO-N © 200'/‘\ 711000 ¢ =4.0x10" cm?]
2| 4 S 1604’ $=4.0x10" cm?2 ] \ = exptal. data
s exptal. data | 800 ! --=20eV 4
X 120 --20eV A Too25ev
0 + T ~+ t + + + o \ : 600 4 \ -==28eV 4
L (VII) STO-H Peak 11 ] T 80 \ 1 400 ' —C_umulative_
2+ Peak | - i Peak I11 i > . 1;“-‘ e Fit Peak
I — 1 = a0{(111) 1 200 (Vi) .7 ¢ ]
0 - = 0+l 0 et e
1.5 2.0 2.5 3.0 3.5 18 2.0 22 24 26 2.8 3.0 3.2 18 20 22 24 26 28 30 3.2

Photon energy (eV)

E (eV) E (eV)

Fig. 2 a Deconvolution of the lowest temperature PL spectra of the STO samples with three Gaussian modes centered
at 2.39 eV(I), 2.57 eV(II) and 2.77 eV(III). b Luminescence emission spectra and Gaussian band components (centered at
2.0 eV, 2.5 eV and 2.8 eV) of STO obtained under irradiation with several representative high-energy projectile ions, at
several temperatures (RT, 170 K and 100 K, see labels). The solid green line represents the global fit of the spectrum. a has
been adapted from Lim et al. [11], and b has been adapted from Crespillo et al. [15]

not been observed in many of the previous irradiation
experiments using ionizing irradiation (laser or X-rays)
[12]. Interestingly, thermal treatments in a reducing
atmosphere, where oxygen vacancies should indeed be
created, do not seem to enhance that emission band
and they do not allow for a clear observation [11].
This may be due to significant vacancy clustering or
damage effects during the thermal treatment, such as
loss of vacancies to sinks (surface, grain boundaries,
etc.). As inferred from a detailed analysis of the ini-
tial evolution of the intensity of the emission spec-
tra components for different ion energies and masses,
it has been recently concluded that the red emission
band centered at 2.0 eV should be associated to Ti*+
electron-polarons trapped at isolated oxygen vacancies
[13]. In accordance with detailed theoretical DFT cal-
culations [20], and other calculations using slightly dif-
ferent ab-initio methods [21-23, 38], the correspond-
ing optical transition may occur between singlet and
triplet electronic states (3d(tg5) — 3d(egy)) of the two
Ti®* (small polarons) around the oxygen vacancy. This
conclusion was derived after ascertaining a linear cor-
relation between the initial rate of growth of the lumi-
nescence emission yield during the irradiation and the
rate of oxygen vacancy generation per incident pro-
jectile ion calculated through SRIM 2012 simulations

@ Springer

[18, 19]. At higher fluences, more defects may be gener-
ated and vacancy clustering processes develop, even to
the point where the lattice is amorphized, so that the
above-noted correlation disappears in accordance with
the results obtained in [11] under a reducing thermal
treatment.

In contrast, the green band (centered at 2.5 eV)
observed in both, laser-excited [11] and ion-beam irra-
diated [8, 12-16] STO substrates, has been observed
under a large variety of excitation conditions. It is
generally attributed to self-trapped excitons (STEs)
in accordance with detailed analyses of the spec-
tral shape [24, 25]. This view is also supported by
similar emission behavior found in other perovskite
oxides [39, 40]. It should be remarked that spectral
data from IL experiments [16] clearly show that the
green emission band yield grows to a quasi-steady-
state value at very low fluences (<10 ¢cm~?), before
a significant concentration of vacancies has been pro-
duced by the irradiation, and a significant yield of
the red emission band (centered at 2.0 eV) has been
achieved. Therefore, the IL data confirm that the band
has a purely electronic character and should not be
associated to lattice defects generated by the irradi-
ation. The data under laser excitation also corrob-
orate this model. One very relevant behavior seen
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Valence Band (VB)

Fig. 3 Schematics for proposed electronic processes
involved in IL for STO. a radiative recombination process
of excited holes and electrons in a self-trapped excited state
(STE) responsible for the green emission band (2.5 eV),
b The 2.8 eV blue emission band is attributed to a radia-
tive recombination of free electrons in the CB (unbound
states of the STE) to the ground state level of the center,
and c the well-defined red band at 2.0 eV observed at low
temperature is attributed to d-d transitions (inside TiOg
octahedra) from electrons that are self-trapped as relaxed
Ti** centers adjacent to oxygen vacancies. STO (001) 1 x
1 X 2 unit cell structure with an oxygen vacancy is included
close to the de-excitation channel (c)

under ion irradiation (as well as picosecond pulsed
laser excitation [29, 41]) is that this band is gener-
ated in timescales of sub-nanoseconds after the exci-
tation, as expected from the very fast electronic exci-
tation dynamics and self-trapping of electron and holes
carriers.

Finally, the physical origin of the blue spectral com-
ponent at 2.8 eV has remained controversial, and it
has been sometimes associated with oxygen vacancies
[31]. It has been reported from IL experiments [15] that
this emission band grows in proportion to the green
band. As the excitation rate induced by ion bombard-
ment increases, the ratio of yields (Y 5/Y ) is essen-
tially constant during the continued irradiation pro-
cess. As with the green emission, the blue emission
clearly did not show any correlation with the concen-
tration of irradiation-induced vacancies. Its yield, how-
ever, was greatly enhanced under the influence of large
electronic excitation densities of heavy-ion irradiation.
This result has suggested that the band should be asso-
ciated with transitions from upper STE levels in the
conduction band (CB) to the ground state localized
level of the STE center. The results obtained in [11]
showing that the blue band at 2.8 eV was only observed
after thermal treatments in a reducing atmosphere (Hs)
point, indeed, in the same direction. It is known that
these treatments make the STO crystal semiconduct-
ing (n-type) due to an enhanced population of free
electrons and possibly oxygen vacancies. Therefore, the
optical transitions from such free band states should
become correspondingly enhanced in accordance with
the model proposed and discussed in [14, 15], which
attributes the emission to optical transitions from con-
duction band (CB) states to the ground STE level.
Similar results using pulsed laser excitation have been
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reported [29, 41-45] on Nb-doped STO, which also
presents an enhanced population of free excited elec-
trons. The data reported in [11] are also consistent with
this view.

In summary, as a consequence of the analysis pre-
sented in this paper, we conclude that the results
reported in [11] on the effect of thermochemical treat-
ments provide new and useful information that can be
understood within a framework proposed in [12-15].
The situation is illustrated in Fig. 3, which shows
the energy level diagram and the optical transitions
proposed for the STO emissions obtained from ion-
beam irradiation experiments. The experimental results
confirm that the band centered at 2.0 eV associated
with isolated oxygen vacancies cannot be observed,
even in heavily reduced samples, under laser exci-
tation. Therefore, the new thermochemical data cor-
roborate the previous IL results and can be re-
interpretated using models developed through those
studies. Thus, a coherent picture of the emission mech-
anisms of electronic energy levels and optical tran-
sitions can now be reliably presented for strontium
titanate.

4 Summary and outlook

An interesting final conclusion that one may draw
from the present comparative study is that IL is a
powerful and complimentary spectroscopic technique
[46] that can help to resolve the debate on the ori-
gin of light emission mechanisms in STO and, possi-
bly, other oxides. It combines high electronic excita-
tion (electronic energy loss) together with nuclear col-
lisions (nuclear energy loss). These two physical pro-
cesses present complementary features, and their rel-
ative importance can be modified through the proper
choice of mass and energy of the projectile ion. In sum-
mary, the IL approach presents several unique features
that set it apart from other excitation sources, but
which have not been so far sufficiently recognized and
exploited. Particularly, in relation to the topic of the
present issue of this journal, IL allows one to investigate
the role of electronic excitation density on defect pro-
duction and radiative emissions up to local electronic
densities comparable to, an even exceeding, femtosec-
ond pulsed lasers (~1019-10%! cm~=3).

Finally, the results of our study confirm the nature of
color centers in perovskite oxides. In contrast to color
centers in alkali halides, the electrons trapped at the
vacancies in oxides are not deeply incorporated into
the vacancy hole, but wander as small polarons hop-
ing along the nearby cations. This behavior illustrates
the role of the small polarons in determining the elec-
tronic and optical properties of complex oxide crystals,
such as STO.
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