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The luminescence of SrTiO3 depends on the sample type, either doped or stoichiometric, as grown or treated, the
excitation conditions, and temperature. The origin of the luminescence emissions, blue, green, and infrared,
remains controversial. In particular, the role played by defects, mainly oxygen vacancies, impurities, and self-
trapped holes and electrons on the different emissions are far to be elucidated. We present a cath-
odoluminescence (CL) and photoluminescence (PL) study of undoped and Nb-doped samples. The different

excitation conditions of CL and PL permit to distinguish the luminescence emission from the bulk (CL) and from a
surface skin region (PL). Significant differences between both techniques are seen for the undoped sample, while
the Nb-doped sample presents less differences, highlighting the role played by the surface defects and the doped
electrons. The study is complemented by the temperature dependence of the luminescence spectra and the
emission due to defects generated by plastic deformation.

1. Introduction

Strontium Titanate (STO) presents a wide range of electrical and
optical properties that make it an utterly attractive material; namely,
STO is suitable for tunable dielectric devices, dynamic random-access
memories, high permittivity gates, photocatalysis agent for hydrogen
generation from water splitting, and substrates for other perovskite
oxides [1-3].

Stoichiometric STO is a fascinating insulating ferroelectric material
with a perovskite cubic crystal structure at room temperature - Pm3m
space group - and an indirect energy bandgap 3.2-3.3 eV [4]. Electrical
conductivity can be tuned over several orders of magnitude by
combining tailored doping with annealing in reducing atmospheres.
Electron doping can be achieved through oxygen vacancies and/or
doping with different elements, such as Nb, Y, Sb, La. Small amounts of
dopants can significantly affect the electrical state of STO, turning it
from an insulator into a semiconductor, a metal, or even a supercon-
ductor [5]. The Fermi level location can be changed by varying the
growth conditions, particularly by the presence of impurities and/or
intrinsic defects. Mass spectrographic techniques indicate the existence
of indium (In), iron (Fe), and chromium (Cr) as the most common
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residual impurities in undoped STO crystals [6]. Post-growth processing,
e.g., annealing in reducing atmosphere, irradiation with Ar* ions or high
energy electrons, also contribute to defect formation, which, in turn,
changes the Fermi level position and thereby the STO electronic and
optical properties [1,7,8].

Despite the great interest earned, there is considerable controversy
about the role of defects in the STO optical properties. Photo-
luminescence (PL) of STO has been widely studied since the 1960 s as a
unique way to access information about both the bandgap, impurities,
dopants, and defect-related energy levels [1-8]. However, the inter-
pretation of STO PL spectra is not straightforward due to the diversity of
the studied specimens, namely, the growth method, doped/undoped,
stoichiometry, processed/unprocessed, among others, and the different
excitation conditions used. A thorough understanding of the features
observed in STO luminescence obtained under varying conditions will
contribute to design tailored substrates and STO-based materials for
specific optoelectronic applications and enhance the capacity to tune
even more STO electronic properties and its optical response.

The main luminescence features are broad bands in the green spec-
tral range (GL), peaking at around 2.4 eV. Oxygen vacancies (Vg) [2],
self-trapped electrons at Ti>" ions, self-trapped holes in the vicinity of an
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oxygen ion (0 [1,9,10], and self-trapped excitons (STEs) [11] are
claimed to be responsible for this emission. An additional band at about
3.2 eV, close to the bandgap energy (NBE), is also observed. It is asso-
ciated with the conduction to valence band transition assisted by pho-
nons [12]. Another band, this time in the blue spectral range (BL) (~2.8
eV), was observed at room temperature in Ar" ion irradiated samples
[11]. BL was also reported in oxygen-deficient material [13] or in the
presence of Nb donor impurities [4]. Besides all these emissions, a
structured infrared band (SIR) is observed between 1.4 and 1.6 eV in
undoped stoichiometric material [6,14].

The luminescence spectra appear greatly dependent on electron
doping, either by intrinsic oxygen vacancy defects or by doping with Nb.
A cubic to tetragonal structural transition at about 100-110 K has been
reported upon a decrease of temperature accompanied by changes in the
luminescence emission [15,16].

A related relevant issue is the role of the surface on the luminescence
emission. In particular, the surface states and the defects close to the
surface [17] within a skin depth < 1 ym seem to play a significant role in
the PL emission. Differences between the cathodoluminescence surface-
related and in-depth emission were observed, suggesting that the dis-
tribution of defects in the proximity of the surface and in bulk present
differences relevant to the luminescence emission [2].

These observations give a complex scenario in which the role of the
in-gap states in the luminescence emission prompts to be clarified. We
present herein a combined cathodoluminescence (CL) and photo-
luminescence study of undoped and Nb-doped SrTiOs crystals. The study
is based on different excitation conditions by changing the electron
beam energies for CL measurements and above and below bandgap light
excitation for PL measurements. The temperature dependence of both
the CL and PL spectra between 80 and 300 K was also studied.
Furthermore, to ascertain the vibronic nature of SIR emission (x~1.55
eV), we combined PL with Raman experiments in undoped samples.
Besides, we investigated the role of the structural transition from
tetragonal to cubic phase at 100-110 K in the dependence of the lumi-
nescence emission with temperature.

2. Materials and methods

The (001)-oriented SrTiO3 single crystals were purchased from
SurfaceNet (purity 99.99%). Our study was conducted on SrTiO3 sam-
ples doped with Nb at 0.5 wt% (1.7x10%° cm ™), and an undoped one.
Both were analyzed without prior surface treatment (as received). The
undoped STO specimen was transparent, while the Nd-doped one pre-
sented a gray color.

The CL measurements were carried out with a MonoCL2 system
(Gatan, UK) attached to a field emission scanning electron microscope
(FESEM, Zeiss Leo 1530). The detector was a Peltier cooled CCD, and the
e-beam energy was varied between 10 and 30 keV, which permits a
penetration depth range from 300 nm for 10 keV to 2 ym for 30 keV as
calculated by Monte-Carlo simulations [18]. The CL spectra were
recorded between 80 K and 300 K.

PL and Raman measurements were carried out using a Labram UV
HR 800 spectrometer (Horiba). 150 lines/mm grating was used to collect
the PL spectra, while a 2400 lines/mm grating was utilized for Raman
measurements. The PL. measurements were carried out under excitation
with three different laser lines: 325 nm from a He-Cd laser, 532 nm from
a frequency-doubled Nd-YAG laser, and 633 nm from a He-Ne laser.
Excitation with 325 nm laser generates electron-hole pairs, while 532
and 633 nm laser excitations will induce internal excitations at defect
levels. The measurements, both Raman and PL, were performed between
80 K and 300 K.
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3. Results
3.1. Cathodoluminescence

As opposed to PL, the e-beam can penetrate >2 um deeper into the
sample. Therefore, one can argue that in CL measurements with high
electron energy, one probes the bulk luminescence emission, minimizing
the role of the surface. Meanwhile, PL presents a more substantial in-
fluence on the surface due to the low probe depth of above bandgap light
excitation (~100 nm for 325 nm laser) [19]. Typical low temperature
(80 K) CL spectra of undoped and Nb-doped samples for e-beam exci-
tation energies with different probe depths (e-beam energies from10 to
30 keV) are shown in Fig. 1. The probe depths for these e-beam energies,
calculated by Montecarlo software Casino [18], vary from ~ 200 nm to
2 pm, Fig. 2. Therefore, at high e-beam energy, one probes the bulk CL
emission, while for low e-beam energy, a region closer to the surface is
examined. A skin thickness of about 1 ym with an enhanced concen-
tration of dislocations has been reported for STO crystals [20].

The broad GL band observed at 2.25 eV is significantly more intense
in the doped sample than in the undoped sample, for which it appears a
factor 4 times weaker. This result agrees with that reported by Leonelli
et al., who claimed a weak GL emission above 80-100 K in undoped STO
[21].

The CL emission of the undoped sample presents a structured
infrared band between 1.4 and 1.6 eV (SIR), which is the dominant one
in this sample. The SIR band appears greatly enhanced for high e-beam
energies suggesting that the SIR emission mainly arises from the bulk
(depth > 1 um). Interestingly, the SIR emission does not appear in the
Nb-doped sample.

In the undoped sample, the GL emission does not increase with
increasing the probe depth. Instead, the GL band intensity increases with
the probe depth in the doped sample. The STO surface can contain
extended surface states that, in turn, cause the formation of a dead layer
under the e-beam excitation [22,23]. This layer is responsible for the
overall low CL intensity observed for excitation with electron energies
below 10 keV.

Fig. 3 displays the temperature dependence of the CL spectrum be-
tween 80 and 300 K. Relevant differences between undoped and Nb-
doped samples are observed. The CL spectra were taken with 30 keV
to reduce the contribution of the dead layer to the CL spectra. Therefore,
the features observed in the 30 keV CL spectra are just attributed to the
temperature dependence of the bulk emission. In the doped sample, the
GL band peaks at 2.3 eV from 80 to 100 K, displaying an abrupt shift of
the peak energy to 2.45 eV above 100 K, accompanied by a decrease in
intensity (Fig. 3a). Simultaneously, a shoulder appears in the high-
energy side of the GL that corresponds to the BL, at nearly 2.8 eV. The
BL seems to increase in intensity at the expense of the GL for increasing
temperature; however, both bands coexist up to room temperature. The
NBE band, at 3.2 eV, is observed at low temperatures. Its intensity in-
creases simultaneously to that of the BL band in agreement with the
results reported by other authors [12,24-26].

Regarding the undoped sample, in Fig. 3b, one observes a sharp
decrease of the GL intensity upon heating from 80 K to 100 K, being
almost fully quenched at this temperature. Interestingly, the SIR band
behaves in a different manner. First, its intensity slightly increases with
increasing temperature up to 100 K. Then, above 100 K, a sharp intensity
increase is observed, reaching the maximum intensity at 160 K. Above
this temperature, it starts quenching, vanishing above 200 K.

The integrated intensity of the GL and BL as a function of tempera-
ture in the doped sample and that corresponding to the GL and SIR in the
undoped sample are shown in Fig. 4. One observes the sharp quenching
of the GL in the undoped sample compared to the Nb-doped sample
Fig. 4b. For the doped sample, the GL remains visible up to room tem-
perature. The BL appears at > 100 K, then increases in intensity up to
180 K, and above this point, it slowly decreases with increasing tem-
perature following the tail of the GL temperature dependence. Below
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Fig. 1. CL spectra at 80 K for 10, 20 and 30 keV e-beam energies. a) Nb-doped sample, b) undoped sample.

' —— 30 keV
GL
4000 | —— 20 keV
—— 10 keV
w 3000
[=
=]
o
3
_62000
1000
0 1
1.5 2.0 2.5 3.0
Energy (eV)
2.5 T T T ¥ 1 . ) ' 1
L B Probe depth /.’ ]
20} a -
£ ! !
= .
c 15} -
= ’
Qo -
(] i . 1
T ,-’'m
o 10} e 4
Kol e
[ L . ]
E //,-
0.5 4
o ]
0.0 1 1 A 1 A L

10 . 15 . 20 25 30
e-Beam Energy (keV)

Fig. 2. Maximum electron energy loss (nominal probe depth) calculated by
Montecarlo simulation using the Casino software.

160 K, the intensities of GL and BL seem to be anticorrelated, with an
exchange of intensity between the two bands, while above ~180 K, both
bands follow the same temperature dependence.

As displayed in Fig. 5, the GL peak energy in the doped samples
presents an abrupt shift from 2.3 to 2.45 eV at 100-110 K temperature
range that roughly corresponds to the reported tetragonal-to-cubic
structural phase transition, the transition temperature range is repre-
sented by the shaded area [15].

Panchromatic CL images show rather uniform CL emission for the
undoped sample, while the Nb-doped sample presents inhomogeneous
contrast evidencing inhomogeneous distribution of defects, Fig. 6. Local
CL spectra only evidence a loss of intensity without spectral changes in
the dark contrasted regions with respect to the bright contrasted areas.
This rules out the existence of foreign phases with different emission
signatures in our samples, contrarily to the presence of TiO5 inclusions
that were reported to be responsible for the SIR band in ref.[4].

3.2. Photoluminescence

PL spectra excited with a He-Cd laser (A = 325 nm) at 80 K for

different laser power densities (PD in the graphs) are shown in Fig. 7.
The power density was varied by attenuating the laser light with optical
density filters (5SmW laser power at 100% transmission). One observes in
both cases clean spectra with well-defined bands.

The undoped sample shows a weak but well-resolved SIR band
(1.4-1.6 eV) in the low energy tail of the GL band, which peaks at 2.4 eV.
GL presents high intensity with respect to what was observed in CL
spectra. There is also a BL band peaking at ~ 3.0 eV and the NBE band at
3.24 eV. All the bands appear well resolved. The intensity of the lumi-
nescence emission follows a linear dependence with the laser power
density, Fig. 7a.

The SIR band is not observed in the doped sample under any of the
used excitation conditions, in agreement with the CL results. The GL
band peaks at about 2.4 eV, and the BL is not appreciable. Finally, the
NBE band is well-resolved, and its intensity increases with the power
density, Fig. 7b. The overall intensity of the luminescence emission of
the doped sample is substantially higher, at least a factor 3, with respect
to the undoped sample.

Fig. 8 shows selected PL spectra for temperatures ranging from 80 to
300 K, displaying a different behavior for the two samples. The GL in the
undoped sample shifts smoothly from 2.41 eV at 80 K to 2.34 eV at 300
K. The intensity of the BL emission peaking at 3.0 eV first increases from
80 K to 110 K and then decreases with increasing temperature, albeit it is
observable up to room temperature. Finally, the NBE band is present up
to 140 K. Above this temperature, it is no longer observed. Note that BL
and NBE emissions were not observed in the CL spectra of the undoped
sample.

In the case of the doped sample, the GL peaks at 2.4 eV at 80 K. At
100 K, it starts monotonically shifting to higher energies reaching 2.5 eV
at 140 K. Above 140 K, it remains almost unshifted with increasing
temperature up to 300 K. The BL emission at 3.0 eV starts to be observed
at 100 K. Its intensity increases with increasing temperature, simulta-
neously to the decrease of that of the GL band, in agreement with
Yamada et al.[27] At 150 K, the ratio between the intensities of the GL
and BL bands becomes stable, and both bands decrease simultaneously
with increasing temperature, both remaining visible up to room tem-
perature. Regarding the NBE band, its intensity increases, reaching a
maximum at 110-120 K, and then starts to decrease, being barely
resolved above 200 K. The thermal quenching of the GL band is sharper
for the undoped sample. Furthermore, the GL band for the doped sample
presents different quenching rates below and above 150 K, pointing to
the thermal ionization of different in-gap states in the two temperature
ranges.
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Fig. 3. CL spectra for selected temperatures between 80 and 280 K. a) Nb-doped sample, b) undoped sample (30 KeV e-beam energy).
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Fig. 4. a) BL and GL CL intensities vs. T (Nb-doped sample), b) GL and SIR CL intensities vs. T (undoped sample) (30 KeV e-beam energy).

The SIR band deserves special attention. It is only observed in the
undoped sample. There was not even a weak contribution of this emis-
sion in the doped sample, which suggests that the presence of Nb should
inhibit the centers responsible for this emission.

The SIR band presents a complex structure that can be associated
with a fundamental transition and a series of vibronic replicas. It was the
dominant CL emission in the undoped sample, and it was more intense
for increasing the probe depth. The PL emission of the SIR band was
excited with above bandgap light (325 nm), with a probe depth around
100 nm, but also can be excited with below bandgap light, either 532 nm
or 633 nm, with a probe depth limited to around 1 um because of the
confocality, despite the sample transparency to these wavelengths. The
three spectra are shown in Fig. 9. One observes a weak intensity for the
spectrum recorded with 325 nm light excitation, although the spectrum
is well-resolved. An intense emission and well-resolved spectrum for
532 nm light excitation and a weaker emission for 633 nm light exci-
tation are observed. All three spectra display the same features, with
slight differences in the background due to different activation of the
luminescence emission channels. The Raman spectrum was also recor-
ded to identify the distinct lines composing the SIR emission.

4. Discussion

There are substantial differences between CL and PL spectra. These
differences can be ascribed to the region from which the luminescence
signal arises in each case. The CL emission in the undoped sample was
very weak for low penetration depths, and this means that the presence
of surface states [28] prevents exploring the region close to the surface
(<1 um) because of the formation of a dead layer typically observed in
CL [23]. Contrarily to this, the PL (excited with 325 nm light) of the
undoped sample gives a well-resolved spectrum, which arises from the
region close to the surface, <100 nm depth, because the low mobility of
holes does not allow for the recombination volume to extend far away
from the e-h generation volume [29]. One can assume that CL at high e-
beam energy reveals bulk recombinations, while PL probes the top
surface, which has been reported to behave differently from the volume
[3,28,30]. From our results, one can argue that these differences concern
both the radiative transitions involved and its temperature dependence.

Interestingly, the primary intrinsic defects in STO are the oxygen
vacancies, and its formation energy at the surface is substantially lower
than the bulk formation energy [30,31]. Therefore, one can expect a
higher concentration of oxygen vacancies close to the surface. Indeed, it
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has been claimed that oxygen vacancies locate mainly near the free
surface [2,30], which confers a prominent role to the oxygen deficiency
in the visible emission, as it was substantially enhanced in the PL
emission with respect to the CL emission in the undoped sample.

Recombination involving self-trapped-holes (STHs) is characterized
by broad structureless bands, significant Stokes shift, and temperature
dependence, consequences of the strong electron—phonon coupling [32].
The hole would be localized on one single O™ anion with the contribution
of four neighboring oxygens; it is localized by the potential well induced
by the lattice distortion around the oxygen ion [10]. The STH can
recombine with free or bound electrons, or it can attract by Coulomb
force an electron forming a self-trapped exciton (STE), whose recombi-
nation would emit the GL in stoichiometric STO. The emission of such
transition at low temperature was calculated to be 2.51 eV, in good
agreement with the experimental value reported in PL measurements.
Holes are self-trapped on O ions with a binding energy of 13 meV,
making their survival very unlikely above 100 K. Indeed, the GL band in
stoichiometric samples has been reported to quench below 80 K [17,21].
In our measurements, the GL band is almost negligible in the CL spec-
trum of the undoped sample, which should be stoichiometric for quasi-
bulk measurements performed with e-beam energy of 30 keV. Instead, it
is clearly observed up to room temperature in the CL spectrum of the Nb-
doped and in the PL spectra of both samples, which suggests the
participation of defect states that either stabilize the STH allowing the
survival of the transitions responsible for the GL or produce in-gap states
accountable for the transition [33].

Small polarons form highly localized in-gap states. The small polaron
formation has been shown to depend on the electron concentration,
delocalizing for doping below 10%° e¢m™2 [33]. The luminescence
emission increases with the carrier concentration, reinforcing the role of
the small polarons as the main actors in the recombination process. The
stability of the small polaron decreases with decreasing free electron
concentration, which can account for the lower GL emission in the
undoped sample. In the undoped sample, the bulk free electron con-
centration is low, therefore, the high e-beam energy CL measurement
probing the bulk luminescence deal with a low electron doping, the
electrons should be delocalized, and the GL appears very weak. On the
other hand, the electron self-trapping in a perfect lattice is unstable and
can only work at low temperatures [33]. Dopant impurities and intrinsic
defects, including dislocations and surface reconstructions, or surface
steps, favor the formation of small polarons. They are necessary to
activate electron trapping [33]. This can account for the bulk GL
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Fig. 7. PL spectra for different excitation intensities (80 K, 325 nm excitation) (a) undoped sample, (b) Nb-doped sample. The excitation intensities are selected by
density filters: 100%, 50%, 25%, and 10% transmission. The inset of the panel is a magnified view of SIR spectra.



S. Dadgostar et al.

(a) 2500
2000
2
g 1500 150 1.55
Ener eV
8 ay (eV) 260K
- ——300 K
_& 1000 | BL e
NBE 1
500 - ) .
0 - 1 N ' 1 i
1.5 2.0 25 3.0 3.5
Energy (eV)

Materials Science & Engineering B 283 (2022) 115830

(b)

Nb-doped SrTiO,

8000 80 K GL— 4
F——100 K 1

7000F 150k .

—~ 6000 [—— 140K ]
2 Ll ——180 K ]
S 5000 220 K .
Q [l—— 260 K T
L 4000} .
= 3000} .
2000 | .
1000 | .

0 b—

1.5 2.0 25 3.0 3.5
Energy (eV)

Fig. 8. PL spectra for selected temperatures between 80 and 300 K. a) undoped sample, b) Nb-doped sample. The inset of panel (a) is a magnified view of the

SIR spectra.

Undoped SrTiO c
(@) 40 (0) 3000 pec. 3 ©) 200 .
250 }J:SZS nm Lasenr ——532 nm Laser —— 633 nm Laser
80} 2000 o
T/; @ 1600 —_— _ 150 T
-E 3 ) 2000 | 1 n
60 |, 10w i ‘E -
3 [ 5 5
o T o 2 100} -
. awl 0 {L L
— 16 420 25 30 35 | | 4
“-\Energy (eV) - 1000 —i
\ 50 - -
0 L L\ 0 .
1.4 15 1.6 1.4 1.5 1.6 1.4 15 1.6
Energy (eV) Energy (eV) Energy (eV)

Fig. 9. SIR PL spectrum (80 K) for different excitation wavelengths. (a) 325 nm, (b) 532 nm, (c) 633 nm.

emission in the Nb-doped sample and in the surface of the undoped
sample, where the defects, most likely oxygen vacancies (Vp), can
activate the electron trapping. In fact, Vo and Nb should play a similar
role with respect to the small polaron stability, highlighting the
importance of electron doping, either Vo or Nb-doped, in the lumines-
cence emission [33].

The intrinsic origin of the visible luminescence related to the emis-
sion of the self-trapped exciton can only account for the low-
temperature emission (<100 K), as reported by R. Leonelli [21] and
Kan [11]. However, the visible luminescence emission at higher tem-
peratures, its sample dependence, and the difference in the emission
between bulk and surface suggests that defects play a major role in the
visible luminescence emission of STO [17]. One can argue about a low-
temperature visible emission of intrinsic origin, e.g., STEs, and the
visible luminescence at higher temperature related to in-gap states
associated with defects, which could be the self-trapped electrons and
holes that are stabilized in the vicinity of either Nb or Oxygen vacancies
[33].

The evolution of emission intensity of BL and GL bands in the PL
spectra of the Nb-doped sample as a function of temperature appear
correlated in a similar way as observed for the CL data in Fig. 4a. Their
temperature dependence suggests that the GL consists of a transition
between two in-gap states, separated by ~2.3 eV. At low temperature,
80 K, only the GL is observed due to the recombination from the electron

trap (small polaron) to the hole trap (STH). By increasing the temper-
ature, one of the two levels starts to be thermally unstable, and then the
BL starts to be observed [27]; it should correspond to the recombination
of a free carrier and the remaining in-gap state, either the electron or the
hole trap. Both emissions reach similar intensity around 150 K, and
subsequently, both quench with the same activation energy (30 meV),
Fig. 10. This quenching would be due to the thermal disabling of the
remaining in-gap state. Note that this activation energy is higher than
the 13 meV binding energy reported for the STH, which means that in
electron-doped, either Nb-doped or oxygen vacancies rich STO, the
binding energy of the STH should be higher with respect to the stoi-
chiometric material. This behavior suggests that GL consists of the
recombination of localized electrons (small polarons or electrons trap-
ped in a defect), while BL corresponds to the recombination of delo-
calized electrons. The other recombining element would be a trapped
hole, common to GL and BL. It was claimed that both localized and
delocalized electrons could coexist [33], which could account for the
coexistence and similar behavior of GL and BL above 160 K in the doped
sample. The temperature dependence of the GL in the undoped sample
and the relation with the BL does not follow the same behavior as that
observed for the Nb-doped sample, Fig. 8. One observes the BL at 80 K;
its intensity reaches a maximum at 100 K and afterward decreases for
increasing T. This different behavior suggests the existence of different
defect neighborhoods giving visible emission in the same spectral
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Fig. 10. BL and GL PL intensities as a function of temperature (Nb-
doped sample).

window.

To get insight into the role of defects in the luminescence emission,
we made scratches with a diamond tip on the two samples and measured
at 80 K the CL spectra around the scratched region. The e-beam was 30
keV in order to probe the bulk emission (depth > 2 um), reducing the
influence of the surface. Selected CL spectra around the scratches are
shown in Fig. 11.

The undoped sample exhibits a broad visible band formed by several
overlapped Gaussian sub-bands, namely a weak GL sub-band (2.4 eV),
and intense yellow (YL) (2.14 eV) and red (RL) (1.85 eV) sub-bands,
which are activated by the defects created by the scratch. Note that
the spectrum is uniform over the different points, but the intensity de-
pends on the position with respect to the defect line, just being the
maximum intensity at the defect line. The spectrum recorded far from
scratch is also plotted as a reference. The defects created by the scratch
have two consequences: a substantial enhancement of the luminescence
emission, particularly the broad visible band, and a decrease of the

(a) (b)
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intensity of the SIR emission, which would be the consequence of the
competition with the recombination paths giving the visible emission.
The presence of the yellow and red bands around the scratch can be
associated with the disorder induced by the scratch [14,34]. This dis-
order might be related to the formation of oxygen vacancy complexes
[35]. Dislocations also cause lattice distortion and provide easy paths for
oxygen diffusion. An emission of around 2 eV was reported in strained
and disordered STO samples [4,36], which might explain our observa-
tion in the neighborhood of the scratched region.

The luminescence emission was enhanced around the scratch for the
Nb-doped sample, although less than in the undoped one. Furthermore,
the GL spectral shape did not change with respect to the bare region far
away from the scratched area, contrary to what was observed in the
undoped sample. Furthermore, the NBE emission at 3.2 eV points up in
the spectra recorded around the scratch.

The formation of oxygen vacancies by mechanical deformation has
been reported by other authors [37,38]. The fact that there are no
spectral changes besides the intensity variation in the Nb-doped STO
contrasts with the observed changes in the undoped sample. Under-
standing the role of Nb in the formation of defects by mechanical
deformation requires more systematic analysis, and this is out of the
scope of this work. Nevertheless, one could argue about the role of Nb as
an inhibitor of the formation of the defect complexes responsible for YL
and RL induced by the scratch in the undoped sample. Plastic defor-
mation around the scratch should produce vacancies and interstitials
(Frenkel pairs) [39]; many of them might recombine in the Nb-doped
sample, because of the position of the Fermi level, with respect to the
undoped sample.

The luminescence emission is also sensitive to the cubic - tetragonal
phase transition. The bulk GL is quenched at temperatures above
100-110 K in the undoped sample, Fig. 4. This temperature approxi-
mately corresponds to that of the tetragonal to the cubic structural phase
transition. In the doped sample, such a quenching did not take place.
Instead, the peak energy of the GL shifts steeply to higher energy be-
tween 100 and 120 K, Fig. 5, which might be related to the phase
transition, suggesting a change in the lattice relaxation of either the STH
or the small polaron in the cubic configuration with respect to the
tetragonal one. The ionization energy deduced from the CL decay of the
GL is ~50 meV, which is slightly higher than the activation energies
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Fig. 11. CL spectra (80 K, 30KeV) in the scratched area. a) undoped sample, spectra taken at the points numbered in Pan-CL image (c), (b) Nb-doped sample, spectra
taken at the points numbered in Pan-CL image (d). The spectra taken far away from the scratches are plotted as reference spectra.
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reported elsewhere, 32 meV [17], 43 meV [40].

Nevertheless, the strong sample dependence of the GL emission rai-
ses some questions about its origin[16,17]. It has been argued that most
of the centers giving the GL are at the specimen surface due to the
presence of defects [17]. This can be true for the undoped sample, as we
observe the GL mainly at the surface (PL spectra). However, it does not
hold for the doped sample, for which the GL is also detected for deep
probe CL. This suggests that either Nb or free electrons might enhance
the bulk concentration of GL centers. The presence of Nb could support
the formation of small polarons by increasing the electron concentra-
tion. A similar effect can be caused by surface defects, as seen in the PL
emission of the undoped sample. The temperature dependence of the PL
spectra for both undoped and doped samples does not show an abrupt
change at 110 K, as observed in the CL spectra, suggesting that the
transition temperature at the surface is not equivalent to that reported
for the bulk. This is consistent with the change in the transition tem-
perature caused by stress.[20] Osterman claimed a surface transition
temperature of 340 K instead of 112 K of the bulk transition [41].

The SIR PL emission, exclusively observed in the undoped sample,
can be decomposed in at least 10 narrow bands with the dominant one
located at 1.55 eV at 80 K, frequently labeled as B-line, which was
assumed to be the zero phonon line (ZPL) [14]. Most of the SIR peaks fit
the Raman phonon spectrum. The intensity of the SIR bands exhibits a
strong dependence on the doping species and its concentration. It was
shown that Cr-doping increases its intensity with respect to undoped
STO, while Sm-doping does not alter it, and Nb-doping and reducing
treatments drastically quenched the SIR emission [16]. The results
presented here show that it entirely disappears in the Nb-doped sample.
The SIR band vanishes with the presence of Nb, as reported in ref. [4].

The ZPL has been usually associated with the B-band [14]. However,
if one superimposes the Raman spectrum and the SIR spectrum, one can
conclude that the ZPL corresponds to the PL peak labeled A. Shivonen
also assigned the ZPL to the A peak [6]. This is easily understood if one
superposes the SIR and the Raman spectra; when both are coupled, the
zero frequency coincides with the PL peak A, Fig. 12 a. Instead, when
one fixes the zero frequency at PL peak B, both PL and Raman spectra
appear clearly uncoupled (Fig. 12 b).

Compared to the vibronic replicas, the low intensity of peak A (ZPL)
accounts for an intermediate coupling with a Huang Rhys factor (S) 1 <
S < 5. In this scenario, the maximum intensity does not correspond to
the ZPL, but some vibronic lines can be more intense [42].

There is a controversy about the mechanisms proposed for this
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emission. Crespillo et al. attributed the R-line (zero-phonon/B-line) to
the %Eg — *Ayg transition of Cr®" ion substituting a Ti**. [1] Kim et al.
proposed two emission lines as the zero-phonon lines (R1 and R2) for
SrTiOs:Cr, which are slightly splitted (4.4 x 10™* eV) at low temperature
and broadened with increasing temperature, suggesting that it arises
from magnetic dipole transitions between zEg and 4A2g states [43].
Grabner, however, excluded Cr or Sm as the emitting centers due to the
inequality of the excitation spectra of undoped STO with Cr- and Sm-
doped STO. They suggested that a tightly bound center isolated from
the electronic energy band, such as an intrinsic defect or a Frenkel-like
exciton, can be responsible for the SIR bands [16]. Here, we postulate for
internal transitions of Cr>* because of the absence of emission in the Nb-
doped sample. Nb and Cr occupy Ti sites in the STO lattice. One hy-
pothesis is that Nb prevents the incorporation of Cr to Ti lattice sites.

The excitation of the SIR emission with the e-beam in CL and above
bandgap light (325 nm) means that the SIR luminescence can be
generated by intrinsic excitation, VB to CB. Furthermore, the SIR can
also be excited by sub-bandgap light, e.g., using excitations of 532 nm
and 633 nm wavelength. This suggests that it can be excited internally.
Furthermore, this can allow locating the ground level (4A2g) in the
bandgap, while the excited state (2Eg) can be found through the SIR
emission’s thermal quenching.

The mechanism of SIR emission is schematically described in Fig. 13.
The excitation with the above bandgap light (325 nm) produces e-h
pairs. The hole is captured by Cr>*, which is then transformed to Cr**.
The capture of an electron in the excited state renders Cr** to excited
cr®t, and the transition from the excited state to the ground state with a
robust vibronic coupling gives the SIR luminescence. Excitation with
sub-bandgap light (532 nm) transfers an electron from the ground state
of Cr3* to the conduction band ionizing Cr’* to Cr**, the subsequent
capture of the electron by the excited state, renders cr*t to excited Cr3™,
the subsequent decay into the ground state produces the SIR emission.
Excitation with lower light energy (633 nm = 1.95 eV) repeats the
mechanism of the 532 nm excitation but much less efficiently, sug-
gesting that the ground state of Cr°* must be approximately at 1.9 eV
below the conduction band.

The SIR luminescence is thermally quenched above 160 K with an
activation energy of 0.3 eV, Fig. 14. One can associate the thermal
quenching with the electron thermal releasing from the excited Cr**
state, switching to a non-radiative recombination path with the ground
state. Note that the sum of the SIR zero-phonon line energy (peak A in
Fig. 12) (1.58 eV) and the thermal activation energy (0.3 eV) is 1.88 eV,
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Fig. 12. PL (532 nm excitation) and Raman spectra, both at 80 K. a) The Raman spectrum and the PL vibronic spectrum are put in coincidence. The ZPL fits the peak
A of the PL spectrum. b)The B line is taken as the ZPL. In this case, the vibronic PL peaks are fully decoupled from the Raman peaks.
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Fig. 13. Scheme of the excitation and emission mechanism of the SIR emission. a) intrinsic excitation with either the e-beam (CL) or above bandgap light (325 nm),
b) excitation of Cr®* with subband gap light (532 nm), c) excitation of Cr®* with subband gap light (633 nm).

T T T | B — —T T
1000 | "t o. 4
; ",

00 E 3

g ! f = 3
> f E, =03eV

o [
10¢ 3
1 1 i 1 A 1 1

4 6 8 . 1'0 . 12 14
10°/T (K™)

Fig. 14. SIR CL intensity vs. T.

which is very close to the 1.95 eV corresponding to the excitation with
633 nm light, which appears to be close to the threshold for exciting the
SIR emission with sub-bandgap light energy.

5. Conclusions

CL and PL spectra acquired under different excitation conditions
have been used to study the primary luminescence emissions of two
different STO samples. The different excitation conditions have
permitted to establish differences between the bulk and surface emis-
sions. These differences are significant in the case of the undoped stoi-
chiometric sample. The Nb-doped sample does not show such marked
differences between the bulk and surface emissions, though some dif-
ferences are also appreciated. This behavior gives a relevant role to Nb
in the luminescence properties of the Nb-doped STO, while the undoped
sample is more sensitive to the differences between the stoichiometric
bulk and the defect-rich surface.

The bulk GL was quenched in the undoped sample at 100-110 K,
while it was observed up to room temperature in the Nb-doped sample
(both CL and PL) and in the PL of the undoped sample. This behavior was
associated with the stabilization of both the STH and the small polaron
by the Nb atoms in the doped sample, and lattice defects as oxygen
vacancies in the surface of the undoped sample.

Temperature-dependent CL and PL measurements permitted to

establish a relationship between the GL and the BL bands. This corre-
lation differs in both samples, reinforcing the role played by Nb and
lattice defects in the luminescence spectrum of STO. To confirm this,
plastic deformation produced by a diamond tip was done on both sam-
ples, and the CL spectrum was measured around the scratch. The results
show a significant increase of the luminescence emission in the visible
range for both samples, revealing the role of defects in the luminescence
emission, which is significantly enhanced with respect to the bare re-
gions non-deformed.

A mechanism accounting for the SIR emission in the undoped sample
was described by correlating the SIR emission under different excitation
conditions and the Raman spectrum.

This work provides a broad scheme for STO luminescence together
with the physical mechanisms giving rise to the different emissions
under various circumstances concerning the type of samples, the bulk/
surface analysis, the temperature, and the plastic deformation.
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