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Abstract: Electron-beam-induced current (EBIC) and cathodoluminescence (CL) have been applied to
investigate the electrical and optical behaviors of dislocations in SrTiO3. The electrical recombination
activity and defect energy levels of dislocations have been deduced from the temperature-dependent
EBIC measurement. Dislocations contributed to resistive switching were clarified by bias-dependent
EBIC. The distribution of oxygen vacancies around dislocations has been obtained by CL mapping.
The correlation between switching, dislocation and oxygen vacancies was discussed.
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1. Introduction

The perovskite oxides, especially SrTiO3 and its related oxides, have attracted much attention
because of their dielectric and ferroelectric properties. The oxygen vacancies (Vo) directly govern the
bulk and interfacial properties of perovskites, including Vo related dielectric relaxation and electrical
conduction [1], n-type doping in SrTiO3 [2], as well as the introduction of two-dimensional electron
gas at the interface of SrTiO3/LaAlO3 [3,4]. With the rising interest in resistance switchable oxides,
the behavior of Vo has again become the highlight of the study on switching mechanisms [5–7].
The switching mechanism has been interpreted either by the interface model due to charge trapping
and detrapping or the filament model based on Vo migration [8–11]. The distribution and diffusion
kinetics of Vo in single-crystal SrTiO3 has been investigated by the combination of isotope exchange
and time-of-flight secondary ion mass spectrometry, and it is indicated that the Gibbs formation energy
of Vo at the interface is lower than in the bulk [12].

On the other hand, the presence of crystallographic defects such as dislocations would also affect
the distribution of Vo. In present SrTiO3 crystals, there are still high-density dislocations in the order
of 106~108 cm−2. Hence, the interaction between Vo and dislocations are of principal importance
to the performances of resistive switching devices. The role of dislocations on the defect chemistry
and oxide ion transport properties has been assessed by atomistic simulations with lower formation
energies Vo at dislocation cores [13]. To investigate the switching activities of dislocations in SrTiO3,
electron-beam-induced current (EBIC) has been applied to metal/SrTiO3 Schottky contacts. For instance,
in non-doped (100) SrTiO3 crystal, a transition of EBIC contrast of dislocation arrays from dark to
bright was discovered when subjected to electrical stress, and it was explained that the change of EBIC
contrast is due to Vo diffusion along dislocations [14]. Our group has performed systematic EBIC
studies of differently Nb-doped (111) and (100) SrTiO3 crystals [15,16], and we found that dislocations
can act as either recombination centers or conduction paths depending on their character, bias condition
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and Nb doping concentrations. These studies also suggested that not all the dislocations contribute to
the switching phenomenon.

However, there is still a lack of an experiment method to directly identify the local distribution of
Vo around dislocations. It has been confirmed that Vo in SrTiO3 would emit light under beam or light
injection [17–20], the emission is attributed to the radiative recombination of carriers via defect levels
introduced by Vo. As many studies suggested, dislocations can modulate the distribution of oxygen
vacancies; recently, we have applied cathodoluminescence (CL) to non-doped SrTiO3, and enhanced
Vo-related luminescence from certain dislocations was found [21].

In the study, we attempt to clarify the electrical activities of dislocations in Nb-doped SrTiO3

by temperature-dependent EBIC measurement. According to the temperature-dependence of EBIC
contrast, the energy levels of defects would be known. Generally, shallow level defects become EBIC
active at lower temperatures while deep level defects are active at room temperature. This dependence
is explained based on Shockley–Read–Hall (SRH) statistics [22], and thus temperature-dependent EBIC
has been extensively applied in the study of extended defects in Si-based materials [23–26] as well as
wide-gap semiconductor materials [27]. However, for dislocations in SrTiO3, so far as we know there
is no temperature-dependent EBIC performed. Furthermore, a combinational EBIC and CL study of
the electrical/optical behaviors of dislocations in SrTiO3 will be carried out. The correlation between
dislocation defect level, resistive switching and Vo distribution will be investigated.

2. Materials and Methods

Commercially available n-type Nb-doped SrTiO3 single crystals grown by Verneuil process
(SHINKOSYA, Yokohama, Japan) were used in this study. The doping concentration of Nb was about
0.01% by weight, corresponding to a carrier concentration of 2~4 × 1018 cm−3. For the EBIC experiment,
in order to obtain an atomically flat surface for the fabrication of better Schottky contact, the specimens
were first annealed at 1000 ◦C in air for 2 h. Schottky contacts were prepared by e-beam deposition
of Pt with a thickness of 20 nm on the top surface, and Ohmic contacts were prepared by e-beam
deposition of Al with a thickness of 30 nm on the back. EBIC measurements were carried out by a
JEOL JSM-7600F field emission scanning electron microscope (FE-SEM) (JEOL, Tokyo, Japan) with the
accelerating voltage of 7 kV. The beam current is about 250 pA. Kleindiek micromanipulators installed
inside the SEM chamber were used for the electrical connections for EBIC measurement and bias
voltage applying. The temperature was varied from 120 K to room temperature by a cooling stage.
To obtain an EBIC contrast-temperature profile, images were taken every 10 K steps. The EBIC contrast
C is defined by:

C = 100% × (IB − Id)/Ib (1)

where Ib and Id are the EBIC currents collected at the background and dislocation, respectively. For CL
observation, bare SrTiO3 specimens which had undergone same annealing procedure were used. CL
measurement was conducted by a HORIBA MP32 CL system (HORIBA, Kyoto, Japan) attached to a
Hitachi SU6600 FE-SEM (Hitachi High-Tech, Tokyo, Japan). The accelerating voltage was 7 kV same as
that of EBIC observation. The temperature was set at 80 K and 300 K, respectively.

3. Results and Discussion

EBIC images were taken in the temperature range of 120~300 K, and in this temperature range the
EBIC contrast of dislocations increased with rising temperature. Representative EBIC images taken at
low (120 K), medium (200 K) and room temperature (300 K) were demonstrated here. Figure 1a–d
shows the secondary electron (SE) and temperature-dependent EBIC images of dislocations in (111)
SrTiO3. The in-plane orientations were indicated by the Thompson tetrahedron in Figure 1a. In the
EBIC image at 120 K, there were straight and curved/tangled lines with gray contrast. The straight lines
were along <112> directions. The straight lines are related to slip dislocations, and the curved/tangled
lines are dislocations interacted with each other or in cluster. Bright EBIC contrast was observed around
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these curved and tangled dislocations when temperature below 200 K. When temperature increased
to 200 K, the EBIC contrast of most dislocations showed no obvious change, except for the tangled
dislocations in the upright showed stronger dark contrast than the others. The bright EBIC contrast
was still visible around the curved/tangled dislocations at this temperature. When temperature further
increased to 300 K, the dislocations became more significant with dark contrast. The EBIC contrast
varied greatly among different dislocations, i.e., the curved/tangled dislocations exhibited strong dark
contrast than the slip lines. The bright EBIC contrast around the curved/tangled dislocations became
invisible at 300 K.
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Figure 1. SE and temperature-dependent electron-beam-induced current (EBIC) images of dislocations
in (111) SrTiO3. (a) SE; (b) EBIC 120 K; (c) EBIC 200 K; (d) EBIC 300 K. Site 1–4 are dislocations slips
and site 5–8 are tangled dislocations.

To describe the recombination activity and defect levels, we plotted the variation of EBIC contrast
of typical dislocations (denoted as sites 1~8 in Figure 1d) with respect to temperature as shown in
Figure 2. According to the EBIC contrast statistics, it is clear to see that the EBIC contrast of all
dislocations increased monotonically with temperature. At 120 K, the EBIC contrast of all dislocations
was weak about 5~10%. The EBIC contrast of tangled dislocations (site 8) quickly increased from 150 K,
and became extremely strong (~55%) at 300 K. The EBIC contrast of the curved dislocations (sites 5~7)
started to increase from 200 K and was about 30% at 300 K. The EBIC contrast of the straight slip lines
(sites 1~4) gradually increased with temperature and was 10~20% at 300 K.
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EBIC contrast reflects the recombination activity of minority carries via a defect level, and the
temperature-dependence of EBIC contrast is strongly dependent on the position of defect level [26].
Shallow-level defects show weak contrast at room temperature and strong contrast at low temperature,
which is due to the change in the occupation of shallow level caused by the shift in the Fermi level
with temperature. On the contrary, deep-level defects show stronger contrast at room temperature.
This is because that deep level is far from the Fermi level and the occupation of deep level is not greatly
affected by the shifts in Fermi level with temperature. Hence, the EBIC contrast of deep-level defect
shows a temperature dependence of the form C ∝ T1/2 (temperature dependence of the thermal velocity
of carriers).

Based on temperature-dependent EBIC results, we can discuss the recombination activity of
dislocations in SrTiO3. The EBIC contrast of all dislocations at room temperature tends to be stronger
than that at low temperatures, which suggests that the dislocations in SrTiO3 act as strong recombination
centers for minority carriers. The contrast-temperature characteristics indicate that dislocations are
accompanied with deep levels, especially the tangled dislocations with more deeper levels. The bright
EBIC contrast around the tangled dislocations is due to the formation of denuded zones by impurity
gettering. Dislocation clusters could act as strong gettering sites of impurities and/or point defects,
and thus to form a region with comparatively longer diffusion length of minority carrier around the
defects. A similar phenomenon has been found in our previous EBIC study of grain boundaries in
contaminated multicrystalline Si [25]. The appearance of denuded zones at low temperatures is due
to the smaller carrier diffusion length at low temperatures. The presence of denuded zones around
dislocation clusters could be explained in terms of gettering effect. On the other hand, the dislocation
clusters may also act as a sink of oxygen vacancies and result in the formation of denuded zones. So far,
there are very few reports on the background impurities in SrTiO3. An early report by Chan et al. [28]
suggested that there are over 18 unintentional impurities (Si, Fe, Mg, Cl, C, etc.) in SrTiO3 crystals.
At present, it is difficult to figure out the level of impurities decorated around dislocations due to the
limitation of analysis techniques.

Next, EBIC studies under bias voltages were conducted to find out the active dislocations for
resistive switching. Figure 3a,b shows the room-temperature EBIC images of dislocations taken under
zero bias (0 V) and negative bias voltage (−2 V) in (111) SrTiO3. At 0 V, all the dislocations were
observed with dark EBIC contrast. At −2 V, bright contrast became visible around and/or at the straight
lines related to slip dislocations along <112> directions. However, no bright contrast was found near
the curved/tangled dislocations. The narrowing of line contrast under the negative bias indicated that
the band bending had suppressed the carrier diffusion and recombination.
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The origin of EBIC contrast changing from dark to bright under negative bias voltage is related
to the change of depletion layer width under biasing compared to the depth of carrier generation
by e-beam injection. The depletion layer width of the Pt/SrTiO3 Schottky was about 130 nm at zero
bias and 280 nm at −2 V. The depth of carrier generation by e-beam injection is about 200 nm at the
accelerating voltage of 7 kV. When carrier generation is mainly in the bulk region (below the depletion
layer), dislocations can act as active recombination centers and show dark EBIC contrast. When biased
at −2 V, the width of depletion layer increases and carrier generation is mainly located inside the
depletion layer, the recombination process is greatly suppressed and the enhanced transportation of
minority carriers via dislocations could be observed.

The bias-dependent EBIC results suggest that some dislocations could act as conduction paths
for resistive switching. As for the origin of bright contrast, there are several explanations, such as
the migration of Vo along dislocations under bias voltage or carrier tunneling through empty levels
associated with these dislocations. It is quite interesting to find that bright EBIC contrast appeared
either at low temperatures or under bias voltage. However, the origins of these two bright contrasts
are different. The bright contrast around tangled dislocations is related to impurity gettering, while
the bright contrast which appeared under negative bias voltages could be explained by the enhanced
carrier transport via dislocations inside the depletion region.

To confirm the distribution of Vo around dislocations, CL image and spectrum were taken at 80 K
and 300 K. Vo related emission (~2.8 eV) was detected at both temperatures. Hence, we performed CL
mapping of dislocations in SrTiO3 at an emission energy of 2.8 eV. Figure 4a,b shows the monochromatic
CL images of dislocations taken at 80 K and 300 K in (110) SrTiO3, respectively. For this sample, the
emission from background region is not homogenous, suggesting an inhomogeneous distribution of
Vo. Dislocations were observed with dark contrast in the room-temperature CL image, and became
faint at 80 K. The CL appearance of dislocations at low- and room-temperature is consistent with
the temperature-dependent EBIC study. The recombination via dislocations is non-radiative and
associated with deep levels. However, it should be noted that bright CL contrast appeared at some of
the straight slip lines.Crystals 2020, 10, x FOR PEER REVIEW 6 of 8 
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Figure 4. Monochromatic cathodoluminescence (CL) images of dislocations in (110) oriented SrTiO3

taken at the emission energy of 2.8 eV. (a) 80 K and (b) 300 K. Site A–C: A—straight line with bright
contrast; B—background; C—curved dislocation with dark contrast.

Figure 5 shows the room temperature CL point spectra from three different sites marked in
Figure 4b. Site A is close to a straight line with bright CL contrast, Site B is the background, and Site C
is a curved dislocation with dark CL contrast. The CL intensity was normalized to the background
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intensity. It was found that CL spectrum from the different regions showed similar a broad peak
centered at 2.8 eV. The peak intensity of Site A is about 1.3 times higher than that of the background,
while the peak intensity at the curved dislocation (Site C) slightly decreased.
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The bight CL contrast detected from slip lines suggests the enrichment of Vo at these dislocations.
Correspondingly, the bright EBIC contrast of dislocations under bias voltage could be related to the
migration of Vo along dislocations. The difference between individual and tangled dislocations may
be explained from the viewpoint of diffusion path for Vo migration. An individual dislocation, when it
is smooth and perpendicular to the surface, could act as a fast diffusion path for Vo. On the contrary,
the diffusion Vo would be difficult through tangled dislocations. CL results have indicated that some
dislocations in SrTiO3 would modulate the distribution of Vo. However, bright CL contrast was also
observed in the regions without dislocations. It is speculated that the distribution of Vo would be
affected by a variety of factors. In addition to dislocations, there may be other factors such as strain
and impurities. Future studies are needed to clarify this.

4. Conclusions

This paper reported temperature-dependent EBIC and CL studies of dislocations in Nb-doped
SrTiO3. The major findings include the following: (1) EBIC indicates that dislocations in SrTiO3

are electrically active at room temperature and act as recombination centers of minority carriers.
In particular, the tangled dislocations are strong recombination centers associated with deep levels
and denuded zones are formed around them; (2) dislocations arrayed along slip lines are active for
resistive switching, while curved and tangled dislocations are not; (3) CL suggests that nonradiative
recombination via dislocations is strong at room temperature, which is in good correlation with EBIC.
An enrichment of Vo along dislocation slips has been found.
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