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Abstract: The physical and chemical properties of many oxide materials depend strongly on their
defect concentration, which gives rise to unique electronic, optical, and dielectric properties. One
such promising material for various applications, including energy storage, photocatalysis, and
electronics, is SrTiO3 (STO). It exhibits several interesting phenomena, including a metal-to-insulator
transition that can be induced by reduction. By extension, 1-D defects, such as dislocations, play a
significant role in its electronic properties. Thus, we investigate the process of dislocation movement,
its creation, and annihilation under two stimuli: ion thinning and electron irradiation. First, we
designed and produced a lamella from a mechanically modified sample with variable thickness
in the form of a wedge using a focused ion beam (FIB/Ga+) to investigate thickness-dependent
dislocation movement. The lamella was investigated by transmission electron microscopy, allowing
for the measurements of dislocation concentration as a function of its thickness. We have noticed
a sharp decrease in the defect concentration with respect to the starting sample, showing a process
of annihilation of dislocations. Second, we used an electron beam to drive a relatively large current
into the STO surface. This experiment produced an electrical breakdown-like pattern. Optical and
atomic force microscopy revealed that this pattern evolved due to the removal of material from the
surface and local metal-insulator-transition along the dislocations network. Thus, we observe the
dislocations generation and movement.

Keywords: strontium titanate; extended defects; dislocation concentration

1. Introduction

The strontium titanate perovskite (SrTiO3—STO) is considered a model material thanks
to its simple cubic crystal structure and availability of high-quality crystals [1]. It exhibits
many unique electronic, optical, and dielectric properties [2]. STO holds many applications
in energy storage [3], photocatalysis [4], and electronics [5,6]. While stoichiometric STO is
an insulator, it can be transformed into an n-type semiconductor and even into a metal by
introducing oxygen vacancies through a redox process. Many of these exciting properties
originate from the defects found in the STO. Extended defects, such as dislocations in partic-
ular, play a tremendous role in the STO crystals. They introduce dangling bonds, lower the
bandgap, change local chemistry, can serve as easy diffusion paths for O and Sr ions, and
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play a crucial role in the insulator-to-metal transition induced by either thermal reduction
or electro-degradation [7]. Research on low-angle tilt grain boundaries of STO bicrystals re-
cently provided new opportunities to observe dislocations in a more controller manner. The
core of Ti-rich dislocations in STO was shown to consist of TinO2n−1 phases, with n close
to 1, supporting the evolution of Magnéli-type conducting filaments along a dislocation
upon reduction [8]. Other recent results also found that the dislocation core exhibits flexo-
electric polarization induced by a strain gradient [9]. This polarization induces a bound
charge, which has to be screened by a free carriers redistribution or defect accumulation,
which also influences the electrical behavior of the whole STO structure. A further study
shows even the possibility of inducing ferroelectric-(anti)ferromagnetic-multiferroic phase
transition [10]. Such transitions are confined to only a few unit cells around the dislocation
core. Nevertheless, since they are embedded in the ambient paraelectric host, it is theorized
that they can act as nanometer-sized ferroelectric-(anti)ferromagnetic-multiferroic channels,
similar to a concept of electrical ones [11].

Hence, even though dislocations have traditionally been avoided in classical semi-
conductors due to their detrimental effects on carrier mobility and functional properties,
they are proven to provide enhanced functionalities in oxides. Using mechanical stress
and plastic deformation, one can increase the number of dislocations or move the existing
ones [12,13]. This, in turn, can be controllable to enhance desired properties, such as electri-
cal conductivity [14]. However, using other methods to generate or annihilate dislocations
would be beneficial. Thus, in this article, we investigate two methods: ion thinning (de-
crease of the dislocation concentration through size effect) and electron irradiation (increase
concentration and movement of dislocations).

2. Materials and Methods

The samples consist of undoped SrTiO3 single crystals manufactured by the Verneuil
method from high-purity powders. They were obtained commercially from the Crystec com-
pany (Berlin, Germany). Typical starting sample dimensions were 10 mm × 10 mm × 1 mm
with a (100) polished surface.

The samples used for the cross-sectional investigation (the lamella formation) were first
mechanically modified (scratched) and etched with HF/NH4F solution for 30 s. Mechanical
scratching (roughening using a diamond tip) is known to introduce extended defects,
mainly dislocations and bundles of dislocations [15]. The concentration of the defect
at the surface reaches 1012/cm2 [12]. The surface of the STO was then investigated by
scanning electron microscopy (SEM) to identify the etched pyramids, marking the exits
of dislocations [16]. Next, a small region with a relatively high density of dislocations
was chosen for the ex-situ lift-out technique. This region, with approximate dimensions
of 7 µm × 7 µm × 1 µm, was covered with platinum and cut from the crystal by the FIB.
Further, the sample was transferred into another holder where its sides were thinned, as
shown in Figure 1a,b, with different gallium ion energies starting from 30 keV, then 5 keV,
and finally 2 keV. This kind of FIB preparation procedure produces a high-quality STO thin
sample suitable for atomically resolved HAADF STEM, as we showed previously [17]. The
produced lamella was shaped like a wedge with three different thicknesses: smallest in the
middle and thickest on the sides, as shown in Figure 1c. The final thicknesses of the wedge
are 58 nm to 79 nm, 108 nm to 206 nm, and 162 nm to 343 nm from the sample surface
region toward the STO bulk. For simplicity, we will reference them in the text as 58 nm,
108 nm, and 162 nm.

The sample cross-section was imaged with a scanning transmission electron micro-
scope (STEM) operated at 300 keV in the High Angle Annular Dark Field (HAADF) mode
shown in Figure 2a. The STEM-HAADF measurements confirmed the atomic structure of
STO (see Figure 2b). The signal intensity is proportional to the square of the atomic number
and sample thickness.
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Figure 2. (a) STEM-HAADF image of the dislocation network in STO crystal. (b) Atomically resolved
STEM-HAADF image of STO.

For the electron irradiation experiments, pristine STO crystals were used. The 1 mm
thick SrTiO3 (100) samples were glued to the copper base with a silver paste. An electron-
beam vacuum welder was used source for electron irradiation. The acceleration voltage
was set to 30 keV, and a current of 50 µA irradiated the surface for a duration of 50 µs. Thus,
a total charge of 2.5 nC was applied to the spot 0.5 mm in diameter, resulting in the current
density of 2.55 × 106 A/cm2.

3. Results and Discussion

Two different methods to modify the STO defect structure were used:

• The first approach focused on ion bombardment during lamella preparation and its
influence on the dislocation concentration. The STEM observation allowed us to
directly observe defect structure along the (110) direction and measure a dislocation
concentration as a function of the sample thickness and depth from the crystal surface.
It allowed us to observe the annihilation of dislocations in the surface region of the
STO crystal.

• The second approach implemented electron irradiation from a high-voltage source. It
led to the formation of visible patterns along (010), (001), and (011) directions, which
are typical for electro-degradation and resistive switching on the STO crystal surface.
Such patterns mirror the arrangement of the extended defects found in the crystal,
which can be investigated by optical and atomic force microscopy. It allowed us, in
turn, to observe the generation and movement of dislocations in the measured sample.

3.1. Decrease of Dislocation Density in an STO Lamella Induced by Thinning with the Focused
Ion Beam

We have investigated how the thinning performed by the FIB modifies the dislocation
density on initially uniformly produced STO lamella. The obtained sample was perfectly
suitable for atomically resolved HAADF STEM, as shown in Figure 3a.
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from a mechanically modified sample, (b) the lamella regions with different thicknesses and disloca-
tions marked, and (c) the dislocation concentration as a function of depth from the crystal surface
obtained for particular lamella thickness from the STEM-HAADF images. The presented data is
shown as a relative dislocation concentration for clarity. The colors correspond to different lamella
thicknesses: 58 nm to 79 nm—green, 108 nm to 206 nm—blue, and 162 nm to 343 nm—red.

In order to measure the dislocation density, the HAADF STEM image of the lamella
with different thicknesses was analyzed, as seen in Figure 3b. The total length of the
observed dislocations was measured in three different parts of the wedge-type lamella
corresponding to different sample thicknesses. Those thicknesses were 58 nm (green),
108 nm (blue), and 162 nm (red). By dividing the STEM-HAADF image into separate
regions in the form of rhombic-like cells, we have obtained the dislocation concentrations
from the surface to 2.5 µm toward the crystal bulk. Knowing the region’s geometry
(volume), we were able to calculate the dislocation concentration versus the depth from the
crystal surface, as summarized in Figure 3c (The wedge lamella thickness changes effects
are included).

One has to keep in mind that the starting surface layer of STO crystal exhibits a rela-
tively high number of dislocations—typically in the range of 109–1010/cm2 for epi-polished
surfaces. In our case, the dislocation density on the surface was even higher, around
1012/cm2, due to mechanical modification (scratching [18]). We discovered that the average
dislocation concentration on the lamella surface was equal to 2.1 × 1010/cm2. This is
already two orders of magnitude lower than the initial concentration. At a depth of 2.5 µm,
the dislocation concentration is further lower by approximately one order of magnitude.
Thus are starting to be similar to those for the as-received crystal in the low 109/cm2

range [19]. For all investigated thicknesses, the general trend is very similar—the concentra-
tion of defects is highest for the smaller distance to the surface, which is consistent with our
previous investigations and existing literature [12,20]. However, the evolution of concentra-
tion with the distance to the crystal surface is much different for different thicknesses of the
STO lamella. Thus, the thinner the part, the faster the concentration drops, which reveals
a size-dependent annihilation of dislocations at the surface. Dislocations can annihilate
by moving (gliding or climbing) to the free surface [19]. As a result, an additional step
will be formed on the surface due to the shifting of the structure by half-plane. The ion
bombardment process can enhance that effect by producing an electric field or causing
mechanical stress at the surface. Such higher fields can interact more effectively with the
stress field of the dislocations or their ferro- or flexoelectric polarization [9] and thus cause
faster gliding or climbing of these extended defects towards the surface and, in the final
stage, lead to their annihilation on the surface.

We also have to mention that various literature data [21–23] show that ion bombard-
ment can also increase the defect concentration due to ion implantation, mechanical stress
(ion damage), or temperature gradients. However, we analyzed those effects in detail
and concluded that the increase in the defect concentration due to ion bombardment
is negligible:
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1. Ion implantation—The calculations of the penetration range of Ga ions into the STO
matrix were done by the SRIM/TRIM software [24]. The calculations for the grazing
angle and 2 keV (final step of the thinning) beam gave a 2.5 Å penetration range,
roughly half of the unit cell of the STO. This effect would be much more prominent in
the FIB milling technique, where Ga accumulation can cause the formation of new
phases [25]. However, this is not the case, and due to the short penetration depth, we
can assume that the ion implantation will not influence the defect concentration much.

2. Ion damage—the thinning process was done under a grazing angle, but still, the ions
carry significant mass and energy, which can modify the sample surface deep into
the bulk. In principle, the damage done by the FIB is proportional to the range of Ga
ion implantation [26]. For a similar case (in terms of energy) of Si crystal, a 2 keV Ga
beam used for polishing is able to cause amorphization of 0.5–1.5 nm surface [27]. In
our case, the penetration range was equal to 2.5 Å. However, a non-stoichiometric
STO is especially susceptible to ion damage [21]. Thus, one can expect that the ion
beam caused enough damage to form an amorphous layer of at most a few nm.

3. Temperature gradients—the evaluation of the exact temperature gradient is rather
difficult, as it depends on the FIB parameters, sample properties (thermal conductiv-
ity), and geometry. The available data do not show a significant global temperature
change, especially during lamella formation. Some data on limiting FIB damage to
soft matter like tissues show significant temperature changes of 250 ◦C [28]. However,
the modeling was done on a material with a significantly worse thermal conductivity
coefficient than STO (by a factor of 8). Since the temperature increase is strongly
dependent on this parameter, we can estimate that the temperature increase has to be
much smaller than in the presented example.

What is more, we do not see an increase in the defect concentration from the experiment.

3.2. Increase of Dislocation Density and Its Role in Electrical Pattern Formation Caused by
Electron Irradiation from a High-Voltage Source

In order to investigate the effect of high-density electron irradiation, we studied the
STO crystal under exposure to a high-voltage electron beam. We have irradiated the STO
surface with a large density current (2.55 × 106 A/cm2). Within 50 ns, the patterns of
tree-like features, similar to Lichtenberg Figures [29], emerged, as seen in Figure 4 by
optical and atomic force microscopy. The AFM topography measurement revealed that the
elongated craters are of a depth ranging from 20 nm up to several 350 nm for the biggest
ones (Figure 4b). Thus, the feature is formed on the surface due to the removal of STO
material. The observed figures differ significantly from the results of electro-reduction at
low electric fields and elevated temperatures, which did not reveal a significant removal of
STO material [18,30].
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(b) topography by atomic force microscopy.

What is most important is that the observed patterns are not randomly oriented but
follow the main crystallographic directions of (001), (010), and (011) instead. Moreover,
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even though the bottom of the crystal was grounded, we did not observe any filaments
penetrating the bulk, revealing that it is a surface effect. This is related to the fact that
the surface region has the highest dislocation density compared to deeper regions. It is
known that the bulk dislocation concentration in STO depends on the growth techniques
employed and is only equal to 105 and 107/cm2 for Czochralski and Verneuil techniques,
respectively [18]. However, due to the existing dislocation network, the current travels
more easily through the crystal edges.

What is also significant is the mechanism of this (Lichtenberg) pattern formation.
One has to remember that an as-received STO crystal is an insulator with a relatively
large band gap of 3.2 eV. However, it can undergo electro-degradation and metal-insulator
transition by oxygen vacancy formation. Each oxygen vacancy introduces two electrons
into the conduction band under a sufficiently high electric field [18]. The electric field
will drive negatively charged oxygen ions toward the positive potential (a virtual anode),
where they could leave the crystal as oxygen molecules. If the incorporation of oxygen
from the surrounding atmosphere is significantly smaller than the excorporation at the
anode (which is the case in ambient conditions), a process of electro-reduction occurs.
Such a process is very local since the oxygen vacancy formation enthalpy at dislocations is
significantly smaller than in bulk [31]. Thus, a vacancy-rich filament with a high charge
carrier concentration along the dislocation can be formed. Since the dislocations form
a hierarchical interconnected network [7], a macroscopic filamentary insulator-to-metal
transition can be achieved. Moreover, the dislocations can interact with the electric field,
resulting in their movement. With a sufficiently high electric field, such movement will
lead to dislocation bundling or general polygonization and conducting channel formation.
This will move the electric potential distribution further into the crystal along the preferred
path, in our case, along the main crystallographic directions. Moreover, such a violent
process will exert relatively large mechanical stress on the STO crystal, generating more
dislocations and extending the dislocation network. This, in turn, will increase the local
conductivity, allowing a larger current to flow, thus making the whole process cascade-
like. Thus, a Lichtenberg Figure is formed, and the front for metal-insulator transition
might move through the dislocation network along the discharge path. Thus, the observed
patterns are not a result of classical dielectric breakdown.

Further analysis of the patterns by the AFM reveals that the edges of the formed
craters are quite sharp, as shown in Figure 5a. Moreover, a magnification of the bottom
of the craters reveals a clear crystal structure with an almost rectangular lattice, with the
angle between primary vectors equal to 83◦. The cell lengths were found to be 0.18 and
0.24 nm, as shown in Figure 5b. Such a short cell length probably belongs to a Ti-O phase
(a Magneli phase TinO2n−1 or similar). This leads to the conclusion that the STO material
was not melted and evaporated but instead ejected from the surface. This can be explained
by very fast electro-degradation, as we have shown previously that a large quantity of
oxygen atoms can be released from the STO surface during this process [30]. The removal
of oxygen can lead to such a strong local deformation that the material will be ejected
from the crystal surface. The non-stoichiometry becomes so large that the structure breaks.
The high electric field could also support this process, which will accelerate the ions in
different directions.

The possibility of creating a breakdown channel by a solid-state electrochemical
reaction along with conducting core of dislocations (via preferential electrically induced
removal of oxygen from these linear defects) demonstrates that the electrochemistry is
an essential part of electrical breakdown process in ternary oxides with linear defects.
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Figure 5. The AFM topography of a crater created on the STO crystal surface under electron irradia-
tion: (a) 3 × 3 µm region, and (b) atomic resolution of the region on the bottom of the crater.

4. Conclusions

Our study involved investigating the behavior of dislocations in a single crystal of
strontium titanate when exposed to ion and electron irradiation. By using the STEM-
HAADF technique, we have found an evident dislocation density decrease in an STO
lamella produced by the FIB. This decrease was size-dependent and was highest in the
thinnest region of the lamella, which suggests that the ion beam enhanced dislocation
gliding or climbing towards the surface and their annihilation. The electron irradiation
resulted in the formation of a pattern resembling an electrical breakdown. This breakdown-
like pattern was investigated by optical and atomic force microscopy and was found to
align with the main crystallographic direction of the STO crystal. It was created by rapid
electro-degradation and local insulator-to-metal transition. This process resulted in the
removal of oxygen, crystal structure breakdown, and craters formation following the
existing dislocation network. The interaction between the dislocation core and the large
electric field resulted in dislocation movement and bundling, which led to mechanical
stress and the generation of new dislocations.
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