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Enhanced Photoconductivity at Dislocations in SrTiO;

Maximilian Kissel, Lukas Porz, Till Fromling, Atsutomo Nakamura, Jiirgen Rodel,

and Marin Alexe*

Dislocations are 1D crystallographic line defects and are usually seen as
detrimental to the functional properties of classic semiconductors. It is
shown here that this not necessarily accounts for oxide semiconductors in
which dislocations are capable of boosting the photoconductivity. Stron-
tium titanate single crystals are controllably deformed to generate a high
density of ordered dislocations of two slip systems possessing different
mesoscopic arrangements. For both slip systems, nanoscale conductive
atomic force microscope investigations reveal a strong enhancement of
the photoconductivity around the dislocation cores. Macroscopic in-plane
measurements indicate that the two dislocation systems result in different
global photoconductivity behavior despite the similar local enhancement.
Depending on the arrangement, the global photoresponse can be increased
by orders of magnitude. Additionally, indications for a bulk photovoltaic
effect enabled by dislocation-surrounding strain fields are observed for the
first time. This proves that dislocations in oxide semiconductors can be

1. Introduction

So far, great efforts have been made for
classical semiconductors to avoid disloca-
tions, which are 1D crystallographic line
defects. In these materials, they lead to
additional charge carrier scattering and
thus a significant reduction of the carriers’
mobility. Hence, dislocations negatively
affect the targeted functional properties,
and great efforts are paid to avoid them.
The situation is different in the field of
semiconducting oxide ceramics, where
purposefully introduced dislocations can
be beneficial for functional properties.l
Fundamental studies of dislocation-
mediated basic properties are afforded
by tilt and twist bi-crystal interfaces.?!

of large interest for tailoring photoelectric functionalities. Direct evidence
that electronic transport is confined to the dislocation core points to a new
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If we wish to move beyond these 2D sys-
tems to achieve high dislocation densi-
ties in the bulk, plastic deformation is a
viable approach. However, most ceramics
are brittle with limited or no potential for
plastic deformation.

Nevertheless, some ceramics have been plastically deformed
as single crystals even at room temperature, with MgO,*
SrTiOs,”! and ZnS®”l as examples. However, a fundamental
understanding of large-scale plasticity in ceramics is by far
missing, and therefore, the investigation into specific functional
properties endowed by dislocation networks is in its infancy.

Dislocation cores with their attendant space charge regions
and strain fields can provide enhanced functional proper-
ties,® such as ionic or electronic conductivity,®!% oxygen dif
fusion,'"?l and enable new functionalities.'> Very recent
advancements highlight the control of polarization by mechan-
ical dislocation imprint in piezoelectric ceramics!™ and crea-
tion of low-dimensional superconductivity in SrTiO; single
crystals.[19]

Semiconducting oxides with their high localized charge
at the dislocation corel"8] are expected to provide additional
states in the band gap affording to tune optical and photo-
electric properties. If bulk materials are considered, additional
tunability is provided if the oriented mesoscopic dislocation
structure is utilized.') Furthermore, dislocations carry large
strain gradients around their cores, which can locally break the
inversion symmetry leading to flexoelectric polarization?” and
potentially enabling the flexo-photovoltaic effect.?!l These fea-
tures designate dislocations in oxide semiconductors as prom-
ising means to enable new photoelectric functionalities.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Dislocations in semiconductor compounds were already
investigated in the 1970s, partly concerning photoelectric prop-
erties.[?Zl Photoconductivity was found to be decreased in ZnSe
single crystals while being deformed,?3! which was explained
by a concurrent reduction of the Hall mobility?*l during plastic
deformation. In contrast, after deformation, increased photo-
conductivity in ZnSe was observed stemming from an addi-
tional deep level in the band gap which was attributed to dis-
locations.®! Illumination was assumed to increase the nega-
tive charge on the dislocations by exciting electrons from the
valence band into electronic states of the dislocation core.2®l
Similarly, an additional energy level in the band gap of germa-
nium was detected, which was suggested to stem from disloca-
tions.l?”] For deformed ZnO crystals, a bulk photoconductivity
was found, in contrast to undeformed samples.?®! Dislocations
in GaN were demonstrated to act as nonradiative recombina-
tion centers leading to a reduction of luminescence intensity.*’!
Recently, a band gap narrowing has been revealed for ZnS in
the dislocation core region after deformation.l®l This shifts the
absorption edge into the visible light range and could be benefi-
cial for photoelectric applications. Further studies focusing on
photoelectric properties of ordered dislocations are still missing
in literature, particularly for the class of oxide semiconductors.

Here, we employ macroscopic plastic deformation both
at room temperature and at high temperature of Fe-doped
strontium titanate single crystals as means to contrast highly
aligned dislocations and more randomly distributed disloca-
tion networks. These two mesoscopic structures are com-
pared both locally using conductive atomic force microscopy
(C-AFM) and macroscopically applying microelectrodes with a
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dependence both on temperature as well as employed exciting
wavelength, revealing that ordered dislocations in Fe-doped
strontium titanate are not detrimental but can enhance the
photoconductivity by orders of magnitude. Furthermore, first
evidence will be provided, elucidating a bulk photovoltaic-
like response originating from the strain field around the
dislocations.

2. Results and Discussions

Mechanical deformation of Fe-doped (0.05% wt.) SrTiO; single
crystals with uniaxial load and by using a stress concentration
generated two types of mesoscopic dislocation structures (see
Figure 1 and the Experimental Section). The first type is the
result of a room temperature deformation along the [001] direc-
tion activating the (110){110} slip system (Figure 1a). Hereby, ()
denotes a set of crystallographic slip directions corresponding
to the Burgers vector, and {} denotes a set of slip planes.l! This
process develops dislocations arranged in parallel slip bands
with a dislocation density of about 2 x 10” m™ within the
band, corresponding to an average spacing between two dislo-
cations of about 225 nm (Figure 1b). The second slip system
is obtained by high temperature (1050 °C) deformation along
the crystallographic [110] direction (Figure le). This activates
the (100){100} slip system and yields homogenously distributed
dislocations with a density of =10 m™, corresponding to an
average spacing of 1 um (Figure 1d)."’!

These mechanically introduced dislocations of both slip
systems have varying line vector directions leading to screw

Figure 1. Comparison of two mesoscopic dislocation structures. a) Optical microscope image of a [001] oriented SrTiO; single crystal deformed at
25 °C. b) SEM image of etch pits revealing individual dislocations of the (110){110} slip system arranged in slip bands (see ref. [19]). c) TEM image of
the dislocation lines of the (110){110} slip system. The indicated [100] direction is perpendicular to the plane provided in (b). d) SEM image of etch
pits revealing individual dislocations of the (100){100} slip system (see ref. [19]). e) Optical microscope image of a [110] oriented SrTiO; single crystal
deformed at 1050 °C. f) TEM image featuring elongated dislocation loops of the (100){100} slip system form. The indicated [001] direction is perpen-
dicular to the plane depicted in (d).

Adv. Mater. 2022, 34, 2203032 2203032 (2 of 9) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

character in some places and mixed or edge character in other
places. Thus, they cannot be assigned to pure edge or screw
character, as shown by the transmission electron microscope
(TEM) investigations in Figure 1c,f. Detailed information about
the two dislocation arrangements investigated in this work as
well as about mechanics of dislocations in ceramics can be
found in ref. [30].

2.1. Nanoscale Photoconductivity around Dislocations

AFM/C-AFM investigations on samples of about 700 um thick-
ness extracted from the deformed crystals allowed correlating the
dislocation arrangements with their nanoscale photoelectric prop-
erties. The dislocation line vectors (Figure 1c,f) within the sam-
ples lie approximately perpendicular to the surface (see Figure 5
in the Experimental Section). To avoid any topography crosstalk
in local AFM-based measurements and enable direct correlation
of the local properties with dislocation position, the sample sur-
face was patterned in stripe-like regions using photolithography
and chemical etching (see the Experimental Section).'®!

The surface topography and photocurrent (Figure 2) were
measured using a custom-designed photoelectric AFM/C-
AFM system. Topography scans in Figure 2a,c visualize the
mesoscopic dislocation structures revealed by the dark etch
pits in the lower part. As expected, the dislocations of the
(110){110} slip system are arranged in well-ordered slip bands
(Figure 2a). The position of the slip bands in the adjacent
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unetched region can be unambiguously deduced from the
arrangement of the etch pits in the lower part of the topo-
graphy scan. The same holds for the dislocations of the
(100){100} slip system, which are homogenously distributed
(Figure 2c¢). In this context, it needs to be mentioned that the
dislocation density of pristine undeformed crystals is around
103-10° m=2,31 which corresponds to an average distance
between two dislocations in the order of 20 um. Hence, an
undeformed crystal would statistically feature less than one
dislocation in the areas similar to the AFM-investigated areas
shown in Figure 2. The areas in-between the slip bands have
experienced virtually zero deformation and thus, it can be
regarded as pristine.

The photocurrent AFM maps reveal significantly higher pho-
toconductivity around the dislocation cores compared to disloca-
tion-free, i.e., pristine, regions. In the upper part of Figure 2b,
lines with an up to fourfold increased photocurrent show up.
They belong unambiguously to the slip bands of the (110){110}
slip system (see Figure 2a). A similar observation is valid for
homogenously distributed dislocations of the (100){100} slip
system (Figure 2c). Here, the maximum current is observed in a
dislocation-rich region as well, which can be deduced from the
adjacent etched part of the surface (see Figure 2¢,d). In the upper
right area of the corresponding photocurrent image (Figure 2d),
further lines of increased current can be observed. These have
a 45° orientation with respect to the (110) directions and hence
are parallel to the crystallographic (100) direction. These can be
attributed to aligned dislocations of the (100){100} slip system.
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Figure 2. Locally enhanced photoconductivity in dislocation-rich regions revealed by local photoelectric characterization. a) Topography image
revealing the slip bands of the (110){110} slip system in SrTiO; and the smooth, nonetched area; b) the corresponding photocurrent quantified at 20 V
applied voltage; c) topography image, similar to (a), of a sample with the (100){100} slip system and the corresponding photocurrent d) acquired at
10 V applied voltage.
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The higher photoconductivity around the dislocation cores
can be attributed to either an enhanced mobility or density of
free charge carriers. If the photo-carrier generation and thus
the charge carrier density are increased around dislocations,
this could result from a band gap narrowing within the dis-
location region. This would allow a higher band-band transi-
tion rate and was observed for ZnS.[l Furthermore, additional
electronic states within the bandgap could be induced by
dislocations, which allow for more electronic trap/impurity-
band transitions. The latter was suggested to be the case for
both dislocation-enhanced photo-response in ZnSel* and
germanium.[?’]

Charge carrier mobility derived locally can give us first
insights into the mechanisms. We can estimate the carrier
mobility y considering the fundamental relationship between
effective diffusion length, diffusion coefficient D, and effective
bulk lifetime 732

D="2=p== M

hereby, T denotes the temperature, kg the Boltzmann con-
stant, and q denotes the elemental charge. The effective
diffusion length Ly, is related to the above contrast in photo-
conductivity within a certain diameter around the dislocation
core. For estimation purposes, the peaks in the photocurrent
profile perpendicular to the lines with increased photocurrent
in Figure 2b were evaluated with a Gaussian fit. This yields a
full-width at half-maximum (FWHM) of about 120 nm. This
value is significantly larger than the expected spatial resolu-
tion of the AFM-based measurement which is in the range
of tip-sample contact radius of about 25 nm. Thus, it can be
assimilated as a value for the photo-carrier diffusion length.
Suppose we compare this value to the typical dislocation core
diameter and space charge width. The core extends only by
one or two unit cells,?3 and the space charge zone width is in
the range of a few nanometers up to several tens of nano-
meters, depending on exact doping density.”3* This means
that the area exhibiting high photocurrent is expected to
exceed the core area and space charge zone, which can be
rationalized by correlating this region to the diffusion of
photo-generated carriers.

We further assume that the effective carrier lifetime is not
massively affected by the mechanical boundary conditions and
remains within the same order of magnitude.l*” It is possible
to conservatively estimate the photocarrier mobility by taking
the FWHM of the region with increased photoconductivity as
an upper limit for the diffusion length. Considering a value
as previously reported for the carrier lifetime in the range
of 0.5-1 ns,?% the calculated carrier mobility, according to
Equation (1), would be in the range of 5-11 cm? V! s7! which
is similar to mobility values determined from classical trans-
port measurements.””] Based on this estimation, the charge
carrier mobility does not seem to be increased around disloca-
tions. Thus, it points toward a higher generation rate of charge
carriers around the dislocation core and photocarrier diffusion
processes away from the core as the main mechanism behind
the local enhancement of the photoconductivity, which will be
discussed in the following.
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2.2. Macroscopic Photoresponse of Dislocation Arrangements

Macroscale in-plane measurements using patterned micro-
contacts were performed on the same samples to analyze the
effect of dislocations on the global macroscopic photoresponse.
This should lead to a better understanding of the origin of the
enhanced photoconductivity around the dislocation core. To
this end, the spectral photoresponse in the wavelength range
between 325 and 700 nm at different temperatures between 85
and 300 K was evaluated. For the (110){110} slip system arranged
in slip bands, the photocurrent was quantified in-plane along
the direction of these bands. This means perpendicular orienta-
tion to the line vectors, i.e., parallel to the crystallographic (110)
direction, by using patterned electrodes in designated areas
(see Figure 5¢,d in the Experimental Section). An undeformed
sample processed in the same conditions served as reference.

A massive increase in photoconductivity of the (110){110}
slip system compared to the pristine sample can be observed
at almost all temperatures. Figure 3a—c depicts the spectral
response of the photoconductivity in exemplary fashion at
two different temperatures, room temperature and 150 K,
respectively.

The onset in photoconductivity, which is directly related to
band-to-band electronic transitions, occurs for all samples at
about 385 nm, corresponding to a band gap of 3.2 eV. This band
gap value correlates well with literature in SrTiO;.¥] Hence,
the high density of dislocations apparently does not affect the
band gap, as in the case of ZnS.[!

Furthermore, at photon energies well below the band gap,
corresponding to the wavelength range between 550 and
700 nm, a significant photoconductive signal is detected for the
(110){110} slip system without distinct peaks (Figure 3b,c). This
is an indication of additional energy levels in the forbidden gap.
However, as this effect is also noted in nondeformed samples,
it cannot be directly attributed to dislocation formation.[*’]

In contrast, the (100){100} slip system features significantly
lower in-plane photoconductivity with no detectable photo-
conductivity contribution in the long-wavelength regime (see
Figure 3b,c). This missing sub-band gap response is a clear
indication that the two slip systems result in a different global
electronic behavior despite a similar local enhancement.

For both slip systems, the spectral photoresponse measure-
ments do not indicate a massive contribution of the intraband
gap levels, as in the case of germanium or ZnSe pointing to
genuine increase of the generation rate around dislocations, as
observed in Figure 2.

The temperature dependence of the macroscopic in-plane
photoconductivity strongly confirms the dissimilar behavior of
the two slip systems. Figure 3d displays the temperature evolu-
tion of above band gap photoconductivity measured at 330 nm.
It reveals a strong temperature dependence with maximum
photoconductivity between 200 and 250 K for the sample with
the (110){110} dislocations and the pristine sample. The photo-
conductivity of the slip bands increases at least one order of
magnitude compared to the pristine sample. That is valid for
almost the entire temperature range. Note that a similar tem-
perature dependence was observed in other wide band gap
semiconductors such as GaN.?**] This might be related to dif-
ferent dominant scattering mechanisms.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Wavelength dependence of macroscopic photoconductivity measured at 150 K in a) linear and b) logarithmic scale, respectively, and meas-
ured at c) 300 K; d) above band gap photoconductivity (1 =330 nm) as a function of temperature.

In contrast, the (100){100} slip system is characterized by a
dramatically reduced photoconductivity even compared to the
pristine sample. The difference between the two slip systems
is about four orders of magnitude in photoconductivity at room
temperature and increases up to six orders of magnitude in the
200-250 K range. Additionally, the (100){100} slip system does
not exhibit a strong temperature dependence.

The missing temperature dependence and the absence of the
sub-band gap response are two characteristics of the (100){100}
slip system. They may be the result of an annealing effect since
only the (100){100} slip system was fabricated using a temper-
ature of 1050 °C. Thereby, the respective electronic states can
be rendered inactive or change the character toward recombi-
nation levels. These extended effects are not activated in (110)
{110} slip system nor the pristine sample, which were prepared
at room temperature.

2.3. Comparison between Nanoscale and Macroscale
Observations

The macroscale photoresponse of the two slip systems is in
variance with the previously discussed nanoscale C-AFM
measurements. While dislocations of both slip systems exhibit
significantly higher local photoconductivity, an increase in
macroscopic photoconductivity was only found for the (110)
{110} slip system.

We attribute these observations mainly to the different meas-
urement directions combined with the different mesoscopic

Adv. Mater. 2022, 34, 2203032 2203032 (5 of 9)

dislocation structures (see Figure 5 in the Experimental Sec-
tion). In AFM-based local characterization, the photocurrent is
quantified out-of-plane along the dislocation lines. In contrast,
during the macroscopic measurements, the current is meas-
ured in-plane as a collective response of multiple dislocations.
Hereby, the formation of conductive pathways is required,
which is related to the overlapping of photoconductive regions
around the dislocation cores, controlled by the mesoscopic dis-
location structure.

For the (110){110} slip system, the dislocations feature narrow
spacing over long distances (see also Figure 1b,c). A percolating
path along the slip bands can form, and, therefore, the locally
enhanced conductivity directly translates into the enhancement
at macroscale.

In contrast, the dislocations of the (100){100} slip system
do not affect the macroscopic photoconductivity despite a local
enhancement. The dislocations are all elongated loops (see also
Figure 1f) with large average distances and a broad distribu-
tion of spacing between them (see Figure 1d). Thus, the forma-
tion of a percolating network of enhanced photoconductivity is
prohibited and ultimately also leads to a blocking effect with
lower photoconductivity than in a pristine sample. This obser-
vation of the impact of dislocation arrangement on local and
macroscopic behavior is in accordance with similar results in
titania.['%

For both slip systems, the local measurements revealed a
strong increase in photoconductivity around the dislocation
cores, significantly exceeding the regular bulk response. Our
investigations do not prove an increased charge carrier mobility

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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or increased intraband levels that could explain the enhanced
photoconductivity. Hence, the detailed mechanism of this effect
still remains to be established.

It may indeed be a higher generation rate at the dislocation
cores themselves due to additional states generated during
deformation and dislocations moving by the so-called sweeping
up mechanisms. This mechanism describes the movement
of dislocations through a large lattice volume, thereby gathering
impurities and segregating them at the charged core, thus gen-
erating additional defect levels at the dislocation. These defect
levels may actually have a certain energy distribution across the
band gap and thus cannot be resolved as distinct peaks in the
spectral photoresponse.

Alternatively, the local strain and symmetry breaking may
enhance the mobility in the vicinity of the dislocation core in
StTi0;.*l This would be completely different than in classical
semiconductors such as GaN, where edge dislocations act as
additional scattering centers reducing the electron mobility.%

Owing to the fact that locally increased photoconductivity
translates into the enhancement at the macroscale only in the
case of the (110){110} slip system stresses the importance of the
mesoscopic dislocation arrangements as a key design parameter
for functional properties. The drastic reduction of the in-plane
photoconductivity in the (100){100} slip system, also compared
to the pristine sample, may point to a very complex strain-free
carrier interaction that must be in detail investigated.

2.4. Outlook: Indications of a Bulk-Photovoltaic-Like Signal

The slip bands of the (110){110} slip system do not only exhibit
higher photoconductivity but also a bulk photovoltaic (PV)
signal, respectively, a substantial photo-generated current under
zero bias. The corresponding macroscopic spectral photo-
response measured at room temperature is depicted in Figure 4a.
The PV response has not been detected in the (100){100} slip
system nor the pristine SrTiO; sample using similar electrodes.
To prove that this is a bulk-like PV signal, the PV current was
quantified as a function of the light polarization angle, which
describes the angle between the plane of the linearly polar-
ized light and the optical axis of the half-wave plate. A typical
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cosine dependencel®* has been observed (see Figure 4b), with
an amplitude being around 4% as compared to the mean total
photocurrent.

A photocurrent under zero bias and a periodic dependence
on the angle between the PV current and the light polariza-
tion are two main ingredients characteristic for the bulk photo-
voltaic (BPV) effect.**] The BPV is typically found in noncen-
trosymmetric materials and is not characteristic of pristine cen-
trosymmetric SrTiO;. However, the large strain gradients car-
ried by dislocations are asymmetrically distributed around the
cores.™] This can locally break the inversion symmetry, leading
to both flexoelectric polarization?4?l and potentially enabling
the BPV, which has been reported as flexo-photovoltaic effect
(FPV).21 We hypothesize that the mechanism behind the PV
signal (Figure 4) is the FPV induced through the strain fields
of dislocations and the local break of the inversion symmetry.

Nevertheless, the measured light polarization dependence dis-
played in Figure 4b is small compared to the total photocurrent
and differs substantially from regular dependence observed
for innate non.centrosymmetric materials.’! For the latter, the
dependence can be mathematically described by a simple sinu-
soidal function, whereas this has a much more complex behavior
in the dislocation-based system. We may attribute this to a rather
complex spatial distribution of strain and its gradients around
dislocations.”! Dislocations can have changing line vector
directions and varying vicinity with asymmetrically distributed
neighboring dislocations.'>#¥ This may lead to a more complex
dependence than a simple sinusoidal function. Furthermore,
the effects of individual dislocations may partially compensate,
resulting in a lowering of the effective photocurrent amplitude.

3. Conclusion

Dislocations can boost the photoconductivity in oxide semi-
conductors. This was illustrated on well-ordered, high-density
dislocation structures, produced in Fe-doped SrTiO; single
crystals. AFM-based local photoconductivity measurements
demonstrated that the regions around dislocation cores of both
(100){100} and (110){110} slip systems exhibit an up to four-
fold increased photoconductivity compared to the dislocation
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Figure 4. Indications of a bulk photovoltaic effect at room temperature. a) Spectral response of the photovoltaic signal (Uppiied = 0 V) measured along
a slip band of the (110){110} slip system. b) Photocurrent dependence on light polarization angle at 375 nm laser illumination. The red line in (b) is a

fit with a sinusoidal function.
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free regions of the sample. The estimated photo-generated
charge carriers possess a diffusion length of about 120 nm
which yields an effective mobility value of 5-11 cm? V! 57! at
room temperature. Additional in-plane surface measurements
with microcontacts along the dislocation slip bands reveal a by
orders of magnitude increased global photoconductivity for the
(110){110} slip system as compared to a pristine sample. On the
contrary, in the case of the (100){100} slip system, the macro-
scopic photoconductivity decreases by orders of magnitude at
all photon energies. These differences were rationalized with
the mesoscopic dislocation structures affecting the ability to
form a macroscopically percolating photoconductive path.

The orders of magnitude enhancement of the local photo-
conductivity along the dislocation core and in-plane for a cer-
tain crystallographic slip system prove unambiguously that
dislocations in oxide semiconductors are beneficial for certain
functional properties and can offer potential routes for future
1D devices. The observed indications of a bulk-photovoltaic
signal which are potentially based on the flexo-photovoltaic
effect, foreshadow the ability of new dislocation-engineered
functionalities.

4. Experimental Section

Sample Preparation: Ordered dislocation structures were introduced
by mechanical deformation in acceptor-doped Fe-SrTiO; (0.05% wt.)
single crystals, 4 mm X 4 mm x & mm, (Alineason Materials Technology
GmbH) of which the crystal faces corresponded to the {100} planes
(see Figure 1). The controlled acceptor of Fe doping was for the overall
electronic properties net superior to undoped crystals. The latter still
contained impurities of varying and unknown amounts, which acted

mechanical load
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as doping and made reliable electronic investigations practically
impossible.

For the high-temperature deformation, smaller specimens were
cut out of the delivered samples. In these specimens of a size of 4 X
1.8 X 1.9 mm3, the [110] axis was the long axis along which the crystal
was deformed. The single crystals were notched with a 170 pm thick
diamond wire saw (Well 4240, Well Diamantdrahtsigen GmbH) in order
to provide a stress concentration activating only two slip systems. The
notch depth was between 15% and 25% of the sample’s thickness.

Afterward, dislocations were introduced by plastic deformation under
uniaxial compression (2010, Zwick GmbH) at room temperature along
[001] and at 1050 °C along [110]. A displacement of 8 um along the
[001] direction was attained at room temperature under a load of 1200 N,
activating the (110){110} slip system. Dislocations were developed and
arranged within parallel slip bands along the crystallographic (110)
directions. The dislocation density achieved in the band was around
2 x10” m= corresponding to an average distance of 225 nm between
the dislocations. Holding a load of 950 N resulted in a displacement of
40 um along the [110] direction at 1050 °C, activating the (100){100} slip
system. The dislocations were homogenously distributed throughout
the sample leading to a density of =10'> m= which corresponded to an
average distance between the dislocations of 1 um.

The deformed cuboid samples were cut into small slices with a
thickness of =700 wm. The cutting was done in a way that the dislocation
lines went through the thickness of the slices (see Figure 5a,b). The
surface of the slices was ground using P1200, P2500, and P4000 SiC
sandpaper to achieve plane-parallel surfaces. Mechanical polishing was
done automatically with a polishing machine (Phoenix 4000, Jean Wirtz
GmbH), followed by vibrational polishing.

Dislocation position, arrangement, and density were revealed
by etching, i.e., by forming etch pits. To avoid any interference of the
AFM-tip with topography of the etch pits during the measurements, the
surface was partly etched in form of a stripe pattern (see Figure 5c). To
this end, a polymer stripe-like mask (ma-N 1440, micro-resist technology)
was placed onto the sample via photolithography. The open stripes were
etched with a solution of 16 drops of 50% HF (H,0) in 15 mL of 50%

a b C
unetched
(001) plane . dislocation lines &
. 9
> % 4
&S .
& | y /4 A
etch pits §// 7 /7 S
of slip bands BEPZ 2 7
o A etched
i conductive AFM tip
d \ e
y— I —— T i S Y e
Viibiis N LA iiiig
\O” < o Ly b e |
&° g\Q\a dislocation lines bottom contact
(100) plane @J\’

Figure 5. Orientation of dislocations in deformed SrTiOj; single crystals. a) Sketch indicating the orientation of the final sample slice with respect to
the crystal and the dislocation lines. b) Dislocation lines extend from top to bottom of the slices. End of dislocation lines are visible on the surface by
forming etch pits. c) Microcontacts are oriented on the stripe-etched surface to measure the current along the slip bands but within the nonetched
area. d) Microcontacts detect the in-plane surface current (yellow). e) The conductive AFM tip records the out-of-place current (yellow) which is flowing

along the dislocation lines.
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HNO; (H,0) for about 1 min. The nonetched regions, protected by the
photoresist, retained the polished surface quality, respectively, =2 nm
root mean squared roughness. The position of the dislocations in these
regions could be deduced from the adjacent etched regions.

The stripes on the sample with dislocations of the (110){110} slip
system were 95 um (etched) and 155 pm (unetched) wide, whereas
for the sample with dislocations of the (100){100} slip system, they
were 40 um (etched) and 60 um (unetched). The samples were finally
annealed for 18 h at 750 °C under forming gas (95% Ny 5% H;) to
increase the base electrical conductivity.

Structural and Photoelectric Measurements: For the TEM experiments,
one sample was cut at a 2° angle to the slip plane both for the SrTiO,
single crystals deformed at room temperature and at 1050 °C. The
samples were thinned by conventional polishing and ion milling. The
acceleration voltage was set to 1 MeV in BF-STEM mode using the JEOL
JEM-1000k RS at Nagoya University.

Local AFM and photoelectric measurements were performed using
a ThermoMicroscope AutoProbe CPII provided with Pt/Ir coated Si-tips
(Nanosensors, PPP-EFM). Uniform illumination from a UV laser
photodiode with a wavelength of 375 nm (hv = 3.3 eV) and a power
density of about 1.5 W cm™ was employed. The out-of-plane currents were
recorded under an applied bias voltage of 10 and 20 V between the tip
and silver paste as bottom contact (see Figure 5e). The signals collected
by the AFM tip were amplified by a trans-impedance amplifier (DLPCA-
200, Femto) with variable gain of 10°-10® V A~ and a typical bandwidth
of 400 kHz. The current signal was then fed into an auxiliary input of the
microscope and simultaneously mapped with the topography.

For the macroscopic measurements Ti-Au electrodes (150 um long
and 20 um gap in-between) were patterned on nonetched, i.e., pristine
polished, stripes of the samples. In case of the sample with the (110)
{110} dislocations, they were optically aligned with the slip bands so that
the current was measured along these bands (see Figure 5c). For the
sample with homogenously distributed (100){100} dislocations and the
pristine reference sample, no specific alighment was applied. Spectral
and temperature dependence of in-plane surface photocurrents (see
Figure 5d) were measured with samples mounted in a cryostat (Janis
VPF-700) using an electrometer (Keithley 6517B) and a spectral light
source comprising a 250 W Xe lamp and a monochromator (Oriel
74004). The spectral power density at the measuring stage was recorded
using a calibrated Si photodiode (Newport 818UV). All currents were
normalized to the spectral power density.

The photovoltaic signal was obtained using a UV laser diode
(375 nm). The light polarization was varied using a half-wave plate and a
motorized rotating stage (ThorLabs).
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