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ABSTRACT

In this work, we use epitaxial strain and an asymmetric electrode design to engineer the conductivity of SrTiO; thin films in order to use
them as active components in planar artificial synaptic devices. First, the tensile strain imposed by the rare-earth scandate substrate on epi-
taxial grown SrTiO; films results in a significant increase of the conductivity of the SrTiO;. Second, a further enhancement of the conductiv-
ity is obtained by the use of Ti/Pt electrodes. Finally, the asymmetric electrode design consisting of a flat and a tapered electrode ensures the
asymmetric response and plasticity of electronic synapse. The modifications of the conductivity are explained in terms of changes in
the density and mobility of oxygen vacancies. The resulting electronic synapses (e-synapse) show memristor behavior and the plasticity of
the signal, which are both essential characteristics of a synapse. Similar to the synaptic long-term and short-term potentiation/depression,
our SrTiO; e-synapses show two different types of plasticity, a fast process associated with the ionic dipole formation (relaxation time in the
100 ps regime) and a slow process defined by the mobility of oxygen vacancies (relaxation time of several seconds).

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093138

1. INTRODUCTION

Motivated by the brain which is able to remember, learn, and
process information in an energy-efficient and fault-tolerant way,
the development of so-called neuromorphic systems—i.e., elec-
tronic systems that can mimic the function of the brain—is cur-
rently attracting a lot of significant interest. ™ Similar to the
synapse in the brain, an artificial synapse is one of the most basic
element in the neuromorphic system. It represents a special type of
two-terminal memristor, namely, an electronic synapse (e-synapse),
which in addition to its ultralow power consumption involves two
important properties: the classical switching and a new feature, the
so-called plasticity. The latter allows the e-synapse to be modified
by the switching itself, i.e., it is able to “learn” and “forget.” There
exist a number of electronic systems that exhibit a synapselike
behavior. They can be classified according to their mechanism into
the interface barrier based, filament based, and other (e.g., spin or
phase change) e-synapses. For instance, molecular and ionic
thin-film memristive systems are based on the mobility of defects
in the materials,”® insulator-to-metal phase transition driven
memristors use the phase transition caused by Joule heating,” and
ferroelectric memristors utilize the electronically driven polariza-
tion of the materials.'”'' One of the most pursued type of

memristors is based on the uniform vs nonuniform oxygen
diffusion in oxides.” In this type of materials, oxygen vacancies play
a significant role in the resistive switching behavior. Different
explanations for the diffusion of oxygen vacancy have been sug-
gested ranging from the development of conductive filaments,'>"”
the modulation of the interface barrier height,"*”'® and space-
charge limited current effects.'” The control of the oxygen vacancy
diffusion in these materials represents one of the major issues of
these promising types of memristors, especially in the case of a
“learning” e-synapse.

Perovskite represents an ideal candidate for the active element
of an e-synapse since its conductivity can easily be modified by
simply changing its defect concentration. In previous studies, this
has been achieved, for instance, by Cr-doping,'® varying the tem-
perature or oxygen partial pressure during film growth,"”” or
thermal treatment at elevated temperatures.”’ Since the conductiv-
ity of SrTiOs; is typically extremely small even after the modifica-
tion, in most cases, vertical electrode-oxide-electrode arrangement
consisting of sandwich structures with extremely thin films are
used (see Fig. 1).

In this work, we use epitaxial strain to improve the density
and mobility of oxygen vacancies and, thus, the electric transport
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FIG. 1. Schematic of the impact of strain on the conductivity and plasticity of
the SrTiO5 thin film e-synapse showing the general enhancement of the conduc-
tivity and the different temperature regimes of plasticity due to thermal activation
at elevated temperature (orange) and at the ferroelectric phase transition
(green). The different sketches show a typical vertical nanosize device used for
unstrained SrTiO3 memristors and the planar layout with electrodes on top of
the SrTiO; layer used in this work.

properties of SrTiO; thin films. Our epitaxially grown SrTiO; thin
films are tensile strained (typically ~1%) due to the lattice mis-
match between the film and the substrate. Without strain, SrTiO; is
a cubic perovskite and an insulator with a bandgap of ~3.2¢eV at
room temperature. However, under strain the electronic conduc-
tance can be tuned (see Fig. 1):

(i)  Lattice distortions modify the “band structure” of SrTiOs.”!
They affect the occupation of the oxygen 2p orbital, which
then contributes to the density of states at the Fermi level
and, thus, can enhance the conductivity for the direction of
tensile strain.””

(ii) Defects (most likely “oxygen vacancies”) are automatically
generated in order to compensate the strain in the strained
film.>> Moreover, in the case of oxides, the mobility of
oxygen vacancies can be enhanced by the strain,”* whereas
both effects are expected to lead to an enhanced conductivity
in the case of tensile strained SrTiOj, with the latter effect
favoring a plastic behavior of these films.

(iii) The “ferroelectric phase transition” T, of SrTiO; can be
enhanced by tensile strain.”> Since this phase transition is
accompanied by a structural transition, it is expected that the
mobility of the defects (oxygen vacancies) is enhanced at T,,.
This offers a third option to modify the conductivity of
SrTiO; via strain.

The resulting strain modification of the conductivity and plasticity
is summarized in Fig. 1. In this paper, we demonstrate that ade-
quate tensile strain leads to (i) a larger conductivity (compared to
unstrained SrTiO;) which allows even lateral arrangements of the
electrodes and makes this system quite flexible with respect to the
design of devices, (ii) the desired large plasticity, and (iii) a high

ARTICLE scitation.org/journalljap

stability (robustness) of our e-synapses made from epitaxial thin-
film SrTiOs.

Il. SAMPLE PREPARATION AND CHARACTERIZATION

Epitaxial SrTiO; films with thicknesses ranging from 30 nm to
100 nm were deposited via pulsed laser deposition on (110) ori-
ented DyScO3, TbScO3, and GdScOs3, substrates at a heater temper-
ature of 850°C in oxygen at 0.5Pa, a laser power of 5J/cm’
(repetition rate 10Hz) using stoichiometric single-crystalline
SrTiO; targets, and a target-to-substrate-distance of approximately
55mm. The films grow epitaxially with a (001) orientation (see
insets of Fig. 2).

Due to the lattice mismatch between SrTiO; and the different
rare-earth scandates, the in-plane lattice parameters ([100] and
[010]) of SrTiO; are slightly elongated, whereas the [001] lattice
parameter of SrTiO; is slightly reduced. Neglecting relaxation
effects which typically set in for thicker films, the resulting strain in
the epitaxial SrTiO; films on (101)DyScO; are 1.002%, 1.130%,
and -0.637% for the different directions [100]SrTiO; (oriented
along [110]DyScOs), [010]SrTiO; (oriented along [001]DyScOs),
and [001]SrTiO; (oriented normal to the DyScOj; surface), respec-
tively. Slightly larger values are present for SrTiO; on the other
rare-earth scandates TbScO; and GdScOs;. More details can be
found in our previous work in Ref. 23. As a result, we obtain
SrTiO; films with different in-plane tensile strain along a “short”
([100]) and “long” ([010]) axis. It has been shown that the expan-
sion of the in-plane lattice parameters strongly affects the phase
transition temperature T, for the transition from the ferroelectric
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FIG. 2. Theoretical expectation [solid line, according to Eq. (1)] and experimen-
tal data (symbols) of the strain dependence of the Curie temperature for SrTiO3
and our SrTiO; films on various rare-earth scandates, respectively. The different
symbols mark unstrained SrTiO; (solid circle) and the films grown on DyScOs
(open triangles), TbScO; (solid triangles), and GdScOs (open diamonds). The
insets show the reciprocal space mapping of the XRD in the vicinity of the (332)
(left) and the (240) (right) Bragg reflections of the substrates for a 90 nm thick
SrTiO; film grown on (110)DyScOs; the crosses indicate the positions of the cor-
responding XRD reflexes of unstrained SrTiO;. The sketch indicates the
crystallographic orientation of the SrTiO; in the case of the growth on (110)
XScO; (X =Dy, Tb, Gd).
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to the paraelectric state.”” The strain dependence of the closely
related Curie temperature T¢ can be explained by the Landau ther-
modynamic theory,
+
Te(e) = 26,0 252 4 7 (0), 1)
su Sz

where g is the permittivity of vacuum, C is the Curie-Weiss constant,
Qjj and s;; represent the electrostrictive coefficients and elastic compli-
ances, and € is the strain. Inserting reasonable values for SrTiOs, i.e.,
Te=0)=36K, C=9x10*K”° Qi+ Q;2=-0.033m*/C%” and
11+ 512 = 2.38 x 1072 m?/N,” we obtain a linear dependence of the
phase transition temperature on the strain as shown in Fig. 2. It
turns out that the films with a transition temperature slightly below
room temperature (i.e., operating temperature of an e-synapse) are
beneficial for the use in memristor devices (this is actually in agree-
ment with the assumption sketched in Fig. 1 that a peak in the con-
ductivity slightly below the operation temperature might be beneficial
for the performance of the e-synapse). In contrast to films deposited
on TbScO; or GdScO;, films on DyScO;5 operated more robust and
show the required resistive switching behavior at room temperature.
Therefore, we will only report on the results obtained for the SrTiO;
on DyScO; in the following.

In order to study the electrical properties of the SrTiO; films,
metal electrodes were deposited on top of the films using e-beam
lithography and lift-off lithography technique.”” Depending on the
type of measurement, different designs and metal combinations are
chosen for the electrodes. The design for the resistive characteriza-
tion of the film and the metal-oxide interface consists of two “flat”
electrodes (extended plane-parallel electrodes, see, for instance,
insets of Figs. 3 and 4), whereas for the memristive devices, a com-
bination of a flat electrode and a sharply tapered electrode is used
[see, for instance, the inset of Fig. 5(a)]. The electrodes consist
either of a single Pt layer (thickness 50 nm) or a combination of a
Ti layer (5 nm) and a Pt layer (50 nm).

lll. RESULTS AND DISCUSSION

Before we get to the e-synapse, let us first discuss (i) the elec-
tronic behavior of the strained SrTiO; films and (ii) the role of the
metal-oxide interface between the electrodes and the oxide film.

A. Resistive behavior of strained SrTiO5 films

Figure 3 shows a comparison of the conductivity of two
strained SrTiO; films of different thicknesses [deposited on (110)
DyScO; and measured along the in-plane direction (here [010]
SrTiO; direction)] and unstrained single crystalline SrTiO;. In
order to exclude the influence of the electrode-film interface (see
Sec. 111 B)*” and record only the conductivity in the oxide film, a
rather large gap of 3 um between the electrodes has been chosen.
This large gap size is compensated by a large electrode size
(500 um, see the sketch in Fig. 3). Since the low-temperature data
for the crystal fall below the resolution of these measurements
(approximately 5-107°S/m), the data of the single crystal are
recorded in the nonlinear regime (here 3.3 V/um). All other data
are obtained in the ohmic regime, ie., at low electric fields.
Nevertheless, the trends are clearly visible.
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FIG. 3. Temperature dependence of the conductivity of a 90 nm and a 60 nm
thick SrTiOj3 film on (110)DyScO5; measured along the large strain ([010]SrTiO5)
direction and, for comparison, of unstrained SrTiO3 (single crystal). All measure-
ments represent the conductivity at small electric fields, i.e., in the ohmic
regime, except for the low temperature data for crystalline SrTiO; (gray line)
which was measured at elevated field (3.3 V/um) in order to obtain a measur-
able signal above the noise floor of ~ 5-1078 S/m. The phase transition temper-
ature T, for strained SrTiO; is marked, the inset shows a sketch of the electrode
design and the arrangement of the layers.

Although, especially the measurements of the conductivity of
the strained films turn out to be difficult due to their “plasticity”
(which represents the most important property of these films and
will be discussed later), there are a number of interesting features
visible in Fig. 3:

(i)  Generally the conductivity is larger in the strained films com-
pared to that of the unstrained single crystal. The enhanced
conductivity might be a result of the enhanced density of
defects (especially oxygen vacancies) that are automatically
generated by the strain in these films.”*”’

(i) 1In all cases, a peak in the conductivity can be seen which
seems to be associated with the ferroelectric phase transi-
tion.”*” This peak is visible for the strained films. In analogy,
we observe a strong increase of the conductance of the
unstrained SrTiO3 at low temperature (indicating the
approach of the “non-existing” ferroelectric transition of the
incipient ferroelectric material) if we extend the measurement
to large electric fields (i.e., to the non-ohmic regime). Due to
the strain-induced shift of T,, this peak is shifted toward room
temperature for our strained films on DyScO;. This peak
might be one reason for the robustness of these films in mem-
ristor devices (see also the idealized sketch in Fig. 1).

(iii) Finally, excluding the peak at T,, generally the conductivity
increases with increasing temperature in a more or less expo-
nential way. This also defines an optimum for the operation
of these films in memristor or e-synapse devices.
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The increased conductivity of the strained films including the peak
in the conductivity just below room temperature is one of the
major reasons to choose SrTiO; on DyScO; for further memristor
and neuromorphic experiments.

B. Metal-oxide interface of strained SrTiO5

It is known from the literature that the choice of metal can
strongly affect the transport behavior of metal-oxide inter-
face.”””**> For instance, it is reported that Ti deposited on TiO,
can create a high density of oxygen vacancies near a metal/semi-
conductor interface.'* These oxygen vacancies can also be benefi-
cial for the resistive behavior of oxide films.”°** Meanwhile, the
height of the Schottky barrier in the metal-oxide interface can be
decreased by substituting the electrode with a low work function
metal. Therefore, we tested two different types of metallic electrodes

for our strained SrTiO; films, ie., Pt-electrodes and a metallic
bilayer consisting of Ti and Pt. In the first case, the metal-oxide
interface is formed by SrTiOs/Pt, in the second case, it is defined
by SrTiO/Ti. The thickness of the Ti and Pt layers are always 5 nm
and 50 nm, respectively.

Figure 4 shows a comparison of typical current-voltage charac-
teristics (IVCs) of metal-insulator-metal structures obtained for a
combination of Pt or Ti/Pt electrodes with a strained SrTiO; film.
The measurements are performed at room temperature in order to
obtain the conductivity of the oxide film at operation temperature.
Again, a rather large gap of 3 um has been chosen which is com-
pensated by the large length (500 um) of the electrodes. The main
features of this experiment are:

(i)  The Ti/Pt electrodes lead to a much larger conductivity com-
pared to the device with pure Pt electrode. This is most likely
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caused by the high density of oxygen vacancies at the
Ti-SrTiO3 interface, which reduces the barrier height of the
metal-oxide interface.'"”’

(i)  Furthermore, the two devices show a different conduction
mechanism. Whereas the Ti-SrTiO3 interface behaves ohmic
as indicated by the linear part of the IVC at low electric fields
[see insert of Fig. 4(a)], we observe a Schottky behavior
according to InJ oc 4/E for the Pt-SrTiOs interface [see the
inset of Fig. 4(b)].

Although in other reports the electrodes showing Schottky behavior
have been utilized to establish a memristor,”****! in this work, we
use the ohmic behavior (at small electric fields) of the Ti-SrTiO;
interface in combination with (i) the strain enhanced conductivity
and (ii) an asymmetric electrode concept. Using the strained
SrTiO; films on (110) DyScO; in combination with a combination
of a flat and a tapered electrode, we developed planar memristors
that show the desired plastic behavior, i.e., the desired behavior of
an e-synapse.

C. E-synapse made from strained SrTiOz

Figure 5 shows typical results obtained for asymmetric elec-
trode designs consisting of a sharp tip opposing a flat electrode
[see the sketch in Fig. 5(a)]. The distance between both electrodes
is 500 nm and the sharpness of the tip is 14°. Figure 5(a) shows the
memristor behavior as well as the plasticity which both are essential
characteristics of an e-synapse. In this measurement, a continuous
voltage sweep is applied at the electrodes, the values next to the
curves indicate the number of the successive voltage cycle (not all
cycles are shown). The IVCs show the typical memristor behavior
with a high current (conductance) in the ON state and a low
current (conductance) in the OFF state. However, while the OFF
state stays low, the ON state increases with increasing number of
cycles [shown for a read voltage of 5V in Fig. 5(b)]. This plastic
behavior is known from the literature.”” It represents a gradual
process defined by the migration of oxygen vacancies (see the
sketches in Fig. 5). In the beginning, the vacancies form very thin
channels that allow only a small transport current. With each loop,
the channels grow wider until the local electrical field gradient
becomes too weak to support any further migration of oxygen
vacancies. The role of the electric field and the resulting local tem-
perature for the migration of the oxygen vacancies will be discussed
later. First, indications on the internal dynamics, i.e., motion of
oxygen vacancies, and resulting conducting mechanisms can be
obtained from the IVCs [see Figs. 5(c) and 5(d)].

For negative voltages (“set voltage,” electrons move from the
flat electrode toward the tip) a Poole-Frenkel (PF) behavior'>* is
observed [Fig. 5(c)]. The PF emission describes a hopping of elec-
trons in an electrical insulator. Electrons are trapped in localized
states. Due to thermal fluctuation, they can spontaneously be
excited to the conduction band and move (hop) under the impact
of an electric field to another trapping side. For large electric fields,
this leads to a current density J,

£\ 12
]—quEnoexp[—%—l—%(q ) :|, 2)

TEE
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where ¢ is the electron charge, u is the electronic drift mobility, ng
is the density of electrons in the conduction band (here the defect
concentration), ¢ is the voltage barrier for the hopping of elec-
trons trapped in an isolator, and € is the dielectric constant of the
isolator.

Figure 5(c) shows a typical PF behavior, i.e., a linear correla-
tion between In(J/E) and EY? in agreement with Eq. (2). Using
typical values x=04-10"*m?>V~'s™' for the mobility and
#1o=1.5-10**m™> for the initial electron density in SrTiOs," we
obtain a reasonable value of ¢y =2 0.28 €V, which describes the
voltage barrier that the electrons have to overcome in order to hop
between defects in our strained SrTiO;. With increasing number of
voltage cycles, the height of the linear PF fit changes slightly [see
Fig. 5(c)]. In terms of the PF model, this implies that with increas-
ing number of voltage cycles either the electron concentration n,
increases or the voltage barrier ¢ decreases. Since we can assume
that the height of the voltage barrier is a characteristic property of
the defects (oxygen vacancies) in our strained SrTiO; which should
not be affected by the voltage cycles, the density ny or the distribu-
tion of the defects between the two electrodes has to change due to
the voltage cycles. This agrees with the general picture shown in
Figs. 5(b) and 5(c). Electrons hop from defects (oxygen vacancies)
to defects. With the increasing number of cycles, more percolative
defect channels are formed between both electrodes, which auto-
matically affects the effective density of defects between the elec-
trodes. According to the PF model, the charge carrier density
would increase by ~67% during the first 100 voltage cycles shown
in Fig. 5. This increase is most likely the result of redox processes
in the SrTiO; film.”**"

For positive voltages (“read” and “reset”), electrons move from
the tip to the flat electrode [see the sketch in Fig. 5(d)]. First, a
large conductivity marks the ON state of the e-synapse. However,
at high enough voltages, oxygen vacancies are pushed away from
the flat electrode, which will cause a disruption of the conductive
defect channels (“reset”). These gaps strongly reduce the conduc-
tance of the e-synapse resulting in the low conducting OFF state.
In the OFF state, the IVCs show no plasticity. Moreover, they
display the expected space-charge-limited current with the charac-
teristic I oc V1/2 [see Fig. 5(d)].*"

In order to understand the impact of the electrode geometry
on the electric field and resulting temperature distribution during
the electroforming process, different electrode designs were ana-
lyzed. In all cases, designs similar to that of the experiments were
chosen, i.e., a sharp tip opposing a flat electrode with a distance
between the electrodes of 500nm. However, the sharpness
(i.e., angle) of the tip was varied. Due to the relatively large gap
between the two electrodes (tip and flat electrode), the diameter of
the very tip can be neglected. First, a 2-D electric field distribution
was calculated via finite-difference time-domain (FDTD) method*’
assuming a homogeneous thin SrTiO; layer. A typical example of
the initial field distribution is shown in Fig. 6(a). Generally, the
field gradient is largest at the tip of the tapered electrode. This gra-
dient increases with the sharpness of the tip, i.e., with decreasing
angle that describes the tapered geometry. The electric field
gradient leads to a current and, thus, to a local heating of the film.
Both, electric field and the thermal effect, determine the drift of
oxygen vacancy, i.e., the electroforming process.
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1 FIG. 6. (a) 2D initial electric field distri-
bution for a 14° tip and (b) resulting
1 change of the temperature as function
of distance from the tip in the direction
to the flat electrode for different angles
of the tapered electrode. The applied
voltage is 30V and the inset in (b)
shows an image of a real electrode
with a 14° tip.
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For the evaluation of the resulting temperature distribution in
the initial state of the device, we consider an electronic heating of the
SrTiO; between the electrodes and a cooling provided by the sub-
strate. All other thermal effects can be negligible. On the one hand,
the thermal energy induced by a current in a small volume V is

Qin = IRt = cmAT, 3)

where I is the current flowing through volume V, R and m are resis-
tance and mass of V, c is the specific heat of SrTiOs, t is the duration
of the current pulse, and AT is the resulting change in temperature.
On the other hand, the heat flow through an area a* at the interface
between film and substrate is

Qout = k az Tsu[face _hTsubstmte f (4)
where k is the thermal conductivity and & represents the thickness of
the film. Inserting reasonable values for our SrTiO; films, e.g., ¢ =30
cal/mol K,”° and k=6 W/(mK),”" we can evaluate the time 7 after
which the temperature in the SrTiO; film is stable (here, other
effects like the plasticity, i.e., migration of oxygen vacancies, are not
considered). Assuming Q;; = Qo in the stable state, we obtain a
value 7<5us for our SrTiO; films of thickness k<100 nm. This
means that after an extremely short time of only a few microseconds,
a stable temperature distribution is obtained during electroformation
or pulse experiments in our SrTiO; film.

With this knowledge and the assumption that the substrate
represents a large heat sink at a constant temperature (i.e., room
temperature), we can even obtain the temperature distribution in
the first microseconds of a current pulse using Eqgs. (4) and (5).
Figure 6(b) shows the change of temperature in the in-plane direc-
tion pointing from the tip of the tapered electrode to the flat elec-
trode. Generally, the temperature increase peaks at the tip and
reduces strongly with the distance to the tip. With increasing
sharpness of the tip, AT increases. Consequently, sharp tips were
chosen for the experiment, which at the same time are technically
feasible and robust. The best results were obtained for the sharpest
tip with an angle of 14° [see Fig. 6(b)], smaller angles were not
examined.

The major component of the initial electroformation and the
following operation of our e-synapse is the migration of oxygen

10
Distance from tip [nm]

100

vacancy in the SrTiOj; layer. This migration is caused by the com-
bined action of the local electric field and temperature. In the
regular lattice of the ionic SrTiO;, oxygen vacancies are positively
charged. Under a large enough electric field, the oxygen vacancies
tend to move toward the negatively charged electrode. At the same
time, the electric field leads to a local heating which enables or
enhances the mobility of the oxygen vacancies.”” Initially, the
highest mobility is expected at the positively charged electrode
(e.g., the sharp tip in the set state). With the formation of the
channel, this point of the highest electric field and, thus, of the
highest temperature moves with the channel front toward the nega-
tively charged electrode. Due to the asymmetric design of the elec-
trodes, this process of electroformation of conductive channels is
the fastest for the development of channels from the sharp tip to
the flat electrode (see sketches in Fig. 5). Once a conductance
channel is completed, the electric field becomes homogeneous and
further migration is stopped, the initial electroformation is finished.

The drift velocity of the oxygen vacancies can be described by
the Mott-Gurney equation’®

v = df exp (— i—;) sinh (gc_dTE>’ (5)

where d represents the hopping distance, f is the attempt frequency,
E, is the activation energy, z is the charge of the ion, and E is the
electric field. Inserting reasonable values, e.g., d=4A for SrTiOs,
z=2 for double positively charged oxygen vacancies, an attempt
frequency f=6.67 x 10> Hz,”® and activation energy of oxygen
vacancy of 0.8eV and 0.7¢eV for unstrained and tensile strained
SrTiO;,”" we can simulate the mobility of oxygen vacancies in
unstrained and strained SrTiO; as function of electric field and
temperature.

The resulting comparison of the drift velocities for strained
and unstrained SrTiO; (see Fig. 7) provide a number of interesting
information. First, the oxygen vacancy mobility is generally higher
in strained SrTiO; compared to unstrained SrTiO;. From our
FDTD simulation [see, e.g., Fig. 6(a)] we know that in our experi-
ments (voltages clearly below 30V), the typical electric field
between the two electrodes ranges between ~10” and ~2-10° V/m.
Already at room temperature, the velocity of oxygen vacancies is of
the order of 1-10 nm/s for strained SrTiOs;, which is 10 to 100
times faster than for unstrained SrTiOs;. Second, the mobility is
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FIG. 7. 2-D contour plots of the drift velocity of oxygen vacancy according to
Eq. (5) using activation energies of 0.8 and 0.7 eV for unstrained and tensile
strained SrTiO3, respectively.

locally further enhanced due to the local heating of the SrTiO;. As
shown in Fig. 6(b), the local temperature can easily be enhanced by
several tens of kelvins at the sharp tip, e.g., 50 K for our 14° tip (see
Fig. 6). Due to this temperature increase, the velocity of oxygen
vacancy migration is further enhanced at the position of the
highest field gradient. These considerations reveal that the combi-
nation of strained SrTiO; and an optimized electrode design

w
o

200
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(sharp tip and a flat electrode) lead to a high mobility of the
oxygen vacancies. However, a too high mobility can be detrimental
to, or even destructive for, the device. This can be demonstrated by
enhancing either the temperature of the device or the electric field
during the experiment.

Figure 8 shows a series of IVCs taken at different temperatures.
Starting after electroformation at room temperature [Fig. 8(a)],
one obtains a perfect memristor behavior, which has already
been discussed in detail in Fig. 5. By increasing the temperature to
330K [Fig. 8(b)], the conductivity increases by a factor of ~4
(reset) or ~10 (set), whereas the hysteresis in the positive voltage
regime is slightly reduced, e.g., the difference of the read signal
(ALieag=Ion—Iopr) in the ON state and OFF state is reduced by
~30% [see Fig. 8(d)]. A further enhancement of the temperature to
340K [Fig. 8(c)] leads to a strong enhancement of the conductivity
by more than an order of magnitude and an inversion of the hystere-
sis in the positive voltage regime. The IVC is nearly symmetric,
Al ,q is now negative [see Fig. 8(d)] and the device does not operate
as a memristor or even e-synapse anymore. The enhancement of the
operating temperature from room temperature to 340 K completely
changes the behavior of the device. The resulting changeover of the
difference of the read current Al,.,q in the ON and OFF state from
positive to negative is summarized in Fig. 8(d).

D. Plasticity of E-synapse made from strained SrTiO3

In order to examine the plastically of our e-synapse, we per-
formed various series of pulse measurements. These measurements
should demonstrate the ability of these devices to “learn” and

(a) (b)
100} 330 K
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o o
1 !

-100 -
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FIG. 8. (a)—(c) IVCs of an e-synapse
(14° tip) on 90 nm thick SrTiO3 film on

-400

20 —

DyScO3 measured at different tempera-
tures and (d) difference of the read

15} (d)
10f

current measured at 5V in the ON
b state and OFF state. The schematics
- ] in (a)—(c) display the expected change
of the distribution of oxygen vacancies
for the different temperatures.
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FIG. 9. (a) Train of voltage pulses consisting of reset pulses (+60 V/um, 55),
set pulses (—60 V/um, 5s and —20 V/um, 5s), and a read electric field of
10 V/um and (b) resulting read conductance measured from an e-synapse
(14° tip and 90 nm thick strained SrTiO5 on DyScOs).

“forget” similar to the synaptic long-term and short-term potentia-
tion/depression or spike-time-dependent plasticity.

Figure 9 shows a typical result obtained for our e-synapse for
a series of set-pulses of different heights. The electric fields are sub-
sequently —60 V/um and —40 V/um for Eg, 60 V/um for Eieeo
and 10V/um for E.q. The resulting read conductance is
unchanged at ~2nS for the OFF state, whereas it relaxes strongly
in the ON state.
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Generally, the initial height of the ON state conductance
should depend on:

(i) the starting point, i.e., the read conductance at which we
start the series (history effect),

(ii)  the amplitude of the set field Eq,

(iii) the duration of the set-pulse, and

(iv) the repetition rate of the set-pulse.

In the experiment shown in Fig. 9, only E is varied. For the larger
Eqer (Ist, 3rd, and 5th pulse), a large initial signal is recorded directly
after the set pulse. However, the subsequent relaxation of the signal in
the read state looks very similar for all pulses (small and large E).
The relaxation of the signal follows the classical relaxation
process described by a Kohlrausch-Williams-Watts function™

I(t) oc exp [— (g)ﬂ} , (6)

where f3 represents the coupling parameter (typically 0 <B < 1) and
7 is the mean relaxation time. All relaxation processes of the ON
state shown in Fig. 9 can be fitted by Eq. (6) yielding values of
B = 0.17 and 7 = 10s. The resulting exponent 8 = 0.17 indicates
that the distribution of the local conductance is inhomogeneous
(a B value close to 0 is an indication for an inhomogeneous distri-
bution). The mean relaxation time 7 22 10s is reasonable since the
mobility of oxygen vacancies in the nanogap between the electrodes
is estimated to be below 10 nm/s (see Fig. 7).

Figure 10 demonstrates the short-term plasticity of the
e-synapse. It shows 4 different series of measurements where the
frequency and amplitude of the set-pulses are varied. Moreover,
different starting conditions are chosen. In all cases, we observe the
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FIG. 10. Relaxation of the conduc-
tance in the read state for various
series of electric set-pulses varying the
frequency (left, series | and Il) or ampli-
tude (right, series Ill and IV) of the
stimulus. The top shows the two differ-
ent set pulses (blue and red), the
resulting read conduction is given in
the figures below using the same color
code.

. read2V/um,5s
I' write -30 I\//pm ,2s

3 . I' write -30 .V/“m’ 2s
0 20 40 60 80 0 20

Time [s]

40 60 80
Time [s]

J. Appl. Phys. 125, 245106 (2019); doi: 10.1063/1.5093138
Published under license by AIP Publishing.

125, 245106-8


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

T T T T T T T T T T
6 series I
w
=
o Or 7
e | . series |
© T
>
©
S 4F - :
3 series |V
3 L |
0.1 1 10
Time [s]

FIG. 11. Typical fit of the relaxation of the read conductance after a set pulse
according to Eq. (6). The data represent different series shown in Fig. 10, in all
cases, a relaxation time © =2 100ps and a coupling parameter 8 = 0.022 is
obtained.

characteristic relaxation of the ON state signal similar to that
shown in Fig. 9. In the left set, the frequency of the set pulses is
changed, amplitude and pulse duration are identical. For the larger
frequency, a small increase of the general signal height is observed,
whereas for the smaller frequency, the general signal height
decreases. For the right set, the amplitude of the set pulses is
modified, frequency and duration are identical. Whereas the signal
level is nearly unchanged in the case of the smaller set amplitude,
it increases strongly for the large set amplitude. In conclusion, of
the experiments shown in Fig. 10, the general trend of the ON-state
signal height show a clearly visible dependence on the amplitude,
duration, and repetition rate of the set pulse.

However, as demonstrated in the semilogarithmic plot of the
first seconds (Fig. 11), all relaxation processes show the same
stretched exponential behavior of Eq. (6). There is no significant
difference for the different types of reset pulses. The small exponent
B = 0.022 indicates that there is only a small coupling in the
system due to a highly inhomogeneous distribution of the local
conductance. The mean relaxation time 7 22 100 ps corresponds to
a frequency of ~10 GHz which is characteristic for the limiting fre-
quency of dipole motion in ionic oxide crystals.”

In the end, we can identify two types of processes that cause
the plasticity in our SrTiO; e-synapse:

(i) A fast process defined by the ionic dipole formation (polari-
zation) in the strained SrTiO; leads to a fast relaxation with a
mean relaxation time of 7 22 100 ps,

(ii) A slow process defined by the mobility of oxygen vacancies
with a mean relaxation time of 7= 10s at room tempera-
ture. The latter process depends on the amplitude, duration,
repetition rate of the set and reset pulses as well as on the
initial state of the synapse.

ARTICLE scitation.org/journalljap

IV. CONCLUSIONS

In this work, we engineer the electronic transport properties
of the SrTiO; thin film via epitaxial strain and demonstrate that
strain-optimized SrTiO; layers might be used as the active compo-
nent in artificial synaptic devices (e-synapse). Using the tensile
strain imposed by the rare-earth scandate substrates on epitaxial
grown SrTiOj; films, we not only enhance the density and mobility
of oxygen vacancies in the film but also shift the ferroelectric-
paraelectric phase transition to room temperature. As a result, the
conductivity of the SrTiO; increases by orders of magnitude (e.g.,
from ~107°S/m to >10™*S/m for unstrained and strained SrTiOs,
respectively) and we observe a significant plasticity of the conduc-
tivity, and due to the phase transition close to room temperature
(operating temperature), we expect a high stability (robustness) of
an e-synapse made from these films. A further enhancement of the
conductivity is obtained by the use of Ti/Pt electrodes. In contrast
to pure Pt electrodes which show a Schottky behavior and which
are usually used in memristor devices,” """ we utilize the ohmic
behavior of the Ti-SrTiO; interface in combination with asymmet-
ric electrodes for the demonstration of planar arranged e-synapse.

The resulting e-synapses show memristor behavior and the
plasticity of the signal, which are both essential characteristics of an
e-synapse. Our experiments demonstrate the ability of these devices
to “learn” and “forget.” Similar to the synaptic long-term and
short-term potentiation/depression or spike-time-dependent plas-
ticity,"” two different types of plasticities can be identified for our
SrTiO; e-synapse: a fast process associated with the ionic dipole
formation and a relaxation time in the 100 ps regime and a slow
process defined by the mobility of oxygen vacancies with a relaxa-
tion time of several seconds. Considering the stability and flexibility
of these planar devices, we believe that strain-engineered SrTiO; or
alternative oxides might provide extremely interesting opportunities
for the development of many low-power e-synaptic device
concepts.
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