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switches deployed as resistive random 
access memories (ReRAMs), which are 
a non-volatile type of memory, received 
extensive interest as a promising can-
didate for the replacement of current 
transistor technology. In 2008, Strukov 
and Williams [ 2,3 ]  reported a connection 
to the mathematical memristor concept 
developed by Chua. [ 4 ]  In general, a resis-
tive switch can attain different resistance 
states which are controlled by the polarity 
or magnitude of an applied bias resulting 
in pinched hysteretic  I–V  profi les. [ 5 ]  In 
recent years, resistive switching has been 
reported for various classes of materials 
ranging from sulfi des (e.g., Cu 2 S, Ag 2 S) 
to binary oxides (e.g., TiO 2 , SiO 2 , CuO, 
NiO, CoO, Fe 2 O 3 , MoO, VO 2 ) over to com-
plex oxides (e.g., SrTiO 3-δ , (La , Sr)MnO 3 , 
(Pr,Ca)MnO 3 , BaTiO 3 , (La,Sr)(Co,Fe)O 3 , 
CeCu 3 Ti 4 O 12 ). [ 6–9 ]  Among those the most 
extensively studied switching oxides 
are already processed in today’s semi-
conductor industry as gate oxides like 
SrTiO 3-δ , [ 10 ]  SiO 2 , [ 11 ]  TiO 2-δ , [ 12 ]  Ta 2 O 5-δ  [ 13 ]  
or HfO 2-δ.  [ 14 ]  For oxide-based memristive 
systems one has to distinguish between 
switches whose mechanism relies on 
mobile metal  cations  and those relying 

on mobile oxygen  anions  [ 1 ] : Electrochemical metallization 
switches relying on  cations  consist of an active electrode mate-
rial, e.g., Ag or Cu, from which the cations migrate at high 
electric fi elds through an electrolyte forming a metal fi lament 
towards a second inactive electrode, e.g., Pt. [ 15 ]  In contrast, 
valence change resistive switches rely on oxygen  anion  migra-
tion over structural defects (oxygen vacancies) in the oxide 
under high electric fi elds. Here, oxygen ionic defects govern 
the resistive switches’ device characteristics relative to the 
fi eld strength and charge carrier fl ux history. Although ani-
onic resistive switches are highly promising as novel memory 
devices their defect kinetics at different electric fi eld strengths 
and the implication on the memristive device are largely 
unexamined. 

 To date, studies on anionic-memristive systems focus pri-
marily on reports of hysteretic and memristive  I–V  profi les of 
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  1.     Introduction 

 Today’s memory technologies, e.g., dynamic random access 
memory (DRAM) and fl ash memory, rely heavily on the 
miniaturization of transistors to maintain the projected per-
formance growth. However the physical limitations of this 
approach are nearing which emphasizes the need for new 
technologies to be developed. [ 1 ]  In recent years, resistive 
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metal|oxide|metal combinations and their processing. Classi-
cally, the memristance of anionic switch devices is only meas-
ured by either cyclic voltammetry or the analysis of low and 
high resistance states addressed by short pulses. Both methods 
do not directly correlate the oxide’s bulk and interface non-equi-
librium carrier kinetics or defect thermodynamics to the meas-
urable memristive device performance. Therefore, to establish 
engineering guidelines for the material selection, the develop-
ment of new methodology is required to connect the materials’ 
defect kinetics to memristive device performance with respect 
to switching speed, scalability, endurance, high to low resist-
ance ratio, and power consumption. 

 Through this work, we focus on strontium titanate, SrTiO 3-δ , 
a well-established mixed conducting memristive oxide to fabri-
cate own memristive cross-bar bit devices. We investigate and 
apply new methodology to discuss the role of carrier diffusivi-
ties on memristive device performance. For this, we introduce 
the selected oxide material and discuss its defect chemistry 
and performance with respect to memristors. Additionally, the 
state-of-the-art methodology in the fi eld for probing memristive 
devices in view of carrier contributions is carefully examined. 

  1.1.     What is the Role of Defects and Carrier Contributions for 
Memristive Devices based on SrTiO 3-δ ? 

 The perovskite SrTiO 3-δ  is a mixed anionic-electronic con-
ducting model material for which classic defect chem-
istry models are well established and reports of memristive 
switching devices already exist. 

   1.1.1. Defect Chemical Consideration  

 SrTiO 3-δ  reveals a simple cubic perovskite structure with inter-
twined sublattices of TiO 2  and SrO. In this structure, the overlap 
of the oxygen 2p and cationic Ti 3d-orbitals is rather small 
with a wide electronic band gap of about E Gap  = 3.2 eV. [ 16,17 ]  
As a consequence, the electrical conductivity is rather low for 
the undoped state and the equilibrium point defect concentra-
tions determine the overall electrical conduction. The defect 
concentration dependency on temperature, atmosphere, pro-
cessing or bias can be leveraged. For example, dependent on 
environmental conditions SrTiO 3-δ  exhibits either predomi-
nant oxygen ionic conduction via vacancies in the lattice or 
electronic conduction via holes (p-type) or electrons (n-type) 
in accordance to its Brouwer diagram, see Rothschild [ 18 ]  for 
details. For the targeted application of SrTiO 3-δ  as an active 
oxide component in valence change ReRAMs it has to be noted 
that these typically operate in air at moderate temperatures, 
i.e., room temperature up to 80 °C. Extrapolation of typically 
high temperature derived conductivities and diffusion data 
studied on bulk undoped SrTiO 3-δ  ceramic pellets to these 
conditions suggest a predominant p-type [ 19 ]  (hole) conduction 
mechanism with a low chemical oxygen diffusion coeffi cient of 
≈10 −17  m 2 s −1  in single crystals for ambient conditions. [ 20 ]  How-
ever, it remains unclear whether this hypothesis on the domi-
nating carrier contribution kinetics holds due to the following 
arguments for memristive devices: 

 First, extrapolation of high temperature defect models 
(>500 °C) to room temperature is precarious and one may care-
fully examine the validity for this rather new room temperature 
application as memristors. Further review on the high temper-
ature-defect chemistry and conduction models for the mate-
rial SrTiO 3-δ  are given in the excellent studies of Merkle [ 21 ]  and 
Waser. [ 17 ]  

 Second, operation of memristive oxides requires high local 
electric fi eld strength on the oxide fi lm, typically >10 5  Vm −1 , 
infl uencing the defect chemistry and charge transfer character-
istics. To date, charge transfer, in terms of the dominant car-
rier types and according activation energies are predominantly 
investigated close to 0 V bias and purely discussed with respect 
to temperature, atmosphere, or microstructure for oxides. This 
differs to oxide-based memristive devices operating at high 
electric fi eld strength and ambient conditions. 

 Third, most models are derived for bulk ceramic pellets and 
single crystals. The role of thin fi lm-processing related charac-
teristics is rarely discussed for the memristive oxides, i.e., lat-
tice strain, microstrain or simply the grain boundary density 
may vary and requires debate. In thin fi lms those properties 
are likely to affect the defect thermodynamics and resulting car-
rier transport properties or the non-stoichiometry. For example, 
strain can affect the transport properties changing the local 
bond strength in doped and undoped SrTiO 3-δ  fi lms. [ 22 ]  Gre-
gori, Maier and co-workers [ 23–25 ]  discussed the role of space 
charges for size-effect changes in the grain to grain boundary 
ratio of thin fi lms. Waser, Guo and co-workers [ 26 ]  revealed that 
the Brouwer diagram changes dependent on the variation 
of space charge volume relative to fi lm thickness and strain 
state of a SrTiO 3-δ  thin fi lm. De Souza highlighted the role of 
grain boundaries on extended defects in SrTiO 3-δ  in theory and 
experiments. [ 20,27,28 ]  In addition, amorphous residuals or overall 
crystalline to amorphous phase content changes can affect the 
transport kinetics by near order structural changes of such 
oxide thin fi lms. [ 29–31 ]  Review contributions of Yildiz [ 32 ]  and 
Rupp [ 33 ]  revealed that lattice strain for thin fi lm processing of 
oxides can be used as an engineering tool to tune their defect 
chemistry, transport and non-stoichiometry. Recently, we 
showed that strain engineering in new types of oxide multilayer 
micro-dot devices can control anionic conductivity contribu-
tions beyond classical doping. [ 34 ]  Here, fi rst chip-based micro-
contacting strategies were presented to tune real anionic strain 
effects for potential moderate temperature applications like 
resistive switching devices. [ 34,35 ]  

 Therefore, current defect models derived for high tempera-
ture bulk pellet ceramics and single crystals need to be carefully 
tested in their applicability to establish atomistic models for 
memristive switching in mixed conducting anionic-electronic 
oxide thin fi lms operated at room-temperature under high elec-
tric fi eld strength; as are the prevailing conditions in memris-
tive metal|SrTiO 3-δ |metal devices.  

   1.1.2. Memristive Devices  

 Several groups demonstrated resistive switching for SrTiO 3-δ  
with Pt, Ti, Ni, Pd, Au, Nb:SrTiO 3  or SrRuO 3  electrodes at local 
electric fi eld strengths of 10 5 –10 9  Vm −1 . [ 10,36–41 ]  In these studies 
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SrTiO 3-δ  single crystals or thin fi lms deposited via pulsed laser 
deposition were examined. A promising endurance of 10 6  
cycles, retention of 10 5  s and R off /R on  ratio of 100 could be 
demonstrated for SrTiO 3-δ  based memristive switches. [ 42 ]  The 
wealth of experience in working with SrTiO 3-δ  as a transistor 
gate oxide on a chip make its integration into future ReRAM 
devices highly feasible. For further information about integra-
tion and specifi cations of ReRAMs see Refs.  [ 17,43,44 ] . Dif-
ferent mechanisms for resistive switching and memristance 
on the atomistic scale were proposed for SrTiO 3-δ  in literature 
and are still under debate: Sawa [ 45 ]  emphasized the role of the 
Schottky barrier and of changes along metal|oxide interfaces. 
Waser and co-workers [ 37 ]  argue that oxygen vacancy fi laments in 
SrTiO 3-δ  are responsible for the resistive switching. Depending 
on the applied bias amplitude the mechanism could even be 
changed between fi lament and homogenous interface type 
switching on SrTiO 3-δ  samples. [ 10 ]  However, independent of the 
mechanism the  thermodynamics  of the anionic diffusive species 
at the high electric fi elds involved during resistive switching 
determine the required SET/RESET voltages, read voltages 
and the range of accessible resistance states for the memristive 
device. On the other hand, it is the  drift and diffusion kinetics  
which defi ne performance specifi cations of a memristive device 
such as switching speed and endurance. Therefore, we need 
new methods to access these fundamental carrier transport 
parameters for memristive anionic-carrier systems.   

  1.2.     How to Probe Electric Contributions of Charge Carriers 
and Their Atomistic Role to Memristance? 

 Today, most electrical measurements in ReRAM research are 
done either by  pulse experiments  or by  cyclic voltammetry meas-
urements . Pulse experiments during which the bias pulse is 
applied for few nano- to micro-seconds are close to later appli-
cation conditions in computers. Although this method allows 
directly extracting important specifi cation parameters, it gives 
only very limited insights into the switching mechanism and in 
particular into the carrier kinetics. 

 On the other hand, classic cyclic voltammetry measure-
ments during which the bias is constantly changed with 
a certain sweep rate are carried out. We can identify in the 
literature on SrTiO 3-δ , that this is the established method to 
characterize memristive behavior, however, the electric car-
rier kinetic and thermodynamic parameters involved are 
not experimentally accessible. This is surprising since their 
diffusivities and concentrations are the basis of the device 
characteristics. Several ex situ analyses such as X-ray absorp-
tion near edge structure analysis (XANES), [ 46 ]  X-ray fl uores-
cence, [ 46 ]  conducting atomic force microscopy (cAFM), [ 10,47,48 ]  
impedance spectroscopy, [ 47 ]  atom probe microscopy [ 49 ]  and 
X-ray photoelectron spectroscopy (XPS) [ 42 ]  of oxide fi lm 
microstructures and their defects were reported to reveal the 
memristive mechanism. Nevertheless, those measurements 
are rather a snapshot of the defect state and do not allow to 
develop models depending on the charge carrier fl ux. Com-
putational work by the groups of Riess [ 50–52 ]  and Strukov [ 53 ]  
have successfully demonstrated that the shape, magnitude, 
and number of resistance states in memristive  I–V  profi les 

can be related to carrier diffusivities and fl ux for mixed con-
ducting oxides. 

 It is important to note that very recently the experimental 
methodology to connect carrier transport kinetics to mem-
ristance was extended for  cationic-switches  by Waser and co-
workers. [ 15 ]  The authors described the switching kinetics from 
cyclic voltammetry measurements by applying the Randles-
Sevcik [ 54 ]  equation for a Pt|Cu|SiO 2 |Pt device operating on 
Cu-fi lament formation. However, in mixed anionic-electronic 
memristive oxide systems, such as for the SrTiO 3-δ  system, the 
dominant electronic carriers always superpose the anionic cur-
rents of the switching species, making the system inapplicable 
for Randles-Sevcik analysis [ 55 ]  (ionic transference number << 1). 
The major challenge is to identify additional methodology 
to probe the carrier kinetics that drive the anionic resistive 
switching devices beyond the classic methods of pulse experi-
ments and cyclic voltammetry. Direct comparison of these 
parameters allows studying materials compositions and tuning 
of material constituents to fi t the purpose and to establish engi-
neering guidelines for material selection for memristor devices. 

 To this end, we develop 2-terminal Pt|SrTiO 3-δ |Pt based 
multi-bit memristive cross-bar device structures. These can 
be used to systematically investigate resistive switching char-
acteristics and kinetics for a model mixed anionic-electronic 
conducting oxide. In standard memristive device tests of mixed 
electronic-anionic conducting oxides it is diffi cult if not impos-
sible to distinguish between the dominant charge carrier type 
and its diffusion kinetics with respect to the device’s fi eld 
strength and bias history. We discuss the potential and limi-
tations in terms of carrier kinetic evaluation for classic cyclic 
voltammetry of mixed conducting, SrTiO 3-δ , memristive bits 
and extend the classic electrochemical methods by two new 
approaches being bias-dependent activation energy measure-
ments and chronoamperometry for memristors. Through this 
new methodology, dominant carrier types, time constants and 
diffusion coeffi cients can be determined with respect to applied 
bias as driving force for the memristive devices: First, we inves-
tigate the dependency of the electrical conductivity activation 
energy on high electric fi elds and polarity of bias, to get a more 
complete picture of the dominating carrier transport mecha-
nism involved in resistive switching. Second, we develop the 
analysis method for chronoamperometry measurements for 
mixed conducting memristive oxide devices to study the defect 
kinetics and thermodynamics as transients to bias applied. 
Here, we demonstrate that three regimes can be ascribed being 
dominated either by a capacitive-like or memristive current or 
a limiting current close to thermodynamic defect equilibrium 
with respect to bias and polarity operated. This work presents 
the fi rst description of a memristor-based Cottrell equation and 
gives the basis for analysis of material-dependent carrier diffu-
sion coeffi cients in mixed conducting anionic-electronic mem-
ristors. Through smart choice of mixed conducting oxide mate-
rials based on now accessible kinetic characteristics under bias 
one can directly infl uence future electric circuit device designs 
and tune the memristive bit operation in terms of their time 
constants, threshold voltage for switching and equilibrated 
resistance states, for example tune their low to high resist-
ance state ratio, read/write voltages, power consumption and 
endurance.   

Adv. Funct. Mater. 2014, 24, 7448–7460

www.afm-journal.de
www.MaterialsViews.com



FU
LL P

A
P
ER

7451wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  2.     Results and Discussion 

  2.1.     Two-Terminal Pt|SrTiO 3-δ |Pt Memristive Device Fabrication 
for an Addressable Cross-Bar Array 

 For the experiments, we microfabricated Pt|SrTiO 3-δ |Pt mem-
ristive elements in a cross-bar array electrode structure. A 
photograph of a prepared sample with up to 25 addressable 
memristive Pt|SrTiO 3-δ |Pt “bits” is shown in  Figure    1  a. Here, 
different 2-terminal micro electrode geometries are demon-
strated that were processed for in-plane and cross-plane elec-
trical measurements of single Pt|SrTiO 3-δ |Pt bits down to a 
feature size of 25 µm. The SrTiO 3-δ  metal oxide components 
of the memristive device structures were fabricated by pulsed 
laser deposition (PLD) with a targeted fi lm thickness of 600 nm 
and Pt electrodes via electron beam physical vapor deposition 
(EBPVD) with 80–150 nm in thickness. A light microscopy 
image and magnifi cation of a cross-bar array device structure 
of 25 separately addressable bits are shown in Figure  1 b. The 
cross-bar array suited as a possible high packaging density 
circuit design for 2-terminal ReRAMs [ 56,57 ]  is schematically 

shown in Figure  1 c. One bit consists of two 
platinum electrodes and a SrTiO 3-δ  thin fi lm 
in-between as active anionic-switching mate-
rial for a cross-plane confi guration as shown 
in Figure  1 d. X-ray diffraction (XRD) con-
fi rms the cubic SrTiO 3-δ  phase for the metal 
oxides in the memristive bits in accordance 
with Abramov et al., [ 58 ]  see Supporting Infor-
mation Figure S1. The cross-plane scanning 
electron microscope (SEM) image displays a 
dense microstructure and typical columnar 
grain growth for the SrTiO 3-δ  thin fi lm ele-
ments of targeted thickness (also confi rmed 
by profi lometer), Figure  1 e-f. This is in agree-
ment with earlier studies on PLD growth of 
perovskite thin fi lms. [ 22,59 ]    

  2.2.     Measuring Memristance of Pt|SrTiO 3-δ |Pt 
bits in a Cross-Bar Array Device via Classic 
Cyclic Voltammetry 

 The current–voltage ( I–V)  profi le of a single 
Pt|SrTiO 3-δ |Pt bit element addressed in a 
cross-bar array is shown for 30 consecu-
tive cyclic voltammetry measurements in 
 Figure    2  a. A hysteretic  I–V  characteristic 
is observed depending on the applied SET 
and RESET voltages and current direction 
(polarity) for the memristive bit element at a 
constant sweep rate of 50 mVs –1 . Applying an 
increasing positive bias up to a SET voltage 
of +4 V to the top electrode of the structure 
strongly increases the current and switches 
the bit from its high resistance state,  HRS , 
(OFF state) to its low resistance state,  LRS , 
(ON state). Reversing the polarity of the 
bias switches the resistance state back from 

low (ON) to high (OFF) at a RESET voltage of –4 V for a bit. 
Based on the analyzed hysteretic  I–V  profi les, a bipolar memris-
tive characteristic can be assigned for the single Pt|SrTiO 3-δ |Pt 
bits which is in accordance to earlier reports of Menzel et al. [ 37 ]  
and Janousch et al.  [46]   viz. a non-volatile memristive behavior is 
confi rmed by the pinched hysteretic profi le. A bias of ±4 V and 
the corresponding switching current are clearly low enough to 
prevent the bit from unipolar switching as reported by Menzel 
et al. [ 37 ]  We calculated the electric fi eld strength at switching as 
6.5 × 10 6  Vm −1 , which is comparable to that of thin fi lm devices 
based on SrTiO 3-δ  in the fi eld. [ 10,36–41 ]  The switching endurance 
was confi rmed for more than 200 consecutive cycles in the 
cyclic voltammetry measurements, see Supporting Informa-
tion Figure S2. It is worth mentioning that the stable resistance 
states of a SrTiO 3-δ  switch depend not only on the history but 
also on the atmosphere, especially the humidity; similar depend-
encies were also recently reported for cation-based switches. [ 60 ]   

 Bipolar memristive switching SrTiO 3-δ  oxide elements 
rely on a redox-valence change mechanism altering elec-
trical carrier contribution via defect movement upon bias 
and current fl ux history. We analyzed the time-dependence 
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 Figure 1.    a) Photograph of a multi bit Pt|SrTiO 3-δ |Pt memristive device structure with in- and 
cross-plane 2-terminal electrode geometries. b) High magnifi cation image of cross-bar array 
showing 5 memristive Pt|SrTiO 3-δ |Pt bits. c) Schematic cross plane view of addressable multi-
bit memristor structures for cross-bar array and for d) single bit with equivalent circuit symbol. 
e) SEM cross-sectional image showing dense columnar polycrystalline growth of oxide SrTiO 3-δ  
fi lm via PLD with 620 nm in thickness. f) SEM top-view image of platinum electrode and 
SrTiO 3-δ  fi lm.
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of the memristance by variation of the sweep rate for fi xed 
SET and RESET voltages of ±4 V for a single Pt|SrTiO 3-δ |Pt 
bit, Figure  2 b. The SET current,  I SET  , defi ning the ON resist-
ance state systematically increases by a factor of 4.8 when 
decreasing the sweep rate by one order of magnitude from 50 
to 5 mVs −1  (+4 V). As expected, the ON resistance drops from 
33.1 MΩ (13.3 MΩm) to 7.8 MΩ (3.1 MΩm) and the mem-
ristive hysteretic  I–V  loop is enlarged; viz. the involved local 
charge carrier concentration profi les are in a metastable time-
dependent state for similar electric fi eld strength. We sum-
marize the decreasing SET current and the respective current 
density for the increase in sweep rate in Figure  2 c. Compar-
ison to literature reveals that this time dependent behavior 
is typical for resistive switching and refl ects the metastable 
defect state of the memristive Pt|SrTiO 3-δ |Pt bits presented. [ 61 ]  
To attain a precise kinetically equilibrated resistance state, 
even lower sweep rates than 5 mVs −1  would be required for 
SrTiO 3-δ -based switches. This is in accordance with simula-
tions on perovskite memristive switches [ 37 ]  and experiments 
on SrTiO 3-δ  and Cr:SrZrO 3 . [ 37,62 ]  

 We conclude from these fi ndings that this anionic-elec-
tronic conducting memristive system remains in a meta-
stable state during cyclic voltammetry measurements. Obvi-
ously, at signifi cantly shorter times as commonly used in 
pulsed experiments such a stable state cannot be reached 
either. With these standard methods it is challenging if not 
impossible to come to a conclusion on the underlying resis-
tive switching mechanism and defect kinetics for a memris-
tive anionic-electronic bit. However, in order to predict the 
materials switching behavior on writing and erasing bias 
pulses in ReRAMs and voltage-to-time operation schemes it 
is highly important to defi ne the kinetics of involved carrier 
processes. In the following, we therefore suggest two new 
methodology approaches based on bias-dependent activation 
energy measurements and chronoamperometry to investigate 
the anionic and electronic defects and their charge carrier 
diffusivities as complimentary tools in the memristor fi eld. 
We discuss the involved defects and carriers with respect to 
the programming voltage (SET), fi eld strength, and opera-
tion parameters to determine their impact on memristance of 
Pt|SrTiO 3-δ |Pt bits.  

  2.3.     Bias-Dependent Carrier Kinetics and Their Activation Ener-
gies in Memristive Pt|SrTiO 3-δ |Pt bits 

 We investigated the electric conductivity and their activation 
energies for single Pt|SrTiO 3-δ |Pt bits for a rather unusual wide 
bias range of 0.1 V to 3 V with respect to carrier fl ux direction 
(polarity),  Figure    3  . This corresponds to an electric fi eld strength 
of up to 5 × 10 6  Vm −1  for the given device geometry. The effect 
of an external bias stimulus on a memristive Pt|SrTiO 3-δ |Pt bit 
can alter both its  metal-oxide interfacial  and  bulk oxide  transport, 
see schematic Figure  3 a: For instance, by applying an electric 
fi eld the Schottky barrier height at the  metal-oxide interfaces  and 
their metal-oxide band bending can be altered. On the other 
hand the  oxide  can exchange oxygen in a reaction with the gas 
phase whereby its oxide non-stoichiometry can be modifi ed. 
In the following, we examine the Arrhenius-type dependence 
of electric conductivity with respect to the applied bias and 
polarity for a Pt|SrTiO 3-δ |Pt bit, Figure  3 b-d:  

 First, we measure the temperature dependence of con-
ductivity by applying a small bias of +0.1 V, Figure  3 b: The 
activation energy of conductivity was calculated as equal to 
1.40 ± 0.07 eV. This is in good agreement with literature data 
of pellets for SrTiO 3-δ  for which 1.45 eV [ 23 ]  and 1.52 eV [ 63 ]  were 
reported for similar small bias and temperatures. The authors 
further confi rmed by impedance spectroscopy analysis that elec-
tronic conduction along grain boundaries is predominant. [ 23,63 ]  
In accordance, it is reasonable to ascribe a  predominant p-type 
conduction  mechanism for the memristive bits tested at 0.1 V 
bias stimulus in air in this study. 

 Second, for positive bias (top-electrode positive) up to 
3 V, Figure  3 b: A clear drop in activation energy by Δ0.24 eV 
to 1.16 ± 0.07 eV is measurable for increasing bias strength 
from 0.1 to 3 V. In consistency, the overall conductivity is also 
observed to increase for larger bias. 

 Third, for negative bias (top-electrode negative) up to –3 V, 
Figure  3 c: Switching the polarity to negative bias reduces 
similarly the activation energy to 1.24 ± 0.16 eV for –3 V. All 
measured electrodes on both samples show a similar tem-
perature-dependent electrical conductivity independent on 
the heating and cooling cycle. Therefore, it can be concluded 
that all fabricated switches have comparable chemistry and a 
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 Figure 2.    Memristive Pt|SrTiO 3-δ |Pt bit characterized via cyclic voltammetry: a)  I–V  profi les showing stable hysteretic bipolar memristive switching 
characteristic at a constant sweep rate of 50 mVs –1  for 30 consecutive cycles. b)  I–V  profi les for systematically decreased sweep rates to probe the 
time-dependence of the memristance. c) Plot of SET current,  I SET  , against sweep rate illustrating the different resistive states that are accessible with 
respect to sweep rate. The electric fi eld strength and current density are indicated in the plots a)-b) and set current density, j SET  in the plot c).
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good adhesion of the platinum electrodes before, during and 
after electric testing under bias and temperature. To the best 
of our knowledge these bias-dependent activation energy con-
duction measurements are new to the fi eld and can conse-
quently not be compared to literature of anionic-oxide based 
memristors. 

 We observe that both, the increase of positive as well as nega-
tive bias, lower the activation energy. The following changes 
in ionic or electronic defects under bias may account for the 
experimental fi nding: i) the Schottky barrier height ( Φ b  ) at one 
 metal|oxide interface  is systematically lowered. ii) The concentra-
tions and mobilities of the vacancy defects are increased under 
bias. Comparing with values from literature for a p-type elec-
tronic conduction along grain boundaries, we would expect 
an activation energy of 1.5 eV and for the  oxide bulk  an acti-
vation energy of ∼1 eV. [ 24 ]  Therefore, a pronounced conduction 
of the bulk could be possible at higher electric fi elds. iii) Joule 
heating within the  oxide bulk  might take place and has to be 
taken into account responsible for an increased conductivity 
at lower temperatures for higher electric fi elds as shown in 
simulations resulting in a falsely too low activation energy. [ 37 ]  
We can exclude Joule heating as dominant factor in our experi-
ments as we will show later in the discussion of the diffusion 
coeffi cients. 

 Interestingly, we observe an overall asymmetry in the decay 
of the activation energy for increasing bias magnitude with 

respect to the applied polarity to the device, see Figure  3 d. We 
further report bipolar current–voltages profi les, which are asym-
metric with respect to polarity in the cyclic voltammetry char-
acteristics, Figure  2 a. Taking both experimental evidences into 
account, this essential asymmetry for bipolar resistive switching 
exists despite the symmetric Pt|SrTiO 3-δ |Pt electrode-oxide 
design and methodology applied. On the one hand, variations 
in the oxygen surface adsorption reaction may exist, since 
the Pt electrodes and their exposure to air is not symmetric. 
The top electrode is exposed with the whole surface to air and 
the oxide, and the bottom electrode is located between the sub-
strate and oxide, Figure  1 e. On the other hand, a different PLD 
fi lm growth close to and further away from the substrate may 
result in an asymmetric thin fi lm microstructure. [ 64 ]  Another 
possible origin of the observed asymmetry could also be caused 
by the fi rst cycle in a pristine bit depending on the bias polarity 
applied fi rst to the electrodes similar as described in literature for 
electroforming, see Rodenbucher et al. [ 49 ]  We can clearly exclude 
the electroforming to account for the asymmetry in presented 
Pt|SrTiO 3-δ |Pt bits as the same hysteresis direction was observed 
independent on the fi rstly applied bias direction (polarity). 
Therefore, we conclude that either the variations in oxygen 
surface adsorption of the electrode-gas interface or the anisot-
ropy of typical PLD-processed thin fi lm microstructures may be 
accounted for the observed asymmetry in the bias-dependent 
activation energies for the Pt|SrTiO 3-δ |Pt bit conductivities.  
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 Figure 3.    a) Schematic showing the bias-dependent Schottky barrier height of one single interface and the alteration of the oxygen vacancy depletion 
zone for a Pt|SrTiO 3-δ |Pt memristor bit. b) Arrhenius plot of electric conductivity for positive bias (top electrode) during heating (open symbols) and 
cooling (fi lled symbols). c) Arrhenius plot of electric conductivity for negative bias (top electrode). d) Calculated activation energies with respect to 
bias as driving force for a Pt|SrTiO 3-δ |Pt memristor bit including reference data from literature for 0.1 V. [ 23,61 ] 
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  2.4.     Chronoamperometry to Investigate Material-Dependent 
Diffusion Characteristics for Memristive Pt|SrTiO 3-δ |Pt Bits 

 In the following, we investigate the method of chronoamper-
ometry to probe anionic diffusion contributions for memristive 
Pt|SrTiO 3-δ |Pt bits. In this method, the current evolution is fol-
lowed over time with respect to a constant applied bias. Classic 
examples of the method can be studied in the battery fi eld 
for details see e.g., Bard et al. [ 55 ]  We newly apply and test the 
method for memristive bits whereby well-defi ned equilibrium 
states can be studied in contrast to classic cyclic voltammetry 
experiments. 

  Figure    4   displays the chronoamperometry characteristics of 
a Pt|SrTiO 3-δ |Pt bit in the cross-bar array structure for which 
the current evolution over time is studied for constant bias in 
the range of 1.0 to 4.0 V. Figure  4 a shows the chronoamper-
ometry characteristics for a positive constant bias applied to 
the top electrode (SET voltage) for 2 hours. Between every bias 
step the according negative bias (RESET voltage) is applied 
for at least an hour to completely reset the device and set it 
into its equilibrated OFF state again, see Figure  4 b. The time 
interval is chosen so that the electric current is measured until 
a stable equilibrated limiting current,  I lim ,  is reached, Figure  4 c. 
The reproducibility of the data is proven by two independent 
Pt|SrTiO 3-δ |Pt bits, where the SET/RESET voltage is increased 
in Δ0.1 V steps (full lines & solid symbols) and decreased on a 
different bit (dashed lines & open symbols). Therefore, we can 
conclude the current evolution over time is independent of the 
bias step direction and the SET/RESET process is fully revers-
ible. Although the method of chronoamperometry was already 

used on similar perovskite oxides in the 1960s and 70s, [ 65,66 ]  
the time and bias dependency of the current was so far neither 
discussed in detail nor put into relation for application and 
description of memristors. We exemplify on the SET states of 
a Pt|SrTiO 3-δ |Pt bit that the current over time characteristics at 
constant bias can be categorized into three regimes, denoted as 
I-III in Figure  4 a:  

 Regime I dI

dt
0⎛

⎝
⎞
⎠< : The current drops during the fi rst seconds 

for a constant bias stimulus applied. This current drop points 
strongly towards capacitive processes being responsible for 
dI/dt < 0 as denoted in the circuit model of Figure  4 a, although 
a slightly fl atter and no purely exponential decay of the current 
is observed. This regime gets less pronounced at higher volt-
ages until it vanishes completely for SET voltages >2.8 V. 

 Regime II dI

dt
0⎛

⎝
⎞
⎠> : In this regime the current increases over 

time until a stable limiting current is reached. For an applied 
bias range <1.2 V, however, this regime is not visible. This means 
that the voltage as external stimulus is too low to activate the pro-
cesses responsible for memristive behavior resulting in increased 
conductivity. Thus, at low bias voltages the resistive portion stays 
unchanged in its high resistance state,  R(t)  =  HRS eq   . (OFF), see 
Figure  3 a. Only the capacitive current decay of regime I is visible 
until a stable current is reached as depicted in the circuit model 
analogy for regime I. At a critical threshold voltage of 1.2 V, how-
ever, the memristive mechanism gets activated at the external 
stimulus of bias and regime II is observable. This threshold 
voltage defi nes the minimum SET Voltage,  V SET,min  , of our 
Pt|SrTiO 3-δ |Pt device. The device switches from its equilibrated 
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 Figure 4.    Results of chronoamperometry experiments measured on different bits for increasing bias voltage (solid lines and symbols) and decreasing 
bias voltage (dashed lines, open symbols): a) Evolvement of current over time with respect to constant bias measured for a Pt|SrTiO 3-δ |Pt-bit structure 
via chronoamperometry. For a SET bias range three regimes can be identifi ed: I. Decay of current with respect to time indicating the  capacitive regime . 
II. Increasing conductivity is measured with respect to time for a specifi c minimum SET threshold voltage of  V SET, min   = 1.2 V indicating the memristive 
nature and switching of the device. III. Stable  limting current ,  I lim  , is reached. The circuit elements are indicated in accordance to the regime. b) Exem-
plary chronoamperometry data for a RESET bias range of –1.0 V to –2.5 V until an equilibrated high resistance state is reached,  HRS eq   . . c) Equilibrated 
high and low resistance states ( HRS eq.   and  LRS eq.  ) with respect to applied bias showing the accessible resistance states for a given bias.
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high resistance state,  HRS eq.   (OFF), to its equilibrated low resist-
ance state,  LRS eq.   (ON) ,  as depicted in the equivalent circuit dia-
gram for regime II,  LRS eq.   <  R(t)  <  HRS eq.  . From today’s common 
understanding of oxygen vacancy migration as responsible resis-
tive switching mechanism in anionic memristive devices, [ 17 ]  we 
conclude oxygen vacancy motion lowers the overall electronic 
resistance of the device in regime II. It has to be mentioned that 
this critical threshold voltage of the resistive switching mechanism 
is not accessible via cycling voltammetry experiments, but defi nes 
a fundamental new material parameter for resistive switching 
devices. Especially for the discussion and improvement of required 
switching voltages and non-volatility in fi nal devices this material 
characteristic threshold voltage might be crucial. Increasing the 
bias magnitude reduces the time interval of regime II. A detailed 
discussion of the time characteristics and diffusion coeffi cients of 
the processes will form the basis of the subsequent chapter. 

 Regime III 
dI

dt
0⎛

⎝
⎞
⎠≈ : In the fi nal state dI/dt equals zero and 

a stable limiting current,  I lim  , prevails, as quantifi ed in relation 
to the fi eld strength in Figure  4 c. The device reaches an equili-
brated state at which the electronic conduction is constant, R(t) = 
 LRS eq.  . Therefore, assuming a redistribution of oxygen vacancies 
as cause for the increase of the conductivity in regime II we can 
also conclude that this redistribution has reached a fi nal state by 
a drift-diffusion equilibrium of oxygen vacancies at the according 
bias in regime III. The resistance in this equilibrium state 
defi nes the limiting lowest accessible resistance state,  LRS eq.  , in 
cycling voltammetry and pulsed experiments for a SET operation 
in relation to the corresponding bias and electric fi eld strength 
for the materials involved and device geometry. We analyze an 
exponential dependency of the limiting current on fi eld strength 
and bias applied for the low resistance state (ON), see Figure  4 c. 
For common sweep rates in cycling voltammetry experiments 
usually a non-equilibrated resistance value between  LRS eq.   and 
 HRS eq.   is measured depending on the fi eld strength and charge 
carrier fl ux history. This characteristic data is especially inter-
esting to compare material combinations and processing to 
improve the ON/OFF ratio of resistive switches and to study 
accessible multilevel switching states for a certain device.  

  2.5.     Bias-Dependent Kinetic Analysis of Carrier Diffusion for a 
Memristive Pt|SrTiO 3-δ |Pt bit via Chronoamperometry 
Measurements: The Memristor-Based Cottrell Analysis 

 On the basis of the suggested circuit model of a parallel mem-
ristor-capacitor to represent the Pt|SrTiO 3-δ |Pt bit, we will deter-

mine the time constant,  τ , of regime II, dI

dt
0⎛

⎝
⎞
⎠>  relative to bias 

for kinetic analysis of diffusing carriers in the following. 

 For the analysis of diffusion kinetics in chronoamperometry 
experiments classically the Cottrell equation (Equation  ( 1)  ) is 
applied which describes the change in diffusion-controlled cur-
rent response with respect to a constant potential:

 π
=i

nFAc D

t
j

j j
0

  
(1)

 

 where  i j   represents the diffusion current,  n  the number of 
electrons transferred,  F  the Faraday constant,  A  the geometric 
electrode area,  t  the time, c j

0  the bulk concentration of the dif-
fusive species and D j  the chemical diffusion coeffi cient. In a 
classic electrochemical system (e.g., a redox couple in a battery) 
one measures a diffusion current resulting in a current drop to 
zero for time approaching infi nity with ∝ −i tj

0.5 in accordance 
to Fick’s law. [ 55 ]  In contrast to the classic behavior, the chrono-
amperometry results for our memristive Pt|SrTiO 3-δ |Pt device 
reveal for the regime II in Figure  4 a an increasing current over 
time indicating the memristive nature and switching of high to 
low resistance state upon bias which makes an adaption of the 
Cottrell equation necessary. 

 The total electric current,  i total  , can be described by the sum 
of the electronic, ′ie  and ih• , and oxygen ionic currents, iVO

•• , of 
SrTiO 3-δ , namely,

 
i i i itotal e h VO� • ••= + +

  
(2)

   

 In particular, the electric conductivity is dictated by the 
mobility,  η j  , and concentration,  c j  , of the single charge carrier 
species,  j , and the elementary charge,  q :

 � � 2• • •• ••η η η= − +i q c q c q ctotal h h e e V VO O   
(3)

   

 The total concentration of oxygen vacancies, cVO
••, in SrTiO 3-δ  

can be described according to the oxygen exchange reaction:

 

1

2
2••

2
•( )+ +�V O g O hO O

x

  
(4)

 

 Here, the Kröger-Vink notation is used and (g) is referred to the 
gas phase. 

 Based on the careful analysis of the bias-dependent activa-
tion energy of transport in the Pt|SrTiO 3-δ |Pt bits we account 
electronic carriers, namely p-type, to be predominant. Although 
the current is mainly carried by electronic carriers, we suggest 
in accordance with today’s common understanding oxygen 
vacancy drift and diffusion as responsible switching mecha-
nism in anionic-electronic devices. Therefore, we account for 
the memristive nature in regime II by a modifi cation of the 
Cottrell equation to describe the time constant characteristic 
relative to bias, see  Figure    5  a-d. For a memristive system the 
increase in current over time till a limiting current is reached 
(e.g., region II, Figure  4 a) can be defi ned by a differential cur-
rent,  I d  :

 ) )( (= −I t I I td lim   (5)    

 We can now rearrange the classic Cottrell equation, Equa-
tion  ( 1)  , use the differential transient memristor current data 
to evaluate the diffusion coeffi cient,  D m ,  by defi ning a mem-
ristor-based Cottrell equation accounting for the valence change 
mechanism:

 

D
I t

nFA c
m

d

2
π( )

=
Δ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

  

(6) 
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 Here, the time,  τ , is a material-dependent time constant and is 
defi ned as at which I t  has its maximum with respect to bias 
given by:

 
τ [ ]= −t I I t t( ) : ( )lim

max   
(7)

   

 This maximum approach is typically used in literature to 
extract diffusion constants from chronoamperometry experi-
ments. [ 67 ]  On the basis of Equations  ( 5)   to  ( 7)  , the time constant 
can be analyzed with respect to bias for the valence-change 
memristor bit. In Figure  5 a-d, we exemplify the analysis for a 
set bias of +2.4 V and extract a time constant of 291 s. The time 
constants are displayed for the measured bias range of 1.2 V 
to 3.9 V in  Figure    6  a. A decrease in time constants of about a 
factor seven (876 to 129 s) is measured for an increase in bias 
up to +3.9 V for a Pt|SrTiO 3-δ |Pt bit. Assuming that the whole 
oxide volume between the electrodes contributes to the mem-
ristive current increase under bias, the diffusion coeffi cient 
is evaluated using the time constants derived in Equation  ( 6)   
and  ( 7)   according to the memristor-based Cottrell equation, 
see Figure  6 b. We base our calculation on an experimentally 
determined diffusion length of 620 nm electrode distance by 
SEM and profi lometry for one Pt|SrTiO 3-δ |Pt bit. We observe a 
maximum in diffusion coeffi cient of 3 × 10 −15  m 2 s −1  at 3.8 V 
bias which reduces to 4 × 10 −16  m 2 s −1  for 1.2 V bias at room 
temperature. This dependency reveals how strong the oxygen 
migration is facilitated by the electric fi eld. Literature com-
parison to chemical oxygen vacancy diffusion data of SrTiO 3  
single crystals for high temperature without bias as driving 
force were extrapolated to ambient conditions [ 20,68–70 ]  and result 
in diffusion coeffi cients in the range of 6 × 10 −17  m 2 s −1  – 4 × 
10 −19  m 2 s −1 , Figure  6 b. Interestingly, this reveals that the dif-
fusion coeffi cients derived in this study for the memristive 
bits are of comparable magnitude and in agreement with 
De Souza’s global expression of diffusion coeffi cient for room 
temperature and zero bias extrapolation. [ 20 ]  This implies that 
indeed oxygen vacancy diffusion is responsible for the resist-
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 Figure 5.    Example of kinetic analysis steps to calculate with the mem-
ristor-based Cottrell equation the material specifi c time constant,  τ , for 
the memristive regime II for a constant applied bias on Pt|SrTiO 3-δ |Pt bits: 
a) Measurement data of chronoamperometry experiment for an applied 
bias of +2.4 V to the top electrode in logarithmic scale. b) Differential 
current,  I d  , allowing to analyze the oxygen diffusion. c) The plotted  I d (t)  
vs  t -0.5   curve. d) The  I d (t) t 0.5   vs  t -0.5   curve to derive the material specifi c 
time constant,  τ , for the memristive regime II.

 Figure 6.    Analysis of specifi c time and diffusion constants for a memristive Pt|SrTiO 3-δ |Pt bit via the memristor-based Cottrell equation: a) Analyzed 
time constant,  τ , determined via the memristor-based Cottrell equation for the memristive oxide SrTiO 3-δ  with respect to electric fi eld strength and 
bias at room temperature for increasing bias voltage (solid symbols) and decreasing bias voltage (open symbols). b) Calculated oxygen vacancy dif-
fusion constant,  D V  , for the memristive oxide SrTiO 3-δ  with respect to electric fi eld strength and bias at room temperature. Extrapolation of literature 
vacancy diffusion constants to room temperature without electric fi eld, see Refs.  [ 20,68–70 ]  including De Souza’s [ 20 ]  derived global expression (red 
triangle) is added for comparison. c) Schematic of resistive switching in SrTiO 3-δ  caused by oxygen vacancy redistribution under high electric fi eld at 
room temperature. In the OFF state the memristive oxide remains unchanged in its high resistance state. At a specifi c threshold voltage the oxygen 
vacancies start to redistribute within the oxide decreasing the resistance. In the equilibrated low resistance state the redistribution has reached a fi nal 
state by a drift-diffusion equilibrium of oxygen vacancies at the according bias.
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ance changes in the memristive regime for the Pt|SrTiO 3-δ |Pt 
bits. Here, local changes in oxygen non-stoichiometry of the 
oxide result and are balanced with electronic carriers at high 
electric fi eld strength, as depicted in the schematic of Figure  6 c.  

 The extrapolation of diffusion data additionally shows, that 
an increase of an order of magnitude of the diffusion coeffi -
cient equals about ∼30 °C increase in temperature. Therefore, 
we exclude Joule heating as responsible memristive switching 
mechanism for the given materials and bit structure as larger 
differences would have been observed within the investigated 
bias range. 

 It is promising that based on the memristor-based Cottrell 
equation diffusion coeffi cients can be analyzed over the whole 
range of bias and electric fi eld based on chronoamperometry 
measurements. These are complementary and give impor-
tant new material characteristics for mixed anionic-electronic 
conducting oxides for memristive devices. Additionally, the 
threshold electric fi eld strength initiating the switch from 
a capacitive to a memristive behavior can clearly be defi ned 
from the transients on the example of the Pt|SrTiO 3-δ |Pt bit 
(i.e., 1.9 × 10 6  Vm −1 ) towards the equilibrium limiting cur-
rents of the devices. For classic memristor characterization, 
e.g., cyclic voltammetry, the equilibration and limiting currents 
remain unknown. Through the new approach demonstrated 
we can clearly defi ne the diffusion coeffi cient, minimum fi eld 
strength and limiting currents for the memristive regime of a 
Pt|SrTiO 3-δ |Pt bit. These are important material characteristics 
that directly implicate the device design and optimized opera-
tion of mixed anionic-electronic oxide-based memristors vs. 
carrier fl ux.   

  3.     Conclusion 

 In this work, we demonstrate that chronoamperometry 
and bias-dependent activation energy measurements are 
powerful methods for gaining complimentary insights on 
material-dependent carrier characteristics for mixed anionic-
electronic conducting oxides in memristive devices. Suc-
cessfully fabricated 2-terminal Pt|SrTiO 3-δ |Pt based multi-bit 
cross-bar structures enable us to defi ne the model oxide con-
stituents in terms of their mixed defects and to investigate 
the effect of electric fi eld strength and carrier fl ux on devices 
memristance. Our results for the Pt|SrTiO 3-δ |Pt bits show 
reproducible and stable resistive switching for state-of-the art 
cycling voltammetry measurements on several Pt|SrTiO 3-δ |Pt 
bits for V SET,RESET  = ±4 V at fi eld strength of 6.5 × 10 6  Vm −1 . 
To date, memristor-based kinetic analysis of carriers is focused 
primarily on one type of defect (cationic) and analyzed via the 
Randles-Sevcik equation of cyclic voltammetry only. By careful 
analysis and discussion we highlight the limitations of this 
classic methodology in characterizing memristance for mixed 
anionic-electronic oxide-based memristor bits; e.g., it is impos-
sible to determine material-dependent limiting currents, equi-
librium defect states, or diffusion characteristics as the involved 
anionic vs. electronic carrier contributions cannot be separated. 
This accounts for the development of a comprehensive theory 
on carrier contribution and kinetics in memristive devices 
based on oxides with mixed anionic-electronic transport. We 

overcome these limitations by the use of a combination of com-
plementary methods to identify the oxide material-dependent 
dominant carrier defect types contributing to the low and high 
resistance states, and to extract diffusion coeffi cients with 
respect to the local electric fi eld strength and write/read volt-
ages of the memristive bits: 

 First, we investigated the temperature dependence of electric 
conductivity and calculated activation energies for a rather unu-
sually wide bias range. These measurements revealed a severe 
decay of activation energy from 1.4 eV down to 1.16 eV for 
higher biases and an asymmetry with respect to bias polarization 
as the Schottky barrier is lowered. Based on the activation ener-
gies, a predominant p-type electronic conduction balanced by 
oxygen vacancies of the oxide is a reasonable model to account 
for the resistive switching in the Pt|SrTiO 3-δ |Pt bits in air. 

 Second, we introduce chronoamperometry to identify the 
electric fi eld dependence of the capacitive to memristive regimes 
of the device. Here we applied constant SET and RESET biases 
to the device during which the memristor bits equilibrate at 
either low or high resistance states. Oxide-material character-
istic time-constants could be measured for which the memris-
tive current evolution dominates in the device with respect to 
fi eld strength. For example a specifi c threshold voltage of 1.2 V 
corresponding to an electric fi eld strength of 1.9 × 10 6  Vm −1  is 
found for SrTiO 3-δ  thin fi lms at which the resistive switching 
mechanism gets thermodynamically activated at room tem-
perature. Correlating the limiting current to the electric fi eld 
strength the mixed oxygen anionic-electronic diffusion kinetics 
were probed via the newly suggested memristor-based Cottrell 
equation. We found faster diffusion kinetics at higher electric 
fi elds with diffusion coeffi cients ranging from 4 × 10 −16  m 2 s −1  
to 3 × 10 −15  m 2 s −1  for a bias increase from 1.2 V to 3.8 V respec-
tively. Comparison to De Souza’s global expression of diffusion 
coeffi cients for SrTiO 3  resulting in 2 × 10 −17  m 2 s −1  reveals a 
good agreement. [ 20 ]  

 To date, memristor-based kinetic analysis of carriers is focused 
primarily on  one type  of defect (cationic) and analyzed via the 
Randles-Sevcik equation from cyclic voltammetry only. We dem-
onstrate an extended strategy to analyze memristive oxide devices 
kinetics for  two types  of charge carriers, namely, anionic and elec-
tronic carriers based on the memristor-based Cottrell analysis and 
the method of chronoamperometry. Here, classic kinetic analysis 
via the Randles-Sevcik equation would no longer be valid as the 
involved anionic vs. electronic carrier contributions cannot be 
separated. This accounts for the development of a comprehensive 
theory on carrier contribution and kinetics in memristive devices 
based on oxides with mixed anionic-electronic transport. 

 The development of high performance oxide-based mem-
ristive devices may be the cornerstone of the next generation 
of information storage devices replacing transistors or even 
allowing neuromorphic computing. Through our work we sug-
gest new complimentary tools to probe the oxide materials char-
acteristic diffusion coeffi cients, dominant carrier types and lim-
iting currents on the example of mixed two-carrier conducting 
Pt|SrTiO 3-δ |Pt bits. All of the latter material characteristics 
would not be accessible with state-of-the-art methodology 
of cyclic voltammetry and pulse experiments for memris-
tors. However, these characteristics allow comparing and 
improving material selection and directly implicate fi eld 
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strength requirements to optimize operation in the memris-
tive regime towards enhanced performance specifi cations for 
valence-change memristive devices.  

  4.     Experimental Section 
 Two-terminal cross-bar contacted Resistive Random Access Memory 
(ReRAM) switches were processed based on SrTiO 3  building block 
elements. The basic single device ReRAM elements were always 
composed of two platinum metal lines sandwiching a SrTiO 3  oxide 
element. 

  4.1.     Thin Film Preparation of the ReRAM Device 

 The oxide-based ReRAM constituent SrTiO 3  was deposited on a 
randomly orientated single crystalline sapphire substrate with pre-
structured Pt-bottom electrodes via pulsed laser deposition. For the 
pulsed laser deposition, own SrTiO 3  ceramic targets were synthesized by 
uniaxiallly and isostatically (88 MPa for 2 min) pressing and sintering of 
powder (Aldrich Chemistry, USA, ≥99.5%). Sintering conditions were an 
isothermal hold for 24 h at 1650 °C for a heating rate of 5 °Cmin −1  and 
cooling rate of 25 °C min −1 , respectively. The SrTiO 3  thin fi lms were then 
deposited on round, randomly orientated, double side polished sapphire 
substrates (Stettler, Switzerland, Ø35 mm) by pulsed laser deposition 
(PLD, Surface Advanced PLD Technology, Germany; KrF excimer laser, 
248 nm). A round metal mask with a 20 mm diameter hole was used to 
maintain access to the bottom electrodes. The deposition was carried 
out at 48 mJ per pulse at a repetition rate of 10 Hz with a substrate-
to-target distance of 8.5 cm and under a constant oxygen fl ow with 
a background pressure of 0.0267 mbar at 700 °C. After reaching a 
background pressure of 4 × 10 −6  mbar the substrate was heated up 
to the deposition temperature with a rate of 10 °C min −1 . 48000 and 
29000 laser pulses were employed resulting in a fi lm thickness of 
620 nm and 740 nm analyzed via profi lometer measurements Dektak XT 
Advanced profi lometer (Bruker, Germany). Cubic phase of the thin fi lm 
was confi rmed by X-ray Diffraction (Bruker D8, Cu Kα ), see Supporting 
Information Figure S1.  

  4.2.     ReRAM Device Fabrication 

 In the following we describe the device microfabrication route to shape 
the thin fi lm constituents to single side- and cross-bar memristive 
ReRAM elements on the sapphire substrates. All steps of the device 
fabrication were carried out in an ISO class 4 cleanroom. Prior to the 
photolithography of the bottom electrodes the sapphire substrates 
were thoroughly cleaned for 3 minutes in an ultrasonic bath in acetone, 
isopropanol and water bath consecutively and then dried for 5 minutes 
on a hotplate at 110 °C. For micro patterning the bottom metal 
electrodes AZ nLOF 2070 (1:0.4) negative photoresist (Microchemicals, 
Germany) was used. The samples were spinned at a speed of 4750 
RPM for 45 seconds, then softbaked at 110 °C for 180 seconds and 
afterwards rehydrated for at least 10 minutes. The samples were then 
aligned (Karl-Suss MJ3B mask aligner) and exposed through a custom 
made photolithography foil mask (Selba, Switzerland) to broadband 
ultraviolet light with a dose of 210 mJcm −2  and subsequently a post 
bake at 110 °C for 90 seconds was carried out. Finally the bottom 
electrode pattern was developed with MIF 726 developer for 90 seconds 
and rinsed in water. In a next step the samples were cleaned in an 
O 2  plasma asher (Technics Plasma TePla 100 asher system) for two 
minutes. 

 The thin fi lm deposition of the  ReRAM metal electrode elements  was 
carried out by electron beam evaporation (Plassys MEB 550, France). 
The bottom metal electrodes consist of Ti 25 nm (adhesion layer) and Pt 
100 nm. The remaining photoresist was then stripped off successively in 

DMSO, acetone and water. The top electrodes were fabricated alike after 
the pulsed laser deposition of the SrTiO 3  without adhesion layer.  

  4.3.     Electrical Characterization of ReRAM Device Elements 

 All electrical measurements were carried out in a custom made closed 
high-vacuum microprobe station with a heating stage enabling a 
temperature range of RT-650 °C (Everbeing Taiwan and Electrochemical 
Materials ETH Zurich Switzerland) with Solatron impedance analyzer 
(SI 1287 Electrochemical Interface, SI 1260 Impedance Phase Analyzer). 
For contacting the microelectrodes tungsten and platinum tips were 
positioned via micro positioners employing a stereo light microscope 
(Nikon SMZ 1500). 

 In this study basically three types of electrical characterization were 
pursued as strategy: First, bias dependent conductivity measurements 
via temperature to study the Arrhenius like behavior of transport and 
defects involved. Rather unusual is that we applied a variation of 
positive and negative bias stress for activation energy measurements to 
correlate these fi ndings later on to the ReRAM characteristics. Second, 
classic  ReRAM cyclic voltammetry  device measurements with respect to 
sweep rate for room temperature were undertaken. Third, the ReRAM 
elements were subjected to  chronoamperometry measurements . In these 
titration experiments a constant bias stimulus is applied to a single 
ReRAM device element and the current response is studied over time. 

 For the fi rst type of measurement namely the bias dependent 
conductivity measurements the samples were heated in the temperature 
range of 300–525 °C in 25 °C steps. After a minimum equilibration time of 
10 minutes an averaged conductivity over 5 minutes was measured. The 
temperature was measured with a micro positioned K-type thermocouple 
positioned on top of the sample close to the measured top-electrode. 
The bias stimulus was varied from +100 mV to ±3 V for the Arrhenius 
measurements. Data analysis and fi tting was undertaken with MATLAB. 

 The  ReRAM cyclic voltammetry  device measurements were carried 
out for a bias range of ±1 V to ±12 V to defi ne reasonable SET and 
RESET bipolar voltages with ±4 V for sweep rates of 5–50 mVs −1  to 
prevent electrical breakdown. All bits were at least cycled 10 times as 
an initial electroforming step to set the bit in a stable state before any 
further electrical characterization was carried out analogue as reported 
in literature. [ 38,46,62,71 ]  For testing reproducibility behavior always a 
minimum of 10 consequent cycles were measured up to 200 cycles. 

 For the  chronoamperometry  measurements fi rst ten subsequent cycles 
with a SET and RESET voltage of ±4 V with a constant sweep rate of 
50 mVs −1  were applied to equilibrate the system. Thereafter a fi rst SET 
voltage with a positive polarity to the top electrode was applied for 
120 minutes and the current measured before the sample was set into 
its low resistance state again by applying the RESET voltage for an hour. 
The SET and RESET voltages were either increased or decreased by 0.1 V 
steps in a bias range of 1.0 V to 4.0 V.  

  4.4.     Chemical and Structural Characterization 

 After the electrical characterization one sample was cleaved and 5 nm 
platinum was sputtered to record top- and cross-view scanning electron 
microscope images (SEM, LEO 1530, Zeiss). All thin fi lm samples and 
PLD targets were characterized by X-ray Diffraction (Bruker D8) at a Cu 
K α  wavelength.   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. Section 1 presents the XRD pattern of the used SrTiO 3-δ  
thin fi lm sample. Section 2 shows maximum conductivity change during 
200 cycles in cyclic voltammetry experiments.  
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