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Compared to conventional NAND flash resistive switching metal-oxide cells show a number of

advantages, like an increased endurance, lower energy consumption, and superior switching speed.

Understanding the role of defects for the resistive switching phenomenon in metal oxides is crucial

for their improvement and thereby also for their acceptance as a next generation data storage

device. Strontium titanate (STO) is considered a model material due to its thoroughly investigated

defect chemistry. This paper presents a comparative study of the switching kinetics for three differ-

ent compositions [Sr]/([Sr]þ[Ti]) of 0.57 (Sr-rich), 0.50 (stoichiometric STO), and 0.46 (Ti-rich

STO). The STO films, deposited by atomic layer deposition, were integrated in Pt/STO/TiN nano-

crossbars with a feature size of 100 nm. By analysis of the transient currents, the switching kinetics

are investigated between 10 ns and 104 s for the SET and 10 ns and 100 s for the RESET. A clear

influence of the composition on the degree of nonlinearity of the switching kinetics was observed.

Applying an analytical model for the oxygen vacancy migration, we were able to explain the differ-

ences in the SET kinetics by composition-dependent changes in the thermal conductivity and by a

lower activation energy for the Ti-rich sample. This might be utilized in design rules of future

ReRAM devices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972833]

I. INTRODUCTION

Due to the increasing importance of information technol-

ogy, the amount of data in the world is growing at an ever ris-

ing pace. This development drives the search for new

nonvolatile memory technologies with fast write and read

operations, high endurance and good data retention. The redox

based resistive memory (ReRAM) is among the most promis-

ing concepts currently under discussion.1–3 ReRAM cells basi-

cally consist of a metal-oxide-metal structure (Fig. 1(a)).

Typical materials involved would be either binary (Ta2O5,

TiO2, and HfO2) or ternary (SrTiO3) transition metal oxides as

the resistive switching layer and metals like Ti, Ta, W, Pt or

conductive TiN, ITO, or Nb:SrTiO3 for the electrodes.3,4 The

information is stored in the form of the resistive state of the

memory cell. This can be either a high resistive state (HRS)

and a low resistive state (LRS) or several multilevel states in

between those two extrema.5 Through the application of an

appropriate voltage signal, the reversible switching between

the states can be induced. As the Pt/Sr1þxTi1þyO3þðxþ2yÞ/TiN

cells used in this work belong to the bipolar switching valence

change mechanism (VCM) type of ReRAM, the process of

setting the cell from the HRS to the LRS requires a voltage

VSET whose polarity is different from VRESET, the voltage used

to reset the cell to the HRS.6 This bipolar switching behavior

stems from the movement of mobile donors (here oxygen

vacancies) and the associated redox reaction in the cation sub-

lattice that characterizes the VCM. Most VCM devices require

an initial electroforming process before they can be switched

repeatedly. During this step, oxygen is locally removed from

FIG. 1. (a) Layer stack of the Pt/STO/TiN devices with a sketch of the fila-

ment indicating the disc-like gap of the filament at the Pt electrode in the

HRS and a scanning electron micrograph of a nano-crossbar cell. (b)

Exemplary I-V curve measured on the Ti-rich sample. The voltage is applied

to the Pt electrode. The SET and RESET voltages are marked.

a)Also at J€ulich Aachen Research Alliance, Fundamentals for Future

Information Technology, J€ulich 52425, Germany. Electronic mail: fleck@

iwe.rwth-aachen.de.
b)Also at J€ulich Aachen Research Alliance, Fundamentals for Future

Information Technology, J€ulich 52425, Germany.
c)Also at ams AG, 8141 Premst€atten, Austria.
d)Also at Thin Film Technologies Department at TNO, High Tech Campus

21, 5656 AE Eindhoven, The Netherlands.
e)Also at J€ulich Aachen Research Alliance, Fundamentals for Future

Information Technology, J€ulich 52425, Germany and Gr€unberg Institut,

Forschungszentrum J€ulich GmbH, 52425 J€ulich, Germany.

0021-8979/2016/120(24)/244502/9/$30.00 Published by AIP Publishing.120, 244502-1

JOURNAL OF APPLIED PHYSICS 120, 244502 (2016)

http://dx.doi.org/10.1063/1.4972833
http://dx.doi.org/10.1063/1.4972833
http://dx.doi.org/10.1063/1.4972833
mailto:fleck@iwe.rwth-aachen.de
mailto:fleck@iwe.rwth-aachen.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4972833&domain=pdf&date_stamp=2016-12-30


the oxide layer and a conductive filament evolves. Filament

widths as small as few nanometers have been reported.7 In

asymmetric stacks with different metals used for the two elec-

trodes, the switching is expected to occur at the Schottky inter-

face between the filament and the electrode with the higher

work function and lower oxygen affinity (in this work Pt)

whereas the other interface is usually neglected.8 During the

SET, a negative bias at the active electrode (Pt) attracts the

positively charged oxygen vacancies, thereby lowering the

Schottky barrier. Applying a positive bias pushes the vacancies

away from the active interface, resulting in an insulating layer

and an overall high resistance (Fig. 1(b)). For a deeper under-

standing of the resistive switching process it is crucial to con-

sider the involved kinetics, especially since they feature a

highly nonlinear voltage dependence, spanning over several

orders of magnitude in time with only a minor change in the

applied voltage.9–15 Prior publications identified Joule heating

and the resulting thermal activation of oxygen vacancy hop-

ping as the source of this nonlinearity.10,13–17 Current studies

are discussing the possibility of oxygen transfer reactions

between the oxide and the metal electrodes as additional

effects involved in VCM-type resistive switching.18–20

Due to its thoroughly investigated defect chemistry,

strontium titanate (STO) is often used as a model system for

resistive switching.21,22 Recently, several studies have dealt

with the influence of stoichiometry on resistive switching in

STO, revealing differences in forming voltage and statis-

tics,23 data retention,24 or even switching/no-switching.25

However, in order to draw any conclusions on relevant dif-

ferences in the switching mechanisms, more detailed studies

are necessary. Therefore, this work addresses the question

whether there is a significant influence of the composition of

STO thin films on the switching kinetics. Utilizing nano-

crossbar devices with a cell area of (100 nm)2 and analyzing

the transient currents during pulse switching enabled the

measurement of the SET and RESET kinetics over 12 orders

of magnitude in time. The study was performed for STO

films of three different Sr/Ti compositions. Their SET kinet-

ics reveal distinctive differences regarding the absolute vol-

tages and the degrees of nonlinearity, which are further

discussed using the analytical model introduced in one of

our previous papers.14 They can be explained by assuming

differences in thermal conductivity and the activation energy

for oxygen vacancy migration. The RESET kinetics are ana-

lyzed by two means, the dependency of the resulting HRS

resistances on pulse-length and amplitude and an analysis of

the transient currents following the one suggested by

Marchewka et al.26 Although the resistance maps are similar,

the composition has a major influence on the duration of the

RESET transition.

II. EXPERIMENTAL

A. Nano-crossbar cells

Three STO films of about 8 nm thickness with cation

compositions [Sr]/([Sr]þ [Ti]) of 0.46 (Ti-rich), 0.50 (stoi-

chiometric), and 0.57 (Sr-rich) were grown by plasma-

assisted atomic layer deposition at 350 �C on top of a Pt

coated silicon wafer with a Ti adhesion layer (Si/SiO2

(430 nm)/Ti (5 nm)/Pt (30 nm) (Fig. 1(a)). Using a postdepo-

sition rapid thermal annealing at 600 �C in nitrogen atmo-

sphere, the STO films are crystallized. Further details on the

growth process can be found in recent publications.23,27 For

the use as bottom electrode, the Pt film is structured into

100 nm wide bars by means of nanoimprint lithography and

reactive ion beam etching (RIBE). The resistive switching

cell is completed by a 30 nm TiN film, deposited by sputter-

ing, and capped with a Pt layer. By use of e-beam lithogra-

phy and RIBE, the TiN/Pt top electrode is also structured

into 100 nm wide bars, thus resulting in active device areas

of 100� 100 nm2 (Fig. 1(a)).

To investigate the SET kinetics, two measurement sys-

tems are applied for the different time-scales. A Keithley

4200 SCS with a two channel pulse measurement unit with

remote amplifiers is used for pulses from 100 ns up to 1 s

with a maximum time resolution of 200 MS/s. Channel 1

(connected to the Pt bottom electrode) provides the signal

with channel 2 (connected to the TiN top electrode) remain-

ing on ground potential and measuring the current. For the

time scale above 0.1 s, a Keithley 2636 A source meter unit

is used to apply the voltage, while the internal clock of the

measurement PC takes the time. The overlap of one order of

magnitude for both setups ensures compatibility of the meas-

urements. All voltages in this work are applied to the Pt bot-

tom electrode, while the TiN electrode remains grounded.

III. RESULTS AND DISCUSSION

A. Electroforming

In their pristine state, all of the stoichiometric and Sr-

rich Pt/STO/TiN devices are highly resistive with resistances

above 1 GX at 0.1 V. As indicated before, these devices need

an initial electroforming step before they can be switched

repeatedly. For those cells that require electroforming, a

voltage ramp down to �6 V with a current compliance of

10 lA is applied to the Pt bottom electrode using an Agilent

B1500A semiconductor analyzer. This procedure is unneces-

sary for about 50% of the Ti-rich cells as they are already in

a low resistive state of a few kX. The cumulative distribution

function of the forming voltages measured on 30 cells for

each stoichiometry is depicted in Figure 2 revealing huge

differences. Whereas both, the Sr-rich and the stoichiometric

samples, have similar ranges of �1.8 V and �2.2 V, their

median forming voltages differ by nearly a factor of two

(STO: �5.2 V vs. Sr-rich: �2.7 V). The distribution of the

Ti-rich sample on the other hand is quite different as it fea-

tures two different slopes that point towards two different

populations of cells. About 25% of the cells form between

�1.1 and �1.75 V, which is roughly equal to typical SET

voltages. So, on top of about half of the cells not needing

any forming because of their initially low resistances, half of

the remaining cells can be considered forming-free due to

their low Vform. The other 25% of the cells need much higher

voltages of up to �5.8 V. Ti-rich STO has a tendency

towards the formation of a secondary TiOx phase when the

saturation limit for excess TiO2 of 0.5 at. % is surpassed.28,29

In one of our previous studies on films deposited under the

244502-2 Fleck et al. J. Appl. Phys. 120, 244502 (2016)



same conditions,23 we demonstrated that the Ti-rich samples

feature areas with different surface morphologies and signifi-

cantly different local conductivities, that were interpreted as

such TiOx phases. These TiOx regimes of about 1 lm2 area

make up around 1/3 of the overall surface. These values

have been extracted from conductive AFM measurements.

The huge range of forming voltages and the high percentage

of initially low resistive cells might be attributed to the

crosspoint (i.e., (100 nm)2) of the cell sandwiching either a

TiOx-rich region or a SrTiO3 one.

B. Quasi-static switching

Figure 3(a) shows the current-voltage characteristics of

a typical cell for each composition with maximum voltages

of �1.5 V for the SET and 2 V for the RESET branch. These

voltage sweeps were performed using a Keithley 2636 A

source meter with 10 mV voltage steps and an effective

sweep rate of about 4.5 V/s starting with the negative polar-

ity. As the cells are self-limiting, the use of a current compli-

ance is not necessary, and not advised to ensure a better

comparability with the pulse measurements, which are

incompatible with a current compliance. Nonetheless a rather

high current compliance of 1 mA is applied in the quasi static

measurements to prevent damage to cells due to the applica-

tion of higher currents for longer times. This current value is

seldom reached during cycling, an example is the curve mea-

sured on the Sr-rich cell (black) in Figure 3(a) that enters the

current compliance at about �1.4 V.

Overall, the I-V characteristics of the three different

compositions look rather similar, but there is a distinct dif-

ference in the switching voltages, with VSET being signifi-

cantly higher (0.2 V) for the stoichiometric and VRESET being

lower by about the same amount for the Sr-rich sample. This

tendency is confirmed by a statistical analysis of 100 cycles

on each sample (Figure 3(b)). SET and RESET voltages of

the Sr-rich and stoichiometric sample are symmetric with the

former requiring lower voltages (�61:08 V compared to

�61:25 V). The Ti rich sample on the other hand has asym-

metric SET and RESET voltages of VSET ¼ �1:00 V and

VRESET ¼ 1:35 V. Overall, these results are consistent with

the ones reported earlier for 12 nm thick STO layers.23 The

lower spreading of the switching voltages for the Sr-rich

devices in this study compared to the former one is attributed

to the higher current compliance.

Another quite interesting difference regards the LRS

branch of the I–V curves (Figure 3(a)). Compared to the Ti-

rich and the stoichiometric sample, the Sr-rich sample shows

a higher nonlinearity in the LRS. As differences in the LRS,

textiI-V curves have also been reported by earlier works this

may point towards a difference in the conduction mechanism

based on the STO composition.23,24

C. SET kinetics

Figure 4(a) shows the pulse scheme applied to the cells

with the Keithley 4200. It starts with a 10 ls long RESET

FIG. 3. (a) I-V characteristic after

forming. (b) Cumulative distribution

function of the SET and RESET vol-

tages taken from 100 cycles.

FIG. 2. Cumulative distribution functions of the forming voltages. The stoi-

chiometric sample needs considerably higher voltages to form, whereas the

Ti-rich sample shows a huge spread of the forming voltage.

244502-3 Fleck et al. J. Appl. Phys. 120, 244502 (2016)



pulse at 2 V that leaves the cell in a high resistive state whose

resistance is verified by a 1 ms long READ at 0.5 V. The

pulse width of the consecutive SET is varied between 100 ns

and 1 s. For each width, the amplitude is decreased in 50 mV

steps from 1.7 V to 0.8 V with each consecutive cycle. A

second READ verifies the SET and completes the cycle

(Fig. 4(a)). To ensure a comparable initial state every second

cycle, a preparation cycle with fixed values for the SET

(�1.5 V for 100 ls) and a slightly higher RESET (2.3 V for

10 ls) is applied.

Figure 4(b) shows the measurement scheme for the

slower setup with the Keithley 2636 A. Each cycle starts

with the preparation of the cell by a voltage sweep (sweep-

rate: 1 V/s) with maximum amplitudes of �1.5 V and 2 V for

the SET and RESET branch, respectively. Afterwards, a DC

voltage is applied to the cell until either the SET occurs or a

pre-defined time frame of 104 s has passed. The amplitude of

this DC signal is systematically lowered in 20 mV steps until

the cell was unable to SET in the given time-frame for three

consecutive times.

The transient current responses of a Sr-rich cell to a

100 ls SET pulse of �1.1 V is shown in Figure 4(c). For the

first 53 ls, the current stays at a rather low level of about

�20 lA in which the cell is still in the HRS. The increase in

current at 53 ls marks the SET transition; for further analy-

sis, the time between the voltage reaching 90% of its plateau

value and the beginning of the SET transition is termed SET

time tSET. After the SET, the current remains on a high abso-

lute value of about �420 lA for the rest of the pulse.

The as expected highly nonlinear voltage dependency of

tSET for the three different STO compositions is depicted in

Figure 5(a). The trend for the Sr-rich sample (black) starts at

an amplitude of �0.7 V with tSET around 103 to 104 s and

then decreases rapidly down to slightly below 10 ns for vol-

tages between �1.1 and �1.4 V. For devices with stoichio-

metric STO (blue), the tSET vs. V curve is shifted about 0.3 V

towards higher amplitudes, consistent with the quasi-static

measurements. Compared to the other compositions the Ti-

rich STO reveals a significantly flatter slope, starting at

�0.35 V just below 104 s and ending at �1.55 V for 10 ns,

with a few outliers around �1.7 V and 1 ls. For a further

analysis, the analytical model proposed in one of our previ-

ous publications is used.14 Assuming an ion hopping mecha-

nism described by the Mott-Gurney law for the oxygen

vacancies, the SET time can be estimated as

tSET ¼
ldisc

vdrift

¼ ldisc

af
exp

DWhop

kBT

� �
sinh

zea

2kBT

V

ldisc

� ��1

: (1)

FIG. 4. (a) Pulse scheme for the fast

pulse measurements. (b) Measurement

scheme used for times over 0.1 s. (c)

Transient current during a 100 ls SET

pulse, the SET transition occurs after

53 ls as indicated by the rise in cur-

rent. The HRS and LRS currents are

marked by dashed and dotted lines,

respectively.

FIG. 5. (a) The SET time tSET as a

function of the applied voltage, experi-

mental (dots), model (lines) (b) I-V
measured by 130 pulses with ampli-

tudes between �0.25 and �1.6 V. The

lines indicate the fit using Equation (3).
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The hopping mechanism is specified by the hopping dis-

tance a, the attempt frequency f, and the activation energy

DWhop, where the sinhðÞ term describes the barrier lowering

due to high electric fields in the disc-like filament gap of

length ldisc.13,14 As mentioned earlier, the local temperature

T in the filament, or more precisely in the gap between the

filament and the active electrode, is the main origin of the

nonlinear switching kinetics. It can be approximated as

T ¼ T0 þ Rth � VI ¼ T0 þ Rth � P; (2)

where Rth is the effective thermal resistance and T0 equals

300 K. For an estimation of this temperature, it is essential to

use an I–V characteristic for a preferably large voltage range.

With quasi-static sweeps, this cannot be achieved due to the

relatively low SET voltages which can be overcome by the

fast pulse experiments. Therefore, the method of choice is to

measure the I–V characteristic using a pulse scheme similar

to Figure 4(a). The only changes made are to set a fixed

width for the SET pulse of 100 ls and a voltage range from

�0.25 V to �1.6 V. Compared to a conventional quasi-

statically measured I–V curve, this method provides a signifi-

cant advantage. Due to the much higher sampling-rate of the

pulse setup, the HRS currents can be extracted from the tran-

sient currents (cf. Fig. 4) as long as tSET is not shorter than

the timeframe per sample, independent if the cell switches at

the applied voltage. This allows a characterization of the

HRS beyond the usual quasi-static VSET.

Figure 5(b) shows the determined I–V data sets. Each

point represents the mean HRS current measured from the

beginning of the pulse until either the end of the pulse or

the reaching of tset if a SET occurred during the pulse. The

resulting I–V curves are fitted using a diode-like characteris-

tic in series with a resistor:14,30

I ¼ �I0 þ
V0

Rs

�W I0Rs

V0

� exp
V þ I0Rs

V0

� �� �
(3)

with the saturation current I0, the series resistance Rs, and a

characteristic voltage V0 ¼ gVT ¼ g kBT
e , including the ther-

mal voltage VT and a nonideality factor g. W is Lambert’s W

function, which is the inverse function to f ðxÞ ¼ xex.31 We

decided to use a fixed value for VT disregarding its tempera-

ture dependence, because the fit mainly serves to give a han-

dle for the measured I–V characteristics. The parameters

used for fitting the I–V curves and for calculating the SET

times are given in Table I. In Figure 5(a), the calculated

kinetics are represented by the colored lines. A comparison

to the measured data compiled from multiple cells on each

sample reveals a good accordance. Besides the different

input I–Vs, only two parameters are changed for modeling

the different stoichiometries. As the thermal conductivity in

STO films decreases with increasing nonstoichiometry,32,33

be it Ti or Sr excess, we assumed a lower thermal resistance

for the temperature-estimation in the stoichiometric film,

which results in a lower Tdisc. The second one is the activa-

tion energy for the vacancy hopping DWhop. At this point, it

has to be mentioned that the DWhop values used in the fit

exceed the ones measured for STO.34 Simulations by

Marchewka35 suggest that this inconsistency may originate

from the interrelation of drift and diffusion transport. For fit-

ting the kinetics of the Ti-rich sample, the activation energy

for the oxygen vacancy migration had to be lowered to

0.9 eV. This difference in the activation energy may indicate

that it is not the STO that is switched but rather a possible

TiOx-rich secondary phase.

D. RESET kinetics

The pulse scheme for the RESET kinetics is quite simi-

lar to the one used for the SET with the main difference of a

fixed SET (500 ls at �1.3 V) and a variable RESET pulse

(100 ns to 100 s at 0.5 V to 2 V) opposed to a variable SET

and a fixed RESET (cf. Fig. 6(a)). For the preparation cycle,

a 100 ls SET at �1.3 V and a 10 ls long RESET at 2 V are

used.

In contrast to the rather spontaneous SET event, the

RESET is a more gradual process. The origin of this gradual

nature of the RESET was found to be the interaction of two

competing driving forces for oxygen vacancy migration, drift

and diffusion, and their convergence towards an equilibrium

state.26 After the SET, the oxygen vacancies are distributed

rather homogenously throughout the filament. At the begin-

ning of the RESET, oxygen vacancies are removed from the

active interface by drift, thus lowering the local oxygen

vacancy concentration. Due to the resulting concentration,

gradient diffusion sets in, providing a driving force towards

the active electrode. So, drift and diffusion tend towards dif-

ferent directions and the RESET process continues until both

driving forces are in an equilibrium.26 The RESET transient

characteristic shown in Figure 6(b) comprises transient cur-

rents of all the 1.4 V RESET pulses measured on the Ti-rich

sample. It demonstrates the gradual nature of the RESET

vividly. In the first 300 ns, the current increases steadily by a

few 10 lA up to a maximum of 570 lA and decreases after-

wards asymptotically to about 100 lA. The time where the

current passes half of the difference between the maximum

and minimum value is called s50. A similar hump in the tran-

sient current was reported by Marchewka. Its origin is the

redistribution of a slight oxygen vacancy enrichment at the

active interface followed by depletion and build up of an

TABLE I. Fitting parameters.

I0 ðlAÞ gVT (V) Rs ðXÞ Rth (k/W) ldisc (nm) a (nm) f (THz) Whop (eV)

Sr-rich 0.64 0.237 6119 15� 106 4 0.2 16.67 1.3

STO 1.16 0.339 4561 10� 106 4 0.2 16.67 1.3

Ti-rich 0.62 0.362 2930 15� 106 4 0.2 16.67 0.9

244502-5 Fleck et al. J. Appl. Phys. 120, 244502 (2016)



oxygen vacancy gradient.26 Figures 7(a)–7(c) show the

dependencies of the resistance after the RESET (READ II in

Figure 7) on the width and amplitude of the applied RESET

pulse for an exemplary cell of each composition. Note that

the same color scale for the cell resistance is used in all three

plots. At the first glance, these V-t-R plots look rather similar

in shape for the three different stoichiometries. The down

left half is dark blue in color, indicating a low resistance as

pulse length and/or amplitude are not sufficient to RESET

the cell into the HRS. Then, there is a transitional area, indi-

cated by a lighter blue, where the cell resistance is slightly

increased (lower 10 kX regime) by the RESET pulse but not

yet fully switched. The third region, located in the upper

right corner, shows the highest change in resistance. It is this

region where differences in the RESET kinetics for the dif-

ferent compositions are revealed. Whereas the resistance of

the Ti-rich cell seldom exceeds 100 kX, the Sr-rich and the

stoichiometric cell reach resistances well above. From this

simple discussion on the resistance values of view, one might

suspect that the RESET is slower for the Ti-rich cell, because

of the overall lower HRS. But taking the transient currents

into account and analyzing the respective s50 values, this

impression is put into another perspective. In Figure 8, the

combined RESET transients (cf. Fig. 6(b)) for all 1.7 V

RESET pulses are plotted for all three compositions. The

resulting I-t characteristics reveal significant differences in

the dynamics of the RESET process. One being the different

starting LRS currents, which fit well to the quasi-static I–V
measurements (cf. Fig. 3). Another one being the differing

FIG. 6. (a) Pulse scheme for measuring

the RESET kinetics. (b) Combined

transient current of all 1.4 V RESET

pulses on the Ti-rich sample. The

RESET transition is gradual in nature,

with the largest change in resistance

taking place right after the pulse pla-

teau has been reached.

FIG. 7. Resistance after the RESET as a function of the applied voltage and

the pulse-length for (a) the Sr-rich, (b) the stoichiometric, and (c) the Ti-rich

STO sample.

FIG. 8. (a) The combined transient currents at a RESET voltage of 1.7 V

reveal significant differences in the RESET kinetics for the three composi-

tions. (b) The decay time s50 for different voltages display the difference in

pace of the RESET process.

244502-6 Fleck et al. J. Appl. Phys. 120, 244502 (2016)



paces of the RESET process for the different compositions.

For the Sr-rich sample, the current decrease that accompa-

nies the RESET features a prominent hump and occurs much

slower, especially compared to the Ti-rich sample. These dif-

ferences in the dynamics of the transient currents during the

RESET can be summarized by the s50 values. In Figure 8(b),

the s50 vs. voltage graphs for each composition are shown.

For low voltages (<1.0 V), the difference in the decay times

for the various compositions is rather small as all s50 values

are around a few seconds. It is this regime of time and volt-

age where the quasi-static measurements (cf. Fig. 3) are

made. The small difference in time is consistent with the

small difference of the observed VRESET. With increasing

voltage, the three curves diverge with the Sr-rich sample fea-

turing the highest and the Ti-rich sample the smallest s50.

For the highest voltages applied to cells (>1.8 V), the s50

values differ by more than three decades. Simulations by

Marchewka36 show that variations in the activation energy

DWhop of a few 0.1 eV can explain why the device with

the lower DWhop switches several orders of magnitude faster.

This again points towards a lower activation energy for

the Ti-rich sample. In contrast, a possible explanation for the

RESET being faster in the stoichiometric compared to the

Sr-rich sample may be given by a lower temperature in the

filament due to a lower LRS current and a higher thermal

conductivity. As diffusion works towards an even distribu-

tion of oxygen vacancies throughout the filament, it slows

down the RESET process. An overall higher temperature

facilitates diffusion as described by the Einstein relation

DðTÞ ¼ lðTÞ � kB � T (4)

with D(T) being the diffusion coefficient and lðTÞ / 1=T
� expðDWhop=kB � TÞ the oxygen vacancy mobility. Therefore,

higher temperatures favor diffusion over drift, which may

explain the slower RESET in the Sr-rich sample. Also, the

prominent hump in the RESET transient of the Sr-rich sam-

ple suggests a higher accumulation of oxygen vacancies at

the active interface that have to be moved, which also

matches the higher LRS current in the Sr-rich sample com-

pared to the stoichiometric one. The redistribution of such an

accumulation at the beginning of the RESET might also be

an explanation for the observed differences between the Sr-

rich and the stoichiometric device.

E. Retention

Before measuring the retention, the cells are prepared in

either the LRS or the HRS by a sweep to �1.5 V or 2 V,

respectively. For both resistive states, the retention is mea-

sured by applying a 2.5 ms READ at �0.3 V in logarithmi-

cally increasing intervals up to a total time of 10 h. The

ambient temperature is increased to 100 �C for a temperature

acceleration of the states’ lifetimes. From Eqs. (1) and (2) at

an increased ambient temperature T0 of 373 K and a READ

voltage of �0.3 V, one would expect the Ti-rich cell to SET

after about 1 s. The samples of the other two compositions

should not even switch until about 103 s. Both estimated times

are longer than the cumulated time of all READs of 0.175 ms.

Therefore, no disturbance by the READ is expected.

The inset of Figure 9 shows exemplary resistance vs.

time curves for each stoichiometry. While the LRS are stable,

the HRS decay into the LRS ones. Figure 9 shows the distri-

bution of the HRS lifetimes of the probed devices. Due to the

small batch size, no statistical statement can be made, but

nonetheless, it becomes clear that there is a large spread in the

HRS lifetimes for all compositions. An influence of the stoi-

chiometry on the retention could not be found which is sur-

prising regarding the differences in the SET kinetics. Together

with the surprising lack of any materials trend mentioned

above, this points towards another effect than drift during the

READ as origin of the retention failure. Most probably, this

could be a relaxation of the oxygen vacancy concentration

inside the filament by means of diffusion towards the Pt-

electrode as the stable state is the more homogeneous one, in

this case the LRS.35,37

IV. SUMMARY AND CONCLUSION

In this paper, we presented a study of the switching

kinetics for the SET and RESET process in resistive switch-

ing Pt/Sr1þxTi1þyO3þðxþ2yÞ/TiN nanocrossbar devices of

three different [Sr]/([Sr] þ [Ti]) ratios. It is found that the

composition of the film has a major influence on both

processes.

Analysis of the electroforming revealed a major shift of

Vform depending on the stoichiometry with very large devia-

tions for the Ti-rich film that may originate from the phase

separation known to occur for high Ti concentrations in

STO. The quasi-static switching curves measured after form-

ing showed certain differences in the shape and also in the

SET and RESET voltages between the different STO

compositions.

The SET kinetics were studied over 12 orders of magni-

tude between 10 ns and 104 s. By analyzing the transient cur-

rents measured during pulse experiments, the SET times are

extracted and their voltage dependencies investigated. With

respect to the stoichiometric STO, the tSET vs. V curves of

both non-stoichiometric compositions are shifted towards

FIG. 9. (a) HRS/LRS resistances plotted versus the pass time for the Sr-rich

(blue), stoichiometric (black), and Ti-rich (red) samples. (b) Cumulative dis-

tribution function of the HRS lifetimes measured at 100 �C.
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lower amplitudes. The origin of this shift may lie in the

higher thermal conductivity reported for stoichiometric STO

that would lead to lower cell temperatures. A comparison to

an analytical model supports this hypothesis. Whereas the

tSET vs. V curves of the stoichiometric and the Sr-rich sam-

ples are nearly parallel to each other, the Ti-rich sample fea-

tures a flatter slope crossing the curve of the Sr-rich sample.

By assuming a lower activation energy for the oxygen

vacancy migration, the slope of the Ti-rich sample can also

be modeled, which might indicate that the switching taking

place in a TiOx phase. For studying the RESET kinetics, a

pulse series was applied and the resistances before and after

the RESET were measured. The resulting resistance maps for

the different compositions show no major difference beside a

tendency of the Ti-rich sample towards lower HRS resistan-

ces. This conformance regarding the resistances is contrasted

by a significant difference in the dynamics of the transient cur-

rent and the s50 values extracted therefrom. At higher RESET

voltages, a clear composition dependency becomes observable

with the Ti-rich STO sample switching faster and the Sr-rich

STO sample switching slower than the stoichiometric STO.

This tendency can be motivated by the assumption of a lower

activation energy DWhop involved in the hopping process of

oxygen vacancies for the Ti-rich and an overall lower temper-

ature in the stoichiometric sample due to lower currents and a

higher thermal conductivity. These assumptions match with

the ones used for fitting the SET kinetics.

By measuring the retention behavior at 100 �C, it could

be shown that the HRS is less stable than the LRS and that

the retention failure in the HRS does not originate from the

drift during the READ process. The most reasonable mecha-

nism is diffusion of oxygen vacancies towards the active

interface to reach a more homogenous oxygen vacancy dis-

tribution inside the filament.

Based on our study, we can conclude that the properties

of an ReRAM cell can be tuned by modifying the oxide layer

with respect to its thermal properties. A lower thermal con-

ductivity makes the Joule heating more effective, which may

result in faster switching. Moreover, the migration enthalpy

could be varied, which leads to a change in the nonlinearity of

the switching kinetics and potentially to engineered retention

properties. The variation of the cation (here Sr/Ti) ratio is a

viable method to engineer the film properties of ternary metal

oxides. For binary oxides doping might be a viable way. In lit-

erature, it was already demonstrated that doping HfO2 with

different valent metals can influence the forming voltage.38,39

Moreover, it was shown theoretically that replacing Ti in STO

can influence the effective migration barrier, too.40

This study also demonstrates that an analysis of the

switching kinetics over a broad time range may reveal

important additional information compared to DC character-

izations or pulse studies focussed on a smaller timeframe.
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