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ABSTRACT
Long-term retention is one of the major challenges concerning the reliability of redox-based resistive switching random access memories based
on the valence change mechanism (VCM). The stability of the programmed state has to be ensured over several years, leaving a sufficient
read window between the states, which is even more challenging at large statistics. Thus, the underlying physical mechanisms have to be
understood and experimental data have to be evaluated accurately. Here, it shows that the retention behavior of the high resistive state (HRS)
is more complex than that of the low resistive state and requires a different evaluation method. In this work, we experimentally investigate
the retention behavior of 5M VCM devices via accelerated life testing and show the difficulties of commonly used evaluation methods in
view of the HRS. Subsequently, we present a new evaluation method focusing on the standard deviation of the HRS current distribution.
Hereby, an activation energy for the degradation process can be extracted, which is essential for the prediction of the devices’ behavior under
operating conditions. Furthermore, we reproduce the experimentally observed behavior with our 3D Kinetic Monte Carlo simulation model.
We confirm the plausibility of our evaluation method and are able to connect the calculated activation energy to the migration barriers of
oxygen vacancies that we implemented in the model and that we believe play a key role in the experimentally observed degradation process.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188573

I. INTRODUCTION

Regarding the increasing demand of non-volatile memories
(NVMs) due to the advancing digitization of numerous areas of
our everyday life, the research in the field of new technologies was
strongly expanded over the last years.1,2 Here, redox-based resistive
switching random access memory (ReRAM) seems to be a promis-
ing candidate to replace the typically used flash technology, which
is expected to reach its physical limits soon.3–5 Numerous publi-
cations have shown the advantages of ReRAM, e.g., fast switching
speed down to 20 ps,6,7 high scalability with sub-10 nm2 cells,8,9 and
low operating voltages (<2 V).10,11 Additionally, ReRAM could be a
key component in neuromorphic computing applications.12

Thus, bipolar switching valence change mechanism (VCM)
based ReRAM cells are extensively studied. Typically, they consist
of a transition metal–oxide layer placed between two metal elec-
trodes with a high work function (electrochemically active electrode,

AE) and a low work function (ohmic electrode, OE).13,14 By apply-
ing external voltages, oxygen vacancies (V●●O ) as one type of mobile
donors can be generated in a so-called forming step, building a con-
ductive filament through the oxide layer.15,16 Afterward, the filament
can be ruptured by moving V●●O away from the AE, leaving behind
a depletion zone, also called gap, and consecutively rebuilt depend-
ing on the voltage polarity. Hereby, the cell can be switched between
a high resistive state (HRS) and a low resistive state (LRS), which
can be read out non-destructively by applying a comparatively small
read voltage.13,17

Since VCM ReRAM devices are currently crossing the line to
commercial breakthrough, reliability aspects get more and more
into the focus.18,19 Here, a typical requirement for NVM applica-
tions of ReRAM is a long-time stability of the programmed states,
called retention, for 5–10 years at an operating temperature of
85–125 ○C.20 For applications in an automotive environment, even
operating temperatures up to 175 ○C have to be considered.18 In

APL Mater. 12, 031112 (2024); doi: 10.1063/5.0188573 12, 031112-1

© Author(s) 2024

 11 M
arch 2024 12:12:55

https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0188573
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0188573
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0188573&domain=pdf&date_stamp=2024-March-8
https://doi.org/10.1063/5.0188573
https://orcid.org/0000-0001-5422-7372
https://orcid.org/0000-0002-6766-8553
https://orcid.org/0000-0002-5426-9967
https://orcid.org/0000-0002-4258-2673
https://orcid.org/0000-0003-2820-9677
mailto:s.wiefels@fz-juelich.de
https://doi.org/10.1063/5.0188573


APL Materials ARTICLE pubs.aip.org/aip/apm

order to investigate the retention behavior, accelerated life testing
(ALT), where the cells are exposed to elevated temperatures, plays an
important role. In this context, it is customary to determine the acti-
vation energy EA of the underlying temperature-activated process
in order to make predictions for the retention behavior on accept-
able timescales.21–23 The exact process is still unclear but can in our
opinion only be related to the diffusion, generation, and recombina-
tion of V●●O . Often, the exact process is not examined at all, but EA is
simply determined from the electrical signal.

So far, in literature, the focus of retention investigations con-
cerning VCMs mostly lies on the LRS in experimental works22–25

as well as via simulations.26–29 As the LRS current distribution is
typically observed to mainly shift at elevated temperatures, its behav-
ior can be extrapolated comparatively easy. Nevertheless, the HRS
retention has been presented in several experimental works.30–32

However, so far, only the mean value or single devices have been
considered for the HRS retention characterization. With regard to
the different retention behavior of the investigated cells (decreas-
ing or increasing current), this contemplation is in our opinion
deficient. In the few available studies of the HRS retention via sim-
ulation models,29,33–35 the mean current is usually in the focus as
well, variability is not adequately considered, and to our knowl-
edge no activation energy EA has been calculated from the sim-
ulated HRS retention data and connected to the physical model
behind. Ultimately, the retention of both HRS and LRS has to be
understood because the key challenge is a sufficient read window
between these two states after the required storage time at operating
temperature.

Thus, in this work, we investigate the retention behavior of the
HRS. We present experimental data that reveal the more compli-
cated behavior of the HRS, looking at cell statistics. We show that the
typical LRS evaluation methods cannot be adopted for the HRS and
hence introduce a new evaluation method for the HRS retention. We
found that considering the statistics (e.g., the current distribution)
of many devices and especially looking at the standard deviation are
more successful than looking at single cells or mean currents.

Furthermore, we support our experimental findings and the
introduced evaluation method via our 3D Kinetic Monte Carlo
(KMC) model, which was initially presented in Ref. 36. With our
simulation model, we show similar HRS retention behavior that
is based on the random diffusion of V●●O . Finally, we prove that
with our evaluation method, an activation barrier can be extracted
that coincides with the diffusion energy barrier implemented in our
model for long-range diffusion.

II. EXPERIMENTAL
A. Details

The experimental study is based on a 28 nm back end of line
(BEOL) integrated VCM type ReRAM from a collaboration with
Infineon Technologies. Information that is more detailed can be
found in Ref. 37. On five equal dies, 5.6M devices each are prepared
by electroforming and pre-cycling. Each programming operation is
performed via a program-verify algorithm consisting of several steps
in order to program HRS and LRS into defined resistance ranges.
After preparation, one half of the devices (2.8 Mbit) on each die is
programmed into HRS and the second half into LRS. Subsequently,
all devices are read by applying a pulse of 0.2 V. In order to estimate

the room temperature retention on long time scales, ALT is applied.
Thus, each die is baked at a different temperature, ranging from
125 to 250 ○C, and in between read again at room temperature. This
provides the degradation over time and temperature from which the
correct trend needs to be extracted for a reliable estimation of the
long term retention. It might be noted that the measurement is con-
ducted on a test vehicle. Thus, chip and algorithm deviate from the
optimized product versions.38

B. Results
The resulting distributions for one exemplary die after pro-

gramming are depicted by blue lines in Fig. 1. The distributions are
given in a quantile plot, i.e., they are normalized with the standard
normal distribution. Thus, the ordinate is given in multiples of the
standard deviation σ. After bake at 150 ○C for up to 30 h, the LRS
only shows a minor shift toward lower read current. In order to
extrapolate its degradation, the Arrhenius approach is a common
method, which proved to be valid.21–23 In the LRS, the degrada-
tion can be directly measured using simply the current change
ΔI after a specific bake-time compared to the state directly after
programming I0.

However, the degradation of the HRS shows a complex behav-
ior as it is comprised of a shift to lower currents as well as a
broadening over time. As an example of a suboptimal approach, the
Arrhenius method is applied using simply ΔI in Fig. 2. First, the
change in read current for different bake temperatures is evaluated
at different quantiles (σ) of the HRS distributions and plotted over
log(t) in Fig. 2(a). In order to reliably apply the Arrhenius model,
the degradation over log(t) should follow a straight line while being
parallel to the degradation at different temperatures. By chance, the
data for −4σ seem to nearly fulfill this criterion. However, the indi-
vidual slopes strongly depend on the quantile of evaluation. Starting
from −2σ, even a negative degradation is observed. At 0σ (i.e., the
median), some extracted values strongly deviate toward high neg-
ative values, as indicated by the dashed fit. As demonstrated in
Fig. 2(b), no reliable Arrhenius plot can be generated from these
data. Evaluating ΔI at −1σ or 0σ completely breaks the Arrhenius
model, as indicated by the dashed fits.

FIG. 1. Normalized cumulative distributions of exemplary retention results. 2.8M
devices are programmed into HRS (solid lines) and LRS (dashed lines) each. Sub-
sequently, the die is baked at 150 ○C for up to 30 h as specified in the legend. The
LRS only shows a slide shift toward lower read current. The HRS shows a complex
degradation comprising shifting and tilting.
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FIG. 2. Suboptimal approach to determine EA: (a) Degradation of the read current
evaluated from different quantiles (σ) of the distribution, revealing strong depen-
dency on where ΔI is evaluated. (b) Arrhenius plot of the degradation for different
quantiles (σ). No clear EA can be determined. For −1σ and 0σ that correspond
to the median, the Arrhenius model completely breaks (dashed lines).

Thus, a more reliable approach to determine an activation
energy EA for degradation is required. We propose to utilize the
statistical parameters of the HRS data and extrapolate their trend
over t. Accordingly, the HRS read current distributions are fitted

FIG. 3. Linear fit of the log-normal HRS distribution demonstrated exemplarily on
the degradation at 125 and 200 ○C. The distributions monotonously tilt toward
higher standard deviation σ [regarding log(I)].

FIG. 4. (a) The normalized degradation of the standard deviation Δσ/σ0 [regarding
log(I)] is extracted from the fits in Fig. 3 and plotted over log(t). The resulting
parallel lines indicate the validity of the Arrhenius approach. (b) Extracted failure
time for different levels of σ degradation added to an Arrhenius plot, resulting in
excellent fits and an extracted EA around 2 eV.

as shown exemplarily using the 125 and 200 ○C degradation data
in Fig. 3.

Here, the plotting of normal quantiles over log(t) allows for
applying a linear fit to match the log-normal statistics.39 Note that
a large part to the left of the distribution is cut off. Here, the sense
amplifier sweep only detects that the read current is smaller than the
lowest reference current and thus not critical for the read window.
Nevertheless, previous studies showed that the log-normal trend as
fitted here continues for the major part of the distribution and only
the right tail deviates from the log-normal statistics.39,40

From these fits, the characteristic parameters μ and σ of the
log-normal distribution are extracted. Here, μ is the median and σ
is the standard deviation of log(I). The plots in Fig. 3 emphasize
that the tilting or broadening of the distributions has the high-
est impact on the right edge of the distribution and that on the
read window. Thus, it is reasonable to focus on the increase in σ,
which corresponds to the reciprocal slope of the fit. Figure 4(a)
shows the relative increase in σ over the bake time for all five bake
temperatures.

These trends are fitted linearly over log(t). In contrast to
Fig. 2(a), the slopes of these fits are very consistent and already show
a spacing proportional to the temperature. Accordingly, Fig. 4(b)
provides exceptional Arrhenius fits over a broad range of changes in
σ. Here, an increase of σ in the range from 50 % to 150 % compared
to the initial distribution after programming is taken into account.
These fits result in extracted EA around 2 eV as specified in the leg-
end. This can be considered a reasonable value for the migration of
V●●O in typical VCM type ReRAM materials.41,42

In total, this evaluation method is easy to use and seems to
provide very reliable results. However, this is not sufficient as a
proof of validity and it needs to be confirmed that the extracted
EA corresponds to an underlying physical process.
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III. SIMULATION
In order to confirm the experimental findings and to validate

the proposed evaluation method, as well as to build a connection
between the extracted activation energy EA and its physical ori-
gin, we used our 3D KMC simulation model, first introduced in
Ref. 36. The simulation model consists of a cubic lattice structure
with a spacing of 0.5 nm between each lattice point, representing
a (6 nm)3 HfOx layer sandwiched between two metal electrodes.
Depending on the externally applied voltage and the distribution of
the V●●O at the lattice points, the potential can be calculated via solv-
ing Poisson’s equation. The current through the cell is determined
by the usage of a trap-assisted tunneling (TAT) solver. The TAT
conduction mechanism accurately describes the behavior of systems
with comparatively low V●●O concentrations, as it is the case for the
HRS that we investigate in our study.43

The fundamental component of the simulation model is the
KMC process, which allows for incorporating random processes and
consequently precisely portraying the statistics of the devices. As
demonstrated in our previous work, the diffusion of V●●O is of major
importance concerning the reliability of VCM ReRAM.36,37 In our
model, the drift/diffusion rates are calculated for all V●●O and for all
possible directions via

RD = ν0 exp(−
ED − eΔΦ

kBT
), (1)

where ν0 = 1012 Hz denotes the characteristic vibration frequency,
ED denotes the drift/diffusion energy barrier, and ΔΦ denotes the
potential barrier between the two positions. Subsequently, one pro-
cess is chosen randomly but weighted by the rates and executed
followed by a time update. In Ref. 36, diffusion-limiting domains
were introduced as small boxes with a typical diffusion barrier of ED
= 0.7 eV inside and a hindered diffusion barrier of E′D = 1.2 eV from
box to box. Thus, we were able to explain and reproduce several
short-term instability and long-term retention phenomena consis-
tently in the same model by the same physical origin, namely, the
V●●O diffusion. More details of the model can be found in Ref. 36.

A. Results
In accordance with the experiments presented before, ALT sim-

ulations, also called baking simulations, were conducted. Thus, 100
cells were programmed into the HRS by randomly placing 60 V●●O in
a 2 × 2 × 3 nm3 filament with a 3 nm gap to the AE, respectively.
In the dark blue curve in Fig. 5, the initial current distribution for
an applied read voltage of 0.3 V can be seen. The linear behavior of
the current distribution in the plot with a logarithmic x axis shows
the log-normal behavior that is typically observed for the HRS.
Now, the cells are exposed to elevated temperatures. In total, six
different temperatures were investigated with 100 cells, each com-
prising the properties mentioned above. The temperatures in the
simulations were set in a range from 950 to 1400 K, which is signif-
icantly higher compared to the experiments. This range was chosen
to avoid the high computational effort, which is inherent in these
types of simulations if the temperatures are relatively low. Choosing
high temperatures leads to very short baking times in the nano- to
microsecond range and consequently to shorter computation times.

FIG. 5. Current distribution of 100 cells programmed to the HRS during simulated
baking at 1000 K. As implied by the black arrows, the current distribution tilts over
time, whereas the mean current stays nearly constant. The dotted lines are linearly
fitted to the data with respect to the typical log-normal behavior of the HRS current
distribution.

In Fig. 5, the time evolution of the current distribution is shown
for a bake at 1000 K. It should be mentioned that the current is calcu-
lated for every time step, without actually applying the read voltage.
Thus, as in the experiments, the cells do not see a voltage during
the baking. As the arrows in Fig. 5 indicate, the current distribu-
tion tilts over time, finally leading to a wider distribution (red) with
higher and lower resistive cells than before the bake. This tilt can be
attributed to the combination of the radial and the vertical diffusion
into the gap of V●●O as presented in our previous work in Ref. 36.
Cells with predominating radial V●●O diffusion and thus decreasingly
dense filament have a lowered read current, whereas the cells with
predominating V●●O jumps into the gap and decreased tunnel barrier
have an increased current. Consequently, the distribution broadens,
whereas the mean value of the current distribution remains almost
constant over time. As demonstrated in our previous work, a shift of
the distribution to higher or lower currents could also be observed
depending on the initial conditions,36 but is typically less important
than the effect of the tilt.39

In order to investigate the retention behavior quantitatively,
a linear fit has been applied to the current distributions for all
times during baking. From the slopes of the linear fits, the stan-
dard deviation of the log-normal distributions can be extracted. The
time evolution of the normalized standard deviation of the current
distributions is represented in Fig. 6 for all six simulated baking
temperatures. After a comparatively short, noisy starting phase, the
standard deviations for all simulated temperatures increase up to at
most 130% in the simulated time-range. The increase shows several
fluctuations that can be attributed to the high influence of single
random events on the current distribution of merely 100 simulated
cells each. Despite the noisy behavior, the increase of the standard
deviation overall follows a linear trend. In Fig. 6, the standard devi-
ation has been fitted linearly, neglecting the noisy start phase that is
marked by the gray box at the bottom. It can be seen that the linear
fits have a very similar slope for all temperatures and are only shifted
horizontally to each other.

As motivated before, the increase of the standard deviation can
be used as a reasonable failure criterion for the retention of VCMs.
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FIG. 6. Normalized standard deviation of the current distributions of each 100
cells for ALT simulations with six different temperatures over time. After a short,
noisy start phase (gray box), the standard deviations increase overall linearly, as
depicted by the linear fits for each temperature. The extraction of failure times is
exemplarily shown for two different limits and two different temperatures (black
dashed lines).

Furthermore, EA of the underlying process can be extracted from
the data, which is necessary to make predictions for the retention
of VCMs at normal operation temperatures. Thus, the failure crite-
rion has to be chosen reasonably. On the one hand, the failure limit
should be higher than the general noise of the standard deviation.
On the other hand, the failure limit is confined by the simulated data
of the curve with the highest temperature. Hence, failure limits in a
range from a 20%–60% increase in the standard deviation with a step
size of 1% were used for our simulated data. The corresponding fail-
ure times tfail are extracted for the raw simulated data, as well as for
the linear fits in Fig. 6. Subsequently, the failure times are presented
in a typical Arrhenius plot in Fig. 7. The failure times extracted from
the raw data are shown in Fig. 7(a), and the failure times of the fitted
data can be seen in Fig. 7(b).

Now, via the slope of the linear fits in Fig. 7, activation ener-
gies EA can be calculated for both variants and each failure criterion
following Arrhenius’ law. The calculated EA are shown in Fig. 8 for
both variants, the raw (blue) and the fitted (red) data, as well as the

FIG. 8. Calculated EA depending on the failure criterion for the two methods with
the raw data (blue dots) and the fitted data (red dots). The horizontal lines indicate
the mean values. The gray dashed line depicts the expected value of 1.2 eV that
was implemented in the model. The raw data are comparatively noisy, although
both mean values are equally close to the expected value.

corresponding mean values. Whereas the activation energies from
the fitted data are nearly constant, it can be observed that the acti-
vation energies from the raw data are strongly dependent on the
respective failure criterion. Nevertheless, the mean values of both
variants are with a deviation of less than 2.5% very close to the
expected value of 1.2 eV (gray dashed line) of the hindered box-
to-box diffusion that is crucial for the retention behavior, following
our previous studies.36,37 The comparison with the experimentally
calculated value (∼2.0 eV) reveals that the implemented value of
E′D in the simulation should be adjusted to higher values for future
works.

These findings indicate that with our evaluation method, it is
actually possible to extract physical information of the diffusion
processes, which are responsible for the retention failure of VCM
ReRAM devices. Furthermore, in contrast to looking at mean values
or the tails of the distribution, it is possible to extract an activation
energy with our method for the retention behavior of the HRS. The
opportunity of extracting an activation energy in ALT is indispens-
able to make predictions for retentions of the cells over long times
under normal operation conditions.

FIG. 7. Arrhenius plot for the different failure criteria. In (a), the failure times were extracted for the raw data from Fig. 6, whereas in (b), the fitted data were consulted. Linear
fits have been applied to all failure criteria to extract the underlying activation energies EA.
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IV. CONCLUSIONS
In this study, we presented the retention behavior of a 5.6M

28 nm BEOL integrated VCM type ReRAM by conducting ALT.
Whereas the LRS is comparatively stable and can be easily evalu-
ated by the shift of the mean value of the current distribution, the
HRS shows a more complex behavior. We showed that the sim-
ple contemplation of the current shift is not sufficient to apply
the Arrhenius model and to extract an activation energy. Conse-
quently, a more appropriate evaluation method was introduced,
which focuses on the evolution of the standard deviation of the cur-
rent distribution during baking. Thereby, we were able to accurately
calculate an activation energy for the retention degradation of the
devices, which fits to the migration barrier of V●●O in typically used
oxides.

Additionally, ALT simulations via a 3D KMC model were con-
ducted, which nicely reproduce the experimentally observed tilt of
the HRS current distributions. Again, the time evolution of the
standard deviation was extracted and the activation energy of the
underlying process was calculated. This was done from the original
data as well as from the fitted increase of the standard deviation. Both
methods lead to a similar result, looking at the mean value, while
the activation energy extracted from the fitted data is nearly inde-
pendent of the predefined failure criterion. Finally, we found that
the extracted activation energy is nearly identical with the migration
barrier of V●●O implemented in the simulation model and thus affirms
our idea of the physical origin of the degradation process concerning
VCM ReRAM retention.
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