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ABSTRACT

Variability and retention are critical reliability challenges for redox-based resistive switching random access memory (ReRAM) devices
operating via the valence change mechanism (VCM). Variability arises from stochastic oxygen vacancy dynamics at short timescales, while
retention failure manifests itself by the long-term instability of the programmed states. Both challenges become more severe in large-scale

memory arrays, requiring a better understanding of the mechanisms and effective optimization strategies. In this work, we employ an §
advanced 3D Kinetic Monte Carlo simulation model to systematically investigate the influence of dopants on these reliability issues. For %
variability, we demonstrate that dopants significantly enhance the signal-to-noise ratio by stabilizing oxygen vacancy dynamics through a §
trapping effect, which reduces the frequency of current fluctuations. For retention, we show that dopants improve the stability of current 3
distributions over time, where they effectively suppress distribution broadening and slow mean current degradation. Our simulation results &
provide valuable insights into optimizing the reliability of VCM ReRAM via dopants for practical applications. While these findings align R
with existing experimental data, the scope of experimental studies on doped VCM ReRAM devices remains limited, particularly concerning
large-scale statistics and short-term variability. Therefore, our simulations not only corroborate previous experimental observations but also
highlight the need for further experimental investigations to enhance the performance of VCM ReRAM devices for next-generation
memory applications.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0262843
I. INTRODUCTION sub-10nm? cells,'™"” and low operating voltages (<2V).'*"”
The increasing demand for non-volatile memories (NVMs), Additionally, its .potential .for neu.romf)rphic compti’(ging applica-
driven by advancing digitization in various aspects of everyday life, tions has further' 1n§reased interest in this techno!ogy :
has significantly expanded research into emerging memory tech- Bipolar switching Valence_ change .meChamsm (\‘/CM)—b.a§ed
nologies.”” Among these, redox-based resistive switching random ReRAM <.:el.ls have been e;tenswgly studled. due to thel'r.promlslng
access memory (ReRAM) is a promising candidate to replace Flash, Ch'flracterlstlcs. Th.ese devices typically consist of a transition metal.—
which is nearing its physical limits.”~ While early research focused oxide layer sandwiched between two metal electrodes: an electroni-
on fundamental mechanisms, memristive technologies have now cally active electrode (AE) with a high work function and an ohmic
advanced significantly and are being explored for a wide range of ~electrode (OE) with a low work function.'”" By applying external
real-world applications, as discussed in recent reviews of the  voltages, oxygen vacancies—mobile ionic defects within the
field. >’ This high industrial interest underlines the importance of =~ oxide—are generated during an initial electroforming step, creating
understanding and optimizing reliability aspects, such as variability ~ a conductive filament through the oxide layer.””’ The filament
and retention.”” ReRAM offers several advantages, including fast can then be ruptured by moving oxygen vacancies away from
switching speeds down to 20ps,'”'' high scalability with the AE, forming a depletion zone or gap, and subsequently
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reconstructed depending on the polarity of the applied voltage.
This process allows the cell to switch between a high resistive state
(HRS) and a low resistive state (LRS), enabling data storage. These
states can be read out non-destructively by applying a small read
voltage.'”!

As VCM ReRAM devices approach commercial deployment,
reliability has become a critical focus.””* Among the key reliability
aspects, variability, retention, and endurance are of particular
importance, as all three are strongly influenced by the stochastic
behavior of oxygen vacancies. Variability presents a significant
challenge for consistent device performance. Random movements
of oxygen vacancies during forming, SET, RESET, read processes,
and even at rest lead to fluctuations in resistance states, switching
voltages, and timing parameters, complicating the development of
reliable memory arrays.”’ Retention refers to the ability of a
ReRAM cell to maintain its programmed resistance state over
extended periods. Long-term retention is hindered by the diffusion
and recombination of oxygen vacancies, which can destabilize the
conductive filament or the depletion region. This process directly
impacts the ability of devices to meet the stringent requirements of
applications, such as automotive or industrial memory systems.”*
Endurance, defined as the maximum number of reliable switching
cycles, is another critical factor. Repeated switching gradually
affects the material properties of the active region, primarily
through the generation and redistribution of oxygen vacancies,
leading to eventual failure in the form of hard breakdown or stuck
states.””° To overcome these challenges, it is essential to develop
effective methods for minimizing variability, enhancing retention,
and improving endurance to ensure the long-term reliability of
VCM ReRAM devices in practical applications.

Despite the limited number of studies investigating the impact
of dopants on the reliability of VCM ReRAM devices, the existing
research provides highly promising results. These studies highlight
the potential of dopants to enhance key reliability aspects by stabi-
lizing the conductive filament and modulating oxygen vacancy
behavior. A comprehensive investigation was conducted by
Kempen et al.,”’ who demonstrated that zirconium (Zr) doping in
TaOx-based ReRAM devices significantly improves retention and
endurance. Their experiments showed that Zr-doped devices
achieved more than a 50-fold increase in endurance, sustaining up
to 2.9 x 10'% switching cycles compared to 4.5 x 10® cycles in
undoped devices. Additionally, the doped devices maintained stable
memory states significantly longer at temperatures up to 320°,
attributed to an increased diffusion barrier for oxygen vacancies
induced by doping. Chen et al*® provided complementary evi-
dence, showing that dopants raise the activation energy for oxygen
vacancy migration, thereby improving retention stability at elevated
temperatures. Similarly, He et al” highlighted the ability of
dopants to reduce resistance fluctuations and stabilize the filament
structure, further enhancing retention performance under high-
temperature conditions. Jiang and Stewart’’ employed density
functional theory (DFT) calculations to systematically investigate
the impact of various metal dopants on oxygen vacancy formation
in Ta,0s-based ReRAM. Their results indicate that p-type dopants
can reduce the forming voltage and suggest that dopant-induced
vacancy stabilization may enhance filament stability, potentially
improving device variability and retention. Schie et al’' used
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atomistic simulations to show that acceptor-type dopants in SrTiOs
influence oxygen vacancy migration beyond the nearest-neighbor
approximation. Their results suggest that long-range dopant-
vacancy interactions could affect both filament stability and vari-
ability in resistive switching devices. While the effects of dopants
on retention and endurance have been explored in these few experi-
mental studies introduced before, the impact on variability remains
largely underexamined. Zhao et al.’” addressed this gap through
DFT simulations, showing that weak p-type or n-type dopants
reduce the formation energy of oxygen vacancies and mitigate their
stochastic behavior. These findings suggest that dopants can signifi-
cantly reduce variability in resistance states by stabilizing the con-
ductive filament. However, no experimental investigations into the
role of dopants on variability have been reported, leaving a critical
gap in the literature.

The promising experimental findings from the literature
provide a strong motivation for further investigation into the role
of dopants in VCM ReRAM devices. While the studies by Kempen
et al,”’ Chen et al,”® and He et al”® demonstrate significant
improvements in retention and endurance through doping, several
critical aspects remain unexplored. A deeper understanding of the
mechanisms behind the observed enhancements is essential, partic-
ularly to determine how specific dopants influence oxygen vacancy
behavior and filament stability. Additionally, the impact of dopants
on variability represents a major open question. Zhao et al.’* high-
lighted the potential of dopants to reduce variability through com-
putational simulations, but no experimental investigations or
detailed statistical evaluations of variability have been conducted to
date. Given that variability is a critical reliability aspect for large-
scale memory arrays, it is imperative to systematically study how
dopants affect the stochastic behavior of oxygen vacancies.
Furthermore, the findings from the literature are limited to results
from single devices or averaged measurements. While these
approaches provide valuable initial insights, they fail to capture the
statistical nature of variability and other reliability metrics across
multiple devices. To address these gaps, this work focuses on
employing advanced simulation techniques to systematically inves-
tigate the influence of dopants on variability and retention in VCM
ReRAM devices.

In this work, dopants were incorporated into an existing and
validated 3D Kinetic Monte Carlo (KMC) model® ™ to study their
impact on the reliability of VCM ReRAM devices. The enhanced
model allows for a detailed investigation of how dopants influence
key reliability aspects, particularly variability and retention. By sim-
ulating the stochastic behavior of oxygen vacancies under the influ-
ence of dopants, this study demonstrates the potential of doping to
significantly reduce variability and improve retention stability, pro-
viding valuable insights for optimizing ReRAM performance.

Il. SIMULATION
A. 3D KMC model

To investigate the influence of dopants on the reliability of
VCM ReRAM devices, an advanced 3D Kinetic Monte Carlo
(KMC) model was employed. This model is based on previous
works by Kopperberg et al.”»** and Abbaspour’® and captures the
stochastic behavior of oxygen vacancies within the oxide layer. The
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simulated structure consists of a cubic lattice representing a
(6nm)® HfO, layer with a lattice spacing of 0.5nm, sandwiched
between a high work-function active electrode (AE) and a low
work-function ohmic electrode (OE). The chosen lattice spacing of
0.5nm corresponds to the typical scale of the atomic lattice cons-
tant in transition metal oxides, such as HfOy, and thus reasonably
matches the effective spatial extent of individual oxygen vacancies,
which are treated as point defects within the simulation.””
Furthermore, oxygen vacancies, the key defects responsible for con-
duction, can be distributed across the lattice points.

The local potential is determined by solving the Poisson equa-
tion, accounting for the applied voltage and the spatial charge dis-
tribution. Current through the device is calculated using a
trap-assisted tunneling (TAT) mechanism, predominantly appro-
priate for the low oxygen vacancy concentrations in the high resis-
tive state (HRS). Transition rates for oxygen vacancy generation,
recombination, and diffusion are calculated based on Boltzmann
statistics, and a weighted random selection governs the execution of
these processes. Random numbers are drawn from a uniform distri-
bution and used for event selection via standard inverse transform
sampling, ensuring that the physical transition probabilities are cor-
rectly represented. The model inherently captures the statistical var-
iability arising from the stochastic dynamics of oxygen vacancies,
focussing on the diffusion processes that play the major role
regarding variability as shown in previous works.”**

The model has been extended in this work to incorporate the
effects of dopants on oxygen vacancy dynamics. Dopants are ran-
domly distributed within the oxide layer, mimicking experimental
conditions. Each dopant modifies the local energy landscape, intro-
ducing variations in the energy barriers for oxygen vacancy diffu-
sion. The energy barriers for oxygen vacancy hopping into and out
of dopant sites are adjusted by AEg,, which depends on the
dopant’s relative position. This modification is incorporated into
the transition rate calculation as follows:

Ep — gA® + AEdOP) W

Rp = vy exp(— T
B

where v is the attempt frequency, Ep is the activation energy for
diffusion, q is the oxygen vacancy charge, AD is the local potential
difference, and AEy,p, represents the dopant-induced modification
to the barrier. The dopants implemented in this work were specifi-
cally chosen to ensure a negative AEq.,, as this condition is
expected to create a stabilizing effect on the conductive filament by
reducing the overall mobility of oxygen vacancies. As illustrated in
Fig. 1, dopants with negative AEq,, that are chosen in this work
lower the diffusion barrier for oxygen vacancies hopping toward
them, while increasing it for hopping away. This asymmetry stabi-
lizes the oxygen vacancy configuration, promoting filament stability
and reducing stochastic fluctuations. In contrast, the use of other
dopants leading to a positive AEqq, would likely worsen device reli-
ability, as previously suggested by Zhao et al.”* In experimental and
theoretical studies, dopants, such as Zr in TaO,,”” or Al, Si, and Ti
in HfO,,”>*" have been shown to increase the activation energy for
oxygen vacancy migration, thereby stabilizing device operation.
Conversely, Zhao et al.’” demonstrated that certain weak p- or
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n-type dopants can reduce this barrier, potentially increasing vari-
ability. These findings motivate the parameter space explored in
this work.

Diffusion-limiting domains, previously implemented in the
model,”” remain an essential component for capturing the sub-
diffusive behavior of oxygen vacancies in the oxide layer. These
domains introduce spatially varying diffusion barriers, with higher
barriers (E;) = 1.2eV) at domain boundaries and lower barriers
(Ep = 0.7eV) within the domains. The addition of dopants com-
plements this feature by further modulating local diffusion rates,
providing a detailed framework for simulating key reliability
aspects of VCM ReRAM. By integrating dopants into the simula-
tion, the extended 3D KMC model allows for a systematic investi-
gation of their effects on retention and variability.

The simulations were executed on the JURECA-DC cluster at
Forschungszentrum Jiilich using 128-core CPU nodes (2.25 GHz,
512GB RAM).”® Retention simulations typically required up to
24 h per run, executed in parallel (five simulations per node), while
read simulations for variability investigations were significantly
faster, taking approximately 4 h per run.

B. Results

To evaluate the impact of dopants on the reliability of VCM
ReRAM devices, the 3D KMC model is employed to simulate their
effects on two critical reliability metrics: variability and retention.
Variability, which refers to fluctuations in the device’s resistance
states during read operations, is analyzed through dynamic read
noise simulations. Retention, the ability of the device to maintain
its programmed resistance state over extended periods, is investi-
gated under accelerated lifetime testing (ALT) conditions.

1. Variability

The effect of dopants on the variability of VCM ReRAM
devices is investigated using the 3D KMC simulation model intro-
duced before. Variability is analyzed by simulating the dynamic
read noise of cells programmed into the high resistive state (HRS),
following the methodology established in previous studies.’”* A
set number of cells is initially programmed into the HRS by ran-
domly placing a fixed amount of oxygen vacancies in a predefined
filament (2 x 2 x 3nm>, 50 oxygen vacancies) and gap (5 addi-
tional oxygen vacancies) volume between the filament and AE. In
the same volume of the filament and gap, a certain number of
dopants with a certain AEg,, value are also placed randomly. In
these simulations, the time evolution of the read current under a
constant read voltage of Vieq = 0.35V applied to the AE is moni-
tored for a duration of t = 2. Typical current traces of undoped
cells, as previously presented in Refs. 33 and 35 show no significant
visual differences, even with the introduction of dopants into the
oxide layer as presented in Fig. S1 of the supplementary material.
This lack of observable differences motivates the use of a quantita-
tive metric to assess variability.

To provide such a quantitative evaluation, the signal-to-noise
ratio (SNR) is employed, following the definition by Voigtman®”
and Schnieders et al."’ The SNR quantifies the ratio of the mean
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FIG. 1. Schematic illustration of the diffusion barrier modulation due to dopants. (a) Diffusion of oxygen vacancies (orange) to a neighboring site without dopants.
(b) Lowered diffusion barrier for hopping toward a dopant. (c) Increased diffusion barrier for hopping away from a dopant. The dopants implemented in this work were
specifically chosen to ensure a negative AEgqp, promoting filament stability and reducing stochastic fluctuations.

read current ((I e,q) to the variability of the current noisec (Ihoise)

:u(Iread)

0 (Inoise) ’

SNRyyg = @)

where I,oise(t) is defined as the deviation of the read current Ie,q(t)
from its mean value,

Inoise(t) = Iread(t) - ,U(Iread)~ (3)

The SNR is particularly important for VCM ReRAM applica-
tions in memory arrays, where low variability is essential to ensure
uniform switching behavior across multiple devices. High SNR
values directly translate to more reliable read operations and
reduced error rates in large-scale integration scenarios.

The results of the SNR evaluation for various dopant concen-
trations and energy levels are presented in Fig. 2. Each matrix
element corresponds to the average SNR for 30 simulated current
traces. The SNR clearly improves (increases) with an increasing
number of dopants and a decreasing dopant energy level. This indi-
cates that dopants significantly reduce variability, with the number
of dopants having a stronger effect within the investigated parame-
ter range. An alternative definition of the SNR worst-case-scenario
(SNRy,) and the corresponding data evaluation for this parameter
are presented in Fig. S2 of the supplementary material.

To understand the mechanism behind the improved SNR, the
influence of dopants on the mean jump height of the current signal
is analyzed. Figure 3(a) shows the dependence of the mean jump
height on the dopant number, whereas Fig. 3(b) presents the
dependence on the dopant energy level. In both cases, no signifi-
cant dependence is observed, suggesting that dopants do not alter
the type of oxygen vacancy-induced current fluctuations. In a pre-
vious study, we showed that the height of the jumps in the current
signal can be assigned to certain jump types of the oxygen

vacancies."' The type of jumps and their occurrence ratio do not
seem to be influenced by dopants.

In contrast, the mean time between successive oxygen
vacancy-induced current jumps shows a clear dependence on both
parameters. Figure 4(a) illustrates that increasing the number of
dopants leads to a stronger-than-linear increase in the mean jump
time. Similarly, decreasing the dopant energy level 51gn1ﬁcantly
increases the mean jump time, as shown in Fig. 4(b), until satura-
tion occurs at lower energy levels. These results indicate that
dopants with negative AEq,, act as traps for oxygen vacancies,
reducing their mobility and therefore lowering the frequency of
current fluctuations.

10
Number of dopants

20 40 60

FIG. 2. Average signal-to-noise ratio SNRg,q for simulated read current traces
of 30 cells for each matrix element under different dopant concentrations and
energy levels AEqp,. Higher numbers of dopants and lower dopant energy
levels significantly improve SNRayg (brighter color), reducing variability.
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FIG. 3. Mean current jump height dependence during read operation.
(a) Influence of the dopant number on the mean current jump height, evaluated
for various dopant energy levels. No significant dependence of the jump height
on the number of dopants can be observed. (b) Influence of the dopant energy
level on the mean current jump height for different dopant numbers. Again, no
notable influence of the energy level on the current jump height is observed.

In summary, the introduction of dopants into the oxide layer
significantly reduces the variability of VCM ReRAM devices. The
improved SNR is primarily attributed to the trapping effect of
dopants, which reduces the frequency of oxygen vacancy-induced
current fluctuations without altering their type. These findings
demonstrate the potential of dopants to enhance the reliability of
VCM ReRAM devices by stabilizing variability, which represents a
strong motivation for future experimental investigations into the
optimization of variability by appropriate doping.

2. Retention

The impact of dopants on the retention behavior of VCM
ReRAM devices is investigated using the 3D KMC simulation
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FIG. 4. Dependence of the mean time between successive oxygen
vacancy-induced current jumps during read operation. (a) Influence of the
dopant number on the mean time for different dopant energy levels. A strong
increase in the jump time is observed with increasing dopant numbers.
(b) Influence of the dopant energy level on the mean time for different dopant
numbers. Lower energy levels result in a significant increase in the mean jump
time until saturation occurs.

model. To evaluate the retention behavior of VCM ReRAM
devices, accelerated lifetime testing (ALT) simulations are con-
ducted at an elevated temperature of 1000 K. This approach signifi-
cantly reduces simulation times, as retention processes at lower,
application-relevant temperatures would require prohibitively long
computation times. The methodology has been thoroughly moti-
vated and validated in previous studies,””** where ALT simulations
yielded results that aligned well with experimental data. These find-
ings confirm that ALT simulations provide a reliable and efficient
means to study long-term retention effects in VCM ReRAM
devices. The analysis in this study focuses on both the mean
current and the distribution of read currents over time to evaluate
the stability of the programmed state.
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(1000K) for each 100 cells programmed to HRS. (a) Undoped devices show
significant broadening of the current distribution represented by a tilt of the
linear fit (dotted line). (b) In contrast, doped devices (60 dopants with
AEgop = —200meV) exhibit much more stable behavior over time.
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FIG. 6. Quantification of the current distribution over time for HRS cells. (a) The
mean current slightly increases for both undoped and doped cells. A minimal
higher trend to higher currents can be observed for the doped devices. (b) The
standard deviation shows significant stabilization in doped cells compared to
undoped devices.
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To maximize the observable effect of the dopants, the simula-
tions use the most promising parameter set identified in the vari-
ability study, with 60 dopants randomly distributed in the filament
and gap region and a dopant energy level of AEy,, = —200 meV.
As before, the focus of investigations at this point is on cells that
are programmed into an HRS as described in Sec. I B 1.

Figure 5 shows the evolution of the current distribution over
time for 100 undoped and 100 doped cells. In undoped devices
[Fig. 5(a)], the current distribution widens significantly over time,
indicating a higher degree of variability as the retention degrades.
In contrast, doped cells [Fig. 5(b)] exhibit much more stable
current distributions, with only minimal broadening over time. In
our previous work,” we identified the random movement of
oxygen vacancies as the main reason for the long-term retention
failure of the programmed states. In simple terms, the behavior can
be divided into two main processes: the radial diffusion of oxygen
vacancies out of the filament, which leads to a reduction in current,
and the vertical diffusion from the filament into the gap volume,
which leads to an increase in current. In the case shown here
without dopants, both processes are well-balanced, so that the dis-
tribution mainly tilts and thus becomes broader. By introducing
the dopants, the overall oxygen vacancy movements are reduced or

a) 3 T T . r
2 L
s 1 H—5
Y| —
g of—¢t
O p _—t3
ty
2} ts
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by 3 T i - I
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2 _to ¢
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FIG. 7. Current distribution evolution over time at elevated temperatures
(1000 K) for cells initially programmed to the LRS. (a) Undoped devices and
(b) doped devices exhibit a similar shift of the distribution to lower currents over
time.
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FIG. 8. Quantification of the current distribution over time for LRS cells. (a) The
mean current decreases more slowly in doped devices, while (b) the standard
deviation remains similar for both undoped and doped cells.

slowed down. In addition, the balance here seems to shift slightly
toward processes that increase the current.

These observations are further quantified in Fig. 6, which pre-
sents the evolution of the mean current [Fig. 6(a)] and the standard
deviation of the current distribution [Fig. 6(b)] that can be calcu-
lated as the inverse slope of the current distributions. While the
mean current shows a slight increase for both cases, the standard
deviation behaves differently: for undoped cells, the standard devia-
tion increases significantly over time, reflecting degraded retention,
whereas doped cells maintain a stable standard deviation, highlight-
ing the positive effect of doping. Since, as we discussed in a previ-
ous work,” cells programmed into the HRS can show different
retention behavior, we extended our investigations to HRS distribu-
tions where a shift predominates over a tilt during ALT. The corre-
sponding results can be found in Fig. S3 of the supplementary
material and also show the positive influence of dopants on the
retention behavior.

Figure 7 extends the retention analysis to low resistive
state (LRS) devices. For this purpose, a filament of dimensions
3 x 4 x 4nm® with 172 randomly positioned oxygen vacancies is
utilized. Similar to the HRS analysis, ALT simulations are con-
ducted at 1000 K. The current distributions of undoped and doped
cells show minimal visual differences, as both distributions shift
toward lower currents over time.

However, the mean current of doped cells decreases more
slowly over time compared to undoped devices [Fig. 8(a)], indicat-
ing improved retention performance. Notably, the standard devia-
tion [Fig. 8(b)] shows no significant difference between doped and
undoped cells in the LRS, suggesting that variability is less critical
in this state.

In summary, the introduction of dopants enhances the reten-
tion behavior of VCM ReRAM devices in both the HRS and LRS.
The stabilizing effect is particularly evident in the HRS, where
dopants reduce the broadening of current distributions over time,
improving long-term data retention. These findings align with
experimental results from Kempen et al”’ and provide a strong

ARTICLE pubs.aip.org/aip/jap

motivation for further exploration of dopant effects on ReRAM
reliability.

lll. CONCLUSIONS

This study investigates the influence of dopants on the reliabil-
ity of VCM ReRAM devices using an advanced 3D KMC simula-
tion model. Two critical reliability metrics, variability and
retention, are systematically analyzed.

The results demonstrate that dopants significantly enhance
device wvariability by reducing the frequency of oxygen
vacancy-induced current fluctuations. The introduction of dopants
increases the signal-to-noise ratio (SNR) through a trapping effect,
which stabilizes the oxygen vacancy configuration without altering
the type of current fluctuations. Furthermore, the retention behav-
ior of doped devices shows substantial improvement, in the high
resistive state (HRS) as well as in the low resistive state (LRS).
Doped cells exhibit much more stable current distributions over
time, with reduced broadening and slower degradation of the mean
current compared to undoped devices. These findings align well
with experimental observations reported in the literature, highlight-
ing the potential of dopants to mitigate reliability challenges in
VCM ReRAM.

Future experimental investigations are strongly encouraged to
validate the simulation predictions and to optimize dopant parame-
ters, such as concentration and energy levels (corresponding to the
used dopant material), for practical implementation. Such studies
would not only confirm the reliability benefits demonstrated here,
but also provide further insights into the interplay between
dopants, oxygen vacancy dynamics, and device performance.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1-S3. Additional
information on the read current traces, the SNR worst-case sce-
nario, and HRS retention with drifting behavior can be found in
the supplementary material.
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