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Write-variability and resistance instability are major reliability con-
cerns impeding implementation of oxide-based memristive devices
in neuromorphic systems. The root cause of the reliability issues is
the stochastic nature of conductive filament formation and disso-
lution, whose impact is particularly critical in the high resistive state
(HRS). Optimizing the filament stability requires mitigating diffusive
processes within the oxide, but these are unaffected by conven-
tional electrode scaling. Here we propose a device design that
laterally confines the switching oxide volume and thus the filament
to 10 nm, which yields reliability improvements in our measure-
ments and simulations. We demonstrate a 50% decrease in HRS
write-variability for an oxide nano-fin device in our full factorial
analysis of modulated current—voltage sweeps. Furthermore, we
use ionic noise measurements to quantify the HRS filament stability
against diffusive processes. The laterally confined filaments exhibit
a change in the signal-to-noise ratio distribution with a shift to
higher values. Our complementing kinetic Monte Carlo simulation
of oxygen vacancy (re-)distribution for confined filaments shows
improved noise behavior and elucidates the underlying physical
mechanisms. While lateral oxide volume scaling down to filament
sizes is challenging, our efforts motivate further examination and
awareness of filament confinement effects in regards to reliability.

Introduction

Latency and power demand of data transfer between processing
and memory increasingly limit computing performance of
artificial intelligence related tasks, like image classification
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New concepts

Conventional scaling of memristive devices focuses mostly on reducing
just the electrode area. Here, we laterally scale the oxide to filament size
and passivate the immediate filament surrounding with a diffusion
barrier. Our oxide nano-fin memristive device concept, which laterally
confines the switching oxide in one dimension, enables more control over
the random nature of conductive filament formation. Specifically, the
design allows us to examine the effects of laterally confining filament
broadening through oxygen vacancy diffusion. Reliability improvements
from the manipulation of filament properties in these oxide-scaled
devices are demonstrated by electrical measurements. Respective
physical simulations support our findings. We promote a focus shift
from the prevalent electrode scaling to oxide volume scaling by
highlighting the importance of limiting diffusive processes within the
oxide that go beyond the influence of just electrode scaling. We believe
that controlling filament properties through confinement is an important
step towards mitigation of the reliability concerns regarding memristive
devices in neuromorphic systems. Here, the benefits of our device design
functions in addition and complementary to previous electrical and
material optimization concepts.

and speech recognition."” Neuromorphic systems aim to mitigate
this bottleneck in conventional von Neumann architectures by
mimicking the close interconnection of processing and memory in
the energy-efficient human brain. Non-von Neumann approaches
like computation-in-memory can use memristive devices as adjus-
table weights in neural nets, inspired by the function of biological
synapses.™ One promising kind of memristive device is the oxide-
based valence-change memory (VCM), where a voltage-controlled
oxygen-deficient filamentary region determines the conductance
state of the device.>” Hardware-implemented non-von Neumann
architectures based on these devices have successfully been
demonstrated.®® However, reliability concerns regarding write-
variability and conductance state instability are key challenges
impeding further progress and industrial-scale adoption.**™®
These reliability problems stem from the inherent random-
ness of filament formation and the respective oxygen vacancy
distribution. Scaling the device dimensions is a viable method
to gain partial control over filament formation, but requires

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-3476-3466
https://orcid.org/0000-0001-5422-7372
https://orcid.org/0000-0003-2808-4448
https://orcid.org/0000-0002-5962-418X
https://orcid.org/0000-0003-2820-9677
https://orcid.org/0000-0002-4258-2673
https://orcid.org/0000-0002-9080-8980
https://orcid.org/0000-0002-6766-8553
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nh00520h&domain=pdf&date_stamp=2024-03-21
https://doi.org/10.1039/d3nh00520h
https://doi.org/10.1039/d3nh00520h
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nh00520h
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH009005

Open Access Article. Published on 15 March 2024. Downloaded on 3/13/2026 4:38:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

scaling beyond common filament sizes to affect its properties.
Reported lateral filament dimensions vary across a wide range
from several hundreds of nanometers down to a few nan-
ometers. Studies using X-ray photoelectron emission spectro-
scopy (XPEEM) identified filament dimensions of 200 nm to
500 nm in SrTiO; and 70 nm in TaO,.'”*° Hewlett-Packard
Laboratories carried out other X-ray-based observational meth-
ods, which yielded filament sizes of 150 nm to 300 nm.”"
Celano et al. used scanning probe microscopy (SPM) to spatially
resolve the filament and reported areas of 10° nm” to 10* nm” in
TaO, and smaller filaments of 10> nm? to 10* nm? in HfO,.>>**
Similarly, Rao et al depict a 20 nm filament by conductive
atomic force microscopy (C-AFM).>®> Kwon et al. used transmis-
sion electron microscopy (TEM) imaging to measure 15 nm>®
and 20 nm?’ filaments, also reporting coexistence of stronger
filaments within the device. Further studies used TEM-related
analysis and electron energy loss spectroscopy (EELS) to reveal
filament sizes of 10 nm to 50 nm.>*

Evidently, various filament sizes and shapes are reported
throughout the literature as filament formation depends on
many electrical characteristics (forming voltage, parasitic
capacitance, current compliance and current overshoot®*) and
material properties. Industrially optimized cells in 1T1R
configuration, as reported by Panasonic with filament dimen-
sions of 10 nm to 25 nm,**”" likely result in more controlled
filament formation with thinner filaments. Therefore, advanced
demands on scaling to 10 nm and beyond is required for
inducing filament confinement effects.

Many reports show successful fabrication of nano-scaled
cross-bar devices by lithographic scaling of the electrodes.*>
However, this method encounters reliability issues beyond line
resolutions of around 30 nm. Lithographically scaled via*'™**
and pillar etching'®*® face the same challenges. Partial lateral
inactivation of the lithographically scaled ohmic electrode (OE)
by thermal oxidation is reported to enable reduction of the
electrode width down to 10 nm.?*>*>*® Further reliable scaling
requires a method not based on overcoming lithographic line
resolutions. Here, three-dimensional structures are utilized to
define cell dimension by electrode film thickness.*”>' Li et al.
and Pi et al. demonstrate the superior scalability of this method

SiN
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Fig. 1
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with sub-3 nm electrodes.
enced nano-scaling literature is depicted in the ESIf (see Fig. S1).

All these device scaling methods revolve around reduction of
the overlapping electrode area with previous studies predomi-
nantly focusing on scaling the electrode part of memristive
devices. While electrode scaling is already successfully demon-
strated in numerous ways, none of the previously mentioned
studies laterally scales the oxide to 10 nm or less. So far,
retention improvements from lateral oxide encapsulation with
an oxygen diffusion barrier could already be demonstrated by
Hayakawa et al. and Yu et al., despite comparably large oxide
dimensions of >50 nm.>®*° However, the associated effects of
direct filament confinement in oxides scaled down to 10 nm or
less remain unresolved.

In this work, we propose a device design for enabling lateral
filament confinement to 10 nm in oxide-based memristive
devices. We encapsulate the nano-scaled oxide in a passivation
material, acting as a barrier for lateral oxygen (vacancy) diffu-
sion. We conduct electrical measurements on the fabricated
devices to investigate the effects of filament confinement on
critical reliability concerns like HRS write-variability and resis-
tance instability. Our simulations of oxygen vacancy (re-)dis-
tribution in unconfined and confined filaments provide further
insight into the underlying physical mechanisms of the
observed reliability enhancements.

Results and discussion
Nano-device fabrication and concept

Fig. 1 depicts microscopy images after the main fabrication
steps of the nano-fin device, where the switching oxide volume
and the ohmic electrode are laterally confined to 10 nm in one
dimension. We use reactive ion etching (RIE) with CHF; to form
a shallow trench with a depth of 65 nm in an insulating 200 nm
thick silicon nitride (SiN) film deposited on a silicon substrate
by plasma-enhanced chemical vapor deposition (PECVD).
Fig. 1(a) shows a scanning electron microscopy (SEM) picture
of the cross-section of the etched trench after the silicon
substrate is cleaved across the trench width. The depicted edge

(a)—(c) SEM cross-sectional views of the initial fabrication steps of the nano-fin device. (a) 65 nm deep trench etched into passivating SiN. (b) The

trench is filled with 20 nm Ta and 45 nm SiN. (c) After planarization of the surface protrusions by CMP, the Ta-fin on the sidewall is exposed at the surface,
embedded between SiN. The lateral width of the sputtered electrode fin is 10 nm. Here, the sample surface is covered with a 5 nm conductive coating to
enable good imaging by SEM. All SEM scale bars are 40 nm. (d) Top-view AFM scan of a filled 2.4 um wide trench after planarization. The trench edge is
lined with the electrode fin. The AFM scale bar is 2 um.
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of the trench features a vertical sidewall angle and low line edge
roughness. Subsequently, 20 nm of ohmic electrode material is
sputter-deposited onto the sample (see Fig. 1(b)), lining the
trench with a thin layer of electrode material. Here, we used
tantalum (Ta). Due to the slower deposition rate on vertical
surfaces, the electrode film on the sidewall of the trench
measures 10 nm horizontally. However, higher deposition rate
and a resulting thicker electrode coverage on the bottom of the
trench in combination with wide trench dimensions improve
the conductance of the nano-scaled electrode. The remaining
trench depth after electrode deposition is filled with passivat-
ing SiN, aiming to at least cover the initial trench depth of
65 nm with the deposited Ta/SiN film stack. Chemical-
mechanical polishing (CMP) on a polyurethane pad planarizes
the sample surface, removing protruding material from the
surface at a rate of 13 nm/min until the 10 nm thin electrode fin
on the trench sidewall is exposed at the surface (see Fig. 1(c)).

The height profile after planarization of the device is mea-
sured with atomic force microscopy (AFM). The top-view scan
(see Fig. 1(d)) shows a planarized 2.4 pym wide trench expanding
along the vertical direction, while the circumference of the
trench is lined with a 10 nm Ta-fin. The focus of this study is to
examine the effects of oxide scaling, rather than array density
scaling. Therefore, a comparably large trench width of 2.4 um is
chosen for simplifying the process flow but we expect this
approach to scale to <100 nm. The electrode fin is laterally
embedded within SiN and lies 2 nm below the surrounding
surface, due to higher CMP material removal rate around the
Ta-fin compared to SiN (see AFM line scan in Fig. S2, ESIT). The
undesirable effect of CMP-dishing is prevented by using trench
widths of <3 pm. For larger trench widths, dishing removes the
passivating SiN in the center of the trench, exposing the
Ta-coating in extreme cases. We aim for at least 35 nm of
remaining SiN in the center of the trench for electrical passiva-
tion of the buried Ta-coating.

Fig. 2(a) visualizes the fabricated structure schematically.
This use of sidewall technology with CMP allows for extreme

10 nm

Ohmic Electrode Fin

- —

SiN

Fig. 2
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scalability of the Ta nano-fin beyond conventional lithographic
resolution limits, as finely tunable film thickness during elec-
trode deposition defines the lateral resolution of the fin. Li
et al.*’” present the ability to scale TiN electrodes to sub-5 nm by
sidewall technology and Pi et al.*® use a similar approach to
create 2 nm platinum (Pt) electrode fins. However, in their
studies the oxide is deposited on the entire planarized surface
of the sample, yielding a confined electrode but an entirely
unconfined switching oxide.

In our process, we specifically use easily oxidizable ohmic
electrode material for fabrication of the nano-fin, which in
combination with a bottom-up technology like thermal oxida-
tion enables us to embed the switching oxide within the
oxidation-resistant SiN (see Fig. 2(b)).>> A preceding Pt elec-
trode deposition (with Argon in situ etching) allows for elec-
trical contact of the nano-fin followed by thermal or native
oxide growth of the remaining exposed electrode fin, which has
a high oxygen affinity. This bottom-up approach adds the
benefit of damage-free oxide growth, as Hayakawa et al. show
that introducing free oxygen radicals and their diffusion into
the filament degrade the retention.*® Finally, a 150 nm wide Pt
top electrode is sputter-deposited and structured by electron
beam lithography, acting as the active electrode (AE) to com-
plete fabrication of the Ta/TaO,/Pt resistive switching nano-fin
device with highly scaled oxide and ohmic electrode.

Reliability improvements in nano-fin device

We analyze the write-variability of the oxide nano-fin device and
a micro-sized reference device ‘A’ (details in methods section)
by stressing the cells with 100 000 parametrized current-voltage
(I-V) sweeps. We use our customized measurement setup for
the full factorial analysis, further described in the methods
section, with 2500 unique parameter combinations of current
compliance (CC) and RESET-stop-voltage Viesetstop, Which is
defined as the maximum voltage amplitude at the RESET
polarity. Here, Vieget,stop iS an external control parameter not
to be confused with V,er, which marks the characteristic onset

Nano-Fin Device

(b)

Contact to

Active-
Electrode

SiN

(a) Schematic illustration of the finished structure from Fig. 1 as starting point for further fabrication. (b) Deposition of the upper Pt-pad for directly

contacting the ohmic electrode (Ta-fin), followed by oxidation of the remaining Ta electrode fin surface and deposition of a nano-scaled Pt active
electrode complete the fabrication. The oxide nano-fin is laterally confined in one dimension and encapsulated by SiN.
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(a) Comparison between the micro-device and nano-fin device regarding the write-variability of resistance states after RESET-sweeps for each of

the 50 x 50 control parameters. Higher values of quartile coefficient of dispersion (QCoD) indicate higher variability. (b) Write-variability of the resistance
state in dependence of the median resistance state after RESET for the 2500 control parameter combinations. The reference micro-device (blue) and the
nano-fin device (orange) both show trends of higher variability for higher resistance states. The nano-fin device values have a lower variability for

comparable resistance states (dashed line).

of the RESET transition. The I-V sweeps of the reference micro-
device and the oxide nano-fin device are depicted in the ESI¥
(Fig. S3 and S4). We extract the median resistance state after
the RESET sweep for each of the 2500 control parameters
(see Fig. S5, ESIf). The oxide nano-fin device needs higher
applied voltages (>1.6 V) for RESET from the low-resistance-
state (LRS) into the HRS due to voltage drop across nano-scaled
electrodes. The nano-fin shows reliable RESET into high HRS of
around 65 kQ for sufficiently high Viesetstop- In comparison,
lower Vieget,stop already weakly RESETSs the reference device into
low HRS of <20 kQ. However, the reference device requires
higher Vieet,stop Values than the nano-fin device to RESET into
comparable HRS of 65 kQ.

Fig. 3(a) compares the HRS write-variability of the reference
micro-device with the oxide nano-fin device for all control
parameters. We use the quartile coefficient of dispersion

05— 0O

QCoD = =——— as a measure of normalized variability, where

03+ 0

Q; and Q; refer to the first and third quartiles of the resistance
states. Larger variability (dispersion) in a dataset results in a
higher QCoD value. The HRS variability in the micro-device
increases for higher Ve stop VOltages, reaching QCoD values of
around 0.5. The nano-fin device shows the unstable transition
from unsuccessful to successful RESETSs at Vieser,stop Values of
around 1.6 V. For successful RESETs at >1.6 V, the HRS
variability of the nano-fin with QCoD-values of around 0.25 is
lower than in the micro-device. The decrease in variability is
also evident in the I-V sweeps (see Fig. S3 and S4, ESI¥).

Fig. 3(b) depicts the QCoD of resistance states for all 2500
unique control parameters in dependence of the respective
median resistance after the RESET sweeps. We observe a trend
of increasing HRS variability for higher median HRS values, as
expected from a lower oxygen vacancy concentration and a
corresponding larger impact on resistance change for minor
redistribution of vacancies. Extrapolating the variability
increase of the reference micro-device (blue) to an HRS of

This journal is © The Royal Society of Chemistry 2024

65 kQ (dashed line) results in a QCoD value of around 0.55.
For the same resistance state, the oxide nano-fin device
(orange) with the laterally confined filament shows a variability
reduction of ~50% to a QCoD value of around 0.25. The partial
one-dimensional filament confinement in the nano-fin may
already limit filament broadening and lateral vacancy diffusion.
Thus, fewer available filament states and shapes could be the
cause for more reproducible write-operations for any given
resistance state.

Surrounding architecture effects, like different parasitic
capacitance or series resistance, can influence the device beha-
vior during dynamic I-V sweeps®® when comparing scaled and
unscaled devices. To enable optimal comparison of our devices,
we conduct ionic noise measurements (see methods section),
as filament resistance instability is unaffected by the previously
mentioned architecture-specific effects.

Fig. 4(a) depicts the extracted signal-to-noise ratios (SNR,
defined in methods section) from HRS current traces with a
median read current between 1 pA and 10 pA. The trace
measurements are repeated in-between full SET-RESET cycles,
yielding an accumulated trace duration of 1700 to 8000 seconds
for each device. We measure the ionic noise for 2 seconds
immediately following the RESET, as this has been shown to be
the most critical timeframe in regards to noise.”**> The SNR
values are plotted on a logarithmic scale against the standard
normal quantiles. Higher SNR values indicate a desirable
reduction of ionic noise. Here, we compare the SNR values of
the nano-fin device (orange) with three micro-scaled reference
devices described in the methods section. Despite different
thermal oxidation parameters of the micro-devices, yielding
various oxide thicknesses and series resistances, the distribu-
tion function of their SNR values are in close agreement. The
linear trend for the micro-sized reference cell distributions
indicates conformity to a log-normal distribution. Schnieders
et al. also reported the same log-normal behavior for HfO,-
based nano-devices, where electrode scaling down to 100 nm

Nanoscale Horiz., 2024, 9, 764-774 | 767
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(a) Signal-to-noise ratio of current traces plotted against the quantiles of a normal distribution. 30% of all nano-fin current traces (orange) deviate

from the log-normal distribution to improved SNR. (b) Noise comparison of the best 15 current traces for the micro-sized reference device and the nano-
fin device. (c) Logarithmic histogram of all normalized current changes between consecutive measurement time steps from the best 5% traces. The
envelope of the nano-fin histogram (orange) shows a decrease in occurrence across various current change amplitudes compared to the reference
micro-devices. (d) Current-normalized power spectral density of the best 5% traces. The noise signal of the nano-fin device (orange) is shifted to lower

values for all frequencies.

did not change the distribution function.?® In contrast, the SNR
values of the scaled oxide nano-fin start to deviate from the log-
normal distribution to improved SNR at >0.5¢ (upper 30% of
all SNR values). At >20, the SNR values are over two times
higher than the reference micro-devices. However, the nano-fin
device behaves similar to the reference devices in worst-case
scenarios with lower SNR values.

We examine the noise characteristics of the best-case sce-
narios to understand the physical origin of ionic noise improve-
ment in the partially confined oxide nano-fin device. Fig. 4(b)
compares the best HRS current traces in regards to SNR of a
reference micro-device with the nano-fin device. Ionic noise
causes abrupt current changes during a constant voltage read
with a duration of two seconds. The current traces in the micro-
device jump between multiple levels and some traces show a
gradual current drift, resulting in the overlap of different traces.
In contrast, the current traces of the nano-fin device do not
exhibit current drift and show smaller current jumps between
only a few levels, suggesting fewer available filament states.

A logarithmic histogram of the normalized current changes
between consecutive measurement time steps in Fig. 4(c)
depicts all observed current differences of the signal and the
lagged signal. Here, large relative current changes originate
from vacancy diffusion close to the filament-gap interface and
smaller current changes from diffusion within the filament.>*
When comparing the best 5% traces (>1.65¢) of the nano-fin

768 | Nanoscale Horiz., 2024, 9, 764-774

and the reference devices, we observe a decrease of the dis-
tribution tail end to lower maximum current change amplitude.
Furthermore, less severe current changes of <0.03 occur less
frequently in the nano-fin. In accordance with Fig. 4(a), the
histogram envelope of the nano-fin continuously approaches
the distribution of reference cells when including traces with
worse SNR (see Fig. S6, ESIT).

In Fig. 4(d) we depict the frequency-resolved ionic noise of
the best 5% traces in form of a power spectral density (PSD),
which we normalized by the median read current (for best 50%
traces see Fig. S7, ESIf). The PSD from the nano-fin device
reveals a decrease of the 1/f* noise spectrum across all mea-
sured frequencies. Yu et al. report this same shift in noise
behavior for transition from HRS to LRS.”” In the nano-fin
device, we observe this shift towards LRS-behavior despite
being in the same resistance range as the reference devices.

C-AFM imaging of filaments in recent work by Rao et al
revealed that higher-resistive incomplete channels at the outer
filament fringe are the major contributors to ionic noise.>> We
believe that the observed SNR behavior from Fig. 4(a) indicates
that in the best-case scenarios, the partial filament confine-
ment minimizes formation of noisy incomplete channels at the
filament fringe. Oxide confinement by passivation can also
mitigate lateral oxygen diffusion into these fragile channels.
However, in the worst-case scenarios, an incomplete channel
can still form along the unconfined dimension of the nano-fin,

This journal is © The Royal Society of Chemistry 2024
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resulting in similar noise behavior to the reference micro-
devices.

3D KMC simulation of fully confined filaments

In the previous section, we observe that the partial one-
dimensional confinement of the filament in the nano-fin device
improves peak SNR (see Fig. 4(a)) but does not mitigate worst-
case scenarios with the most drastic ionic noise events along the
unconfined dimension. Therefore, the established positive trend
in filament stability of the nano-fin could be further improved
by fully confining filaments in both lateral dimensions (see
schematic in Fig. S8, ESIt). To predict the behavior of these
filaments and to clarify the underlying physical mechanisms for
the observed improvements in the ionic noise, we performed 3D
Kinetic Monte Carlo (KMC) simulations. The multi-domain
model is briefly described in the appended methods section.
The parameters of this model are adjusted in this study to
simulate read variability in cells with two different filament
diameters. In comparison to the reference filament, the con-
fined filament is thinner due to limited lateral expansion as the
oxygen diffusion barrier suppresses lateral oxygen vacancy
diffusion. We generate the vacancy distributions within both
filaments to yield 30 pA read current (see Fig. 5(a)), emulating a
current compliance during forming of the two cells into an
initially programmed identical LRS (upper dashed line). The
confined small filament requires a higher oxygen vacancy
concentration as the larger unconfined reference filament to
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Mean Current [pA]

Gap Length [nm]

(c) 100 ' ' v ®  Unconfined
v  Confined
2o 8ot -
©
-4 v VY v
Q . v vw -
g vV W V¥ v 4
= v v
& 4o ; v }V'v ]
e o v " \ 4
© A\ 4 ()
S 20 @ oo 0% b 1
2
O 1 L L L 1
2.5 3 35 4 4.5 5 5.5

Mean Current of Trace [pA]
Fig. 5

View Article Online

Nanoscale Horizons

reach the same conductance state (equating to 173 and 238
oxygen vacancies, respectively). Subsequently, we simulate
resetting the cell by redistributing the oxygen vacancies away
from the active electrode (AE). An increase of the gap length
between the filament and AE yields incrementally more resis-
tive HRS. As the ionic noise strongly correlates with the resistive
state,”’®' we choose a gap length of 2.5 nm for the confined
filament and 3 nm for the unconfined filament to ensure a
comparable read current level of about 4 pA (lower dashed line).
A schematic illustration of the vacancy distributions for uncon-
fined and confined filaments in the HRS is presented in the
ESI+ (Fig. S9).

Dynamic simulations of the read variability of VCM cells are
conducted using the 3D KMC model with the previously
described filament properties. Thus, we applied a read voltage
of 0.3 V at room temperature to the cell and detected the current
evolution over time for 50 cells with confined and unconfined
filaments, respectively. Fig. 5(b) depicts five exemplary current
traces each, for a total simulated read duration of 1 s. In both
cases, different current jump amplitudes are observed and they
occur at various frequencies. The underlying cause is vacancy
diffusion between different positions within the filament or gap.
This noisy current behavior for the HRS accurately reproduces
measured ionic noise as shown by Kopperberg et al.®®> and is
associated with the inherent randomness of the vacancy distri-
bution and their movement induced by thermal or electrical
activation. We report a decrease in the current noise for the

(b) 6r ' ' ——— Unconfined
_ 5
3
=
o
S
O

6 T T T
@y A0 == Unconfined

10*

Counts

102

10°

-0.05 0
Normalized Current Change

0.05

(a) Simulated current dependence on various gap lengths between filament and AE for a confined (orange) and an unconfined filament (blue).

Both filaments are initially programmed in the same LRS (upper dashed line) and then investigated at a comparable HRS (lower dashed line). (b) Simulated
current traces for five exemplary confined (orange) and unconfined filaments (blue). (c) SNR for 50 current traces of confined (orange) and unconfined
(blue) filaments each. (d) Histogram of normalized current changes from one simulation time step to the next. The current changes are compared on a

logarithmic scale for the confined (orange) and unconfined filament (blue).
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confined filament (orange), showing less deviation from the
mean current for the presented traces.

Fig. 5(c) depicts the SNR for all 50 simulated current
traces of the confined and unconfined filaments, respectively.
The SNR of the fully confined filaments (orange) exceed the
unconfined reference filaments. This reinforces the previously
measured SNR improvement for the partially confined filament
in the nano-fin. However, the simulated fully confined filament
shows increase of SNR for all observed cells. This indicates that
two-dimensional confinement might result in a shift of the
whole SNR distribution to higher values.

We clarify the underlying mechanisms of the observed
reliability improvement by analyzing the vacancy diffusion
instances and their respective impact on current changes (see
Fig. 5(d)). In the simulation, each vacancy diffusion instance
corresponds to one event-driven time step (Fig. S10, ESIt). We
normalize the current changes between these consecutive time
steps by the mean current of the trace. The comparison of
current changes in confined and unconfined filaments from the
logarithmic histogram reveal a comparable amount of small
<2% current changes, whereas in the unconfined filament
(blue) there is a multifold increase of vacancy diffusion instances
causing higher current changes of >29%. Additionally, less
frequent diffusion events with up to 10% current change in
the unconfined filament are mitigated in the confined filament.
It can be noted, that the simulated current change distribution is
less continuous compared to the experimental results. This can
be attributed to the cubic lattice of the model, which is a
simplification of the more complex real structure of the oxide.
Furthermore, in the KMC model, the oxygen vacancy jumps
always take place consecutively without any timely overlap and
thus without any superposed current changes.

Thus, we propose that filament confinement manipulates
three filament properties, which are the underlying cause for
the observed reliability improvements: higher oxygen vacancy
concentration, lower absolute amount of oxygen vacancies and
a smaller gap between filament and AE. Single vacancy diffu-
sion events have less impact on the resistive state for filaments
with higher oxygen vacancy concentration, as each individual
diffusion affects the relative change in local vacancy concen-
tration to a lesser degree. Notably, despite the higher vacancy
concentration, the smaller confined filament has a lower
absolute amount of oxygen vacancies contributing to noise
through diffusive processes. Finally, the smaller gap in the
confined filament reduces the impact of oxygen vacancy recon-
figuration at the filament-gap interface on overall resistance
change. This effectively shifts the filament properties further
towards LRS-like behavior, which is known to directly relate to
improved device performance with regard to noise’” ' and
cycle-to-cycle resistance variability.'*¢*7%°

Conclusions

We demonstrate successful fabrication of a nano-fin device that
laterally confines the filament to 10 nm within an oxygen

770 | Nanoscale Horiz., 2024, 9, 764-774
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diffusion barrier material. While we observe improved HRS
write-variability in our full factorial analysis of I-V sweeps,
different peripheral device architectures can influence dynamic
switching beyond filament confinement effects. Here, we use
ionic noise measurements that are unaffected by these periph-
eral effects to show, that filament confinement can exhibit a
multifold improvement in SNR. However, the noise behavior of
the partially confined filament in the nano-fin is similar to
unconfined reference devices in worst-case scenarios, which we
attribute to filament fringe effects presumably along the uncon-
fined dimension. We expect further noise improvement by fully
confining the filament. Our complementing simulation reveals
improved resistance state stability through increased oxygen
vacancy concentration and a smaller gap between filament and
active electrode compared to unconfined filaments with the
same resistance state.

The limiting nature of resistance fluctuation in filamentary
oxide-based memristive devices, inherently linked to the ran-
domness of vacancy (re-)distribution, remains a challenge.
Nevertheless, our proposed device design can shift the HRS
filament stability towards more reliable LRS-like behavior.
Advancing from a pure electrode scaling to an oxide volume
scaling approach could offer even more pronounced benefits
on filament stability in retention measurements, where the
detrimental impacts of diffusive processes are exacerbated.

Methods

Reference micro-devices

The reference devices with a thin film stack of Pt/Ta/Ta0O,/Pt are
fabricated by optical lithography with lift-off method to make a
micro-sized cross-bar structure. The sputter-deposited 6 um
wide and 50 nm thin Ta-bottom-electrode is thermally oxidized
at the surface under dry oxygen atmosphere with various
annealing temperatures and durations: Micro-device A at
300 °C for 10 min, micro-device B at 250 °C for 10 min,
micro-device C at 300 °C for 2.5 min and micro-device D at
350 °C for 2.5 min. The resulting oxides are between 4-9 nm
thin. Native oxide, as used in the nano-fin device, does not yield
reliable switching for micro-sized devices. After surface oxida-
tion, a 2 pm wide and 30 nm thin Pt top electrode is sputter-
deposited on the reference devices.

Measurement setup for full factorial analysis

Electrical measurements were performed using a fast current-
limiting setup introduced by Hennen et al.®® The setup con-
tinuously collects full I~V traces at high speed and has two
separate inputs for control waveforms; V,(¢) sets the voltage
to apply to the device and V.. (t) sets the current limit for
the negative (SET) polarity. We defined these waveforms to
step through the Cartesian product of two control parameter
ranges (50 linearly spaced values each) in raster fashion.
V4(t) was composed of concatenated bipolar triangular sweeps,
each with 1 ms period, ramping between a fixed minimum

Vsetstop = — 1.8 V and a variable maximum Viegerscop value.

This journal is © The Royal Society of Chemistry 2024
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Vec(t) was a piecewise constant signal with step transitions at
selected (negatively sloped) zero crossings of the voltage control

a

waveforms (V, = 0, T

< 0), which sets the variable current

compliance values.

We programmed these waveforms for synchronized output
from a Rigol DG5102 arbitrary waveform generator so that the
matrix of 2500 control parameter combinations was probed in a
single ten second measurement shot per device, with each
condition revisited four times per shot. This measurement shot
was repeated 10 times per device for a total of 100 000 cycles for
full factorial analysis.

Noise measurement

We monitored the read noise experiments with a Keithley 4200-
SCS measurement setup using pulse measurement units (PMU)
4225 and remote pulse modules (RPM) 4225 from Keithley. The
general idea of the two-step algorithm we used for this investiga-
tion follows Schnieders et al.>® First, the device is switched several
times to check if the device is functional. If the on-off ratio exceeds
a value of 5, the device is assumed to have switched. Subsequently,
the state of the device is read by a constant voltage bias of 0.2 V
applied to the AE for 2 seconds. We call the current response of
this read pulse a trace. In this study we investigated traces in the
HRS range of 20 kQ to 200 kQ. We define the signal-to-noise ratio
(SNR) to compare the relative amplitude of noise signals as

.u(Iread )

Ire' 1)) — i Irea 4
’61[1613)2(81( dd()) zef(r)l;gs]( d())

SNR =

€

Here, u is the median and I...q is the current of the trace. For
further investigation, we normalized the current noise by

= 1, read (t )

InOlSE([) B :u([read) (2)
to ensure comparability over a wide range of resistances. The
normalized read noise was evaluated in two ways. By calculating
the normalized current changes between time steps of the traces
and by calculating the power spectral density. The normalized
current changes are defined as

Ai&t,noise(t) = I_noise(t) - jnoise(t + St) (3)

For this paper we chose 6t = 120 ps. The power spectral
density is calculated by
. . 2
PSDy(f) = lim —-|/x(f)] (@)
Here, I1(f) is the Fourier transform of the read current for the
frequency f. The PSD is normalized by
—— . PSD
PSD (1) = o), (5)
/f‘(lread)

3D KMC simulation

In this study we applied our 3D KMC simulation model with
diffusion-limiting domains that was first presented by Kopper-
berg et al.®* The key advantage of this model, as opposed to

This journal is © The Royal Society of Chemistry 2024
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other simulation models like compact models, is the ability to
conduct statistical investigations of random processes.®”” The
simulation model is based on a cubic (6 nm)* lattice structure
with a distance of 0.5 nm between each lattice point, representing
a HfO,-like layer sandwiched between two electrodes. Oxygen
vacancies, that play a crucial role concerning the conduction in
VCM devices, can be placed at the lattice points. Depending on
the oxygen vacancy distribution and the externally applied voltage,
the potential can be calculated via solving the Poisson’s equation.
For the calculation of the current, a trap-assisted-tunneling (TAT)
solver is used, which is appropriate for the description of systems
with comparably low oxygen vacancy concentrations as we expect
it focusing on the HRS of our cells.*®

We used the 3D KMC model to simulate the variability in
current traces. Here, the three possible transitions of genera-
tion, recombination, and diffusion of oxygen vacancy play an
essential role as the rearrangement of oxygen vacancy has been
detected as central process concerning read variability in VCM
devices.®? Thus, transition rates can be calculated via

ED/G/R —eAD (6)
kgT

Rp,g/r =10 CXP<—
with 1, = 10" Hz denoting the characteristic vibration frequency,
the energy barriers for the respective process Ep,r and the potential
difference between the two positions A®. In each simulation step,
all possible transition rates are calculated, followed by a weighted
random process selection, execution and the connected simulation
time update. It should be noted, that due to their typically higher
activation energies the generation and recombination processes
do not play a role compared to the oxygen vacancy diffusion (Ep =
0.7 eV) in the read simulations at room temperature and low
voltages.”>”® The energy barrier of the diffusion-limiting domains
is chosen to be Ep = 1.2 eV. More detailed information concerning
the simulation model can be found in our previous studies.®**”
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