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Neural Network hardware in-memory implementations based on memristive
synapses are a promising path towards energy efficient Edge computing. Among
others, Oxide-based Resistive Random Access Memory (OxRAMs) devices
utilization for synaptic weight hardware implementation has shown promising
performance on various types of Neural Networks, notably when coupled with
bit-error correcting codes or adaptive programming schemes for the device
intrinsic variability management. In this context, memristive footprint reduction
coupling with Multi-Level-Cell (MLC) operation remains essential to hardware
implement highly accurate state-of-art Neural Networks, whose number of
parameters is exponentially increasing over time. In this work, a compact
OxRAM-based 1 Transistor – 1 Resistor (1T1R) architecture, where the
memory is integrated inside the 40 nm × 40 nm drain contact of thin-gate
oxide FDSOI transistors, is demonstrated in 28 nm technology. The memory
structure is optimized from the OxRAM active material level to the cell
architecture. This results in 106 endurance and 11-level MLC encoding resilient
to 109 inference cycles compatible with 0.0357 μm2 bitcell footprint potential in
28 nm technology. Altogether, the proposed 1T1R cell density is competitive with
respect to ultra-dense 1S1R-based Crossbar arrays, while being compatible with
in-memory Neural Network inference implementations on-chip.
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1 Introduction

Recent progress on deep learning accelerators enabled impressive performance on a
wide range of applications. However, deep learning accelerators consume enormous
amount of energy when accelerated in both graphics processing units (GPU) and
central processing units (CPU) platforms, which remains extremely limiting in the
distributed intelligence Internet of Things paradigm. Indeed, the vast majority of this
energy consumption is not associated to the computation itself but to data movement
between both the arithmetic and storage blocks, which are physically distant in GPUs and
CPUs. Particularly, this represents a big challenge for state-of-art Artificial Neural Networks
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(ANNs) hardware implementation with very large number of
parameters, which require a very large amount of memory
accesses and operations. In this context, developing non-von
Neumann computing architectures enhancing close co-integration
of logic and memorization is crucial to optimize the overall
capabilities of current electronic hardware, moving towards in or
near-memory computing with very few data movement within the
system (Sze, 2019).

In particular, ANN’s inference rely on the Multiply-and-
accumulate (MAC) operation between activation inputs and
synaptic weights. Notably, the implementation of this operation
using Non-Volatile Memory (NVM) based memristive arrays,
where the synapses are analogically represented by the memory
devices, has demonstrated remarkable energy efficiency (Xue et al.,
2019) capabilities in comparison with other alternative approaches
(Murmann, 2021). Nevertheless, these approaches remain very
demanding for the memristive devices used for the synapses
hardware implementation. Among others, two main requirements
are crucial. First, developing very dense memory architectures able
to scale towards big memory capacities on-chip is essential to sustain
the exponential increase through time of the total number of
parameters in state-of-art Neural Networks. This allows limiting
unnecessary array partitioning to perform the computation and
therefore simplifying the routing peripherals dimensioning on-chip,
and preserving overall reasonable silicon footprint. Second,
developing memristor technologies with Multi-Level Cell (MLC)
capabilities remains key to implement state-of-art Neural Networks
with high accuracy, which require high precision leveraged for their
parameters representation (Aguirre et al., 2024; Nagel et al., 2021).
In addition, ensuring the stability of the programmed states on the
MLC memristive cells to reading pulses remains critical in the
context of inference computing, which requires applying huge
amounts of repeated reading operations in the memristors.

Globally, it remains extremely challenging to develop such a
polyvalent memory technology (Molas and Nowak, 2021). Among
others, metal oxide resistive memory (OxRAM) is a promising
candidate for Neural Network synaptic weight hardware
implementation (Wan et al., 2022), especially when operated
using bit-error correcting codes or adaptive programming
schemes (Jain et al., 2019; Chou et al., 2020) to counterbalance
their intrinsic resistance fluctuations due to conductive filament
relaxation effects (Reganaz et al., 2023). However, ensuring
OxRAM-based memristive solutions scalability towards very
dense architectures compatible with advanced technology nodes
remains challenging. 1S1R-based Crossbar architectures represent
the state-of-the-art in terms of memory density at the moment, as
they promise 4F2 memory bitcell potential (Kau et al., 2009) (where
F is the minimal dimension which can be obtained by
photolithography in a given technological node). However, 1S1R-
based Crossbar technology does not allow the in-memory MAC
analog implementation when operated in MLC mode, which
represents an important obstacle for its utilization as
technological platform for in-memory NN deployment on-chip.
Alternatively, the on-chip co-integration between resistive memory
devices and advanced logic transistors has been recently proposed
for 1T1R architectures densification (Shen et al., 2012; Wu et al.,
2020; Shulaker et al., 2014; Dubreuil et al., 2023a; Li et al., 2016; Xie
et al., 2023, Minguet Lopez et al., 2025). Nevertheless, elucidating the

impact of the memory stack and the cell routing protocols on their
scalability towards high capacity memory arrays able to perform in-
situ logic computations remains essential.

In this work, we propose to rethink the standard
1 Transistor – 1 Resistor (1T1R) cell to achieve competitiveness
with the density of 1S1R crossbar architectures (Figure 1). To do so,
we fabricate and deeply characterize a 3D monolithic 1T1R cell,
which is based on the HfO2-based OxRAM deposition inside the
28 nm FDSOI CMOS transistor drain contact. We carry out a
theoretical and experimental study to evaluate the cell dimensional
scalability and its compatibility with advanced technological nodes,
by coupling cell architectural optimization with specific device
operating protocols and stack optimization based on Si
implantation. Based on this analysis, guidelines for an improved
device reliability, reduced cell footprint and enhanced compatibility
with advanced node technologies are provided. Overall, the
pertinence of our approach as memristive solution for Neural
Network inference hardware implementations at the Edge is
demonstrated, benefiting from analog MLC MAC direct
implementation in the memory array with state-of-art
0.0357 μm2 cell footprint.

Partial and preliminary results of the devices characterized in
this work were presented in (Minguet Lopez et al., 2025). This paper
provides additional electrical measurements, enlarging from two to
seven the number of OxRAM stacks which are electrically
characterized and exploring the device forming, SET and RESET
programming reliability in more depth. Moreover, this paper
provides nanoscale characterization based on STEM-EELS and
STEM-EDX techniques on memory devices which have been
formed with negative biases, aiming to fully elucidate the
operating possibilities of our OxRAM cells and the programming
impact on the different material stack layers. Finally, this paper
provides a detailed comparison between the proposed 3D
monolithic 1T1R cell and ultra-dense Crossbar structures in the
context of Neural Network on-chip inference implementations.

2 Background

2.1 Intrinsic limitations of Multi-Level Cell
1S1R-based crossbar structures for analog
MAC implementations in-memory

The replacement of the standard 1 Transistor – 1 Resistor
(1T1R) memory architecture by 1 Selector – 1 Resistor (1S1R)
Crossbar memory structures based on Ovonic Threshold Switch
(OTS) selector co-integration with non-volatile resistive memory
devices has been proposed for both phase-change (Kau et al., 2009;
Bourgeois et al., 2023; Lepri et al., 2023) and OxRAM (Minguet
Lopez et al., 2024, 2021) memory devices. Remarkably, Crossbar
architectures allow a potential memory bitcell shrink down to 4F2,
where F is the minimal dimension which can be obtained by
photolithography in a given technological node, and therefore are
very promising to achieve very dense memristive systems. In these
structures, the higher the resistance programmed in the memory
device and the higher the resulting 1S1R switching voltages (Vth)
due to the additional voltage drop on the memory. Therefore, taking
an OxRAM-based 1S1R Crossbar into account, the ability to
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program N distinct resistive states on the OxRAM device results
into the definition of N distinct 1S1R switching voltages (Vth,1,
Vth,2, . . . Vth,n) (Figure 2). Moreover, the read operation of a 1S1R
device with N distinct 1S1R switching voltages relies on the
application of (N-1) reading voltages (Figure 3). When operated
over threshold, the current crossing the 1S1R stack during the read
operation can only take two values. ION crosses the stack when the
OTS selector switches during the reading pulse and Ith<<ION

crosses the stack when the OTS selector does not switch during
the reading pulse. Accordingly, the resulting current crossing the
1S1R stack is not proportional to the resistance value encoded in
the OxRAM device, impeding the implementation of an in-
memory analog MAC based on Ohm’s and Kirchoff’s law. In
addition, projecting towards near-memory MAC
implementations, both the 1S1R-based MLC MAC latency and
energy consumption are strongly degraded due to the need for

FIGURE 1
In this work we focus on in-memory implementations usingmemristive synapses of Artificial Neural Network, which promise neurons and synapses
co-location similarly to biological cognitive structures. Taking into consideration OxRAMmemristors, this work aims to optimize 1 Transistor – 1 Resistor
(1T1R) structures performance in the context of Neural Network on-chip inference implementations. The ultra-dense 1 Selector – 1 Resistor (1S1R)
Crossbar arrays are taken as a reference.

FIGURE 2
1S1R 4-level Multi-Level Cell experimental current-voltage characteristics, where four resistive levels (R1, R2, R3, R4) are programmed in the OxRAM
device. Adapted from Minguet Lopez et al. (2024).
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multiple reading operations in the device. This represents an
important blocking factor for near-memory MAC
implementations with 1S1R-based Crossbar structures. Finally,
both the OxRAM and OTS intrinsic variability strongly impact
the 1S1R MLC feasibility (Minguet Lopez et al., 2021), limiting the
total number of resistive levels that can be encoded in the device
without overlapping. Notably, up to only 3 levels encoding at the
cell level has been demonstrated in the literature without statistical
overlapping through cycling (Minguet Lopez et al., 2024).

Overall, despite 1S1R-based Crossbar architectures allow very
dense 4F2 bitcell potential, their pertinence as technological platform
for in or near-memory analog Neural Network acceleration remains
strongly limited by the 1S1R device intrinsic properties.

2.2 Analog MAC implementation in-memory
with 1T1R memristive cells

Therefore, adopting 1T1R single memristor arrays as
technological platform for in-memory analog Neural Network
acceleration remains of big interest, as they naturally allow the
in-memory implementation of MAC operations relying on Ohm’s
and Kirchoff’s current law. However, there is no consensus on the
ability of OxRAM-based 1T1Rmemory cells to shrink and give birth
to very dense memory arrays while being compatible with advanced
technological nodes. In particular, OxRAM-based 1T1R memory
arrays scalability towards dense structures may be strongly limited
by various factors. First, the OxRAM device operating currents and
voltages strongly impact the resulting 1T1R cell footprint, as they are
a determining factor of the selection transistor dimensioning and so
its active area dimensions. In particular, this trend is mostly
associated to the OxRAM high forming voltages required for
device initialization, as well as the device SET and RESET
currents (Sandrini et al., 2019). Second, the 1T1R cell footprint
can be impacted by the memory device position in the metal stack
and the associated routing strategy in a given technological node.
Third, the 1T1R cell footprint can directly be impacted by the
OxRAM resistor (1R) size. This trend can be particularly impactful
when projecting towards very advanced technological nodes with
very aggressive metal pitch dimensions, where themetal pitch shrink
must be accompanied by a reduced OxRAM resistor (1R) section
and pitch. These dependences are illustrated in Figure 4, comparing
the 1T1R bitcell size and the corresponding 1R OxRAM size
evolution with the selecting transistor technological node for
various industrial macros (Huang et al., 2024; Golonzka et al.,

FIGURE 3
1S1R Multi-Level Cell reading protocol description, where four resistive levels (R1, R2, R3, R4) are programmed in the OxRAM device (Minguet Lopez
et al., 2024). The definition of N resistance levels in the OxRAM device result into N distinct 1S1R switching voltages. In order to identify the OxRAM
resistive state, the application of (N-1) reading voltages is required (Minguet Lopez et al., 2024).

FIGURE 4
OxRAM-based 1T1R bitcell scalability as a function of the
selecting transistor technological node. The correspondingOxRAM 1R
sizes are provided when available in the literature (Huang et al., 2024;
Golonzka et al., 2019; Hayakawa et al., 2015; Ito et al., 2018,
Chang et al., 2014, Xue et al., 2019).
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FIGURE 5
(A) Illustrative integration process used to fabricate our compact OxRAM-based 1T1R memory cell, together with the dedicated process flow
(Minguet Lopez et al., 2025). (B) Source contact EDX and TEM images. (C) Drain contact EDX and TEM images, illustrating the satisfactory OxRAM
deposition.

FIGURE 6
(A) Experimental OxRAM pristine resistance evolution with the stack characteristics, taking into account both HfO2 thickness and dose of Si
implantation. 0.0032 μm2 contact sizes are taken into account. (B) Experimental OxRAM pristine resistance correlation with the device forming voltages,
considering the same pulse characteristics. Again, 0.0032 μm2 contact sizes are taken into account. The provided positive forming voltages are applied to
the OxRAM top electrode. (C) Illustrative OxRAM resistance evolution with the application of 600 ns length positive forming voltages in the device
top electrode. Cells are considered to be formed when reaching a predefined LRS resistance value (forming threshold). Engineering the compliance
current used during the forming process allows modulating the resistance obtained in the OxRAM cells after the forming operation.
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2019; Hayakawa et al., 2015; Ito et al., 2018, Chang et al., 2014, Xue
et al., 2019).Whenmoving towards advanced technological nodes, it
becomes important to achieve OxRAM functionality at shrink
memory sizes with limited operating voltages and currents to
sustain the overall 1T1R cell area reduction with the transistor
generations.

3 Sample and methods description

In order to provide a response to these challenges, we propose to
rethink the OxRAM-based 1T1R cell architecture and stack
characteristics, moving towards a memory-transistor co-location near
the FEOL. Figure 5A summarizes our process integration approach in
300 mm platform (Minguet Lopez et al., 2025). A separate MEOL drain
and source contact opening is required in our integration flow, which
imposes a single extra lithography mask in comparison with a standard
300 mm 28 nm FDSOI CMOS process flow (Planes et al., 2012). Then,
the HfO2-based OxRAM stack is deposited inside the drain contact. The
stack consists on a 5 nm-thick HfO2 layer deposited by Atomic Layer
Deposition (ALD) and a Ti (RFPVD)/TiN (CVD) top electrode, which
are directly deposited on NiPtSi Silicide (acting as bottom electrode).
Various alternative bottom electrode approaches exist, notably the
utilization of Si-doped bottom electrodes (Dubreuil et al., 2023b).
Nevertheless, NiPtSi silicide allows achieving low-resistance contacts,

good thermal stability and good compatibility with the specific
requirements of FDSOI transistors, making it pertinent for our
compact 1T1R cell. The main goal being to enlarge the OxRAM
window margin (to maximize its MLC capabilities) while preserving
bitcell scalability, various OxRAM active materials are studied: standard
HfO2 and four different flavors with Si implantation into HfO2 (“S1,”
“S2,” “S3,” “S4”). An increasing number identification corresponds to a
higher Si concentration in the activematerial. In addition, 4nm and 5 nm
thick OxRAM layers are considered in the analysis. After OxRAM
deposition, the filling of the W-based bitline pillar gives rise to the
BEOL metallization. 0.0016–0.0032 μm2 contact sizes are considered,
leading to two distinct OxRAM (1R) sizes. Figure 5B (resp. Figure 5C)
provide TEM and EDX cross-section of source (resp. drain) contacts on
our compact structure straight after fabrication. A consistent co-
integration of all layers during the fabrication process is demonstrated.

4 Experimental results

4.1 OxRAM stack optimization for low
forming voltages and reliable
memristor operation

As introduced previously, the OxRAM forming voltages remain
one of the main factors limiting overall 1T1R cell scalability. In this

FIGURE 7
(A) Experimental OxRAM endurance capabilities, considering various 0.0032 μm2 OxRAM flavors. (B) Programming voltages used to obtain the
endurance characteristics provided in (A). 0.6 µs (resp. 2 µs) SET (resp. RESET) pulses are used for the analysis. The absolute value of the negatively biased
RESET voltages is provided. The SET compliance currents are kept constant while no current limitation is imposed during the RESET operation.
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context, it has been proven that the OxRAM layer thickness play a
key role on the resulting forming voltages (Govoreanu et al., 2011).
Figure 6A illustrates our OxRAM pristine resistance evolution as a
function of the device stack. Both OxRAM thickness and
composition engineering with Si implantation approaches are

considered. In addition, Figure 6B illustrates the correlation
between the device pristine resistance Rpristine and its forming
voltages Vforming. In this analysis, positive forming voltages are
applied to the OxRAM top electrode. The application of several
forming pulses with progressive voltage amplitude increase is

FIGURE 8
(A) OxRAM-based 1T1R endurance dependence with the initial forming voltages required for device initialization. Various stacks are initialized at
positive bias with 600ns pulses. (B) Illustration of the tradeoff between the OxRAM mean window margin and its endurance capabilities, taking into
consideration endurance characterization over 126 1T1R cells. 0.0032 μm2 contact sizes are taken into account. (C) OxRAM programming conditions
impact on the resulting device mean window margin, taking various stacks in consideration. Each point corresponds to an endurance
characterization. The same compliance current is imposed to the devices during SET operation.
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considered to initialize the cells. After the application of each
forming pulse, the cell resistance is read and compared to a
predefined LRS resistance threshold. While the cell resistance
does not reach the LRS target resistance, a subsequent pulse with
a higher positively-biased voltage is applied.When the cell resistance
reaches the target LRS resistance, the cell is considered as formed
and the application of forming electrical pulses stops (Figure 6C).
Remarkably, both HfO2 thickness reduction and increased
implanted Si concentration allows reducing the device pristine
resistance (Figure 6A), which translates into the reduction of its
forming voltages (Figure 6B). This trends are in agreement with our
OxRAM standard BEOL device (Grenouillet et al., 2021).

However, ensuring reliable device operation once the forming
process is done remains essential. Particularly, it remains key to
guarantee large read window margin to maximize MLC
capabilities, while maximizing the device endurance. Figure 7
provides multiple OxRAM endurance characteristics for some
of the stacks of interest (Figure 7A), together with the electrical
conditions used to program the cells (Figure 7B). While remaining
at similar endurance capabilities, the progressive increase of the
overall Si concentration in the OxRAM active material induces a
progressive reduction of the resulting device windowmargin RHRS/
RLRS, due to a HRS resistance decrease. As an illustration, it can be
observed that the 5 nm-thick HfO2 S4 stack promises lower mean
window margin than non-implanted 5 nm-thick HfO2 stack at
parity of endurance capabilities. Likewise, 4 nm-thick HfO2

S1 promises lower mean window margin than 5 nm-thick HfO2

S1 at parity of endurance capabilities. In return, the progressive
increase of the overall Si concentration in the OxRAM active
material allows reducing the device programming voltages,
synonym of lower programming energy consumption. Aiming
to better understand the origin of this trend, Figure 8A
provides the dependence between the OxRAM device forming
voltages and the subsequent endurance capabilities on the device.
The reported endurance corresponds to the number of applied
programming cycles inducing the non-reversible degradation of
the device window margin. No clear tradeoff is observed between

the two, suggesting the absence of strong degradation on the device
during the forming operation. Moreover, Figure 8B characterizes
the device mean window margin evolution with its endurance
capabilities, suggesting the existence of a tradeoff between the two.
Each point corresponds to a single endurance cycling
characterization, where the reported endurance (x-axis)
corresponds to the number of applied programming cycles
inducing the non-reversible degradation of the device window
margin. The corresponding mean window margin is then
calculated taking into account the applied programming cycles
until endurance limit. Various programming conditions are used
to characterize this tradeoff, focusing on both the SET and RESET
voltages and its respective pulse lengths modulation. Each point
representing a 1T1R cell endurance characterization, Figure 8C
statistically illustrates the impact of some programming conditions
to the resulting mean window margin in the cells. It worth noting
the importance of balancing the SET and RESET pulse
characteristics. First of all, avoiding the application of excessive
SET or RESET voltages remains key not to degrade the device
mean window margin. For example, coupling positive >2.2 V SET
with negative >1.4 V RESET is observed to induce a mean window
margin degradation on Si-implanted stacks, degradation which
could be weighted by the pulse duration. Then, while guaranteeing
SET operation effectiveness, balancing the negative RESET
voltages to ensure sufficient but not excessive impact on the
cells remains necessary. On one hand, it seems necessary to
guarantee >1 V RESET negative voltages on Si-implanted stacks
to give rise to a non-null mean window margin, while
applying >1.8 V positive SET voltages. On the other hand, a
larger mean window margin is observed on Si-implanted stacks
when enlarging the RESET voltages up to −1.2 V, while
applying >1.8 V positive SET voltages. This trend is notably
observed on the non Si-implanted HfO2 stack, showing a larger
mean window margin when increasing the RESET voltages up
to −2.2 V while keeping similar SET conditions.

Altogether, even if the 5 nm-thick non-implanted HfO2 stacks
promise the larger mean window margin values, this comes at the

FIGURE 9
(A) Standard 5 nm-thick HfO2OxRAM resistance evolution with the application of negative forming voltages in the top electrode, demonstrating the
ability to initialize the cells in the negative bias regime. (B) Standard 5 nm-thick HfO2 OxRAM endurance characteristics after a forming operation in the
negative bias regime. The device formed at (A) is taken into consideration.
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FIGURE 10
(A) Drain contact TEM image before OxRAM device forming process. A standard 5 nm-thick HfO2 OxRAM cell without Si implantation is considered. (B)
OxRAM-based 1T1R cell TEMcross-section after forming process realization in the negative bias regime, taking into consideration a differentOxRAM cell with the
same stack characteristics. (C)OxRAM-based 1T1R cell EDX cross-section after forming process realization in the negative bias regime, considering the same cell
as (B). (D–H) OxRAM-based 1T1R cell EDX cross-section after forming process realization in the negative bias regime, focusing on Si, Ti, Hf, Ni and O
elements. The analysis concerns the cell studied in (B). (I)O and Ni elementary tracking in around the OxRAM stack of interest. Oxygen is again detected in the Si
region Si region surrounding the NiPtSi bottom electrode defect. (J, K)Drain contact EELS spectrum image and the corresponding Oxygen elementary map. (L)
Oxygen K-edge EEL spectra performed on the negatively formedOxRAM device in (B), focusing on three different positions around the NiPtSi bottom electrode
defect zone indicated in (K). Oxygen is detected in the Si region surrounding the NiPtSi bottom electrode defect (position 2).
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FIGURE 11
(A) Experimental OxRAM programmed resistance evolution with the current crossing the device during RESET operation (IOxRAM), taking into
consideration four distinct states. 0.0032 μm2 contact sizes are taken into account. (B) Experimental OxRAM programmed resistance distributed over
various IOxRAM current ranges. 0.0032 μm2 contact sizes are taken into account. (C) Standard deviation evolution with the mean resistance value for each
IOxRAM current range, taking into consideration various stacks.
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expense of higher forming and operating voltages. Unfortunately,
this remains an important blocking point for their utilization as
memristive device when projecting towards advanced
technological nodes.

Moreover, Figures 9, 10 aim to generalize those trends to
OxRAM cells formed in the negative voltage bias domain,
wishing to fully elucidate the operating possibilities of our
memory cells. In particular, we propose to study the OxRAM
cells functionality while being formed with the application of
negative voltages in the stack top electrode, resulting into the
NiPtSi bottom electrode acting as gettering electrode as suggested
by (Chen et al., 2012; Wu et al., 2015; Raghavan et al., 2011).
Standard 5 nm-thick HfO2 OxRAM stacks without Si implantation
are considered in the analysis.

The OxRAM resistance evolution with the application of
negatively biased 600ns forming pulses in the device top
electrode is illustrated in Figure 9A, satisfactorily demonstrating
the ability to initialize the devices in the negative bias regime. In
addition, Figure 9B provides the subsequent OxRAM endurance
experimental characteristics after a forming operation in the
negative bias regime. Even if the application of adapted bipolar
SET and RESET pulses allows obtaining a read window margin, the
cell reliability through cycling after negative forming operation
remains very limited. In particular, the mean window margin
appears to be degraded due to fluctuating SET and RESET
programmed resistance values and the overall endurance
capabilities remain very limited. Aiming to better understand the
origin of this trend, Figure 10A provides a TEM image on the

FIGURE 12
(A) Summary of theOxRAM-based 1T1R cell optimization approach, coupling thememory cell shrink with itsmigration close to the FEOL. (B)OxRAM
MLC experimental probabilistic programmed resistance density at the cell level. Provided data is extracted from reading disturbance characteristics up to
109 cycles. (C)OxRAM resistance evolution with successive reading pulses, illustrating the presence of resistance fluctuations in the devices. (D)Memory
area evolution for the various 1T1R cell architectural scenarios studied in this work. The provided area for MLC operated cells is based on
experimental read disturb distributions presented in (B).
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OxRAM stack of interest, before the initial forming operation. In
addition, Figures 10B, C provide the equivalent analysis after the
application of an aggressive negative forming operation on an
OxRAM cell with the same stack characteristics, focusing on both
TEM and EDX cross-sections. It worth noting the presence of minor
defects in the NiPtSi bottom electrode on both scenarios, suggesting
their apparition during the device fabrication process. Then, Figures
10D–H provide specific elementary EDX cross-sections for the 5 nm-
thick HfO2 cell of interest (Figures 10B, C), taking into consideration Si,
Ti, Hf, Ni and O elements. Notably, the consistent integration of the
OxRAM top electrode (Figure 10E) and the HfO2-based active layer is
demonstrated (Figure 10F), guaranteeing no impact of the bottom
electrode irregularities on the rest of the memory stack. This supports
the satisfactory OxRAM operating reliability when formed in the
positive regime (Figure 7), as the Ti/TiN top electrode is exploited
as gettering layer. However, this is no longer valid when implicating of
the NiPtSi bottom electrode as gettering layer by adopting negative
forming voltages, which induces an initial Oxygen diffusion towards the
stack bottom electrode. Figure 10I illustrates O and Ni elementary
tracking in around the OxRAM stack based on Figure 10H EDX cross-
section. In addition, Figure10L provides Oxygen K-edge EEL spectra
performed on three different positions (Figure 10J, K) around the
OxRAM NiPtSi bottom electrode. During the aggressive negative
forming operation, the presence of defects in the bottom electrode
unfortunately allows Oxygen diffusion into the Si region surrounding
the NiPtSi defect (Figure 10I, L), resulting into the apparition of Si-O
bonds as suggested by (Raghavan et al., 2011). Oxygen atoms
implicated on Si-O bonds being no longer mobile when applying
subsequent electrical pulses to the stack, this contributes to the
device capabilities degradation when adopting negatively biased
forming strategy (Figure 9).

Overall, negatively formed OxRAM cells suffer from a very
limited operating reliability, blocking their exploitation as
memristive device solution.

Although optimizing the mean window margin gives valuable
information about the device performance during its lifetime, it does
not allow to elucidate the origin and quantize the occurrence of reversible
“soft” bit errors on the device during cycling. To this purpose, Figure 11A
illustrates the OxRAM programmed resistance (ROxRAM) dependence
with the IOxRAM current crossing the device during the programming
pulse. While IOxRAM is measured during the programming pulse,
ROxRAM is measured afterwards thanks to the application of a low
voltage reading pulse. In other words, short-term relaxation phenomena
can take place in the device in between the IOxRAM and ROxRAM
measurements. IOxRAM current being a marker of the device active
region morphological state during the applied programming pulse at
such shrink OxRAM sizes, evaluating the OxRAM programmed
resistance variability for various IOxRAM current ranges (Figure 11B)
allows characterizing the device resistive stability. {5 nm-thick HfO2 S1,
5 nm-thickHfO2 S4, 4 nm-thickHfO2 S1, 4 nm-thickHfO2 S2}OxRAM
stacks, identified as the most promising in the previous analysis, are
studied in the analysis. Endurance experiments on various cells with
600ns programming pulses are taken into consideration. No significant
difference is observed between the different OxRAM stacks at low
resistance values, which is a signature of the presence of big and
stable filaments in the device at this resistance regime. However, the
stacks behave differently for intermediate and high programmed resistive
states, where both the residual filament and the bulk contribution play a

role on the resulting device resistance. ~107Ω high resistances appear to
be reachable with 5 nm thick stacks, while 4 nm thick stacks peak at ~106

Ω resistances despite RESET voltages increase. Unfortunately, this results
into degraded mean window margin values on 4 nm thick stacks
(Figure 7C), due to the existence of OxRAM high variability issues
coupled with a reduced HRS value. Globally, this represents a strong
blocking point for 4 nm thick stacks utilization as memristive device.

Overall, both 5 nm-thick HfO2 “S2” and “S4” devices appear as
the most promising candidates for memristive applications, despite
a slight increase on the device programming variability while
increasing the implanted Si concentration in the stack
(Figure 11C). Remarkably, they promise intermediate forming
and programming voltages coupled with medium read window
margin capabilities at preserved endurance.

4.2 1T1R cell architectural optimization

Figure 12A summarizes the OxRAM-based 1T1R cell architectural
development path leading to the very dense structure presented in this
work. Remarkably, our optimized 1T1R structure benefits from
0.0357 μm2 bitcell size potential [Figure 12A (3) (4)], which is
extremely competitive with state-of-art OxRAM-based eNVM
industrial demonstrations at 28 nm node (Figure 4). This is allowed
by cumulating various cell architectural upgrading factors, starting with
a standard 1T1R BEOLOxRAMarchitecture with 0.01 µm2 1R cell size.
First, while Figure 12A (1) uniquely exploits BEOLmetals for 1T1R cell
routing, Figure 12A (2) proposes to use the contact level utilization on
BEOL OxRAM device routing (Berthelon et al., 2016). Notably, this
overcomes the BEOL metal pitch gridlock and allows a strong
improvement on the overall 1T1R cell footprint down to
0.0393 μm2. Second, the OxRAM 1R cell shrink allowed by stack
optimization process presented in Section 4.2 coupled with its
migration inside the FDSOI transistor drain contact near the FEOL)
allows removing the need for OxRAM bottom Via (Grenouillet et al.,
2021). This reduces the amount of dedicated masks for the OxRAM
stack fabrication, therefore reducing the overall process cost. In
addition, this results into a slight additional 1T1R overall footprint
reduction down to 0.0357 μm2 [Figure 12A (3) (4)]. The benefit of
RRAM cell shrink, in terms of density, remains therefore negligible in
this case. Indeed, while this trend exist in a 28 nm node technology
platform, the area of the 1T1R cell size may start to be limited by the
RRAM cell size when projecting towards more advanced FDSOI
technological nodes characterized by more aggressive transistor gate
pitches (Moroz, 2011; Collinge, 2014; Moroz, 2016). Achieving RRAM
functionality at downscaled cell sizes remains, therefore, necessary
when targeting advanced technological nodes. Moreover, RRAM
migration inside the FDSOI transistor drain contact allows further
freeing up the MEOL and BEOLmetal levels, consequently simplifying
the overall device routing strategy within the metal stack. Aiming to
further enhance the cell density, MLC programming in the OxRAM
must be considered. Figure 12B presents theMLCOxRAM-based 1T1R
experimental probabilistic programmed resistance density, taking into
consideration the 5 nm-thick HfO2 “S4” stack. Each density curve
corresponds to a reading disturbance experience up to 109 cycles,
replicating the repeated read operations applied to the memristor
device during inference. The OxRAM device programming
operation relies on the transistor fine-grained control of the
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programming current and voltages applied to the cells. Remarkably, up
to 11 levels are achieved at the cell level without overlapping, despite the
existence of fluctuation stochastic phenomena in the cells (Figure 12C).
Indeed, spacing out enough each programmed resistive level remains
necessary to limit the impact of the OxRAM fluctuations phenomena
(Reganaz et al., 2023; Wang et al., 2016) over time on reading
operations. Figure 12D illustrates the memory area evolution for the
different 1T1R cell architectures studied in this work. The 1S1R-based
Crossbar area is also provided for comparison, considering the most
aggressive configuration characterized by a metal width and space of
CDmin. Area values are calculated for 1Mbmemory arrays, focusing on
28 nm technology design rules. Considering a device operated in Single
Level Cell (SLC) mode, crossbar arrays are ~6.6x denser than standard
BEOL OxRAM based 1T1R ones routed integrally using BEOL metal
levels. It worth noting that the ability to implicate the contact level in the
1T1R cell routing notably allows a very significant ~1.7x density
improvement, without need for OxRAM 1R cell shrink.
Contrariwise, the impact of the OxRAM device migration inside the
transistor in the overall 1T1R footprint remains negligible in our case.
Finally, MLC programming approaches remain an extremely powerful
tool to further improve the overall array density, as high as the number
of bits which can be encoded per cell. Remarkably, the ability to encode
3 bits (eight different resistive states) per OxRAM-based 1T1R cell
allows reaching only ~1.3x bigger cell footprint with respect to the SLC
1S1R-based Crossbar technology in 28 nm node.

5 Conclusion

The ability of OxRAM-based 1T1R memory arrays to give rise to
very dense architectures competitive with Crossbar architectures is
elucidated. By crossing experimental data with cell design deep
analysis, both OxRAM-based 1S1R-based Crossbar architectures
and OxRAM-based 1T1R single memristor structures pertinence
for inference computing implementation on-chip is compared.
While 1S1R-based Crossbar memory structures promise 4F2 very
dense memory capabilities, intrinsic limitations for their utilization as
memristive element for MAC operation deployment on-chip are
identified. By means of both cell architecture revolution and active
material adaptation, a promising 1T1R cell is experimentally validated
in 28 nm CMOS FDSOI technology. The OxRAM is integrated in the
drain contact of FDSOI transistor, allowing state-of-art 0.0357 μm2

bitcell area potential. The OxRAM active material composition is
optimized, resulting in 106 endurance and 11-level MLC encoding
resilient to 109 inference cycles capabilities. Overall, the proposed
1T1R cell benefits from natural in-memory MAC hardware
implementation relying on Ohm’s and Kirchoff’s current law
coupled with very low bitcell footprint. Particularly, the proposed
OxRAM-based 1T1R cell with 3-bit encoding capabilities is ~5.1x
denser than the standard BEOL OxRAM-based 1T1R cell routed
integrally using BEOL metal levels, reaching only ~1.3x bigger cell
footprint than SLC 1S1R-based Crossbar technology in 28 nm node.
Globally, this ensures its pertinence as memristive technological
platform for in or near-memory analog Neural Network deployment.
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