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Abstract—The field of neuromorphic computing is approaching
an era of rapid adoption driven by the urgent need of a substitute
for the von Neumann computing architecture. NEUROTEC I:
”Neuro-inspired Artificial Intelligence Technologies for the Elec-
tronics of the Future” project is an initiative sponsored by the
German Federal Ministry of Education and Research (BMBF
for its initials in German), that aims to effectively advance the
foundations for the utilization and exploitation of neuromorphic
computing. NEUROTEC I stands at its successful ”final stage”
driven by the collaboration from more than 8 institutes from the
Jülich Research Center and the RWTH Aachen University, as
well as collaboration from several high-tech industry partners.
The NEUROTEC I project considers the field interplay among
materials, circuits, design and simulation tools. This paper pro-
vides an overview of the project’s overall structure and discusses
the scientific achievements of its individual activities.

I. INTRODUCTION

Pattern recognition is a task that requires little time and
energy when performed by the human brain, however this
same task requires several orders of magnitude more time and
energy when performed by a top-notch computer that uses
the von Neumann architecture [1]. This is just one of many
tasks where the brain outperforms current computers. Neuro-
morphic computing aims to replicate the calculation process
that takes place in the brain by developing artificial synapses
or ”computing-in-memory” (CIM) concepts for artificial neural
networks. Hence neuromorphic computers have the potential to
become the computer generation of the future. To accelerate
the achievement of such an ambitious goal, NEUROTEC I
brings together an interdisciplinary and complementary stack
of research disciplines as illustrated in Fig. 1. Here, various
memristive materials and circuit configurations are investigated.
Several integration methodologies for synaptic networks are
developed and simulation models and tools have been created in
order to implement, test and validate characterization methods
for memristive circuits. The project focuses on a wide-ranging
investigation of different memristive materials at different tech-
nology levels. Thus, it aims to develop novel components for
new computer architecture which have the potential for fast and
energy-efficient computations that can be extensively exploited

Fig. 1. Scientific and technological research fields in NEUROTEC I.

in applications of artificial intelligence (AI). In the following
sections, the main scientific and technological research activi-
ties and their outcomes are described in more detail.

II. NEW MATERIALS AND STRUCTURES FOR MEMRISTORS

A. Optimization of nanoscale switching VCM systems

Nanoscale memristive devices based on filamentary valence
change mechanism (VCM) are widely researched candidates
for emerging memories and neuromorphic applications. Co-
integration with complementary metal oxide semiconductor
(CMOS) chips is one of the important requirements on the
redox-based resistive random access memories (ReRAM). We
developed and characterized nanoscale memristors constituted
from asymmetric metal electrodes that sandwich a thin layer
of transition metal oxide grown by atomic layer deposition.
The main structure consists of 3 nm HfO2 and Pt and Ti
electrodes. Previous works suggested inclusion of an inten-
tionally grown off-stoichiometric TiO2-x interface layer in the
Ti/TiO2-x/HfO2/Pt stack, Fig. 2(b) [2]. Studying the switching
response to fast voltage pulses of the fabricated (100 nm)2

crossbar devices, shown in Fig. 2(a), revealed that gradual and
abrupt binary switching coexist. The binary mode is character-
ized by significant switching stochasticity associated with the
inherent randomness of ionic motion, filament geometry as well
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Fig. 2. (a) Top view of a (100 nm)2 crossbar. (b) Stack order and eqivalent
circuit. (c) SET kinetics conductance map of the binary mode. (d) Experimental
and simulated SET probability statistics for a pulse duration of 1 µs. (e) Spiking
Neural Network results.

as vacancy concentration [3], [4]. By combining the statistical
data of a SET probability measurement ensemble with the JART
VCM v1b, Fig. 2(d) [5], we were able to study the concept of
parallel variable, binary devices as fundamental building block
for synapses in neuromorphic architectures. By implementing
this block into a Spiking Neural Network simulation, it was
shown that the network’s performance increases when the
synapses comprise a higher number of devices, due to a larger
window of programming voltage as well as a larger number of
accessible intermediate resistance states [6].

B. Optimization of interface switching PCM systems

Phase-change materials (PCMs) have attracted considerable
interest for neuromorphic computing. Yet, at present there are
open issues regarding the speed limits of the switching process.
For this reason, we have investigated clear design rules for
application relevant properties such as the minimum time to
crystallize. Establishing such rules would be facilitated by
a fundamental understanding of the relationship between the
achievable switching speed and the stoichiometry as well as
the chemical bonding. For this purpose, a quantum-chemical
map of bonding is utilized in our studies [7]. This map reveals
that two characteristic quantities, the number of electrons
transferred (ET) and the number of electrons shared (ES)
between adjacent atoms are good quantum-chemical bonding
descriptors, enabling a separation of ionic, covalent, metallic
and metavalent bonding [8]–[10]. These two quantities are also
good property predictors, as shown in Fig. 3, where trends
for the minimum crystallization time as a function of material
stoichiometry, described by ES and ET. Going from GeSe
to GeTe and subsequently towards SnTe, a reduction of the
minimum time for crystallization by 6 orders of magnitude has
been achieved. At the same time, Fig. 3(b) shows the stability

Fig. 3. Change of switching kinetics with chemical bond indicators. (a)
Minimum crystallization time and (b) reduced onset temperature of the glass
transition as a function of two quantum-chemical bonding indicators.

Fig. 4. Structural characterization of GST alloys via (a) XRD 2θ/θ scans (b-d)
reciprocal space maps of GST-225, 124, 023 phases respectively. (e-f) Scanning
electron micrographs and (g-h) atomic force microscopy images confirm the
entirely coalescent epilayer with ultra-smooth surfaces of various GST alloys.

of the amorphous phase decreases too, as characterized by the
reduced onset temperature of the glass transition [11].

PCMs exhibit at least two distinctive structural and electronic
states i.e. the crystalline (low resistive) and the amorphous (high
resistive) that provide a platform for the basic logic states “1”
and “0”. Among various PCMs including SbxTi1-x and GexSb1-x
alloys, the GexSbyTez (GST-xyz) stoichiometric alloys are the
most promising candidates for the realization of neuromorphic
and non-volatile memory applications. However, the realization
of a GST-based memory cell requires both, high structural qual-
ity epitaxial growth of GST crystals and their incorporation into
CMOS compatible fabrication technology. Using the technique
of Metal-Organic Vapor Phase Epitaxy, we achieved strain-free
and high crystal quality epilayers of several GST alloys on
Si(111) substrates. XRD scans, depicted in Fig. 4(a), indicate
the high crystal quality of of GST epilayers. To evaluate the
lattice parameters, the reciprocal space maps are acquired at
the corresponding asymmetric peaks shown in Fig. 4(b-d) and
no strain related defects are observed. In the second stage, the
growth parameters are systematically modified to improve the
surface quality. Eventually, the entirely coalescent epilayers are
achieved and can be observed via micrographs in Fig. 4(e-f)
and topographical images in Fig. 4(g-h). In future, produced
epilayers will be subjected to the pre-patterned substrates to
achieve selective epitaxy in the nanostructures to incorporate
GST alloys into various quantum devices. [12]–[15].
C. Stack layers from 2D materials

To bring all the fascinating properties of two-dimensional
(2D) transition metal dichalcogenides into relevant applica-
tions, developing scalable synthesis methods is of great im-
portance. In this realm, metal-organic chemical vapor deposi-
tion (MOCVD) has been found to be a promising candidate.
Using state of the art MOCVD reactors, and characterization
techniques, we have paved the way for the realization of
(opto)electronic devices based on 2D materials by providing
high-quality 2D layers and heterostructures. For this purpose,
optimized processes to obtain coalesced 2D-WS2 and 2D-
MoS2 films with high homogeneity and minimized carbon
contamination have been developed [16], [17]. The layers have
been used for the demonstration of flexible photodetectors
[18]. The AIXTRON close coupled showerhead reactor was
used to successfully perform experiments on the upscaling
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Fig. 5. A buried multi-electrode (BMEs) platform.

of the deposition process to 100 mm diameter substrates.
Moreover, extensive effort has been expended to develop 2D
heterostructures in a seamless one-step growth approach [19].
D. Buried multi-electrode devices for 2D materials

Local properties of materials are usually tested by restrict-
ing the investigated volume by nanoscale patterning and/or
using appropriate contact/gate-electrodes. However, etching a
nanostructure likely leads to issues related to surface defects
and electrodes are either too large or too inflexible to facili-
tate a reliable local characterization. To study the memristive
properties of 2D materials and transistion metal oxides locally,
we have developed a buried multi-electrode (BMEs) platform
that allows the fabrication of approximately 20 individually
addressable (gate-)electrodes with a lateral length down to 5
nm and with 5 nm interdistance between adjacent electrodes,
see Fig. 5. BMEs are manufactured by etching a mold into a
silicon substrate with a steep and on a shallow etch flank. While
the steep flank is created with wet chemical, ansisotropic silicon
etching, the shallow flank is realized with controlled resist
erosion in a SF6/O2 plasma. The BME substrates are currently
used to study the local properties of two-dimensional materials.
Furthermore, the local properties of memristive transition metal
oxides are studied by depositing the memristive material and
a top electrode and then using the BMEs as nanoscale contact
electrodes.
III. INTEGRATION FOR 2D AND 3D SYNAPTIC NETWORKS

A. Integration of TaOx/Ta devices with FDSOI MOSFET

To eliminate the sneak path current in the ReRAM crossbar
architecture, an 1T-1R integration platform on fully depleted
silicon-on-insulator (SOI) substrate is developed. This archi-
tecture enables neuromorphic computing applications based on
TaOx/Ta memristive crossbar array. Fig. 6 shows the process
flow, illustrative cross-section of the 1T-1R device. For the
MOSFET device fabrication, a gate-first process with self-
aligned NiSi S/D is developed on the 30 nm-thick SOI sub-
strate. Subsequently, the TaOx (10 nm)/Ta(15 nm) ReRAM
is integrated in the backend of the SOI MOSFET as shown
in Fig. 6. The gate length of the SOI MOSFET was 2 µm,
whereas the ReRAM cell area was 2x2 µm2. Fig. 6 shows
the electroforming process and bipolar switching of TaOx/Ta
devices under different gate voltages (Vgs= 1.0 V – 2.0 V) in
the 1T-1R configuration.

B. Integration concepts for multi-dimensional networks

Electrochemical metallization (ECM) materials can mimic
synaptic functionality by creating conductive filament with ad-

Fig. 6. Schematic diagram of the fabrication steps for the FD-SOI MOSFET and
TaOx/Ta ReRAM integration. SEM image of the 16x16 1T-1R crossbar array.
I-V characteristics (electroforming and switching) of the TaOx/Ta ReRAM in
the 1T-1R configuration, where MOSFET serves as current-limiter.

Fig. 7. (a) Memristive crossbar with vertical ECM cells (b) T-junction array
for higher connectivtiy of synaptic networks (c) Fabrication scheme for lateral
ECM cells and I-V characteristic of a Pt/SiO2/Cu cell.

justable strength in-between two metallic electrodes (consisting
e.g. of Pt and Cu) as illustrated in Fig. 7(a). 2D memristive
crossbar arrays allow only a limited number of independent
interconnects to be realized and applying appropriate voltages
to the bar-shaped electrodes may result in parasitic filament
growth or it may modify the synaptic weight of existing
interconnects. Thus, we currently explore shrinking the crossed
bars to electrodes with a T-cross-section (see Fig. 7(b)) posi-
tioned alternating on a regular square/cubic grid. This allows
independent interconnect formation of each electrode with its
nearest neighbors, strongly increasing the connectivity of such
a synaptic network. A central ingredient for the realization
of such a synaptic network is the fabrication of appropriate
lateral ECM cells with a true nanoscale interelectrode distance
in lateral direction. To this end, we developed a combined
spacer and damascene process which is schematically shown in
Fig. 7(c): after the fabrication of a first Pt electrode, Cu-doped
SiO2 as ECM material is deposited conformally with a suitable
sputter process. Subsequently, Cu is deposited followed by
chemical-mechanical polishing. Since the lateral interdistance
of the electrodes is determined by a deposition and not a
lithography process, sub-10 nm separations can in principle be
realized. First lateral ECM cells show memristive switching
behavior featuring a sub-30 nm electrode interdistance, see the
electron micrograph in Fig. 7(c).

IV. MODELING, DESIGN AND SIMULATION TOOLS

A. Physics-based modeling

To enable proper circuit design using memristors, reliable
compact models for this emerging type of devices need to
be developed. This comprises the modeling of the determin-
istic switching behavior as well as modelling of reliability
aspects. Within the project we developed compact models
including variability for filamentary switching VCM devices
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[5]. The model reproduces the switching dynamics of the
Pt/HfO2/TiOx/Ti, Pt/TaOx/Ta and Pt/ZrOx/Ta devices devel-
oped in this project. It captures the D2D and C2C variability
[4], [20] including the switching probability at certain voltages
according to Fig. 2. Moreover, read instability and shaping
failures can be well reproduced [21]. To understand the trade-
off between retention behavior ( Fig. 9b) and read instability,
a kinetic Monte Carlo Model was developed [22]. High jump
rate of the oxygen vacancies within the domain accounts for
the read-instability, while the lower jump rate from domain to
domain determine the retention. Using density functional non-
equilibrium Green’s function calculations, we could reveal two
major types of conduction in VCM cells [23]. In both cases,
the electron transport is dominated (at least at lower voltages)
by the tunneling to one of the metal/oxide interfaces, but in one
case the electrons tunnel into the conduction band of the oxide,
and in the other case they tunnel into defect states induced by
nearby oxygen vacancies.

B. Neuromorphic accelerator system level simulation

We developed a high level virtual platform ”NeuroVP”
integrating CIM accelerators [24]. Using NeuroVP to evaluate
performance and power consumption at the electronic system
level (ESL), it has been corroborated that the execution of neu-
ral network applications, mainly vector-matrix multiplications
(VMM) operations, using neuromorphic accelerators yields
higher power efficiency speedup relative to a von Neumann
computing system as shown in Fig. 8. The power consumption
of CMOS devices is a combination of leakage and dynamic
power. Leakage power can be assumed as constant as long
as temperature and supply voltage changes are not taken into
consideration. Dynamic power, on the other hand, depends on
short circuit and switching power caused by the total activity
performed by the device. The dynamic power depends on con-
trol signals which initiate actions or instructions performed by
the device. Hence, to estimate the dynamic power consumption
at ESL, it is sufficient to trace the control signals.

V. DEVELOPMENT OF TEST SYSTEMS

A. Sub-nanosecond electrical characterization

To test whether memristors, developed in section II, can
also operate at GHz frequencies, their switching kinetics were
studied in the sub-nanosecond range. For this purpose, an
automated radio frequency setup was built, with which the
change in resistance can be measured on a 10 ps-timescale
[25]. It could be shown that VCM devices can switch within
50 ps from the HRS to LRS, which is, to our knowledge, the

Fig. 8. NeuroVP high level architecture and performance results.

(a) (b)
Fig. 9. (a) Current response of a Pt/TaOx/Ta-based VCM device, reprinted from
[25] with permission of AIP Publishing, (b) Retention of HRS read current
distribution, reprinted from [22] with permission of ACS.

fasted reported SET time of a VCM device (see Fig. 9a). It
could also be shown that the SET kinetics in the sub-10 ns
range are only limited by the electrical charging of the devices
[26]. Neither the migration of oxygen vacancies, nor the heating
time of the conductive filament cause a detectable delay in
the SET kinetics at timescales down to 50 ps. Recently, we
investigated the RESET kinetics and could show that they are
limited intrinsically at approx. 480 ps by the coexistence of a
unipolar switching mode [27]. Faster RESET operations require
higher voltages, which, however, trigger only the unipolar SET,
occurring at the same voltage polarity as the RESET. The
occurrence of the unipolar SET is attributed to an oxygen
exchange at the active electrode of the VCM device. This
exchange could be suppressed by placing an oxygen blocking
layer at the interface between the oxide and the active Pt
electrode, with which it became possible to also achieve
50 ps fast RESET times.

B. Array characterization

We fabricated VCM ReRAM devices in a 32 x 1 line-array
structure, with a (30 nm Pt/5 nm ZrO2/20 nm Ta/30 nm Pt)
stack [21]. The devices were contacted via a wedge probe
card with 32 probes and programmed using a custom array
tester based on the µController module platform by aixACCT
Systems. Using this setup, the most relevant reliability as-
pects, being their variability [21], retention [22] and en-
durance [28] were investigated. We demonstrated that VCM
ReRAM exhibits a characteristic variability from read to read
comprising random jumps of the programmed resistance state,
originating from the random walk of conduction supporting
oxygen vacancies [21]. If multiple devices are considered,
the instability of all individual devices accumulates to intrinsic
statistics (c.f. Fig. 9b, 0 min) which are remarkably stable over
time scales of seconds and minutes [21]. Over longer periods
or at elevated temperatures, we could show that the intrinsically
stable resistance distributions begin to degrade as depicted by
Fig. 9b. Thus, we demonstrated that the retention of VCM
ReRAM can be described as changes in their intrinsic statistics.
In particular, a broadening of the distribution (i.e. increasing
standard deviation) could be identified as limiting factor of
the long term retention [22]. Furthermore, we investigated the
endurance of the line-array structure. Here, we developed an
algorithm to optimize the biasing conditions of each device
towards maximum endurance. Using this algorithm, we com-
pared the optimized endurance of VCM devices with different
ohmic electrodes (Zr, Hf, Ti, Ta). We could demonstrate that
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metals with a higher work function reduce the amount of
excessively generated oxygen vacancies and thus prolong the
endurance [28].

C. Manufacturing Testing

From testing perspective, a complete understanding of possi-
ble manufacturing failure mechanisms, their associated defects,
and the resulting faulty behaviour of memristors is mandatory.
We conducted activities to develop more suitable manufacturing
test strategies able to guarantee the memristor’s quality. Firstly,
a review regarding the manufacturing process related to VCM-
based memristors, and a comparative analysis of the CMOS
and memristor manufacturing processes was presented in [29].
We identified possible manufacturing failure mechanisms that
may affect these novel devices, completing the list of the
already known mechanisms. Analysis about possible faulty
behaviours was performed, allowing the definition of more
accurate fault model [29]. In parallel, a study regarding process
variation‘s impact on the behaviour of ReRAMs has been
developed [30]. Electrical simulations considering a ReRAM
(3x3 word cell array) were performed to properly identify the
tolerated variability as well as the interval where extreme vari-
ability causes faults. The obtained results show that different
parameters can degrade the functionality of the ReRAM cell
and demonstrate the existence of a clear relation between the
performed operating sequence and the tolerated percentage of
variability. Finally, a new Design-for-Testability (DFT) strategy
was specified, implemented, and validated in [31]. The strategy
combines the introduction of an on-chip sensor able to measure
the voltage of a 1T1R ReRAM cell with the execution of a
predefined operating sequence. The obtained results show that
the proposed DFT strategy can detect conventional and unique
faults.

VI. NEUROMORPHIC CIRCUIT CONCEPTS

A. Memristive content addressable memory

Here, our aim is the development of neuro-compute-units,
based on memristors and focusing on 2 types: 1) memory-arrays
based on memristors as possible enablers for efficient CIM,
and 2) units that can realize associative operations like ternary
content-addressable memory TCAM. We studied operations in
analog and digital domains. We developed a new associative
memory concept based on complementary resistive switching
(CRS) cells, see Fig. 10, wherein both the binary data and its
complement are stored. This CAM enables the direct analog
computation of the Hamming Distance (HD), i.e. the difference
in number of bits between the input and stored data vector. This
HD can be used in binary neural networks for very efficient
calculation of the VMMs required during inference operation.
This concept was used to simulate the inference step on a 1-
layer fully connected neural network trained on a binarized
version of the MNIST data set, achieving a prediction accuracy
of approximately 86% [32].

B. Analog CIM array based on memristor

Here we investigated the computational principles such as
VMM in 1T1R arrays and the effect of different of array

Fig. 10. (a) Lateral CRS-based passive crossbar array. Highlighted part maps
to the circuit diagram of (b). (b) Circuit schematic of multiple lateral CRS cells
in parallel with a common center electrode. (c) Equivalent circuit.

Fig. 11. Simulated energy consumption in 8x8 1T1R array for VMM operation.

architectures (memory, vertical, and pseudo-crossbar 1T1R) and
peripheral circuits for readout and multilevel programming of
ReRAM devices. As an example, Fig. 11 shows the calculated
energy consumption.

We also looked into the feasibility study of 1S1R array for
VMM operation. “Raw”, i.e. selector-less ReRAM memory
arrays suffer from read errors due to sneak path currents, and
increase the power consumption during both read and write due
to leakage currents in partially selected devices. Therefore, a
selector device is mandatory. A standard CMOS transistor (T)
device solves the above problems, however it is a 3-terminal
device that dominates the 1T1R cell area, while it has to be
integrated in the Si substrate. Alternative 2-terminal selector (S)
devices are proposed, with threshold switching devices being
the most promising types. The 1S1R cell results in the densest
integration of ReRAM arrays and enables 3D stacking.

However, while appropriate for memory array application,
the non-linear selector conduction may affect the use of the
1S1R array for in-memory computations. Therefore, we inves-
tigated the feasibility of VMM in 1S1R arrays using simulation.
The possibility of VMM for different array sizes as well as wire
resistances was investigated: for larger array sizes (128x128),
the effect of series resistance becomes more important and
resistance <2 mOhm is required for proper VMM operations.

C. Digital CIM

Starting from a classic digital design flow, we assessed
opportunities to integrate neuromorphic computing principles
in the resulting modules. As overarching principle, we embrace
the concept of near- or in-memory computing. Hence, a first
step was to establish a flow capable to automatically contruct
macros of high regularity considering the placement of standard
cells and the involved routing. As development vehicle a
standard cell based memory [33] is used, that can seemingly be
integrated in surrounding digital logic realizing a near-memory
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computing macro. This flow was applied to the design of a
TCAM [34], which is 1.8x faster than [35] and has a 2.4x lower
energy per operation than [36]. Today, the design methodology
serves as a strong foundation for regular structures supporting
various other algorithms. Other neuromorphic techniques have
been added on top explore a wider design space. Besides
others, we considered the natural attention mechanism to put
more effort or energy on difficult cases resulting in cascaded
classifiers [37], and assessed the potential of limiting data to
binary values as observed in the signal potential of spikes on the
axons resulting in binary neural networks [38]. Optimizations
of the binary neural network improve the energy efficiency
by up 3.5x compared to previous work [39], while the usage
of cascaded classifiers can reduce the number of operations
by up to 5.7x. Leaving the classic deterministic and full-
precision computing in the digital domain behind, we assessed
approximate computing techniques as well as computing in
the time domain. The most promising concepts have been
fabricated in a 22 nm FDSOI technology. Overall, this enabled
us to quantify the underlying trade-off between throughput,
accuracy and efficient in neuromorphic hardware realizations.

VII. CONCLUSION

The researchers from the NEUROTEC I project have pub-
lished several findings and made available many contributions
to the neuromorphic research community. After its official
conclusion in late 2021, we plan for another five years with
the consequent ”NEUROTEC II” project which is planned as a
concretization of the investigated technologies in NEUROTEC
I, including the realization of chip demonstrators.
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