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Abstract—We use experiments and device simulations 

to investigate pulsed SET operation of HfO2-based RRAM 
devices for their possible use as electronic synapses. The 
application of a train of identical pulses only allows for an 
abrupt change of the device current, which is not suitable 
for synaptic devices. By using simulations, we link the 
microscopic properties and changes of the Conductive 
Filament (CF) during pulsed operation to the measured 
conductance and its dependence on pulse voltage, width 
and number. The results allow to derive guidelines that we 
use to design optimized SET pulses (or pulse trains) 
allowing extending the conventional binary operation of 
HfO2-based RRAMs to the Multi-Level Cell (MLC) operation 
required by electronic synapses.  
 

Index Terms— Electronic synapse, resistive random 
access memory (RRAM), device simulations, HfO2. 
 

I. INTRODUCTION 

ransition Metal Oxide (TMO) based resistive memories 
(OxRAMs) are considered one of the most viable solutions 

to implement artificial synapses in neuromorphic computing 
systems [1]-[3]. These applications require the capability to 
achieve multi-level cell (MLC) characteristics by tuning the 
RRAM memory state with high precision. This analog 
switching behavior has been previously demonstrated in 
synaptic devices comprised of multiple memory cells [4] or 
operated under particular programming schemes (e.g. 
compliance current modulation) [5]. However, both solutions 
come at the cost of increased area and/or power consumption, 
and the analog switching should be achieved by electrical 
pulses for practical applications. More recently, pulsed 
programming has been proposed as a promising alternative 
[6]-[9], with the potential to provide good analog switching 
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characteristics at the same (area) cost of a 1T-1R RRAM device 
[10]. Nevertheless, a critical optimization of the programming 
pulses enabling synaptic like operation is needed, which 
requires to understand the physical mechanisms and processes 
governing pulsed operation. 

In this paper we use experiments and device simulations to 
investigate the response of TiN/HfO2/Ti/TiN RRAM stacks to 
pulsed SET operation for their possible use as synaptic devices 
in neuromorphic computing systems. Besides providing 
fundamental insights on the physics of pulsed SET operation, 
the results of this study clearly demonstrate that optimizing the 
amplitude/width/number of the SET pulses allows achieving 
MLC characteristics, making the studied RRAM cells a viable 
option as electronic synapses.  

II. EXPERIMENTS AND SIMULATIONS 

Kbit synapse array was comprised of RRAM device with 
TiN/6-nm-thick HfO2/Ti/TiN stack with an active area having a 
diameter of 400 nm and a transistor fabricated with 0.35µm 
technology, resulting in 1T-1R configuration. RRAM 
operations are simulated using the Ginestra™ software package 
[11], based on a multi-scale approach allowing connecting the 
microscopic/atomic properties of the materials (e.g. defects, 
morphology, stoichiometry) to the device electrical behavior 
[12]. The simulation framework includes all the physical 
mechanisms that are relevant for the operations (forming and 
switching) and reliability (endurance and retention) of RRAM 
devices: carriers trapping and transport (including 
direct/Fowler Nordheim and trap assisted tunneling, and drift 
across defect sub-bands [12]), the induced power dissipation 
and the associated temperature increase, generation, 
recombination and diffusion of oxygen vacancies (V0) and ions 
(O–). All these mechanisms are implemented self-consistently 
using a multi-scale approach [12], which allows to avoid some 
important assumptions (e.g. the CF characteristics) with respect 
to other RRAM models mainly focused on the switching 
operations [13]–[16]. Statistical simulations are performed by 
randomly generating every device (and its pre-existing defects) 
and by using a Monte Carlo technique to account for the 
stochastic nature of charge transport, degradation, and ion 
transport processes. The poly-crystalline nature of the HfOx 
film is taken into account by considering randomly generated 
grain boundary (GB) regions of cylindrical shape as 
preferential locations for charge transport and degradation [17].  
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III. FORMING, SET AND RESET SIMULATIONS 

We first used simulations to reproduce the forming (blue 
diamonds and line in Fig. 1), SET (green squares and line in 
Fig. 1) and RESET operation (not shown for brevity) in order to 
determine the properties of the conductive filament (CF) in the 
low (LRS) and high resistance (HRS) states. The evolution of 
the generated ion and vacancy distributions during the 
simulated 100A compliance forming, Fig. 1 (A)-(C), shows 
the clear formation of the CF at a GB site (B) followed by its 
enlargement in the surrounding region (C) up to a diameter of 
4.5nm. The subsequent RESET operation leads to the 
formation of a 1.5nm-thick oxygen barrier close to the top 
electrode, Fig. 1(D), whose breakdown during SET recreates 
the full CF, Fig. 1(E), and is responsible for the current jump 
observed at the set voltage of 1V, see Fig. 1 [12]. The CFs 
obtained through the simulation of the forming and RESET 
operations allow to nicely reproduce the LRS and HRS 
currents, respectively, see Fig 1. 

IV. PULSE TRAIN SIMULATIONS 

We now focus on the simulation of consecutive identical 
SET pulses considering the HRS device state in Fig. 1(D) as the 
starting point. Pulse amplitudes (VP) in the range of the device 
SET voltage (0.7V-1V) and a wide range of pulse widths (tP) 
from 1s to 100ms are considered. A read pulse with voltage 
VR=0.1V and duration (tR) fixed at 1ms is applied immediately 
after each SET pulse.  

A. Effect of Pulse Voltage 

Figure 2 shows the conductance measured (lines) and 
simulated (symbols) during pulse train experiments performed 
at different pulse voltages (with tP = 1ms). Significant changes 
in the conductance are observed when increasing the pulse 
amplitude to 0.8V and above. Interestingly, the first pulse leads 
to an abrupt current jump followed by a quick saturation 
indicating that subsequent pulses do not affect significantly the 
CF. Figure 2 also shows that the conductance saturation level 
increases with the applied VP, suggesting that pulses with 
higher amplitude allow recreating a stronger CF. All these 
experimental trends are nicely reproduced by simulations that 
can thus be used to gain insights on the processes controlling 
the pulsed SET operation.  

We analyzed the evolution of the conductive filament during 
simulated pulse trains with low (0.8V) and high (1V) VP. 
Figures 3(a)-(f) show the 3D maps of V0/O- distributions after 
0, 1 and 20 pulses (marked as A, B and C in Fig. 2). In the case 
of a high pulse amplitude, Fig. 3(a)-(c), simulations reveal the 
existence of a self-limited process: the full filament is 
completely reconstructed already after the first pulse, Fig. 3(b), 
which explains the large initial jump of the conductance in Fig. 
2. Only few additional vacancies are generated during the 
subsequent pulses, Fig. 3(c), consistently with the saturation of 
the conductance observed in Fig. 2. This behavior is determined 
by the redistribution of the potential along the conductive 
filament. At the beginning of the pulse train most of the applied 
voltage drops across the oxide barrier, Fig. 3(g), leading to a 
massive V0 generation, Fig. 3(b). Once the oxide barrier is 
broken (i.e. after the first pulse), the potential drop becomes 
lower and more uniform across the metallic-like CF, Fig. 3(g), 
strongly reducing the probability to generate additional V0.  

The evolution of the CF during subsequent pulses with low 
VP is quite different as reflected by the different evolution of 
the conductance, Fig. 2. Results show that only a portion of the 
CF is reconstructed after the first pulse, see Fig. 3(e). 
Therefore, the redistribution of the electric field across the CF 
is limited and insufficient to inhibit the generation of additional 
V0, which is indeed observed in the initial part of the pulse train 
[Fig. 3(f)]. This well explains the smaller initial jump and the 
continuous increase of the conductance observed in both 
experiments and simulations at low VP, Fig. 2. 
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Fig. 1.  Measured (symbols) and simulated (lines) forming, LRS (after 
SET) and HRS (after RESET) IV characteristics and evolution of O- and 
V0 distributions during forming (A)-(C), after RESET (D) and after SET 
(E). The simulated RRAM consists of the 6-nm-thick HfOx (light blue) 
and of a thin TiOx interfacial layer acting as the oxygen reservoir. 
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Fig. 2.  Conductance (symbols) measured and (lines) simulated during 
SET pulse trains as a function of the pulse voltage (tP= 1ms). Data are 
averaged on 10 statistical trials. Initial forming was done with a 100A 
compliance. 
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Fig. 3.  3D maps of V0 (red spheres) and O- (blue spheres) distributions 
corresponding to the device states after the application of 0, 1, and 20 
pulses (marked as A, B, and C in Fig. 2) with VP of (a)-(c) 1V and (d)-(f) 
0.8V. (g) 1D profile along the center of the conductive filament as 
extracted form the simulation at the beginning of the SET pulse 
sequence (blue line) and after five pulses (red line) with VP=1V. 
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B. Effect of Pulse Width 

Figure 4 shows the conductance measured (lines) and 
simulated (symbols) during pulse train experiments performed 
with a fixed VP of 0.9V and pulse widths of 10s, 100s and 
1ms. Similarly to what observed when varying the amplitude of 
pulse trains, the conductance exhibit an abrupt jump after the 
first pulse and then saturates to a current level that increases 
when increasing tP. Simulations reproduce these experimental 
observations, allowing once again to connect the microscopic 
characteristics of the CF reconstructed by the SET operation to 
the measured conductance. To this purpose, Fig. 4 shows the 
3D maps of V0/O- distributions at the end of the simulated train 
of 100 SET pulses for the considered tP of 1ms, 100s and 10s 
(respectively marked as A, B and C). As can be seen, varying 
the pulse width allows controlling the recreation of the CF: a 
smaller amount of vacancies is generated when applying short 
pulses (10s – state C in Fig. 4), whereas the full CF is 
recreated when using long pulses (1ms – state A in Fig. 4).  

 

C. Pulse Optimization for MLC Operation  

The results discussed in the previous sections allow 
identifying the physical mechanisms determining the observed 
conductance changes (initial jump and subsequent saturation) 
and how they depend on the applied SET pulse sequence. On 
one end, they demonstrate that using a sequence of subsequent 
identical pulses is an ineffective way of modulating device 
conductance (independently on the pulse width/amplitude 
considered). On the other hand, the results in Figs. 2 and 4 
clearly indicate that the conductance at the end of a pulse 
sequence is strongly affected by VP and/or tP, since they allow 
to efficiently control the recreation of the CF during pulsed 
SET operation. We used these information to design optimized 
SET pulse trains allowing extending the conventional binary 
operation of HfO-based RRAMs into MLC operation. Figure 
5(a) shows the conductance simulated for an optimized SET 
pulse train consisting of subsequent sequences of 20 pulses 
with increasing tP (from 1s to 10ms). At the end of each pulse 
sequence the conductance saturates to a different level, which 
enables MLC operation (the number of pulses is indeed chosen 
to obtain a good saturation). Despite requiring a significant 
number of relatively long pulses, the optimized pulse train is 
suitable for the operation of electronic synapses. Nevertheless, 

the overall programming time can be reduced using ultra-short 
pulse switching [18], [19]. The behavior in Fig. 5(a) can be 
understood by looking at the dynamics of the CF recreation. As 
new V0 are generated, the potential drop across the oxide 
barrier reduces, Fig. 5(b), which in turns reduces the probability 
to generate additional vacancies. Increasing tP gives more time 
to create new vacancies within the pulse sequence allowing 
reaching higher conductance levels, Fig. 5(a). Six well defined 
states are obtained, Fig. 6, a number that can be increased using 
a finer tP modulation. The corresponding cumulative 
distributions exhibit good uniformity and separation between 
the states, Fig. 6(b). Simulations and experiments also show 
that the variability can be reduced by increasing the pulse 
amplitude above 0.9V or the number of sequence pulses (not 
shown for brevity). These results clearly demonstrate that 
optimizing the pulse scheme is crucial to achieve the MLC 
capabilities required for neuromorphic computing applications. 

V. CONCLUSIONS 

We used dedicated experiment and accurate physics-based 
RRAM simulations to investigate pulsed SET operation in 
TiN/HfO2/Ti/TiN RRAM devices. Simulation results provide 
fundamental insights on the mechanisms governing pulsed SET 
operation and allow linking the microscopic properties of the 
recreated CF to the measured electrical characteristics. The 
acquired knowledge is then used to achieve MLC operation by 
means of optimized SET pulse sequences, providing a pathway 
for the use of TiN/HfO2/Ti/TiN RRAM devices as electronic 
synapses in neuromorphic computing systems. 
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Fig. 4.  Conductance (symbols) measured and (lines) simulated during 
SET pulse trains with VP=0.9V and different tP. 3D V0/O- distributions of
the device states at the end of the simulated 100 consecutive pulses 
(A, B, and C) are also shown. Data are averaged on 10 statistical trials.
Initial forming was done with a 100A compliance. 
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Fig. 5. (a) simulated conductance modulation obtained by applying 
successive pulse sequences with increasing tP. (b) Evolution of the 1D 
potential profile along the center of the conductive filament as extracted 
from simulations at the points A, B, C and D in (a). 
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Fig. 6. (a) (symbols) Measured and (line) simulated conductance as 
obtained by applying the optimized SET pulse train in 5(a). (b) 
Experimental cumulative probability distributions of the states in (a). 
Initial forming conditions: 1V/s voltage ramp; 100A compliance. 
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