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An in-depth simulation and experimental study has been performed to analyze thermal effects on the var-
iability of resistive memories. Kinetic Monte Carlo (kMC) simulations, that reproduce well the nonlinearity
and stochasticity of resistive switching devices, have been employed to explain the experimental results.
The series resistance and the transition voltages and currents have been extracted from devices based on
the TiN/Ti/HfO2/W stack we have fabricated and measured at temperatures ranging from 77 K to 350 K.
We observed that the variability for all the magnitudes analyzed was much higher at low temperatures.
In the kMC simulations, we obtained conductive filaments (CFs) with less compactness at low
temperatures. This led us to explain the higher variability, based on the variations of the CF morphology
and density seen at low temperatures.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Resistive memories are being studied because of their outstanding
properties for applications such as non-volatile memories, neuromorphic
computing and hardware cryptography [1–5]. These resistive switching
(RS) devices have shown good endurance [6], retention, low power con-
sumption, full compatibility with CMOS technology and capability of 3D
stack fabrication [1–5].

Inwhat is related to non-volatilememory applications, different em-
bedded solutions have been proposed to include these devices in inte-
grated circuits (ICs) [7]. RRAM non-volatile applications (storage class
memory) operate faster than currently dominant Flash devices and re-
quire less switching power. These devices, that belong to a greater
group known as memristors [3,8,9], show a great potential for
neuromorphic engineering purposes [10–20]. In this context, vector-
matrix and matrix-vector multiplication circuits can be easily built
with RS devices in an analog approach by implementing crossbar arrays.
These structures can be used to accelerate large-scale data processing
. This is an open access article under
systems, as it is the case of artificial neural networks and spiking neural
networks, the latter encoding the information in the time domain by
means of spikes [5,21]. Another application based on resistive switching
devices that is gaining momentum consists in the fabrication of circuits
to generate random numbers and implement physical unclonable func-
tions [22–27].

Prior to the full introduction of this technology in the massive elec-
tronics industry, different issues have to be addressed, such as the
cycle-to-cycle (C2C) variability that is inherent to RRAMs due to the
stochasticity linked to resistive switching [28–35]. In devices with fila-
mentary conduction, C2C variability is connected to the morphology
of the conductive filament (CF) that shorts the electrodes to change
the device resistance state [5,36,37]. In each resistive switching cycle,
the CF is created (set process) to lead the device to the low resistance
state and ruptured (reset process), leading the device to the high resis-
tance state.

The accurate description of variability needs a clear viewof thephys-
ical mechanisms that stand behind RS operation. Kinetic Monte Carlo
simulation has been shown to be very useful for this purpose [32,33,
36,38–41]. In addition, compact modeling can be a good option to ac-
count for variability in the circuit simulation context [8,29,42–50].
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Fig. 1. Experimental I-V curves of the devices under study. One hundred complete RS cy-
cles, including set and reset processes, are measured and analyzed for each temperature.
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In this work, we deal with the study of resistive switching at low
temperatures from the experimental and simulation viewpoints. In par-
ticular, we have focused on the relation between temperature and var-
iability. Although resistive switching is an intrinsically stochastic
process [51,52] where oxygen vacancies and ions, and metal species
can diffuse and be involved in the device switching events [53], the in-
fluence of temperature on resistive switching has been shown experi-
mentally [54–56] and comprehensively modeled [42,47,50] and
simulated using kinetic Monte Carlo algorithms [38–40]. From this
viewpoint, we have studied devices based on the TiN/Ti/HfO2/W stack
that show filamentary resistive switching and a typical valence change
memory (VCM) bipolar behavior [38,57–60] where the electric field
direction plays an important role in the processes that lead to resistive
switching [3,38,40,57]. Using the experimental data obtained at
different temperatures as starting point, we have analyzed them with
advanced numerical techniques to extract the series resistance
[61–65] and the reset and set transition voltages and currents. The
results are analyzed and compared to state-of-the-art kMC simulations
to shed light on the physics behind the low temperature RS behavior.
The comparison of experimental and simulated data is essential to un-
veil RS physics due to the complex, nonlinear and stochastic mecha-
nisms that lie behind the RS phenomenon [29,38,43]. The conclusions
drawn can be used to develop the basis of variability models to comple-
ment physical simulations and compact models that are extremely nec-
essary for device design and circuit simulation. Variability is essential in
this type of devices [29,66] and even if the modeling is devoted to keep
circuits including these devices within correct operation parameters, it
is important to highlight the potential of this variability when systems
are built in an interdisciplinary physics context to take advantage of
the constructive role of noise. As it is well known, noise can induce
more ordered regimes, enhance the coherence degree of different sys-
tems (among them neuronal ones), increase the gain and signal-to-
noise ratio at different system output…; moreover, noise plays a vital
role in stochastic resonance phenomena, stochastic resonant activation
and noise enhanced stability [29,67–78].

All these aspects are addressed as follows: in Section 2, we introduce
the fabrication and measurement details; in Section 3, the simulation
tools are described and in Section 4, the main results are summarized.
Finally, the conclusions are drawn in Section 5.

2. Device fabrication and measurement setup

The resistive memories employed here were metal-insulator-metal
structures fabricated on N-type (ρ = 4 mΩ·cm) silicon wafers. The
top metal electrode is made of a bilayer stack (200 nm TiN/10 nm Ti)
and the bottom metal (50 nm W) was deposited on a Ti adhesion
layer (20 nm-thick) on a silicon substrate. The electrical contact to the
W layer is made by Al-metallizing the Si wafer back. The insulator ma-
terial is a 10 nm-thick HfO2 dielectric film grown by atomic layer
deposition. A detailed description of the fabrication process is given in
[58].

The experimental measurements were carried out using a Hewlett-
Packard Semiconductor Parameter Analyzer 4155B to perform the
current-voltage (I-V) measurements. The W electrode (bottom elec-
trode) was grounded, and the voltage was applied to the top electrode.
Prior to the switching measurements, the samples underwent an
electroformingprocess at room temperatureusing a compliance current
of 0.2 mA to prevent irreversible oxide breakdown. After the forming
process was carried out, the device was first cooled in darkness to the
liquid nitrogen temperature (~77 K) using an Oxford Instruments cryo-
stat (model DM1710). The RS cycles were measured at several temper-
atures (77 K, 100 K, 125 K, 150 K, 200 K, 225 K, 250 K, 275 K, 300 K, 325
K, and 350 K) starting from 77 K and increasing then the temperature.
We waited 20 min at each temperature before starting the measure-
ments to ensure thermal stability. An Oxford Instruments temperature
controller (model ITC 503) was used to monitor and control the
2

temperature during the measurements. One hundred complete RS cy-
cles, including set and reset processes, were measured for each temper-
ature. Ramped voltage signals with 25 mV step were employed in I-V
measurements with a slope of about 0.4 V/s in the voltage intervals [0,
0.8 V] and [0, −1.2 V] without current limitation. All the equipment
was connected to a computer via GPIB interface and controlled using
Agilent VEE software.

Some of the I-V curves obtained are shown in Fig. 1 for different tem-
peratures [58]. The complete set of curves is given in the supplementary
information, see Fig. S1. The measurements at the different tempera-
tures were carried out on one device. The devices studied here have
been analyzed previously (see Refs. [79–82]). These results show that
the device-to-device variability is clearly lower than the variations
with temperature that we present here. In addition, after the forming
process was performed, several I-V cycles were measured at room tem-
perature to observe the switching behavior. After a proper operation
was observed, the device was cooled. However, the 100 RS cycles at
300 K were recorded when increasing the temperature from 77 K, and
after having measured 100 cycles at 77, 100, 125, 150, 200, 225, 250,
and 275 K. The results obtained when measuring the 100 cycles at
300 K were similar to those obtained before cooling the device, so we
can conclude that no degradation appeared after the low temperature
measurements.

Both, the set and reset processes are highly influenced by the tem-
perature. The set voltage decreases as the temperature is increased.
This result makes sense since the physical mechanisms behind RS are
thermally activated [36,50]; therefore, a threshold temperature is
needed to trigger the processes that lead to the CF formation. As a con-
sequence, the lower the ambient temperature the higher the voltage
needed to reach this threshold temperature in the RS active device re-
gion by means of Joule heating.
3. Simulation description

A kinetic Monte Carlo simulation tool was utilized to study the de-
vices reported in the previous section in a 3D simulation domain. Both
set and reset processes were analyzed in successive RS cycles. The fea-
tures of this simulator are thoroughly explained in Refs. [38,40].

The CFs created and ruptured in the RS operation are formed by
a high concentration of oxygen vacancies [3,38,57]. The drift of
oxygen ions due to the electric field favors the presence of oxygen
vacancies which are positively charged. Some electrons (localized in
the d-orbitals of the cation sublattice) could compensate the unbal-
anced charge generated in the dielectric, leading to a change of the
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valence state of the transition metal cations; that is why these devices
are known as valence change memories [57].

The 3D Poisson and heat differential equations (the latter given in
Eq. 1) are considered for each time step to calculate temperatures and
electric fields.

q
:¼ � ∇ kth x, y, zð Þ∇T x, y, zð Þ½ � ð1Þ

where T is the temperature, kth the thermal conductivity and q
:
stands

for the heat generation rate. The physical mechanisms involved in RS
are randomly activated using a kMC algorithm based on the Transition
State Theory [33] and the temperature and electric field distributions.

The calculation of the transition rates is performed by means of the
transition state theory through Eq. (2):

Γ ¼ ν exp � EA
κBT

� �
ð2Þ

where Γ stands for the transition rate, ν is the vibration constant of the
particle, EA is the activation energy (the energy barrier height for the
process involved), κB is the Boltzmann constant and T is the
temperature [33]. The activation energy values employed to calculate
the transitions rates of the different physical mechanisms are those
given in [38]. A kMC tool is to our knowledge the best option to analyze
theoretically the variability and random operation of resistive memo-
ries.

If a physical mechanism depends on the electric field, the activation
energy is reduced using the local value of the electric field [38]. The re-
lation between the transition rates of the mechanisms involved, the
electric field and the temperature is exponential (Eq. (2)); therefore,
nonlinear relations are expected in the operation of these devices,
which is the usual case in redox-based devices such as those used in
the present work. See that although variability is naturally obtained in
the context of a kMC simulation tool, a refined focus would be needed
to analyze the role of thermal noise in resistive switching, mostly in
the reset transition. In this respect, we call the reader's attention to
the fact that an approach based on the Fokker-Planck equation (since
fluctuations are taken into consideration explicitly) could help to ex-
plain the nonlinear relaxation from the initial nonequilibrium distribu-
tion of internal state variables towards equilibrium. In a recently
published work [83], a good description of the development of a frame-
work for a resistive switching device stochastic behaviorwas presented.
The devices (which are complex stochastic multistable systems,
characterised by nonlinear relaxation phenomena and stochastic
switching mechanisms [84,85]) operation in relation to the inherent
stochasticity is expressed by the Langevin equation which is known to
be the model of overdamped Brownian motion.
Fig. 2. Experimental current versus voltage for the devices under study. a)Original (dark green a
resistance extraction. The series resistance values for curves #1 (red) and #2 (green) are 24.9Oh
[61]. b) Original (dark green and dark red) andmodified (light green and light red) reset I-V cur
this figure legend, the reader is referred to the web version of this article.)
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In order to analyze the heat flux, another simulation tool is
employed with a homogenous metallic-like CF of cylindrical and
truncated-cone shapes. In particular, we make use of a simulator de-
scribed in [34,86]. Since the devices employed here are different to the
ones employed in Refs. [34,86], we have changed the corresponding
physical parameters, see Table S1 in the supplementary information.
The heat generation rate (q

:
) (Eq. (1)) can be obtained making use of

the electrical conductivity and the electric field distribution in the CF,
a linear metallic-like increase of the CF resistivity with temperature is
assumed (the temperature coefficient is αT = 0.001 K−1) [86].
4. Results and discussion

The series resistance (Rseries) extraction technique is described in
Fig. 2. The RRAM applied voltage (Vapplied) is reduced to account for
the effects of the series resistance VN = VApplied − Rseries ∗ IMeasured,
and the modified I-V curve (IMeasured-VN) is obtained (light colors in
Fig. 2) [61,64]. By changing the Rseries value, different modified I-V
curves are obtained. A vertical modified I-V is searched to extract the
corresponding series resistance; in doing so, other parameters such as
the transition voltages for the set and reset processes can be obtained,
see Fig. 2.

We have applied an automatic process to extract Rseries in the whole
set of I-V curves measured. The distributions (the values obtained from
the 100 I-V curves at each temperature) are plotted for the different
temperatures considered (Fig. 3). See that the lower the temperature
the more spread out is the Rseries distribution (higher variability). The
standard deviation of the distributions for each temperature is shown
in the inset. There is a clear dependence on the temperature (Table 1).
This behavior can be explained by means of physical simulations that
account for the stochasticity and nonlinearity of these devices, as will
be shown below.

The series resistance values at room temperature are in the order of
those reported in [61]. As explained there, the Rseries accounts for the
contribution of the electrodes, the different metal lines and the CF rem-
nants produced in the resistive switching operation. At temperatures
below 150 K the series resistance variability increases significantly.
Note that temperature does not affectmuch the central series resistance
values, but variability is seriously affected.

The cumulative distribution functions for the transition voltages for
the set and reset processes, and the corresponding transition currents
are given in Fig. 4. The transition currents for set, ITS, and for reset, ITR,
are the currents that correspond to the transition voltages in the
modified I-V curve. See that, again, we have more spread out VTS and
VTR distributions for the lower temperatures.
nddark red) andmodified (light green and light red) set I-V curves employed for the series
m and 29.1Ohm, respectively, andwere obtained following themethodology described in

ves using the same series resistance values. (For interpretation of the references to colour in



Fig. 3.Rseries cumulativedistribution functions in theRS series extractedmeasured for each
temperature. Inset: series resistance standard deviation versus temperature for the
measured distributions (see Table 1).

Table 1
Rseries standard deviation for the distributions obtained for each temperature.

Temperature (K) Standard deviation (Ohms)

77 10.3
100 8.7
125 9.4
150 4.9
200 4.3
225 4.4
250 3.3
275 3.1
300 2.2
325 2.0
350 2.0
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The ITS differences with temperature are bigger since the set
threshold voltage is obtained in the vertical section of the modified set
I-V curve. Therefore, a wide range of ITS values can be obtained for the
Fig. 4. Cumulative distribution functions for the parameters obtained in the Rseries extraction p
currents for the set (ITS) cycles, c) transition voltages for the reset (VTR) cycles, d) transition cu
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points that correspond to VTS. This is not the case of ITR. In the whole
range of temperatures studied quite similar values of the absolute
value of VTS and VTR are obtained, as it was the case in [61].

The behavior of the transition voltages and currents highlighted
above can better be seen in Fig. 5. The clusters are more spread out at
low temperatures. The data of ITR versus VTR (Fig. 5b) show a
concentrated point cloud at high temperatures, nevertheless the areas
covered by the clouds increase as temperature drops due to an
increased variability. Similar results are seen for the data
corresponding to the set process, taking the ITS variation commented
above into account.

We have tried to shed some light on the results presented by means
of kMC simulations. A simulator tuned for these devices [38] allowed us
to study both set and reset processes at different temperatures. In doing
so, the CF compactness and density were calculated, see Fig. 6.

It can be seen that the reset (Fig. 6A and Fig. 6C) and set (Fig. 6B and
Fig. 6D) processes were delayed (in terms of the applied voltage) at low
temperature, as found experimentally. In relation to this, it was found
that the CF compactness is lower at low temperatures (see the low
level of oxygen vacancies with 6 and 5 neighbors in Fig. 6C and D in
comparison with Fig. 6A and B respectively) due to the general freezing
of the physicalmechanisms (mostly thermally activated, see Eq. (2)) in-
volved in the resistive switching process [38], which leads to a more
fragile (less compact) filament. In line with this result, we calculated
the CF density at 77 K during a reset process, which is considerably
lower than at 300 K. The lower CF compactness leads to a higher vari-
ability, since the relative modification of the percolation paths (the
resistive paths) that form the CF is easierwhen generation/recombination
processes take place.

In order to describe correctly the heat flux in the surroundings of
the conductive filament, we have made use of a finite differences
simulator assuming homogeneous CFs of different shapes [34,86].
In the supplementary information the physical constants employed
are given in Table S1 and the device structures within the simula-
tion domain (SD) are shown in Fig. S2. By considering fixed CF
shapes, a better analysis of the heat flux can be performed. We
found that the relative lateral heat flux (lateral heat flux with re-
spect to the total heat flux coming out of the conductive filament to-
wards the electrodes and the surrounding insulator) does not
rocedure for each temperature. a) Transition voltages for the set (VTS) cycles, b) transition
rrents for the reset (ITR) cycles.



Fig. 5. a) Transition current versus transition voltage for the set cycles, b) transition current for reset versus transition voltage.

Fig. 6. Kinetic Monte Carlo simulation for the VCM devices under study for two different temperatures (300 K and 77 K). A) and B) represent the evolution of the number of oxygen va-
cancieswith a certain number of neighbors around them for theRESET and SET processes respectively at 300 K. C) andD) represent the evolution of the number of oxygen vacancieswith a
certain number of neighbors around them for the RESET and SET processes respectively in a simulation where the ambient temperature was 77 K. E) This plot represents the evolution of
the conductive filament density along a RESET process at both temperatures under consideration. For these simulations a previous forming process is performed at each temperature and
several RS cycles. F) and G) correspond to a 3D conductive filament just before the rupture takes place in Fig. A) (300 K) and in Fig. C) (77 K) respectively.
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Fig. 7. Experimental I-V curves for the set and reset processes at different temperatures.
Each curve is obtained by calculating the mean of the 100 I-V curves measured at the
same temperature. The inset shows a zoomed-in section of the reset process.
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change much with temperature. The simulations were performed
for a voltage of 0.4 V. Different configurations were employed: a cy-
lindrical CF whose radius was 2.5 nm (the SD corresponds to
Fig. S2c), a double-cone shaped CF with a 2 nm top radius and a cen-
tral radius of 0.2 nm (the SD corresponds to Fig. S2a) and a trun-
cated cone shape CF with a 2.5 nm high radius and a 1.5 nm low
radius (the SD corresponds to Fig. S2b). Since the relative lateral
heat flux does not changemuch for the temperature range analyzed,
no great differences are expected in the CF geometry as the temper-
ature changes; the differences observed experimentally are due just
to the effects of temperature in the physical mechanisms in each
case (affecting the transition rates calculation).

A direct consequence of the effects reported is seen in the shapes of
the reset curves at different temperatures (see Fig. 7). The lower the
temperature the more vertically the current decrease (see the inset in
Fig. 7), i.e. a more abrupt transition takes place. This result is connected
to the lower CF compactness (Fig. 6). As the reset process is triggered,
the more porous CFs that are built at lower temperatures can be easily
ruptured.
5. Conclusions

Valence change memories based on the TiN/Ti/HfO2/W stack have
been fabricated and measured at different temperatures starting from
77 K. We have analyzed the experimental data to obtain the series
resistance and the transition voltages and currents. The variability for
all these magnitudes, highly linked to the resistive switching
operation of these devices, significantly increases at low temperatures.
To explain the results, we have employed different types of
simulations, including kinetic Monte Carlo simulations, which
reproduce well the nonlinearity and stochasticity of resistive
switching devices. We have observed in our simulations less
compactness in the conductive filaments at low temperatures. This
leads to higher variations on the CF morphology and density that ex-
plains the low temperature results.
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