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A B S T R A C T   

The dependence of the current in TiN/Ti/HfO2/W devices on the temperature is investigated in the range from 78 K to 340 K. Resistive switching cycles at 78 K are 
conducted to explore the thermal dependence in filament configurations with different intermediate resistance states. The less conductive states show an increase of 
the current as the temperature rises, while the fully formed filament displays a metallic-like behavior. A comprehensive model, based on the Stanford Model 
including a series resistance, is proposed and successfully validated by experimental data. The interplay between the ohmic and non-linear components in the model 
for different filament states is analyzed, emphasizing the dominance of the non-linear component (and its corresponding thermal dependence) in partially formed 
filaments and the prevalence of the ohmic component in the fully formed filament, which shows a decreasing current as the temperature rises. A complete compact 
model for simulation of circuits including the thermal dependence of these devices is developed.   

1. Introduction 

Memristors have become key components in the cutting-edge ad
vancements in the fields of non-volatile memories [1,2], hardware 
implementations of artificial intelligence systems [3–5] and crypto
graphic circuits [6]. Redox-based memristive devices, or Resistive 
Random-Access Memories (RRAMs), are two-terminal devices capable 
of altering their resistance through the application of appropriate 
voltage or current signals [7,8], in a non-volatile way. That is, the de
vices maintain their programmed resistance if the external excitation is 
removed. Usually, a forming process is required for creating a conduc
tive path or filament through a pristine dielectric, whose nature strongly 
depends on the stack materials [9]. After that, RRAMs can transition 
between two distinct conduction states under the application of the 
programming signals: the low resistance state (LRS) and the high 
resistance state (HRS), although controllable intermediate states are also 
possible [10–12]. The processes that drive the filament to the (HRS) are 
called reset, while the filament undergoes reconstruction in the set 
processes. A resistive switching (RS) cycle comprises set-reset processes. 
Because of the inherent stochastic nature of the switching mechanisms 
involved, the reconstructed conductive filaments (CFs) differ from the 
previous ones, leading to cycle-to-cycle variability [13]. 

Various insulators in metal-insulator-metal (MIM) stacks exhibit 

resistive switching (RS), with two main types of RRAMs: valence change 
memories (VCM) and conductive bridge RRAMs. The present work fo
cuses on TiN/Ti/HfO2/W devices, belonging to the VCM category. In the 
studied memristors, the CFs are formed by regions with a high density of 
oxygen vacancies [14–16]. HfO2-based devices, among several metal 
oxides demonstrating RS, stand out for their performance and compat
ibility with CMOS technology, although RS has been also demonstrated 
in HfO2 nanocrystals [17]. Numerous studies on HfO2 memristors with 
different electrode materials have been published. Typically, the devices 
are characterized using I–V plots of RS cycles, obtained under voltage 
ramp operation at room temperature. However, temperature influences 
both the RS and the charge transport mechanisms [15,18]. Therefore, a 
study of the temperature dependence is also necessary for a complete 
device characterization. This work will be focused on the thermal 
dependence of the current. Therefore, in order to isolate it from other 
effects (influence of the temperature on the formation/disruption of the 
CF and variability), the CF is maintained invariable during the tem
perature sweep (with this purpose the I–V characterization is limited to 
low voltages, below the thresholds that lead to set and reset processes, 
and there is no RS cycling). In a previous work [19], we presented a 
study that aimed to characterize and model the thermal dependence of 
the current in the LRS of TiN/Ti/HfO2/Pt devices within a temperature 
range of 90 K–350 K, avoiding cycling to maintain a constant CF shape. 
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In the present work, that model is generalized for intermediate states 
between the HRS and the LRS in devices based on the TiN/Ti/HfO2/W 
stack, in a coherent way that maintains the core characteristics of the 
previous model. 

The thermal dependence of the current in HfO2 based RS devices has 
also been previously studied in different temperature ranges. For 
example, a weak thermal dependence in the LRS of TiN/HfO2/Hf/TiN 
devices was observed for temperatures between 298 K and 468 K [20], 
while a higher influence was evidenced in TiN/HfO2/TiN devices for a 
similar temperature range [21]. In a wider temperature interval 
(40K–350 K), significant current variation in Pt/Al2O3/HfOx/Er/Pt de
vices was also measured; in this case, charge transport was attributed to 
inelastic trap-assisted tunneling [22]. Other works explore RS behavior 
at very low temperatures (4 K) in Pt/HfOx/TiN memristors [23] and the 
effects of cycling on thermal dependence in TiN/HfO2/Ti/TiN devices 
[24]. The current thermal dependence in the HRS and LRS of TaN/H
fOx/Ni memristors has also been studied [25], showing a weak thermal 
dependence of the LRS current, that disappears at lower temperatures 
(below 30 K). Finally, in a recent work [26], the current in the HRS and 
LRS of Au/Ti/HfOx-Au devices is measured for 303 K and 453 K, 
showing an increase of the current as the temperature rises at low 
voltages. This variety of dependences justifies further studies to shed 
light on this issue, we do so here. 

In particular, we empirically analyze and develop a model for the 
current-temperature dependence across a broad temperature range (78 
K–340 K) in the LRS and in intermediate conduction states, reached after 
partial set processes. Through experiments conducted on TiN/Ti/HfO2/ 
W devices, the current is measured at low applied voltages, lower than 
the average set voltage. Therefore, under these operation conditions, the 
CFs are assumed not to change and all the variations in the device 
resistance can be attributed solely to thermal effects on the charge 
conduction mechanisms. These thermal dependences are integrated into 
a conduction model to provide an accurate portrayal of thermal effects. 

As previously mentioned, memristors are promising components for 
the realization of neuromorphic circuits due to the memristor ability to 
mimic synaptic plasticity. In particular, the hardware implementation of 
neuronal networks (NNs) using memristors for simultaneously storing 
and processing the NN weights (in-memory computing) [3–5] can help 
to overcome the memory access bottleneck in the traditional software 
execution of deep NNs by von Neumann computers [27,28]. For the 
development of such circuits, and others based on memristors, it is 
essential to possess accurate models for their circuital simulation. 
Furthermore, as the working temperature could vary in a wide range, it 
is crucial to include the thermal dependencies in such models. In this 
context, we have developed this study and a modelling approach, which 
allows the simulation of circuits based on the studied memristors in 
SPICE simulators such as LTspice for a wide temperature range. 

The paper is organized as follows: in section II, we introduce the 
device fabrication and measurement details. The experimental data are 
given in section III, while the modeling developments are tackled in 
section IV; finally, the main conclusions are summed-up in section V. 

2. Experimental set-up 

In order to carry out this study, resistive switching TiN/Ti/HfO2/W 
memory devices were fabricated as follows. First, a 20 nm-thick Ti 
adherence layer was deposited on a Si-n++ wafer, followed by the 
deposition of the bottom electrode, that consists of a 50 nm-thick W 
layer. 

Then, a 100 nm SiO2 layer was grown by plasma-enhanced chemical 
vapor deposition (PECVD) using silane (SiH4) as the precursor, which 
was then patterned by photolithography and dry etching to define the 
active area of the MIM devices. Next, the 10 nm HfO2 insulator film was 
deposited by atomic layer deposition (ALD) at 225 ◦C using TDMAH and 
H2O as precursors, and using N2 as the carrier and purge gas. The top 
electrode, consisting of a 200 nm-thick TiN layer on a 10 nm-thick Ti 

layer, was grown by magnetron sputtering (as well as the bottom elec
trode) and patterned by a lift-off process. Finally, a 500 nm Al layer was 
deposited by magnetron sputtering on the back of the wafer for elec
trically contacting the W bottom electrode through the Si-n++ substrate. 
The studied TiN/Ti/HfO2/W devices are square-shaped cells with an 
area of 40 × 40 μm2. A cross-section of the devices can be seen in Fig. 1 
(where a thin non-stoichiometric Ti oxide layer could be formed at the 
Ti/dielectric interface). 

The electrical measurements were carried out using a Hewlett- 
Packard Semiconductor Parameter Analyzer 4155B. The voltage bias 
was always applied to the top electrode, while the bottom electrode 
remained grounded. The electrical characterization was performed in a 
wide temperature range, from 78 to 340 K in an Oxford Instruments 
Cryostat DM1710 using liquid nitrogen. The temperature was monitored 
by an Oxford Instruments Temperature Controller ITC 503 and the 
equipment was connected to a computer via GPIB interface and 
controlled using Agilent VEE software. A schematic of the experimental 
set-up can be seen in Fig. 2. 

After performing the electroforming process (at 3.5 V with a current 
compliance of 10 μA) and before carrying out the temperature sweep, we 
first obtained the bipolar resistive switching I–V cycles at room tem
perature, which ranged from − 1.3 V to +0.9 V. We then cooled the 
sample to 78 K, where we make a partial set, that is, from the HRS, we 
make an unfinished positive voltage sweep that should only partially 
form the conductive filament, leaving the device in an intermediate 
resistance state. Next, the temperature is increased, performing low 
voltage sweeps in the [− 0.15 V, 0.15 V] range to not disrupt the inter
mediate state previously obtained (such low voltages are much lower 
than the switching voltages and should not provoke any change in the 
devices’ resistance state). We perform this sweep at 78 K, 80 K and then 
every 10 K until a temperature of 340 K is reached, stabilizing every 
temperature at which electrical measurements are made. We repeated 
this measurement routine for different partial sets in order to obtain 
several intermediate states and observe the thermal dependencies of 
these conductive states. It must be noted that, after we achieved 340 K, 
we then measured several complete I–V resistive switching cycles at 
room temperature and at 78 K, in order to ensure that the complete RS 
cycle was still the same and the sample was not degrading. The routine 
was made as exposed for partial sets made at 0.45 V, 0.55 V, 0.65 V, 
0.75 V, and lastly, for the complete set process at 0.9 V (although for this 
last case, there was no danger of accidently changing the state so the 
sweep is much larger ([− 0.7 V, 0.7 V]). This was made to ensure that we 
obtained different resistance states, and thus, different partially formed 
filaments. As the set sweep reached higher voltage values, a higher 
conductance state was obtained, meaning that the filament was each 
time more formed than the previous, which allowed us to analyze how 
the temperature affects the different states and conductive filament 

Fig. 1. Cross-section of the metal-insulator-metal TiN/Ti/HfO2/W devices.  
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configuration, and see how this dependency changes as the filament is 
more or less formed. The measuring process is further detailed on the 
flowchart of Fig. 3. 

3. Experimental results 

In addition to the current measurement in fixed intermediate con
duction states, which will be shown below, RS cycles at different tem
peratures were performed (see Fig. 4a). As expected, the external 
temperature has an impact on the set and reset voltages. Fig. 4b and c 

Fig. 2. Experimental set-up used for the thermoelectrical characterization of the devices.  

Fig. 3. Schematic of the experimental measurement routine process of the TiN/Ti/HfO2/W devices.  
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shows the modified I–V curves obtained after extracting the voltage drop 
in the series resistance, according to the methodology explained in Refs. 
[29,30]: the voltage in the switching region (VC) (that is, the voltage that 
actually determines the switching processes) is the external applied 
voltage (Vapp) minus the voltage drop in the series resistance (RI): 

VC =Vapp − I⋅RI (1) 

The resistance value is the one that generates the most vertical set 
transition in the modified plot I-VC [29,30]. The following values have 
been obtained: RI = 60 Ω (RS performed at 78 K) and RI = 74 Ω (for the 
292 K case). 

With the aim of characterizing the thermal dependence of the current 
at different filament configurations, partial resistive switching cycles 
were performed with different maximum positive applied voltage 
(Fig. 5). In this way, the set process is limited and the CF (obtained after 
a set process until 0.9 V) is not completely rebuilt, but different partially 
formed CFs (with intermediate conductance values) are achieved. All 

these cycles were performed at 78 K. After the formation of each fila
ment, the temperature is swept until 340 K. For each temperature, the 
I–V characteristics are obtained at low applied voltages (the maximum 
value is 0.15 V) in order to prevent changes in the filament configura
tion. In this way, all the variations in the measured current can be 
attributed to the thermal dependences of the charge transport 
mechanisms. 

The current measured at different temperatures and conductive 
states is shown in Fig. 6. In the first column, the I–V plots are represented 
from the lowest conductive state (top, Fig. 6a) to the most conductive 
filament (bottom, Fig. 6m) for some selected temperatures for a better 
visualization. Note that the influence of the temperature is higher for the 
lowest conductive state. In order to better unravel the influence of the 
temperature on the current, second and third columns represent cross 
sections of plots in the first column (including the curves for all the 
temperatures): the current is plotted versus the temperature at fixed 
voltage in logarithmic (second column) and linear (third column) scales. 
The following dependences can be highlighted: i) the thermal depen
dence is smaller for lower temperatures than for higher temperatures; ii) 
the most conductive filament exhibits a metallic-like temperature 
dependence for the highest temperatures (approximately, higher than 
190 K), while filaments formed by partial sets show an increase of the 
current when the temperature is increased; iii) For all the filaments, the 
current shows an elbow (an up-trend change in slope) at 270 K. The I–V 
curves were also measured at negative voltages (dashed lines in the first 
column of Fig. 6). As can be seen, a high degree of symmetry in the 
considered voltage range has been obtained. 

4. Model description and discussion 

The proposed model is a generalization of the previous development 
presented in Ref. [19] for the calculation of the conductance thermal 
dependence in the low resistive state (LRS) of TiN/Ti/HfO2/Pt mem
ristors. It is based on the widely used Stanford Model (SM) [31], 
although a series resistor is added (RCF). This resistor is linked to the 

Fig. 4. (a) Measured I–V curves during resistive switching cycles performed at 
78 K (solid lines) and 292 K (dashed lines). The devices show bipolar switching, 
with the reset process occurring at negative voltage and the set events at pos
itive voltage (counter-clockwise RS). Modified I–V curves, which are calculated 
extracting the voltage drop in the series resistance [29,30] for the 78 K (b) and 
292 K curves (c). Therefore, current in (b) and (c) is plotted versus the reduced 
voltage VC = Vapp − I⋅RI , where Vapp is the applied voltage and RI is the internal 
series resistance [29]: RI = 60 Ω (b) and RI = 74 Ω (c). 

Fig. 5. Complete set-reset cycles performed at 78 K (purple dashed lines) and 
intermediate conductive states reached under the application of different 
maximum voltages (Vmax) during the set process at 78 K. 
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conduction path to the switching region (wires, electrodes, fixed portion 
of the filament) [29] and it is necessary for modeling devices with a high 
degree of linearity in the low resistive states [19,26,30]. Its influence on 
the resistive switching behavior has been experimentally shown for the 
considered devices [30]. 

Therefore, as sketched in Fig. 7b, the model consists of an ohmic 

resistor (RCF) and a non-linear behavioral current source, that depends 
on a state variable (g): 

INL(g)= I0⋅e−
g

g0 ⋅ sinh
(

V
V0 − βθ

)

= I0⋅e−
g

g0 ⋅sinh
(

Vapp − I⋅RCF(T)
V0 − βθ

)

(2)  

Fig. 6. Measured I–V curves in the devices programmed at several conductance states by means of using different stop voltages during the set voltage sweep: 0.45 V 
(a, b, c), 0.55 V (d, e, f), 0.65 V (g, h, i), 0.75 V (j, k, l) and 0.90 V (m, n, o). Once the device is programmed in a given state, the I–V characteristic was measured at 
different temperatures (a, d, g, j, m) at positive (solid lines) and negative (dashed lines) low voltages. Cuts of (a, d, g, j, m) curves at different voltages are plotted with 
star symbols in logarithmic scale in the current axis (figures b, e, h, k, n) and linear scale (figures c, f, I, l, o) in order to highlight the thermal dependences. In these 
latter sets of figures, the modeled curves obtained by simulation are plotted with solid lines. 
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where I0, g0 and V0 are fitting parameters [31]. The state variable, g, is 
related to the distance between the filament tip and the electrode. 
Consequently, it is dependent on the programmed intermediate state. 
Note that equation (2) is the same than that of the SM, but including the 
voltage drop in the resistor RCF. Furthermore, in order to reproduce the 
observed increment of the current as the temperature increases, a 
reduction of the parameter V0 is applied, where β is a fitting parameter 
and θ = max (0, T − Tb), being Tb also a fitting parameter, which cor
responds to the temperature from which this equivalent barrier lowering 
is noted to start to influence. This methodology was previously 
employed in our former work [19]. A linear reduction of the barrier 
parameter with the temperature has also been used in other compact 
modeling approaches, as those based on the Quantum Point Contact 
model (QPC model) [20,24,32,33]. The origin of the non-linear trans
port component is not clearly established as it may be related to several 
mechanisms: the Schottky effect, tunnelling between the nearest traps 
and the electrode [18], trap-assisted tunnelling [26] or tunnelling 
through a barrier whose shape is modulated by the concentration of 
oxygen vacancies [15]. Therefore, the observed thermal dependence 
could be caused by a spreading of the electron energies, which could 
make more traps accessible, increase the direct tunneling transmission 
or improve capture/emission rates in trap-assisted tunneling processes, 
as recently proposed for Au/Ti/HfOx/Au/devices [26]. In fact, several 
mechanisms could be involved, and more investigation is necessary for 
unveiling the origin of this measured thermal dependence. In this 
context, we used for modelling purposes an expression based on the SM, 
which is not linked to a specific transport mechanism, although it ac
counts for non-linear voltage and thermal dependences. 

Note that, in expression (2), the voltage that actually determines the 
current of the non-linear component, INL, is calculated by subtraction of 
the voltage drop in the ohmic component, RCF. The thermal dependence 
of this resistance is metallic-like and its calculated as follows: 

RCF(T)=max (RCF0,RCF0 ⋅ [1+ α ⋅ (T − Tr)]) (3) 

Fig. 6 (second and third columns) shows the results obtained by the 
model (solid lines) and a comparison with the experimental current. A 
reasonable agreement has been achieved, despite the wide range of 
considered temperatures and the different trends observed in the fila
ments measured; in addition to the inherent device variability [13]. 
Table 1 shows the model parameters used, which are the same for all the 
filament states. Only the gap parameter, g, and the value of the ohmic 
resistance, RCF, changes because the filament geometry is assumed to be 
different. Fig. 7 shows the relationship between the values of g and RCF0 
used in the model for the five considered filament states. 

In order to model the current at the different device intermediate 
states, and avoid using a different fitting parameter for each filament 
state (the value of RCF0), the ohmic component is made dependent on the 
variable state, g, taking into account the relationship shown in Fig. 7a. 
With this purpose, RCF is split off into two components (Fig. 7b): RI and 
RS. RI is fixed (except for its thermal dependence, equation 3) and it is 
linked to the filament remnants that, basically, do not change during 
cycling (its length is assumed to be tox - gmax, being gmax the maximum 
allowed value for g, which corresponds to the HRS). On the other hand, 
RS depends on the filament formation conditions (stop set voltage) 
through the variable state g. As far as g is interpreted as a gap distance 
between the filament tip and the electrode, and taking into account the 
linear dependence obtained in Fig. 7a, RS can be calculated as follows: 

RS(g)=RSmax⋅
(gmax − g)

gmax
(4)  

where RSmax is the resistance of the variable portion of the filament, 
when the filament is completely formed (LRS). With this approach, if the 
device state changes during a circuital simulation, the resistance is 
automatically recalculated and external re-tuning is not required. 

Note that the minimum value of the ohmic resistance in Fig. 7a, that 
should be slightly higher than RI (corresponding to RS ~ 0 Ω, g ~ gmax), 
is coherent with the value of the serial resistance that has been inde
pendently calculated from the I–V curve in Fig. 4b. 

In our previous work on TiN/Ti/HfO2/Pt [19], the conductivity of 
the filament ohmic component showed a thermally activated behavior, 
with a low activation temperature. This dependence pointed out that the 
defects sub-band linked to the filament was very close to the Fermi level 
[15,34]. This behavior is not observed in the measured TiN/Ti/HfO2/W 
devices, but the current shows almost a constant trend at the lowest 
temperatures, especially for the more conductive filaments, for which 
the ohmic component is expected to be more significant. Therefore, the 
energy of the filament sub-band is lower than the Fermi level [34]. 
Consequently, the thermal drift of the resistance given by equation (3) is 
the single thermal dependence considered for the ohmic resistance, RCF. 

Fig. 7. (a) Symbols show the ohmic resistance (RCF), at a reference temperature of 200 K (RCF0), used for modeling the filaments at different conduction states, as a 
function of the model parameter g (gap distance between the filament tip and the electrode). The almost linear behavior allows a modelling approach based on a gap 
dependent variable resistance, as illustrated in panel (b). 

Table 1 
Model parameters.  

Parameter Value Parameter Value 

I0 3.03 mA Tr 200 K 
V0 0.20 V α 9.5⋅10− 4 K− 1 

β 31⋅10− 5 V/K Tb 260 K 
g0 1.5 nm    
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The temperature from which this resistance increase starts to be 
noticeable, modeled by the parameter Tr, is similar in both types of 
devices. 

Fig. 8 shows a comparison of the experimental conductance (blue 
surface) and the model results (red balls) as a function of the applied 
voltage and the temperature. The conductance is calculated as the 
measured current over the corresponding applied voltage. As can be 
seen, a good agreement has been achieved, taking into account that two 
input variables are swept and different filament configurations are 
considered with a single set of model parameters. 

Once the model has been correctly tuned, it can be used for esti
mating the influence of the ohmic and non-linear components, their 
relative importance for the different intermediate states, and their 
values as a function of the temperature and the applied voltage. Fig. 9a 
shows the total resistance (solid lines), the ohmic resistance (RCF, dotted 
lines) and the non-linear resistance (RNL, dashed lines) for the partial 
filament rebuilt with a maximum set voltage of 0.45 V. Fig. 9b, c, 9d and 
9e show the same resistances for the other device states, reached after 
the application of a maximum set voltage of 0.55 V, 0.65 V, 0.75 V and 
0.90 V, respectively. Finally, Fig. 9f summarizes these results, showing 
the ratio RNL/RCF for all the considered filaments as a function of the 
temperature. As expected, RNL is higher for the partially formed fila
ments, and the lower the set voltage, the higher its value. On the con
trary, the influence of the ohmic component increases as the filament 
grows and it is the main component for the totally formed filament 
(Fig. 9e). For this reason, current increases as temperature rises in the 
partially formed filaments, while the contrary trend is observed for the 
most conductive filament at higher temperatures. 

5. Conclusions 

An experimental characterization of the current thermal dependence 
in TiN/Ti/HfO2/W devices, programmed at different conductive states, 
has been carried out measuring the I–V characteristics at low voltages in 
order not to change the filament configuration. It is observed that the 
thermal dependence is weak at the lowest temperatures, while a sig
nificant change in the slope of the I–V curves is identified at 270 K. 
Conductive filaments formed at lower set voltages (partially formed 
filaments) show a current increase as the temperature rises (being the 
current change maximum for the less conductive state), while the fully 
formed filaments exhibit a metallic thermal dependence at higher 
temperatures. 

A temperature dependent current model is proposed, based on the 
Stanford Model including an added series resistance. The model 

achieves good agreement with experimental data, taking into account 
that a wide range of temperatures for different filament configurations 
have been considered, showing diverse trends. The relative influence of 
ohmic and non-linear components in the different filament states is 
analyzed, showing that the non-linear component is more significant in 
partially formed filaments. In contrast, the ohmic component dominates 
in fully formed filaments. 

Furthermore, the value of the series resistance can be easily calcu
lated (from the modeled gap between the filament tip and the electrode) 
and it is coherent with that obtained independently from the experi
mental I–V cycles. In addition, the model is also consistent with the 
previously published model for the LRS in TiN/Ti/HfO2/Pt devices. 

Fig. 8. Experimental (blue grid) and modeled (red balls) device conductance 
(calculated as Vapp/I) versus the applied voltage and the temperature, for the 
different device conduction states. 

Fig. 9. Modeled total device resistance (solid lines) obtained by simulation 
with LT-spice (solid lines), for the several conductance states considered in this 
work using different set stop voltage: 0.45 V (a), 0.55 V (b), 0.65 V (c), 0.75 V 
(d) and 0.9 V (e). The line color indicates the read voltage. The contribution of 
the ohmic (RCF) and non-linear (RNL) components are also shown with dotted 
and dashed lines, respectively. Finally, figure (f) shows the RNL/RCF ratio for the 
data plotted in the former figures. 
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[19] F. Jiménez-Molinos, G. Vinuesa, H. García, A. Tarre, A. Tamm, K. Kalam, K. Kukli, 
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