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ABSTRACT

TiN/Ti/HfO2/Pt resistive switching devices have been fabricated, measured, and modeled. After programming the devices in the low resis-
tance state, the current–voltage characteristic below the reset switching voltage was measured at different temperatures (from 90 to 350 K).
A weak but complex temperature dependence was obtained for several voltage regimes. These memristors belong to a wider set known as
valence change memories, whose conductance is determined by the formation of conductive filaments (CFs) linked to a high density of
oxygen vacancies in a dielectric sandwiched between two metal electrodes. This usually leads to ohmic conduction in the low resistance
state. However, a non-linear current dependence has been also observed in the measured devices, in addition to symmetric current–voltage
curves for positive and negative biases in the 0–0.6 V voltage range. Three different thermal dependences have been considered for explain-
ing the whole set of experimental data. Two of them are linked to ohmic filamentary conduction; the CF shows a conductivity enhancement
due to thermally activated mechanisms at low temperatures; on the contrary, a CF conductivity degradation is observed at the higher tem-
peratures. Finally, an additional slightly higher value for the non-linear current component as the temperature rises has also been taken into
account. A semiempirical compact model has been implemented including these conduction mechanisms and their corresponding tempera-
ture dependences, the device has been simulated in LT-Spice and the experimental currents have been correctly reproduced.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0104890

I. INTRODUCTION

Memristors have emerged as key elements in non-volatile
memories, neuromorphic chips for the hardware implementation
of artificial intelligence systems,1,2 and cryptographic circuits.3

Redox-based memristive devices or Resistive Random Access
Memories (RRAMs) are two terminal devices whose resistance can
be changed by applying appropriate voltage/current signals.4–6

Without external voltage, the programmed resistance remains and,
therefore, the devices can be used as non-volatile memory elements.
After a usually required initial forming process, the devices can be
switched between two distinguishable conduction states: the low
resistance state (LRS) and the high resistance state (HRS), although
intermediate states are also allowed in a controllable form in some

kind of switching devices.4,5,7 The transition from LRS to HRS is
called reset, while the opposite process is known as set. There is a
wide variety of insulators in metal–insulator–metal (MIM) where
resistive switching (RS) is observable. There are two main types of
RRAMs. Those based on the valence change memories (VCMs)
whose RS mechanism is linked to oxygen ions/vacancies motion
and in which the conductive filament (CF) is formed by oxygen
vacancies,8,9 and the so-called conductive bridge RRAMs, whose
CF formation involves metal cations redox reactions.8 In this work,
we will focus on TiN/Ti/HfO2/Pt devices, which belong to the first
kind, also known as OxRAMs.

Among the wide variety of metal oxides that exhibit RS, HfO2

devices are outstanding candidates due to their good performance
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and CMOS technology compatibility. Therefore, many studies on
HfO2 memristors with different electrode materials have been pub-
lished. Usually, in the quasistatic operation regime, the devices are
characterized by means of I–V plots, obtained by measuring the
current through the devices when applying a voltage ramp to them.
To characterize the electron conduction, a unique electron trans-
port mechanism is usually chosen according to the measured I–V
characteristics, although the temperature dependence analysis is
also needed to determine the predominant charge conduction
mechanism,10,11 i.e., measurement of I–V curves at different tem-
peratures is required.

Moreover, a complete device model also needs to include the
temperature dependence, considering that RS physical mechanisms
are thermally activated. In this work, we have addressed both tasks:
the device current temperature dependence in the LRS has been
characterized and modeled.

In HfO2 based VCMs, conduction is assumed to take place
through energy states introduced by oxygen vacancies. There is a
vacancy rich region, in which traps are very close or even form a
subband (conductive filament) with an ohmic behavior for electron
conduction.12,13 The distance between the nearest trap to the
cathode would control the trap-assisted tunnel current.10 In the
HRS, this distance (gap) is higher than in the LRS. Furthermore,
constrictions in the filament could also introduce a tunnel barrier
in the conduction path,14 whose effect on the current is modeled
with the quantum point contact (QPC) model.15 As far as the
tunnel transmission through the gap or constriction approaches
one, the conduction tends to be ohmic.14,15 By means of ab initio
simulations, a microscopic picture about electron transport in
oxide-based memristive devices has been recently depicted
in-depth.11 According to this study, the subband energetic position
is close to the Fermi level. As a consequence, the defect states intro-
duced by the positively charged vacancies can be occupied by elec-
trons, the charge density is reduced, and the subband is pinned to
the Fermi level.11 On the other hand, near the electrode with the
highest work function, a depletion zone is formed because the
oxygen vacancies closest to the electrode introduce unoccupied trap
states above the Fermi level. Therefore, two regions can be distin-
guished along the insulator: the conductive filament and the deple-
tion zone. In the case of deep defect states (such as those in
Ti/HfO2/Pt devices), electrons have to tunnel through this deple-
tion zone between the electrode and the conductive filament tip. In
the LRS, the higher concentration of these unoccupied charged
oxygen vacancies contributes to lower the depletion zone length11

(i.e., the tunneling distance).
In fact, several conduction mechanisms could take place

simultaneously and, therefore, a generalized and analytically versa-
tile current expression was proposed for compact modeling pur-
poses16 (Stanford Model, SM). The SM provides a non-linear I–V
dependence (by means of a hyperbolic sine function) even in the
LRS, with null gap. A series resistance is sometimes added to the
SM in order to account for the CF conduction and to fit I–V
curves better.17,18

There are several previous studies on the temperature effects
on HfO2 RS devices. Prócel et al.14 measured the current in the
LRS and HRS from 298 to 468 K in TiN/HfO2/Hf/TiN devices, and
they found a very weak temperature dependence in the LRS at

0.1 V. A stronger temperature dependence of the LRS resistance
was found in TiN/HfO2/TiN devices19 over a similar temperature
range. A much higher current variation was measured in Pt/Al2O3/
HfOx/Er/Pt in the temperature range 40–350 K,20 which was
related to an enhancement of trap-assisted tunneling involving
phonons.20 Temperature dependent switching behavior has also
been characterized at extremely low temperatures (4 K),21 perform-
ing RS cycles at different temperatures resulting in CFs and traps
with several barrier heights.21 According to Ref. 22, cycling induces
a higher temperature dependence in the measured resistances in
relation to the variation observed without performing RS cycles,
although this effect is higher in the HRS. In that work, TiN/HfO2/
Ti/TiN devices were employed, and a metallic-like behavior was
observed in the LRS (resistance increased as the temperature rose)
in the temperature range (213–413 K).22 In the present study, we
have measured the LRS current–voltage characteristics in the tem-
perature range 90–350 K without cycling so that the CF shape can
be assumed to remain unchanged and the temperature effects can
be attributed to the charge conduction mechanisms and not to the
switching processes. A weak and complex thermal dependence has
been obtained, with different trends at low and high voltage opera-
tion regimes.

The paper is organized as follows: in Sec. II, we introduce the
device fabrication and measurement details. The experimental data
obtained are shown in Sec. III, while the modeling developments
are tackled in Sec. IV; finally, we wrap up with the main conclu-
sions in Sec. V.

II. DEVICE DESCRIPTION AND MEASUREMENT SETUP

Cross-point TiN/Ti/HfO2/Pt devices were fabricated on Si
wafers with a thermally grown 200 nm SiO2 layer. First, the bottom
electrode, consisting of a 100 nm-thick Pt layer on a 5 nm Cr adhe-
sion layer, was deposited and patterned by photolithography and
lift-off. Then, a 13 nm thick HfO2 film was deposited by Atomic
Layer Deposition (ALD) in a Picosun TM R-200 Advanced ALD
System, using Hf[N(C2H5)(CH3)]4 (TEMAH) and O2 plasma as
the hafnium and oxygen precursors, respectively, and N2 as the
carrier and purge gas. ALD cycle times were 0.3–8.0–15.0–8.0 s for
the sequence TEMAH pulse–N2 purge–O2 plasma pulse–N2 purge,
respectively. The films were x-ray amorphous, as confirmed by dif-
fraction measurements. The defective nature of the solid medium
here is to be considered, not only due to the disordered lattice
structure, but also because of the presence of chemical residues. It
is known from preceding studies on HfO2 films grown in a similar
plasma-assisted process23 that the content of carbon and nitrogen
can exceed 3–6 at. %. In addition, due to the presence of hydrogen
in TEMAH, the residual hydrogen in the HfO2 grown using
TEMAH may reach 2–3 at. %.24 Besides residuals, oxygen vacancies,
inevitably present in such oxides, cause electronic trap states in the
bandgap of HfO2.

25

After the HfO2 deposition, the top electrode, which consisted
of 200 nm thick TiN on 10 nm Ti layer, was deposited by magne-
tron sputtering and patterned by photolithography and lift-off.
Finally, the electrical contact area to the bottom Pt electrode was
defined by photolithography and dry etching of the HfO2 layer.
The resulting cross-point structures have an area of 60 × 60 μm2.
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In earlier studies on such structures, reproducible bipolar RS
current–voltage behavior has been established.26

The electrical measurements were carried out by means of a
Hewlett-Packard Semiconductor Analyzer 4155B. Voltage bias was
applied to the top electrode while the bottom electrode remained
grounded. The measurements were performed in a wide tempera-
ture range, from 77 to 350 K in an Oxford Instruments Cryostat
DM1710 and monitored by an Oxford Instruments Temperature
Controller ITC 503. The equipment was connected to a computer
via GPIB interface and controlled using Agilent VEE software.
More than 20 devices were tested at room temperature, and all of
them showed the same conduction mechanisms and I–V curves
over the voltage ranges. Figure 1 shows experimental RS cycles
measured at room temperature before and after performing the
study detailed in Sec. III. As can be seen, the studied devices show
clockwise resistive switching,26 that is, set is obtained by the appli-
cation of a negative voltage, while a positive voltage ramp is applied
for the reset process. Finally, it is remarkable that the current in the
LRS does not change significantly after the experiment and only
the set voltage shows a noticeable cycle-to-cycle variability.

III. EXPERIMENTAL RESULTS

After a set process at 77 K, the I–V characteristics were mea-
sured at different temperatures (from 90 to 350 K) with a
maximum applied voltage of 0.7 V, which is lower than the average
reset voltage (higher than 1 V). Therefore, we can assume that the
microscopic filament configuration remains almost constant
throughout the experiment. Figure 2 shows the experimental I–V

curves. As can be noted, different temperature dependences have
been obtained. For voltages below 0.3 V, the current shows a slight
increase as temperature rises. However, at the highest measured
voltages (from 0.4 to 0.7 V, approximately), a different behavior is
observed: the current also slightly increases with the temperature
but shows a maximum around 190–200 K; for higher temperatures,
the current decreases if the temperature rises. This is not a simple
dependence that can be captured by a single conduction mecha-
nism, so several mechanisms (with different temperature depen-
dences) should be considered for modeling. This fact is highlighted
in Fig. 3, where the current from Fig. 2 has been plotted vs the tem-
perature for low (a) and high (b) voltages.

In the Arrhenius plot shown in Fig. 3(a) for a low applied
voltage (0.05 V), the data do not show a single linear trend corre-
sponding to a unique thermally activated conduction mechanism,
but two different growing trends are observed. On the other hand,
Fig. 3(b) illustrates the above commented current dependence on
the temperature at higher voltages (0.7 V): the current initially rises
at lower temperatures, but it decreases as the temperature increases
above 200 K.

IV. TEMPERATURE DEPENDENCE MODELING

The temperature dependence shown in Fig. 3(a) is consistent
with the presence of a conductive filament (CF) of deep defect
states,11 with a semiconductor-like behavior that can be modeled

FIG. 1. Measured I–V curves at room temperature (300 K) before (red) and
after (green) performing the experiment (I–V in the LRS is measured from 0 to
0.7 V, see Fig. 2). Clockwise resistive switching has been obtained, with the set
(reset) at negative (positive) voltages.

FIG. 2. Measured current vs applied voltage from 90 to 350 K. The insets show
the zoomed views at low and high voltages. Different temperature dependences
are observed at low voltages (inset on the left) and at high voltages (inset on
the right). The I–V curves for three temperatures (90, 200, and 350 K) have
been highlighted.
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by a conductivity (σ) and the corresponding resistance (R) given by

σ(T) ¼ σ0e
�T0

T ) R(T) ¼ R0e
T0
T : (1)

Here, T is the device temperature, T0 is an activation tempera-
ture for the conduction mechanism, and σ0 and R0 are the asymp-
totic conductivity and resistance at a temperature much higher
than T0. A value of T0 = 23.5 K has been used for experimental data
fitting (see Table I). This value is very close to that obtained from
the slope of the current Arrhenius plot at the lowest temperatures

[green dashed line in Fig. 3(a)]. The low activation energy
(2.0 meV) indicates that the defects subband is very close to the
Fermi level, as it was predicted by ab initio simulations11 and rules
out Poole–Frenkel conduction.10 Therefore, although a temperature
increase could ease the access to defect states, the corresponding
temperature dependence is weak.10,11,14 Low activation energies
(close to zero) have also been previously reported for filaments
with low resistance in NiO12 and HfO2

13 devices.
In addition to the ohmic conduction through the filament, the

measured non-linear dependence has been modeled with the SM16

in order to keep the model as simple as possible,

I ¼ I0 � e�
g
g0 � sinh

V
V0

� �
¼ I*0�sinh

Vapp � I � RCF(T)

V0

� �
, (2)

where I0 is a current prefactor and g0 and V0 are fitting parame-
ters.16 V is the voltage drop across the gap and g is the gap width.
In our experimental measurements, the filament does not change.
Therefore, g remains constant, and for the sake of simplicity, we
have grouped the first two factors in Eq. (2) in a single fitting
parameter, I*0. The voltage in the gap, V, is calculated by extracting
the voltage drop in the ohmic CF from the total applied voltage
(Vapp).

18 So, the CF resistance (RCF) should also be calculated by
taking its temperature dependence into account. The origin of this
non-linear current dependence could be linked to a space (gap)
between the CF tip and the Pt electrode, with a lower oxygen
vacancies concentration whose length influences the device current
because electrons have to tunnel through it.10,11 According to ab
initio simulations, not only the gap length but also the modulation
of the potential barrier shape by empty (charged) oxygen vacancies
determine the tunnel current through the gap.11

From Figs. 2 and 3(b), it turns apparent that from 190 to
200 K a new mechanism starts to gain relevance for higher temper-
atures, decreasing the total device conductance at larger voltages.
This mechanism is supposed to be linked to the CF conduction
and it has been modeled using a thermal positive coefficient (α) for
the resistance,

RCF(T) ¼ max(R(T), R(T)� [1þ α � (T � Tr)]), (3)

where R is the resistance given by Eq. (1), Tr is the temperature
used to model this mechanism, and RCF is the CF resistance at tem-
perature T. The assumption that the origin of this current increase
is related to the CF is coherent with the fact that this effect is more
noticeable at higher voltages: the relative influence of the two con-
duction processes (ohmic and non-linear) changes with the applied
voltage, and at higher voltages the resistance linked to the

TABLE I. Model parameters.

Parameter Value Parameter Value

I*0 0.6 mA T0 23.5 K
V0 0.043 V α 0.0016 K−1

β 11.6 × 10−5 V/K Tr = Tb 190 K
R0 53.9Ω RTh 2 × 103 K/W

FIG. 3. (a) Measured current vs temperature (at an applied voltage of 0.05 V) in
an Arrhenius format [ln(I)− (1/T)]. The data are not well fitted by a single linear
trend (red dashed line), but different trends are observed. The inset shows the
same current data vs the temperature. In this latter plot, a reduction of the curve
slope can be observed at the highest temperatures. (b) Current vs temperature
at an applied voltage of 0.7 V. A noticeable current increase is observed at low
temperatures, as in the lower voltage case (a). However, a metallic-like behavior
has been measured at higher temperatures, with a decreasing trend.
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non-linear component decreases. Therefore, the influence of the CF
ohmic resistance is stronger and its temperature dependence is
more apparent.

The activation of the CF conduction modeled by Eq. (1) is not
enough for explaining the spreading of the curves at low voltages
shown in Fig. 2. This fact is also supported by the graph shown in
Fig. 3(a): the data are not aligned in the Arrhenius plot, but two
different trends are observed. Therefore, another conduction effect
(that makes the current grow as the temperature rises) is needed.
This thermal dependence is more noticeable at the lowest voltages
and, therefore, it is likely linked to the non-ohmic current compo-
nent. In the context of the SM, this current increase can be
modeled by means of a reduction of the V0 parameter,

I ¼ I*0 � sinh
V

V0 � βθ

� �
, (4)

where β is a fitting parameter and θ ¼ max(0, T � Tb), where Tb is
also a fitting parameter and it corresponds to the temperature from
which this equivalent barrier lowering starts to influence. This kind
of linear dependence between a potential barrier and the tempera-
ture has been previously used in the context of the quantum point-
contact model.14,22,27,28 The origin of this thermal dependence
could be related to the spreading of the electron energy distribu-
tion, which could make more traps accessible as the temperature
rises. However, more research is necessary to clarify the underlying
mechanism.

The measured thermal effects fit well the microscopic picture
recently depicted by Funck and Menzel,11 by means of ab initio
simulations, for devices with deep defects.11 In this case, defect
states are induced by oxygen vacancies and spread over an energy
range near the Fermi level, which could be linked to a conductive
filament with a subband formation. Furthermore, the conduction is
also influenced by tunneling across the energy barrier near the
interface, being the tunneling barrier between the electrode and the
available traps modulated by the screening of the potential by
charged oxygen vacancies. In line with these results, we have
observed a weak temperature dependence of the processes through
the energy barrier because they do not require thermal excitation
and a reduced temperature activated CF conduction takes place,
which is compatible with defect states only slightly above the Fermi
level. In addition, the high symmetry of the LRS in the 0–0.6 V
range (Fig. 1) is also in line with the results expected for these
devices.11 Furthermore, the series resistance of the conductive fila-
ment contributes to more linear and symmetric I–V curves.

All the above temperature dependent conduction mechanisms
have been implemented in a Spice subcircuit, which consists of a
current source [Eq. (4)] in series with a resistor (RCF), whose resis-
tance depends on the temperature according to Eqs. (1) and (3). A
simple circuital thermal model has been also considered16,29 for
calculating the device temperature with respect to the room tem-
perature. We have observed that a high thermal resistance
(Rth > 10

4 K/W) influences the simulated curves shape at high volt-
ages; they bend down and separate from the experimental data that
lie in a straight line at high voltages.

We have simulated I–V curves in LT-Spice [Fig. 4(a)] for all
the experimentally considered external temperatures. The same
trends observed in Fig. 2 are observed; for the sake of comparison,
some representative curves are shown in Fig. 4(b). In order to

FIG. 4. (a) Modeled device current vs applied voltage for different temperatures from
90 to 350 K. The insets show zoomed views at low and high voltages, respectively.
The temperature dependence observed at low voltages (inset on the left) and at the
highest applied voltages (inset on the right) is correctly reproduced. (b) Modeled (solid
lines) and experimental (dashed lines) I–V curves for 90, 190, and 350 K.
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compare the experimental and modeled thermal dependences,
Fig. 5 shows Arrhenius plots of the measured and simulated
current at different applied voltages [that is, cuts from Figs. 2
and 4(a)]. In general, a good agreement between the simulated and

measured data has been obtained. The model parameters are given
in Table I.

Finally, as the studied devices exhibit non-linear I–V curves,
the device resistance depends not only on the temperature, but also
on the applied voltage. Figure 6 shows the experimental resistance
(calculated as the applied voltage divided by the current) vs the
temperature and applied voltage. In spite of the complex depen-
dence represented by the colored surface that corresponds to the
measured resistance, the simulated resistance (red balls) fits it
remarkably well.

V. CONCLUSIONS

Summing up, TiN/Ti/HfO2/Pt resistive switching devices have
been measured and modeled. Three different temperature depen-
dent charge conduction effects have to be considered for modeling
the experimental current in the LRS. Two of them are related to
charge transport in a conductive filament linked to a high density
of oxygen vacancies. A non-metallic enhancement of the conduc-
tivity with temperature described with a low activation energy was
observed; on the other hand, once the conductivity increase is
almost saturated, a metal-like conductance degradation is observed
at the highest temperatures. Finally, a slight increase of the non-
linear current component, as temperature rises, is also considered.
This latter dependence is weak and this fact is a fingerprint of
tunnel transitions instead of thermionic Schottky emission or
Poole–Frenkel conduction mechanisms. The three conduction
mechanisms have been implemented in a Spice-based compact
model and the experimental results have been correctly fitted.
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FIG. 5. Cuts across the I–V curves from Fig. 2 (measured current, squares and
dashed lines) and Fig. 4(a) (simulated current, solid lines) at six different volt-
ages are shown in an Arrhenius plot. A good agreement has been obtained,
including the different temperature dependences shown at low and high
voltages.

FIG. 6. Resistance (calculated as the applied voltage divided by the current) vs
the applied voltage and the temperature. The colored surface corresponds to
the experimental data, while the red balls are the modeled resistance calculated
by simulation with LT-Spice.
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