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Abstract

Memristors, also known as resistive switching devices, have great potential
for applications in memory and neuromorphic systems. Understanding the
switching mechanisms is crucial since ReRAM memories need to operate
at high frequencies. It is known the reset transition is dominated by the
conductive filament Joule heating. We have studied the reset transition
in TiN/Ti/HfO,/W metal-insulator-metal memristors by applying constant
power signals to different initial filament thicknesses, which were obtained
using different initial low resistance states. The results show that power
value controls the reset times, decreasing when the power is increased. On
the other hand, larger resistances lead to faster reset transitions These mea-
surements have allowed us to obtain a value of the thermal resistance of the
conductive filament. Moreover, we have observed the reset times as a func-
tion of the initial resistance and the power lies on a common plane, which
allows us to estimate the transition time by fixing an initial resistance and a
power value.
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1. Introduction

Memristors are based on the resistive switching (RS) phenomenon, which
has been studied since the 1960s when negative resistance was observed in
some binary metal oxides [1]. The RS effect occurs when an electric field is
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able to change the resistance of a thin dielectric film between two different
values in a non-volatile way: a high resistance value (HRS) and a low resis-
tance value (LRS). Different devices based on the RS effect has been widely
studied for several applications, such as digital storage (resistive RAMs or
ReRAMs) [2, 3], artificial neurons in neuromorphic systems out of the Von
Neumann architecture paradigm [4, 5], logic circuits [6, 7] and cryptographic
circuits [3, §].

Metal-insulator-metal (MIM) capacitors are commonly used as memris-
tors. The formation (set process) and rupture (reset process) of a conductive
filament (CF) which can short-circuit the metal electrodes is responsible for
the resistance change. In valence-change devices (VCMs), the CF is due
to positively charged oxygen vacancies inside the dielectric layer, as a great
concentration of oxygen vacancies can lead to a leakage path with metallic
properties [9]. One electrode of the MIM capacitor is oxygen affine so it can
act as an oxygen reservoir storing oxygen ions during the set transition ad
releasing them during the reset transition. Some metals as Ti [10] or Ta [11]
are known to be oxygen affine. The other electrode should be inert. This
filamentary model is widely accepted by the scientific community [12, 13].
Usually, an initial electroforming process is necessary to create one or several
conductive filaments of oxygen vacancies inside the switching layer, which
connects the top and bottom electrodes. This electroforming process can
determine the size of the initial filaments [14, 15].

A wide variety of materials have been studied as potential candidates
for resistive switching devices [16], and metal oxides are promising candi-
dates. Several metal oxides and transition metal oxides (TMO) have demon-
strated resistive switching behavior [17, 18, 19, 20]. Among them, hafnium
oxide (HfO,) is a promising material mainly due to its compatibility with
the CMOS process and high-density integration [21]. This material is also
being studied for emulating synaptic plasticity in neuromorphic systems [22].
Therefore, both dielectric film and metal electrodes play an important role
in the switching characteristics of the MIM structures.

Switching times of memristors are of great importance as ReRAMs should
be able to work at higher frequencies than conventional DRAMs. How-
ever, switching times in ~ 50-100 ns range are found in commercially avail-
able memristors, which makes them slower than state-of-the-art DRAM [23].
Moreover, the time response of memristors-based artificial neurons to po-
tentiation and depression pulses is also an important issue [24]. In classical
memories (SRAM, DRAM and Flash) the stored information change is due



to variations in the amount of stored electrons. However, the stored infor-
mation change in ReRAMs is due to variations of an atomic configuration.
The ion movement inside the insulator is due of both diffusion and drift
mechanisms [25, 26]. As the ionic mass is much higher than the electron
mass, the switching time is potentially smaller in conventional memories;
however, faster switching memristors (<1 ns) have been reported [23, 27].
Joule heating is present during the set and reset transitions [28, 29], and
there are experimental observations of the temperature increase [28, 30]. At
timescales above 10 ns, the movement of oxygen vacancies limits the switch-
ing speed meanwhile at lower timescales the Joule heating speed of the VCM
device and the electrical charging time are also relevant [31]. Anyway, it is
not completely clear how fast a redox-based resistive switching device can
switch.

In this work, we have measured the switching times for the reset transi-
tion using TiN/Ti/HfOo/W MIM memristors. Instead of applying a constant
voltage signal, we have applied a constant power signal. We have used differ-
ent initial resistance state conditions, so different CF shapes before applying
voltage pulses. Using these results, an estimation of the thermal resistance
can be obtained.

2. Experimental

TiN/Ti/10nm-HfO,/W metal-insulator-metal RS devices were used to
carry out the electrical measurements. The HfO, layer was grown by atomic
layer deposition using TDMAH and water as hafnium and oxygen precur-
sors, respectively, at a temperature of 225 °C. The bottom electrode, a 50
nm-thick W layer, was deposited by magnetron sputtering. The top elec-
trode, consisting of a 200 nm-thick TiN layer on a 10 nm-thick Ti layer, was
also grown by magnetron sputtering and patterned by a lift-off process. A
schematic representation of the RS devices is shown in Fig. 1(a). The result-
ing structures used in this work are square cells of 40x40 pm?. The resistive
switching behavior of the devices was previously studied, and the conductive
filaments were assumed to be due to different oxygen vacancies concentra-
tion in the HfO, film [32], as physically-based models suggested [33]. Fig.
1(b) shows several current-voltage (I-V) cycles which reveals bipolar resistive
switching, where set transition takes place for positive top electrode voltages
and reset transition for negative voltages. The inset figure shows a previous
electroforming process, which is necessary to obtain the RS behavior. A 10
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Figure 1: Schematic representation of the RS device (a). Several I-V cycles showing bipolar
RS behavior (b) and the electroforming process (inset (b)). Experimental set-up used to
measure the voltage transients (c¢), and equivalent circuit when applying the voltage pulses

(d).



1A compliance current was used to avoid irreversible oxide breakdown during
the forming process.

In order to carry out the voltage transients, the setup shown in Fig. 1(c)
was used. A Keysight B2912B precision source/measure unit was used to
initially drive the RS device to the LRS by applying a voltage ramp with
an amplitude of +0.8 V, but using three different compliance values: 8§,
10, and 12 mA. Once the device is in the LRS, a Keysight 33250A waveform
generator applies a voltage pulse (Vprogrammed) Which drives the devices to the
HRS (reset transition), and the voltage drop across the RS device (Vappliea)
is recorded by an HP54615B oscilloscope. A relay controlled by a Keithley
6517A electrometer is used to disconnect the waveform generator from the
RS device when the Keysight B2912B applies the initial voltage ramp. The
equivalent circuit when applying the voltage pulses is shown in Fig. 1(d).
The voltage drop across the RS device can be calculated as

Rrrs (1)

V. ie :Vro rammed ° 75 ey
Applied Prog d RLRS+5OQ

and, as the initial resistance value (Rprg) can be easily obtained because the
device is in the LRS (whose resistance is a constant value), the Vp,ogrammed
value can be obtained for each measurement. The current which flows
through the RS device can be calculated as

VPro rammed — VA lied
] — g pp 2
5012 (2)

and finally, the resistance value of the device is

R — VAp]plied (3)

As an example of the measurement procedure, Fig. 2(a) shows the volt-
age signal as directly obtained from the oscilloscope when the initial current
compliance in the set transition was 12 mA, and we programmed a voltage
step such Vappiiea Obtained is -0.5 V. The signal is then shifted so the pulse
is applied at t=0 s and the signal is also smoothed using an adjacent-average
filter (see Fig. 2(b)). We now can obtain the current (not shown here) and
the resistance which is shown in Fig. 2(c). The initial resistance in the LRS
obtained with the I-V measurement was 54 () and is exactly the resistance
value obtained at t=0 s. Then, up to a time of about 600 us, the resistance
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Figure 2: For the reset transition, voltage transient signal as obtained from the oscilloscope
(a), voltage transient smoothed (b), resistance transient (c) and power transient (d). Time
to reset parameter is shown in (c) and (d).



slightly increases. This corresponds to a filament which is getting thinner as
we have also proposed in a previous work where we measured I-V curves for
high ramp-rate voltage [34]. Simulation models for similar structures also
proposed this behavior [35]. After 600 us, the resistance suddenly increases,
which corresponds to the CF breaking. We have defined the parameter time
to reset as the time required for the filament to thin enough to start the CF
breaking, so, as shown in Fig. 2(c), it is the time required for the resistance
to increase abruptly. It is important to note this is a feedback process: once
the device resistance increases, Vappiied also increases because Vprogrammed
and the waveform generator output resistance remain constant. This feed-
back process makes it possible to keep the power dissipation constant (the
increase in the voltage drop across the device balances the resistance de-
crease). Fig. 2(d) shows the power dissipated by the device when applying
the voltage pulse: the power value can be considered constant until the CF
is broken (during the time to reset). The CF rupture results in a sudden
power decrease, due to a sudden resistance increase.

3. Results

We achieved different initial resistances in LRS by using different current
compliances as shown in Fig. 3(a). In this figure, we can observe several
[-V curves when using 8, 10 and 12 mA current compliances. The current in
LRS increases when the current compliance increases, giving place to a lower
Rrrs, as shown in Fig. 3(b), where the resistance value for the different I-V
cycles is represented. The devices reached three initial Ryrg values: 68, 62
and 54 §2. These resistance values are constant as long as the device remains
in the LRS. Fig. 3(c) shows the power vs. voltage curves. The power value
for which the reset is reached increases when the current compliance increases
due to a greater CF thickness. As will be discussed below, the reset transition
can be achieved at different powers but at different times.

Once the device is in the LRS, an applied voltage step drives the device
to the HRS. Vappiiea Vs. time is recorded by the oscilloscope. Then, as
explained in the experimental section, we can obtain the power dissipated
by the device as a function of time. Fig. 4 shows power vs. time curves
when the initial Rprg=54 2 (12 mA current compliance) for different voltage
amplitudes, ranging from -0.50 V to -0.85 V. The power dissipated increases
as the voltage amplitude increases, giving place to faster reset transitions.
The filament dissolution in TMO-based memristors and other metal oxides
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is known to be promoted by Joule heating and the electric field [23, 36, 37].
Fig. 4 reveals time to reset differences of about six orders of magnitude
(from ~ 0.5 s to ~ 1us) when the power increases from ~ 4.5 to ~ 13.5
mW, because the power increase implies Joule heating increase. In fact, it is
known the effective temperature in the CF can be obtained using the Joule

heating formula [38]
T =T+ Ry P (4)

where T is the CF temperature, Ty is the room temperature, Ry, is the
thermal resistance and P is the power dissipated by the device. The ther-
mal resistance is defined as the ratio between the maximum temperature
increase in the CF and the dissipated electrical power. It is assumed to be
proportional to tex /A, where toy is the dielectric film thickness and A is the fil-
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ament thickness [38, 39]; therefore, the thermal resistance is not only related
to the material but also to the filament dimensions. We can assume a similar
thermal resistance in all measurements shown in Fig. 4 due to the same
initial Ry rg, which means the same filament thickness. Moreover, for the CF
temperature increase we have not taken into consideration transient effects
which can appear in pulse operation. Transient effects have been observed in
times shorter than 1 ns in different simulations [38], so we can consider the
temperature increase is nearly instantaneous in our measurements.

The higher CF temperature promotes the CF narrowing obtaining lower
reset times. The results when the initial Rigs value is 62 and 68 €2 follow
the same trend, although the time values are different. Therefore, a strong
dependence between the time to reset and the power is observed regardless
the initial Rigs.

Fig. 5(a) shows time to reset vs. P for the three initial Rprg. For each
power, times increase for lower initial resistances. This corresponds to initial
CFs with greater thicknesses. It is clearly a not linear process. The CF
dissolution rate is known to be proportional to the ion migration rate [40]

99— gexp (_EA) (5)

dt kT

where the CF diameter is ¢, A is a preexponential constant, k is the Boltz-
mann constant, T is the CF temperature, and the activation energy is rep-
resented as Ex. The CF diameter can be expressed as

B(t) = go — Acxp (75) t (%)

where ¢¢ is the initial CF diameter. We suppose constant temperature as
long as the power dissipated remains constant because transient effects in the
heat conduction can be neglected due to the small value of the characteristic
thermal time, in the ps range (see [40]).
We can assume time to reset is the time needed to override the CF diam-
eter, so
. ®o Ex
time to reset = —exp | — 7
1P | 1 (7)
Taking into account the CF temperature represented in (4), and the ac-
tivation energy, which is given by [40, 41]

EA:EA()—OK(]V (8)
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where the energy barrier for ion hopping is Epg, V is the voltage across the
insulating layer, and « is a barrier lowering coefficient, we can represent the
time to reset as

Eyo—aqV } (9)

time to reset = @ exp {
A k(To + RriP)

Some simplifications can be made in (9). The filament temperature is
much higher than room temperature, so T=Ty+R1,P ~ R1,P. On the other
hand, in HfO.-based memristors, values of Epg=1.2 eV, and a=0.3 are usu-
ally used [40], so Exg-aqV ~ Eja for the voltage values used in this work.
Using these simplifications, the time to reset can be expressed as

E
time to reset ~ % exp (ﬁ) (10)

Fig. 5(b) shows In(time to reset) vs. P~! for the three initial Rygs.
Taking into account the slope value of the linear fit, the thermal resistance
value can be obtained. Ry, values depends on the Rygrs. It ranges from 150
to 207x10% K W, Lower Ryrs values means thicker conductive filaments
so lower thermal resistances, as we have obtained in Fig. 5(b). Values of Ry,
between 50x 10 and 500x10* K W~! were used in [38] for modeling ReRAM
devices.
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Finally, in Fig. 6(a) we have represented in a 3D plot In(time to reset) as
function of the initial LRS resistance value and P~!. As we can observe, the
points are approximately included in the same plane. The plane equation is

In(time to reset) = 10.69 + 0.083P~' — 0.547R s (11)

To check the accuracy of (11), we have represented in Fig. 6(b), 6(c) and
6(d) the measured times and the times obtained with the plane equation. A
good fitting can be observed. This means that we can make a good estimate
of the time to reset if we know the initial Ryrg, which can be set by applying
different current compliances, and the applied power, which can be set from
the voltage pulse value. Of course, this equation would not be accurate when
transient effects in the heat conduction are not negligible for very fast reset
transitions.

4. Conclusions

In this work, we have focused on the reset transition times of HfOs-based
memristors. We have used an electrical characterization setup to obtain
the reset transitions when using a constant power signal instead of the con-
ventional voltage constant signal. An initial voltage sweep using different
current compliances allows us to obtain different initial low resistivity state
resistances, so different initial conductive filament thicknesses. We defined
the time to reset parameter as the time it takes for the filament to become
thinner before it can be considered broken.

The times for each initial resistance are clearly controlled by the power,
which implies different conductive filament temperatures as known by the
Joule heating formula. Transition times decreases for higher powers, because
the filament temperature is higher, and also decreases for higher initial resis-
tances, because this means a thinner filament. Using the filament dissolution
rate, we can obtain the thermal resistance value, an important parameter
used in physical simulations of these devices. Thermal resistance values be-
tween 150 and 207x10% K W~! were obtained, a value compatible with those
found in the literature.

Finally, we have observed that the transient times obtained as a function
of the initial resistance and the power lies in a same plane. This means
we are able to determine the transition time by setting an initial resistance
and a power value when the transient effects in the heat conduction can be
considered negligible.
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Although memristors with lower currents are required for commercial ap-
plications, mainly for portable devices, the results obtained in this work can
be applied to these devices, as the Joule heating formula and the conductive
filament dissolution rate are still valid regardless the filament thickness.
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