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ABSTRACT Due to the high number of reachable conductance levels in resistive switching devices, they
are good candidates to implement artificial synaptic devices. In this work, we have studied the control of
the intermediate conductance levels in HfO,-based MIM capacitors using current pulses. The set transition
can be controlled in a linear way using this kind of signal. The potentiation characteristic is not affected
by the pulse length due to the filament formation takes place in very short times. This behavior does not
allow using identical pulses to obtain the potentiation characteristic. The transient response of the devices
when applying current pulses showed the filament formation is characterized by a peak in the voltage
transient signal. No depression characteristic can be obtained using current signals due to the abrupt reset
transition. However, the depression characteristic can be obtained using voltage pulses, so combining both
signals should allow control the synaptic weight in an appropriate way.

INDEX TERMS Conductive filament, multilevel storage, resistive switching memory (RRAM), synaptic

devices.

I. INTRODUCTION

The resistive switching (RS) phenomenon, first reported in
1962 [1], has got a wide interest due to its application
to store information in resistive random-access memories
(RRAMs) [2], [3]. These devices consist of an insulating
layer interposed between two metal electrodes, and exhibit
memory when operating as a two terminal variable resistor,
due to a conductive filament (CF) between both electrodes,
which can be formed (set operation) obtaining a low resis-
tance state (LRS), and dissolved (reset operation) obtaining
a high resistance state (HRS). As the thickness of the con-
ductive filament can be controlled in different ways, these
devices actually show continuously variable conductance
values [4].

Neuromorphic systems are inspired in the way the human
brain processes the information [5], [6]. In these systems,
synapses are responsible for the connection of the enor-
mous number of neurons. The synaptic weight between two
neurons is adjusted by the ionic flow through them, and the
adaptation of synaptic weights enables the biological systems
to learn and function properly [7]. Similar to biological

synapses, the conductance value of a RRAM device can
be adjusted by controlling the charge flowing through it.
Due to their fast speed, low power consumption and scala-
bility, RRAM devices are a promising approach for artificial
synapses [8].

In a previous work, we studied the control of the con-
ductance states in HfO,-based metal-insulator-metal (MIM)
capacitors applying voltage pulses [9]. We obtained linear
depression characteristics, but a non-linear potentiation cha-
racteristic due to the abrupt set transition. However, linear
potentiation characteristics have been observed in HfO,-
based capacitors when varying the current compliance in
voltage ramps [10]. In this work, we studied the con-
trol of intermediate conductance states in similar devices
using current pulses instead of the conventional voltage
pulses. Using this kind of signal, a linear potentiation
characteristic is achieved, although no depression charac-
teristic can be obtained using current pulses. We have
also studied transient characteristics of the set transition:
the closure and broadening of the CF is characterized by
a maximum in the transient signal, and is fast enough
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FIGURE 1. Electrical circuit corresponding to the home-made voltage to
current converter (a) and experimental setup (b).

not to observe accumulative behavior in the limits of our
experiment.

Il. EXPERIMENTAL

A. DEVICE FABRICATION

TiN/Ti/10-nm HfO,/W capacitors were used in this work.
Atomic layer deposition (ALD) technique was used to grow
the insulator at 225 °C. The precursors used were TDMAH
and water for hafnium and oxygen respectively. Nitrogen was
used both as carrier and purge gas. The top electrode consists
of a 200 nm TiN layer and a 10 nm Ti layer, and the bottom
electrode consists of a 200 nm W layer. Electrodes were
deposited by magnetron sputtering. The resulting structures
used are square cells of 40 x 40 um?.

B. EXPERIMENTAL SETUP

An HP 4155B Semiconductor Parameter Analyzer performed
the non-transient voltage and current measurements. An
Agilent 33500B Series waveform generator applied volt-
age pulses, that can be converted to current pulses using
a home-made voltage to current converter. The electrical
circuit corresponding to our V/I converter has been rep-
resented in Fig. la. Using a relay in series with the V/I
converter, the device under test (DUT) can be disconneted
from the converter so the HP 4155 Semiconductor Parameter
Analyzer can perform the conductance measurements. An
HP54615B digital oscilloscope was used to record the tran-
sient signals in transient measurements. In order to record
current transients after applying voltage pulses, we used a
home-made I/V converter, and the transients where observed
in the HP54615B oscilloscope. The complete experimental
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setup is shown in Fig. 1b. The oscilloscope is not conneted
for the non-transient measurements. All the measurements
where computer controlled, and have been carried out at
room temperature.

1Il. RESULTS AND DISCUSSION

The forming process was carried out using a current sweep
instead of a voltage sweep, as shown in Fig. 2a. When the
conductive filament is formed, the voltage that drops across
the device suddenly decreases applying the same current, so
the power dissipated by the sample decreases. Using this
kind of signal, it is no necessary the use of a compliance in
the forming process. After the forming was performed, we
measured 50 voltage-current (V-I) loops, shown in Fig. 2b,
obtaining bipolar RS. Using a voltage compliance in the reset
transition is mandatory; otherwise, irreversible oxide break-
down takes place due to a sudden increase in the power
dissipated by the structure. We then recorded V-I curves
increasing the maximum positive current values applied from
one loop to the next one. Fig. 2¢ shows the conductance val-
ues obtained for each loop, clearly showing the existence of
intermediate conductance states. The device becomes more
conductive for higher currents. This trend, already observed
in HfOj-based capacitors [11], is due to an increase in
the thickness of the CF, as verified using computer simula-
tions [12]. Increasing the maximum negative current values
does not allow us to obtain intermediate conductance states
due to the abrupt disruption of the CF when applying current
instead of voltage to our device.

Since controlling the thickness of the CF using current
ramps has been proved, we applied current pulses (a more
suitable signal as neuromorphic systems work as spike-based
circuits [13]) to obtain the potentiation characteristic. The
pulses length was 50 us, and the amplitude was linearly
increased from 0 mA to 5.8 mA. The sample was carried
out to the HRS and then 200 pulses were applied. After each
pulse, the conductance value was measured, as represented
in Fig. 3a. A minimum current amplitude is required to
form the filament, and after this value is reached, a clearly
linear potentiation characteristic is observed. We obtained
better potentiation characteristics using current pulses than
voltage pulses. Some solutions have been proposed when
using voltage pulses: employing two RRAM devices with
opposite weight contribution [14] or applying a proper reset
pulse after the potentiation one [15]; the first attempt requires
more complex devices, and the second one more complex
peripheral circuitry. As we can also observe, the conduc-
tance values obtained in our samples are higher than the
values used in typical RRAM applications. We have not
tried to obtain lower current values, for example, reduc-
ing the current in the forming process, due to problems
in the transient measurements that are presented later: as
we can observe in Fig. 1b, for very high RRAM resistance
values the current flowing through the V/I converter can
be divided due to the oscilloscope channel 1 impedance,
S0 no accurate transient measurements could be obtained.
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FIGURE 2. Forming process (a), V-1 resistive switching loops showing HRS
and LRS states (b) and G-I characteristics when increasing the maximum
current (c).

Anyway, measurements carried out in a very similar sam-
ples demonstrated the RRAM devices can be programed
varying the current compliance, and using lower operating
currents [10]. So the method proposed here should be able
to be used for lower operating currents, at least for samples
showing the same CF formation mechanism, oxygen vacancy
clusters [16].
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FIGURE 3. Potentiation characteristic applying current pulses, using the
same (a) and different pulse lengths (b).

When using voltage pulses, simulations demonstrated the
final conductance value has a strong relationship with the
pulse length [17]. We observed a higher number of pulses
was required to reach the same final synaptic weight when
applying voltage pulses, giving place to an accumulative pro-
cess, although the potentiation characteristic obtained was
not linear [9]. In order to check this behavior for current
pulses, we applied three series of 50 pulses with different
pulse lengths, from 1 us to 50 us, increasing the amplitude
from 0 mA to 5.8 mA. Results are represented in Fig. 3b,
and no significant differences are observed for the differ-
ent series. It looks like the CF formation and widening is
faster than the narrowest pulse. This has been confirmed
by applying pulses keeping the current amplitude constant,
and is shown in Fig. 4: four series of identical pulses were
applied to the capacitors, where the pulse amplitude is dif-
ferent for each serie. The pulse length is 5 s for all pulses.
Unlike the voltage pulses, current pulses do not show an
accumulative behavior; the first pulse increases the conduc-
tance to the final expected value. This difference can be
explained because in the case of voltage pulses, the resistance
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FIGURE 4. Potentiation characteristic applying identical current pulses for
each series. The pulse amplitude is different for each series.

value of our device decreases (potentiation characteristic) or
increases (depression characteristic) as the pulses are applied,
so keeping the voltage constant, the current flowing through
the device increases (potentiation characteristic) or decreases
(depression characteristic) for consecutive pulses.

We studied the transient response recording voltage tran-
sients when applying current steps to our devices. Fig. Sa
shows the transient response when current steps with dif-
ferent amplitudes were applied, with devices initially in the
HRS. The CF closure is characterized by a peak in the volt-
age signal: after reaching a high enough voltage value, the
CF is suddenly closed, decreasing the resistance value, and
hence, decreasing the voltage that drops across the device.
The maximum voltage values reached in the peak are higher
than the corresponding values obtained from V-I curves
shown in Fig. 2b. The latter case does not correspond to
a transient measurement, and hence, the filament is closed
at lower current values and it only gets thicker as the current
increases. For low amplitude pulses, no peak in the voltage
signal is observed, what means the CF is not closed (the gap
between the electrode and the tip of the filament remains).
This is verified in Fig. 5b, which shows I-V curves mea-
sured after each current step. For low pulse amplitudes, the
device clearly remains in the HRS, although the conductivity
value can be slightly increased due to a reduction in the gap
between the tip of the CF and the electrode [12]. It is worth
mentioning that the increase in the rise time of the transient
observed in Fig. 5a as the pulse amplitude decreases is only
a measurement artifact due to the increased final resistance
at the output of the V/I converter.

We studied the transient response when decreasing the
pulse length. For this purpose, we applied current pulses
with 5 mA amplitude and decreasing lengths. Fig. 6a and
Fig. 6b show the voltage response to a pulse of 1 us and
500 ns length respectively. Black line corresponds to the
voltage transient, and blue line corresponds to the signal
applied to the input of the V/I converter. There exists a
voltage peak, characteristic of the filament formation. The
minimum in the transient signal after the peak is due to the
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FIGURE 5. Transient response when applying current steps with different
amplitudes (a) and I-V characteristics after the current steps (b).

measurement system, so not related to the behavior of the
device. Fig. 6¢ shows the response to a 200 ns length pulse,
and no similar peak in the voltage signal is observed. After
each pulse, an I-V measurement was carried out to know
the final state (see Fig. 6d). Although no peak was observed
for the 200 ns pulse, the final state is the same for the three
pulses. As shown in Fig. 6c, the rise time of the current signal
applied to the device, which is due to the V/I converter, is
not negligible for short pulse lengths. The transient voltage
signal reaches the maximum value (the same value that in
Fig. 6a and Fig. 6b) just when the negative edge of the
pulse takes place. We are not able to apply shorter pulses
due to the limitation of our converter: the rise time would be
larger than the pulse length. Thus, applying current pulses,
the CF is formed in less time that our experimental set-
up can measure. This feature allows the use of very short
current pulses with an artificial synapse when potentiation
the synaptic weight, obtaining fast switching speeds.

The mechanisms involved in the filament evolution
depends on the process taking place, set or reset, as proved
by different physical models [18], [19]. For comparison,
we have represented the transient response to depression
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FIGURE 6. Transient response after applying a current pulse of 1 us length
(a), 500 ns length (b), and 200 ns length (c), and I-V characteristics after

applying the current pulses (d).

voltage signals. Fig. 7a, Fig. 7b and Fig. 7c show the
conductance response to a depression voltage step with
amplitude of —1.2 V, —0.8 V and —0.7 V respectively.
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FIGURE 7. Transient response after applying a depression voltage pulse

with amplitude of —1.2 V amplitude (a), —0.8 V (b), and —0.7 V (c), and
accumulative process when applying voltage pulses (d).

Conductance decreases when the CF is disrupted. We observe
a voltage-time dilemma phenomenon (higher voltage ampli-
tudes corresponds to short switching times and vice-versa),
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already observed and modeled [18]. However, this slow
transition allows obtaining an accumulative behavior when
applying identical voltage pusles, as shown in Fig. 7d, where
seven identical depression voltage pulses are applied to the
device, and the conductance value decreases continuously
for the consecutive pulses.

IV. CONCLUSION

The use of current pulses instead of the conventional voltage
pulses enables controlling the thickness of the conductive fil-
ament in HfO,-based RRAM devices when the set transition
takes place, and hence, the control of the conductivity state
of these devices. However, controlling the conductive fila-
ment removal in the reset transition is not possible using this
kind of signals due to the abrupt reset transition. A peak in
the voltage response when applying current pulses allows us
to detect the closure of the conductive filament in the set
transition. The filament formation takes place in very short
times, what inhibits an accumulative behavior of the pulses:
only one pulse is enough to reach the final conductance
state. Therefore, it is not possible to apply identical current
pulses to control the thickening of the filament as using volt-
age pulses in the reset transition to dissolve the filament. In
summary, when using RRAM devices as artificial synapses,
the use of current pulses is a possible approach to obtain
linear potentiation characteristics, although the use of this
kind of signal does not allow us obtaining the depression
characteristic. However, as linear depression characteristics
have been observed applying voltage, we could control the
synaptic weight in a better way using both kind of electrical
signals. Of course, this way of operation still has drawbacks,
not analyzed in this work: the peripheral circuitry required
to generate both current and voltage pulses would be proba-
bly more complex, which may involve larger chip sizes and
delays when changing from voltage to current pulses and
vice versa.
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