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Experimental Observation of Negative
Susceptance in HfO»>-Based RRAM Devices
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and E. Miranda, Senior Member, IEEE

Abstract—Negative susceptance is experimentally
measured in the low resistance state of TiN/Ti/HfOo/W
resistive RAM memories. A meminductive-like behavior
appears along with the memristive effects. A detailed
study of small-signal parameters measured at 0 V after
applying positive and negative voltage pulses is presented.
A simple model for the conductive filaments consisting in
a resistance in series with an inductance is used. In the
equivalent circuit, both elements are in parallel with the
geometrical capacitance of the structure. Both resistance
and inductance show two clearly differentiate states.
Positive voltages switch the device to the on state, in which
the resistance value is low and the inductance value is
high. By applying appropriate negative voltages, the device
switches to the offF state, in which resistance value is
high and inductance becomes negligible. The negative
susceptance could be related to lags between current and
electric field due to transport mechanisms occurring in the
ON state.

Index Terms—Hafnium oxide, MIM

capacitor.

meminductor,

I. INTRODUCTION

N THE last years a great deal of works related to devices

that show hysteretic behavior in their current-voltage char-
acteristics has been developed [1]-[4]. They are two-terminal
devices of any class whose resistance does not depend on
the instantaneous value of the applied voltage, rather on their
internal state, and hence they have memory of past states
through which have evolved. As they do not lose their state
when the electrical power is turned off, they perform as non-
volatile memories. These devices were originally predicted
to exist by Chua in 1971 by analyzing pairwise relation-
ships between the fundamental quantities of classical circuit
theory, and called them memory-resistors (memristors) [5].
The idea was later generalized to a family of dynamical
systems called memristive devices [6]. These materials and
systems opened new applications, especially for low power
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computation and ultradense information storage [7]-[9], but
also in less explored fields including analog circuits [10],
neuromorphic circuits for biological processes simulation [11],
spintronics [12], etc.

The generated theoretical and experimental background about
these devices has led to the proposal of similar systems in
which the capacitance or inductance would depend on their
previous history. They are named, respectively, memcapacitors
and meminductors [13], [14]. This way, the three fundamental
elements of electronic circuits, all of which are two-terminal
passive devices, would be able to store information without
the need of a power source. Their specific properties would
appear as a hysteretic loop in two characteristic variables in
each case: current-voltage for memristors, charge-voltage for
memcapacitors, and current-flux for meminductors. Despite
the suggestive nature of this possibility, so far a few systems
have been found to operate as memcapacitors or meminduc-
tors, and hence their study has been approached from an
essentially theoretical perspective [15]-[17]. A reversible non-
volatile capacitance change effect was observed in perovskite
oxide thin films when they were exposed to short electrical
pulses [18]. Conductance changes due to vacancy motion in
perovskite interface region near the electrode contact coexisted
with the capacitance changes. Similar concurrent resistive
and capacitive switching effect was reported in LaAlO3 [19],
VO, (20) and TiO; based solid state memristive devices [21].
Cheng et al. [22] reported capacitance-voltage hysteresis loops
on a Ni/GeOx/nc-TiO2/TaON/TaN memristive device. During
the set process, charged vacancies were formed near bottom
TaN, resulting in high values of capacitance. During reset,
injected electrons from the Ni top electrode diffused toward
TaN electrode and charged vacancies were neutralized, thus
giving a lower capacitance value. Qingjiang et al. [23] demon-
strated that TiO,-based metal-insulator-metal (MIM) devices
possess resisitive, capacitive and inductive components that
can concurrently be programmed. Also, the impedance value
tuning by adjusting both resistance and capacitance values of
HfO, based bi-layer devices was recently reported [24].

Il. EXPERIMENT

In this work we present an experimental observation of neg-
ative susceptance of TiN/Ti/20 nm-HfO,/W MIM structures,
which exhibit a bipolar resistive-switching. HfO, films were
deposited by atomic layer deposition (ALD) at 225 °C using
TDMAH and H,O as precursors, and Nj as carrier and purge
gas. The resulting structures are square cells of 50 x 50 um?.
Electrical measurements were carried out putting the sample
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Fig. 1. Programming voltage bias sequence used to record the

admittance values at 0 volts.

in a light-tight, electrically shielded box. DC-current and
admittance were measured using a Keithley 4200SCS semi-
conductor analyzer. The voltage was applied to the TiN/Ti top
electrode with the W bottom electrode grounded. To avoid the
effect of parasitic elements (series resistance or inductance
due to wiring, needles, etc.) a four-probe measurement setup
was used. At each electrode, one probe was used to apply
and measure the voltage, while the other one sensed the
current. Moreover, a careful short/open calibration process
to compensate potential artifacts of the experimental bench
was carried out. Real and imaginary parts of the impedance
lower than 4 Q were measured in short-circuit, and higher
than 10° Q in open-circuit configuration. Therefore, we can
ensure that the measured values are only due to the devices
under test.

[1l. RESULTS AND DISCUSSION

Conductive filaments (CFs) were formed on the
TiN/Ti/HfO2/W MIM capacitors when applying a voltage
of around 4 V. In order to prevent irreversible dielectric
breakdown a current compliance of 100 ¢ A was used
during the electroforming process. Once the CF is formed,
an excellent repetitiveness was observed. The low resistive
state (ON state) was achieved by applying a voltage bias of
+1.2 'V, and the high resistance state (OFF state) was reached
when applying a negative voltage of -1.6 V. In order to study
in depth the evolution of the CFs with the bias voltage,
we recorded the device small-signal parameters by means
of the programming voltages sequence showed in Fig. 1,
in which each pulse is 1 ms-long. Admittance signal was
measured at 0 V bias (in order not to modify the CFs during
measurements) with a superimposed 30 mV rms-ac signal.
The data acquisition instrument provides the admittance
values according to the following expression:

Y=G+jB (1)

Being the conductance G the phase component, and the
susceptance B the quadrature component with respect to the
small signal applied. Fig. 2 shows, for three frequency values,
the conductance, G (a), and the susceptance over the angular
frequency, B/w (b), as a function of the programming voltage
pulses height. In the OFF state, at programming voltages
between —1.6 V and +0.5 V, both G and B/w remain constant.
G has a low value, as corresponds to the high resistance
state (HRS), whereas B/w is positive, thus indicating a dom-
inant capacitive behavior. On the other hand, in the ON state
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Fig. 2. Conductance (a) and susceptance (b) measured at 0 volts vs.
programming voltage at three frequencie.

both magnitude remain constant at programming voltages
between +1.2 V and -1 V. G has a high value, as corresponds
to the low resistance state (LRS), whereas B/w is negative,
thus indicating a dominant inductive behavior. The transition
from the OFF state to the ON state is not sharp, but gradual
between +0.4 V and +1.2 V, in which interval the CFs are not
completely built. The CFs dilution, i.e. the transition from the
ON state to the OFF state, is progressive as well, especially
for the G case, and takes place between -0.9 V and -1.6 V.
As for B/w, it changes from a negative value (corresponding
to an inductive behavior) to a positive one (corresponding to
a capacitive behavior) at around -1.0 V. Also, B/w depends on
the frequency, reaching lower values as frequency decreases.
Hence, the dominant inductive behavior of the CFs disappears
when CFs dilute during the transition ON — OFF. A rigorous
circuit modelling of the capacitors would require an in-depth
study which is beyond the scope of this work. We use a very
simple three-parameter circuit model (Fig. 3) based on the one
proposed by Wakrim et al. [24]. The CFs, that behaves as a
resistance (R) in series with an inductance (L), are in parallel
with the geometrical capacitance of the MIM structure (C).
C is the capacitance at 0 V and at the OFF state and results to
have a value of 22 pF, corresponding to a permittivity value
of the HfO; film of K=20. In the ON state R exhibits a
low value, whereas L value is appreciable. When the device
switches to the OFF state, CFs become partially diluted so that
R increases and L decreases. The high value of the inductance
L observed at the ON state, has not to be interpreted in terms
of the self-inductance of the filaments, which are only 20 nm
long. Instead, we suggest that the measured inductance could
be originated by transport mechanisms which make current lag
behind the electric field. These mechanisms include hopping
conduction between connected oxygen vacancies [24], charge
trapping on defects existing at the interface between the
filaments and the surrounding dielectric, space-charge-limited
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Fig. 4. Resistance (a) and inductance (b) of the conductive filaments vs
programming voltage.

current (SCLC) [25], etc. Future work is needed to determine
the very nature of the negative susceptance.
The total admittance of the structure can be expressed as:

1
Y=——F—+joC 2
R+joL T1? )
and the real and imaginary parts of Y read:
1 1
R2

L/
Cp_ _ R
Im(Y)_B_a)(C 1+w2L2/R2) 4)

In these expressions, L affects both the real and imaginary
parts of the admittance. In particular, the existence of an
inductive component reduces the susceptance value, which can

L/ 2
R
TTa?L2/ R > C.

reach negative values (Eq. 4) when

From experimental results of Fig. 2, and by using Equa-
tions (3) and (4), the variations of R and L with the program-
ming voltage were obtained (Fig. 4). The evolution from the
OFF state to the ON state is observed from positive values
slightly above O V, when R starts to decrease and L starts
to increase. When positive voltage is applied the density of
oxygen vacancies gradually increases. On average, the distance
between vacancies diminishes, hence more conductive paths
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Fig. 5. Frequency dependence of the resistance and inductance at
0 volts of the conductive filaments after a programming voltage of
1.1 volts.

are formed. R and L reach their saturation values at around
40.5 V, thus indicating that the CFs are already fully built
and the top and bottom electrodes are interconnected. From
voltage values higher than +0.5 V, R value continues dimin-
ishing, which would indicate that the average distance between
oxygen vacancies diminishes or new CFs are being created.
On the other hand, in the ON state to the OFF state transition,
L remains constant, and so the CFs remain unchanged, until
a negative voltage value of around -1 V is applied. So, it is
necessary a programming voltage of at least -1 V to activate
the motion of oxygen atoms which lead to the CFs oxidation,
i.e., their dissolution. As for the frequency dependency of R
and L parameters, Fig. 5 depicts their variation in the ON state
and at a programming voltage of +1.1 V, between 10 kHz and
1 MHz. The resistance slightly raises, whereas the inductance
clearly diminishes when frequency increases. This could be
explained considering that as frequency increases, the period
of the applied a.c. signal approaches to the time constants of
the transport mechanisms causing the lag between current and
electric field.

IV. CONCLUSION

In summary, in this work we show that RRAM devices
show two clearly separated values in the imaginary part of
the admittance (susceptance). In the ON state the susceptance
is negative. An inductive term appears due to delays between
the current through the filaments and the applied voltage
caused by transport mechanisms. The physical nature of these
mechanisms is out of the scope of this work and need future
study. In the OFF state the inductive term disappears and the
susceptance only consists on the geometrical capacitance of
MIM structure. It is also shown that the HRS to LRS transition
starts for positive voltages near 0 V due to the formation of
oxygen-vacancy conductive paths. The inductance reaches a
saturation value at around +0.5 V, which indicates that from
this programming voltage values the CFs completely extend
between the top and bottom electrodes. Further increasing of
voltage reinforces the CFs and/or gives rise to the generation
of new CFs. On the other hand, the LRS to HRS transition
requires programming voltages of the order of -1 V to oxidize
the oxygen vacancies clusters which make up the CFs.
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