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Formation and Characterization of Filamentary
Current Paths in HfO»-Based Resistive
Switching Structures

F. Palumbo, Member, IEEE, E. Miranda, Senior Member, IEEE, G. Ghibaudo, and V. Jousseaume

Abstract—In this letter, the progressive nature of the forming
process step in HfO,-based resistive switching structures is inves-
tigated. Contrary to what happens with ramped or pulsed voltage
stresses, current-driven degradation experiments shed light on the
formation dynamics of the filamentary path across the oxide layer.
The resulting voltage—current characteristics are interpreted in
terms of electron transport through a mesoscopic constriction
with adiabatic shape. The voltage decrease during the forming
process is ascribed to a relaxation of the electron wavefunction
confinement effect. The role of the compliance level on the leakage
current magnitude is also discussed within this framework.

Index Terms—Dielectric breakdown, resistive switching (RS).

I. INTRODUCTION

HE resistive switching (RS) phenomenon in metal—

insulator—metal (MIM) structures is currently attracting
a lot of attention from academia and industry due to its po-
tential applicability for nonvolatile memory devices [1], [2].
HfO, is particularly important as a switching material mainly
because of its compatibility with standard complementary
metal-oxide—semiconductor technology. The devices often re-
quire an initial forming step, which, in case of a voltage ramp,
is associated with a sudden current increase. On the contrary,
as shown in this letter, the use of current ramped stress allows
to capture the details of the forming dynamics, which is even-
tually determined by the interplay between lateral expansion of
the filamentary path and voltage reduction, the latter being a
key parameter for the degradation rate of dielectric films [3].
Remarkably, this evolutionary behavior closely resembles the
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Fig. 1. (a) Typical V-1 characteristics measured on our Pt/HfO3 /Pt struc-

tures. Several curves are superimposed in order to show the common trend of
the forming event. (b) and (c) are two particular cases in which the current is
stopped at some prescribed values and resumed starting from a lower initial
value. The different colors (black, green, and blue) correspond to consecutive
V—I curves. The red solid lines are fittings to the experimental data using (1).

so-called progressive dielectric breakdown of ultrathin SiOq
layers in MOS structures, in which the lateral size of the leakage
path increases with time as well [4]. Since the current flow in
this latest regime has been demonstrated to be highly localized
and the Landauer theory has proven to be useful for modeling,
the conduction characteristics of our MIM devices will be
analyzed using the same concepts [5]. Here, how this theory
not only provides a consistent explanation for the voltage-
currrent (V—I) characteristics during stress but also provides
for the connection between current magnitude and size of the
filamentary path will be shown.
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Fig. 2. (a) Schematic diagram of the tubelike constriction associated with RS.

(b) Potential barrier is a consequence of the tighter confinement effect at the
constriction’s bottleneck. ® is the barrier height, and ¢ 5 is the barrier width at
the reference energy level £ = 0. u1 — p2 = eV, where p1 and po are the
quasi-Fermi levels deep inside the reservoirs.

II. SAMPLE DESCRIPTION AND FORMING PROCESS

The devices used in this letter are Pt/HfO2 /Pt structures with
an area of 5 x 107? cm?. The oxide layer (10 nm thick) was
grown by atomic layer deposition. Further details about the
structures under investigation can be found in [2].

Fig. 1(a) shows V-1 measurements performed on different
devices in a wide range of currents (nearly seven orders of
magnitude). The onset of breakdown is detected by a noisy
behavior followed by a voltage reduction trend with slope
dV/dlog(I) = —0.5 V/dec. In Fig. 1(b) and (c), the current is
stopped at some prescribed values and subsequently resumed
starting from a lower initial current value. In all the cases,
an abrupt voltage drop finally points out the completion of
the filamentary path. The negative differential resistance
region starting around 10°°—10"% A is a clear indication that
a gradual and irreversible modification of the transmission
properties of the leakage path is taking place during stress.
The large voltage fluctuations occurring during this stage may
also be regarded as the signature of atomic rearrangements in a
low-dimensionality conducting system. In terms of thin oxide
reliability, this noisy region corresponds to the so-called soft
breakdown failure mode [3].

III. ANALYSIS OF THE CONDUCTION CHARACTERISTICS

In this section, we will show that the V—I characteristics
reported in Fig. 1 can be interpreted in terms of ballistic elec-
tron transport through a mesoscopic constriction with adiabatic
shape [see Fig. 2(a)]. Of course, this oversimplified analysis
rules out any possibility of modeling the voltage fluctuations,
and only the main trend will be considered. According to the
Landauer theory, the current that flows through a filamentary
structure is dictated by the size of the constriction’s bottleneck
and the contact resistances with the two metal reservoirs [6].
Fig. 2(b) shows the energy profile along the constriction cor-
responding to the high-resistance state (HRS). This is the state
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Fig. 3. Typical electrical characteristics of our MIM structures. (a) Consecu-
tive curves showing the transition between LRS and HRS. A current compliance
of 100 pA is used. (b) Current measured at low voltages (£0.5 V) for LRS and
HRS as a function of the compliance level.

just at the outset of the voltage fluctuations in Fig. 1. For the
sake of simplicity, it is assumed that the applied bias mainly
drops at the two ends of the constriction. The potential barrier
is not material related but corresponds to the bottom of the
first quantized subband associated with the lateral confinement
of the electron wavefunction. Assuming an inverted parabolic
barrier approximation, the V—I characteristic obtained from the
finite-bias Landauer approach reads [5]

hasine(rkTa) }

4e exp(—ad) M

V= El sinh ™! {
oe
where o =tgh~tn%,/2m*/® with ® denoting the barrier
height, ¢t 5 denoting the barrier width at £ = 0, m* denoting the
electron effective mass in the constriction (m* = 0.11 m[7]),
T =300 K denoting the temperature, h denoting the Planck
constant, k£ denoting the Boltzmann constant, and m and e
denoting the electron mass and charge, respectively. Fig. 1(b)
and (c) shows fitting results using (1). Barrier heights of only a
few electronvolts and barrier widths in the nanometer range are
obtained, which is consistent with an atomic-sized constriction
picture. An approximate value for the lateral size of the con-
striction (< 1 nm) can also be found from the first eigenvalue
of a cylindrical well following the method reported in [5]. From
(1), the voltage decrease with increasing current values can be
ascribed to a reduction of @, to a reduction of ¢ 5, or both, which
can, in turn, be regarded as a consequence of the relaxation
of the confinement effect (increase of the constriction’s cross-
sectional area). Notice that, the low-resistance state (LRS) for a
monomode ballistic conductor can be achieved by considering
a — 0 in (1), which corresponds to transmission probability
equal to unity in the Landauer formula. This limit yields a linear
I-V in agreement with the LRS experimental data. This is the
state found immediately after the final voltage jump in Fig. 1.
In order to investigate the role of the electron confinement
effect on the leakage current magnitude, different current com-
pliance levels were used to limit the damage caused to the
structure during the set operation. Fig. 3(a) shows typical RS
behavior exhibited by our structures. After the initial forming
step, consecutive /-V curves show unipolar transitions be-
tween HRS and LRS. The large variations observed in HRS
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Fig. 4. (a) tp as a function of the current limitation during the set operation.

(b) ® as a function of the current limitation. All values were obtained from
fitting results using (1). (¢) HRS I-V characteristics obtained with different
current limitations. The solid lines correspond to model results, and the symbols
are experimental data.

are consistent with the voltage fluctuations shown in Fig. 1.
Fig. 3(b) shows the effects of varying the compliance level
on the current magnitude (I at 0.5 V). Notice the strong
dependence of HRS with compliance. On the contrary, LRS
is practically unaffected by this limitation. This behavior is
compatible with our vision of RS: While the HRS current
depends exponentially on ® and ¢5(1), i.e., on the particular
features of the constriction’s bottleneck, the LRS current is
almost insensitive to these parameters (it varies within the same
order of magnitude) because the limiting factors are now mainly
the contact resistances. Moreover, to directly unveil the role
played by the compliance level on the constriction’s parameters,
different sets of HRS /-V curves were analyzed using (1).
The fitting parameters ¢ and ¢y are plotted in Fig. 4(a) and
(b) and were extracted from curves similar to those shown in
Fig. 4(c). Notice that, although no clear trend is observed for ®,
tp indeed decreases as the current compliance increases, i.e.,
as the damage caused to the filamentary structure during the set
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operation increases. This seems to indicate that larger damages
or higher currents are associated with a closer location of the
atoms or vacancies that form the bottleneck of the conducting
bridge rather than to an increment of its minimum cross section.
A similar relationship for a linear chain of defects in broken
down SiO, films has been reported in [7] using Harrison’s
method for atomic orbitals.

IV. CONCLUSION

Current-driven stress experiments have revealed the nature of
the forming process in HfO layers, a behavior that closely re-
sembles the progressive dielectric breakdown of ultrathin SiOq
layers in MOS structures. As in this latter case, the transition
between the HRS and LRS is ascribed to a gradual change
of the electron wavefunction confinement potential, which, in
turn, is linked to the physical size of the filamentary path. This
change can be originated by the movement of charged species
or defects during the set sweep or by Joule heating effects in the
case of the reset process.
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