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Experimental results ér the resistive switching effect occurring in
PYHfO,/Pt devices are andyzed within the framework of the two-
termina Landauer theory for mesoscopic conducting systems. It is
shown that the magnitude of the current and the voltage dependence
of the switching conductioncharacteristic are mainly dictated by the
size of the filamentary path generated after electroforming. The
temperature dependence of the high resistance conduction
characteristics is also modeled in a consistent manner with the
proposed picture.

I ntroduction

In the last decade, the interest in the resistive switching (RS) phenomenon in thin and
thick dielectric films has impressively increased because of its implication for the
nonvolatile memories industry (1,2). The so-called Resistive Random Access Memory, or
succinctly RRAM, relies fundamentally on the reversible change of the resistance of a
filamentary path generated across the oxide layer in a metal-insulator-meta (MIM)
structure. The switching is often controlled by pulsed or ramped voltages. Remarkably,
because of the extremely localized nature of the electron transport mechanism associated
with RS, the active device areain a RRAM is very smdl, with lateral dimensions of only a
few nanometers. This feature in combination with the possibility of interconnecting
RRAM s using crossbar architectures (2) make these devices exceptionally relevant in terms
of downscaling and potentially unbeatable in terms of fabrication costs.

The phenomenon has been reported for awide variety of MIM structures with more or
less similar characteristics and several studies have related RS to the rupture and recovery
of conducting paths caused by the drift of atoms or vacancies and by Joule heating effects,
respectively (1-4). In this regard, even though the origin of the switching behavior has
received extensive consideration, the electron transport mechanisims corresponding to the
high and low conduction states have not been investigated with such a great detail. Well-
known transport models such as Poole-Frenkel, space charge limited conduction, or
tunneling have been proposed to explain the conduction characteristics after electroforming
but the fitting results are far from being conclusive Alternatively, a number of models
based on equivalent eectrical circuits (5 are also available but in these cases the
connection with the RS physics at microscopic level has not been completely devel oped.



In this work, we focus the attention on the current-voltage (I-V) characteristics
associated with the low (LRS) and high (HRS) resistance states and in particular on the
temperature dependence of HRS. These characteristics are analyzed within the framework
of the two-terminal Landauer theory for mesoscopic systems (6,7). The central idea on
which this theory is based isthat the electrons flowing through a nanoscale constrictionare
subjected to lateral quantization effects. This constraint determines the transmission
properties of the structure Accordingly, the magnitude and functional dependenceof the I-
V characteristic is dictated by the loca configuration of the conductive centers that form
the filamentary path. In this context, a narrow or a wide constriction is related to HRS or
LRS, respectively, in complete anadogy with the soft and hard breakdown cond uction
modes in ultrathin oxides in MOS devices (8,9).

Sample Details and Resistive Switching Phenomenology

The devices used in thiswork are MIM structures with an area of 5x10° cn? and with a
10 nm-thick HfO» layer sandwiched in between Pt electrodes. The devices were fabricated
a LETI in Grenoble, France (10). The characterization was carried out with a
semiconductor parameter analyzer Keithley 4200 and using voltage sweep measurements
(1-V) with current limitation (compliance).
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Figure 1. Typical electrical characteristics d MIM structures. Consecutives 1-V curves
showing transition between low resistive state (LRS) and high resistive state (HRS). A

Forming/SET current compliance of 100mA is used at 300K.

Typically, an initial current-limited breakdown step is needed to generate the
filamentary path. The forming process is characterized by a gradual increase of the current
in low voltage range (likely tunneling), followed by a fast current runaway and a
simultaneous voltage drop. In our case the forming voltage is around 4V. After thisforming
operation, the RS phenomenon is characterized by reversible transitiors from HRS to LRS
and viceversa following the application of a voltage ranp. The structure switches from



HRS to LRS after reaching a threshold voltage with current limitation (SET). The opposite
transition from LRS to HRS (RESET) takes place at higher currents and lower voltages
than the SET voltage. Figure 1 shows a typica RS behavior for consecutive FV curves
performed on the same device and with positive bias. The PYHfO,/Pt devices used in this
study exhibit a switching behavior that does not depend on the polarity of the applied bias
(unipolar switch).

M odel for the Filamentary Conduction

The RS |-V characteristics shown in Fig.1 are modeled with the Landauer theory for
mesoscopic conductors. The basic idea is that the electron transport is controlled by the
local arrangement of the conducting centers that form the filamentary path. These centers
are assumed to form a continuous confinement potential.
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Figure 2. (a) Schematic diagram of the tube-like constriction associated with RS. (b) The
barrier is a consequence of the tighter confinement effect. F isthe barrier height and tg the
barrier width at the reference energy level (E=0).

Figure 2 shows a schematic diagram of the energy profile across the structure in the HRS
case. The potential drops at the two ends of the conducting bridge arise as a consequence of
the mismatch in the number of conducting modes at both sides of each connection and are
associated with the contact resistance effect (6). The barrier is located at the constriction’s
bottleneck, which is supposed to be somewhere along the filamentary path. m and m are
the quask-Fermi levels deep inside the reservoirs so that m-m=eV is the potential drop
across the constriction, while my and ng are the quasi-Fermi levels inside the constriction.
my-ng»e(1-D)V is the potential drop across the tunneling barrier associated with the first
guantized subband. D is the transmission probability. In the case of HRS, it could be
assumed that the electrons trying to penetrate the barrier have energies E<<F . According to
the Landauer approach, the current that flows through a tube-like structure with a parabolic
potential at its narrowest point (see Fig.2) reads (6,7):
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where F is the barrier height associated with the first quantized energy subband in the
transversal direction, tg its thickness at the reference energy level (E=0), T the absolute
temperature, m* the electron effective mass, e the electron charge, h the Planck’s constant,
and k the Boltzmann's constant. Notice that for T=0° K, this is the same equation used to
model the soft breakdown |-V characteristic in ultrathin SIO» films in MOS structures (7).

On the other hand, for LRS, the constriction is wider and the electrons are assumed to
have energies well above the top of the tunnelling barrier, so that D=1 for al the available
transverse modes (N). In this case expression [l] can be simplified assuming a thinned
potential barrier tg® 0. Therefore, from [2] a ® 0, so that expression [1] reads:
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with Go=2€?/h the quantum conductance unit. The linear relationship with the applied
voltage B] expresses that the filamentary path behaves as a ballistic conductor with N
identical electron transport channels. However, it is worth pointing out that the hypothesis
of N equal to a constant may be a bad approximation, since this number strongly depends
on the specific form of the confining potential at the constriction’s bottleneck. Moreover,
notice that [3] is also independert of the temperature. Again this relies on the condition that
the size of the constriction remains unaltered by increasing the temperature (N=constant).
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Figure 3. Typical RS |-V characteristics for the MIM structures investigated. Consecutives
I-V curves showing transition between low resistive state (LRS) and high resistive state
(HRS). A forming SET current compliance of 100mA was used. The dashed lines
correspond to fitting curves using expression (1) with a=2 eV, and F ranging from 3.6 to
5.1 eV for the HRS, and N=70 in expression (3).



So far, we have shown that proposed approach accounts for the transition from HRS
(exponential) to LRS (linear) in Fig.1 by varying the parameter a in eg.[1]. Thisresult is a
consequence of the vanishing (thinning) of the potential barrier as tg or a tends to zero.
Figure 3 shows some fitting results to typica LRS and HRS I-V curves using egs. [1] and
[3]. The agreement is very good, especialy for the HRS case @=2 eV'! and F values
ranging from 3.6 to 5.1 eV). From eq.[2], these parameter values correspond to barrier
thicknesses in the range from 1.4 nmto 1.7 nm for an effective mass m =0.11m (11), with
m the free electron mass. The spread of the experimental curves is typical of a current-
limited dielectric breakdown phenomenon such as soft breakdown. In the case of the LRS
I-V curves, large values of N (~70) had to be considered in order to achieve acceptable
fitting results As mentioned, this puts a serious warning on the assumption of a constant
density of transverse energy levels as considered in eq.[3].

Temperature Dependence of Resistive Switching

In this Section, we focus the attention on the temperature dependence of the RS
mechanism. Figure 4(a) shows some typical |-V characteristics with transitions from LRS
to HRS measured on different devices and with temperatures ranging from 77 K to 300 K.
Notice that the HRS and LRS curves exhibit smilar slopes (~1) at very low voltages, which
is consistent with the proposed model. Figure 4(b) illustrates the details of such agreement.
For clarity only two HRS |-V curves are shown (300 K and 90 K). The parameters for the
model curvesarea=2 eV}, F =1.35eV for 300K and a=2.8 eV}, F =4.2 eV for 90K.
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Figure 4. (a): Consecutives |-V curves showing transition between low resistive state (LRS)
and high resistive state (HRS) for different samples at different temperatures. A
Forming/SET current compliance of 100mA was used. Green, black, blue and red
correspond to 300, 150, 130 and 90 K respectively.

(b) Current voltage characteristics for the high resistive state (HRS) at different
temperatures. Green and red curves correspond to 300, and 90 K respectively. The dashed
lines correspond D fitting curves of expression [1] using a=2 eV, and F g =1.35¢V for
300K anda=2.8¢€V, and F g =4.2 eV for 90K.



Figure 5 shows the model parameters for the theoretical HRS curves (tz and F in
eg.(2)) as a function of temperature. The thickness of the barrier tg is calculated from the
fitting parameters @ and F) using eq.[2]. It is clear that the parameters do not vary
systematically for the entire range of T giving indication that the I-V curves for the HRS
maintain the same characteristics for different temperatures as reported in Fig. 4(a). Asa
general observation, it is not possible to establish clear temperature dependence for the
localized current in our samples. However, it is worth pointing out that te parameters
shown in Fig.5 are within a physicaly reasonable range for what is expected for a
nanoscale filamentary conducting path.
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Figure 5. Parameters of the theoretical curvesfor HRS, tg and F of eq.[2], as function of
temperature ranging from 77K to 300K.

Summary

Experimental results for the resistive switching mechanism in Pt/HfO,/Pt structures were
analyzed using the Landauer formula for electron transport in mesoscopic devices. The
difference between the high and low resistance states was ascribed to the size of the
constriction that bridges the two electrodes. It was shown that the limiting forms of the
genera transport model leads to current equations compatible with the observed conduction
modes in awide range of temperature (77K -300K).
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