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Abstract—Understanding the origins of switching effect is of
great importance, since it can enlighten our perspectives and
offers guidance for novel device design. In contrast with the
common electronic devices which rely their operation only at
electron transport properties, resistive switching effect exhibits a
strong dependence from the local distribution of ions. Here, we
present a quantitative analysis, both at DC and AC domains,
which can account for the analog properties of our trilayer-based
devices. Our approach can capture the gradual SET/RESET
responses, which stem from the balance between drift and
diffusion effect, and highlight the crucial role of temperature,
electric field and oxygen vacancy density on the switching
pattern.

L INTRODUCTION

Resistive random access memory (RRAM) devices have
opened a vast number of applications, ranging from non-
volatile memories to logic circuits and neuromorphic systems
[1-3]. Although, in many aspects their progress has surpassed
their understanding, conducting filament (CF) theory seems to
gain universal acceptance, based on concrete experimental [4]
and theoretical proofs [5]. The main advantage of RRAM
structures is that their conductivity is not exclusively
dependent form the electron transport, but also is a strong
function of the local oxygen vacancy (V,) concentration.

Thus, by employing defect engineering concepts,
opportunities arise in order to confine the CF
formation/annihilation into specific regions, reducing

therefore the inherit degree of variability and the power
consumption values of the memory cell as well as influence
the switching pattern. In light of the above, bilayer [6] and
trilayer [7] based structures, appears as a promising
architecture since the switching phenomenon will take place
on one of various layers, while the other layers will serve the
role of a defect reservoir, sustaining thus the switching effect
under electrical stressing operating conditions. On the other
hand, these layers due to their highly defective nature will add
a series resistance on the device electrical performance,
diminishing hence current overshooting issues and decreasing
the operation power. So, it is urgent to provide comprehensive
models of the switching effect, which will account for the role
of temperature, electric field and V,, density gradients.
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In this work we present a physical model of TiO,/HfO,_,
/TiOy trilayer memristor [8], which can interpret the gradual
switching pattern at low operating current (~nA), both at DC
and pulse operation conditions. Based on CF perception,
regions with high density of V, (TiOy) can switch the device
from a high resistance state (HRS) to a low resistance state
(LRS), while the presence of the HfO,, layer can tune the
diffusion barrier for oxygen vacancy migration, thus directly
influencing the drift and diffusion fluxes.

II. EXPERIMENTAL

The RRAM devices were fabricated on Si/SiO, substrates.
Initially, 40 nm Au was deposited by e-gun evaporation. Then
TiO, film growth took place by RF magnetron sputtering,
from Ti target with 10/1.5 gas mixture of Ar/O,.
Consequently, HfO,_, was deposited by the same method, but
from HfO,, target and with higher oxygen ratio (10/5) and
then TiO; was again deposited. All depositions were
performed at room temperature, and each metal oxide layer
has 25 nm thickness. Finally, Ti (4 nm) and TiN (40 nm) were
used as top electrodes (TE), and patterned to form Metal-
Insulator-Metal (MIM) capacitors, using lift-off lithography.
The size of each square TE was 100x100 pm’. Electrical
characterization was performed with Keithley 4200 SCS.

III. RESULTS AND DISCUSSION

The simulation starts after the CF has already been
formed, whereas the simulated geometry is presented at Fig.
2(a). The driving force for the resistance switching is the field
and temperature induced migration of oxygen ions and the
subsequent redistribution of V,. Therefore, the total
memristive behavior can be predicted by the ion transport,
carrier continuity and Joule heating partial differential

equations, which were solved self-consistently with a
numerical solver (COMSOL) [9,10]:
d
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where np is the concentration of oxygen vacancies,

D =%-a2 Vv, -exp(— E, ) is the diffusivity, a is the
B

effective hopping distance (0.1 nm), V, is the attempt-to-
escape frequency (1013 Hz), kg is the Boltzmann constant, T is

the temperature, i/ is the electric potential, Ea is the diffusion

barrier for ion migration E, = Eamigmﬁo" (1 eV for HfO,,

E . Ea
and 1.5 eV for TiOy), v =a v, -exp(——=)-sinh( 0 )

k,T 2k, T
is the drift velocity of oxygen vacancies, E is the electric field
and Q is the ionic charge (29),
G =n; exp(—(E, —qaE)/ k,T) is the generation rate of
V, (used only at SET process - Ey= 1 eV) and
R=n;exp(—E, /k,T)is the recombination of oxygen
ions with V, (used only for RESET process - E=1 eV). In
order to solve the set of equations self-consistently, inputs for
electrical conductivity (o) and thermal conductivity (k) are
needed. Since CF is presumed to consist of oxygen vacancies,
which act as local donors, it is reasonable to assume that the
electrical conductivity will depend from the density of defects,
by a thermally activated Arrhenius equation

EAC

0 =0, exp(— ) where O is a pre-exponential factor

B

and E, . is the activation energy. As it is depicted in Fig. 1(b),

O, linearly increases from 0.5 to 800 Sem™ with an increase

of np, which corresponds to a value for electrical resistivity of
1 mQcm for the highest np. In addition, Fig. 1(c) shows the
values for conduction activation energy, as these were
extracted from Fig. 1(a), used in the simulations. The
activation energy is 0.02 eV for high np and linearly increases
to 0.07 eV with a decrease in np, indicating the
semiconducting nature of a broken CF [11]. Furthermore, a
linear dependence of ky, from the np was chosen, following the
Wiedemann-Franz law. Thus for the minimum value of defect
density (np = 0), a value of k=3 Wm'K! was selected, which
approximately corresponds to the thermal conductivity of both
TiO,, and HfO,, insulating states for T = 300 K.
Consequently, for the maximum value of np, a thermal
conductivity which corresponds to that of metallic CF, i.e.
thermal conductivity of both titanium and hafnium ky, = 22.5
Wm 'K, was introduced. Although the linear approximations
of o,, Eac and ky, from np appear to have weak physical
background, the calculated results display good consistency
with the experimental data.

The axisymmetric reduces one dimension from the
problem, and the calculations are performed in 2D equivalent
plane with radial coordinate r and vertical coordinate z. Both
active oxide and electrodes are considered during the

simulations (0, = 4.5%x10" Sem™, k, =318 Wm 'K,
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o, =2.4%x10°Scem™, k;, =21.9

Oy =1x10°Sem™ |k, =28.8 Wm ™' K™).
The corresponding boundary conditions used are the
following: v = 0 and y =V, for the BE and TE electrodes,
respectively, while a boundary condition of T = 300 K was
applied for the outermost surface of the electrodes, due to their
larger area with respect to the CF. For the CF a uniform initial

Wm 'K,

density of n, = 1x10*cm™ was defined in conjunction
. . 9

with the following boundary conditions, a—nD (x=0,/)=0
X

andn,(x=L,t)=0, where L the length of the filament.

Taken into consideration the atomic density of oxygen atoms
in rutile TiO,, and HfO,,, the maximum doping density
chosen (1 x 10* cm'3) corresponds to a relative atomic
concentration of 11.1%, or one oxygen vacancy in about 10
oxygen atoms, which could interpret the transition from
insulating to metallic conduction. The CF size was set to a
diameter of 4 nm, in line with direct evaluations using
conducting atomic force microscopy [12].
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Fig. 1. (a) Measured activation energies for both HRS and LRS, (b) assumed
electrical conductivity pre-exponential factor o, thermal conductivity ky, and
(c) activation energy Exc as a function of local doping density np.

Fig. 2(b) shows the measured and calculated I-V
characteristics during SET/RESET transitions, respectively.
The simulation profiles can capture the gradual character of
the switching effect, while the physical picture can be viewed
as the filling/depleting of a broken region within the CF and
near the top electrode (TE), with V,. The origins of the
gradual responses can be found to the different dependence
from the local electric field and temperature of the drift
velocity and diffusivity (Fig. 3).
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Fig. 2. (a) Simulated cell, (b) measured and calculated DC I-V characteristics.

The RESET transition begins at about -2 V and the current
gradually decreases, achieving a difference of about one order
of magnitude after Vrgsgr = -5 V. The physical origin for this
effect is the creation of a small tunneling gap (~1-2 nm — Fig.
4(a)) near the TE, which causes the decrease in the current
values and enhanced locally the temperature and electric
potential (Fig. 4(b), (c)). In contrast, during SET transition the
continuum of the CF is restored (Fig. 4(d)) due to the
generation of oxygen vacancies (Fig. 4(f)), causing the drop of
the local temperature (Fig. 4(e)).
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Fig. 3. Diffusivity and drift velocity as a function of vertical distance z.
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Fig. 4. Calculated maps of (a) V, density, (b) temperature and (c) electric
potential during RESET process (-2 V DC bias) and (d) V, density, (e)
temperature and (f) generation rate of V, during SET process (5 V DC bias).

The model can also capture the analog properties of our
devices, which should be regarded as promising result towards
neuromorphic applications [13, 14]. In order to investigate
whether the trilayer cells can be used as synaptic devices, we
have measured the conductance change after the application of
a train of 15 SET pulses, with amplitude 10 V and 10 ms
width and repletion interval. As it can be seen form Fig. 5, the
device potentiates (increases in conductance) after each pulse
is applied, while depresses (decrease in conductance) when a
train of 15 RESET pulses is applied on the same memory cell,
with the same characteristics and negative amplitude. These
results are similar to the short term synaptic plasticity effect
which has been observed in biological synapses. The origins
for these analog effects seem to be closely related with the
processes of CF formation/annihilation. If we consider that
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oxygen vacancies act as mediators for the electronic
conduction, through trap/detrap processes of electrons, the
interplay between the two driving fluxes (drift and diffusion)
dictates the switching pattern. Initially, during the SET
process when the refilling of the gap begins, the high local
electric field boosts the drift velocity, resulting in strong
vertical V, flux, as it is depicted in the calculated maps of np
in Fig. 6 (states A-F). However, the small values of diffusivity
result in negligible diffusion along the same direction with
drift velocity, impeding the steep transition of the current (Fig.
7). The relatively high diffusion barrier of the dielectric stack
is considered as the origin for these gradual transitions. Once
the CF tip reaches the TE, the electric field and the local
temperature are reduced and CF starts to increase in diameter,
since now diffusion effect dominates. An even more gradual
transition is observed for the RESET process, since the high
temperatures affect both drift velocity and diffusivity (Fig. 8),
but now the two fluxes have opposite direction (Fig. 6-states
H-L). So, although the drift velocity is 10 times greater than
in the SET transition, the gradual character of the switching
effect is preserved. Consequently, it is apparent the interaction
between the drift and diffusion effect can effectively tune the
smooth switching pattern, which is clearly more apparent in
pulse train mode.
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Fig. 5. Measured and calculated conductance changes under the application of

a train of pulses £10 V pulses with 10 ms width.

RESET
Fig. 6. Calculated 2D maps of np at different points during pulse training
(states A-F correspond to SET pulses and states G-L to RESET pulses).
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Fig. 7. Calculated 1D line profiles of T and drift velocity (v) and diffusivity
(D) for states A-F.
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Fig. 8. Fig. 7. Calculated 1D line profiles of T and drift velocity (v) and
diffusivity (D) for states G-L.

IV. CONCLUSIONS

In summary, a quantitatively approach was presented in
order to interpret the switching effect in trilayer RRAM, by
calculating self-consistently the distributions of local electric
field, temperature and oxygen vacancy concentration. The
model indicates that CF is formed/destroyed within the
switching layer and closer to the TE, dominated by field and
thermal effects. The strong competition between drift velocity
and diffusivity, dictates the analog switching pattern, which
was recorded in our devices and can be effectively tuned by
choosing materials with differences in physical properties (i.e.
diffusion barrier, hopping distance).
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