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Valence-change memory (VCM) cells are promising candidates for future nonvolatile memory devices.
A special setup of VCM devices consists of bilayer cells where two thin oxide layers are placed in between
two metal electrodes. One oxide layer serves as a tunnel barrier, whereas the second oxide layer is a highly
doped conductive semiconductor. Experiments show that an exchange of oxygen between the two layers
changes the resistance of the cell. However, the exchange process and how it influences the resistance is
not well understood yet. With a drift-diffusion model for electrons and oxygen vacancies, we investigate
the movement and exchange of oxygen vacancies and their influence on the band structure as well as
on the shape of the tunnel barrier. The simulation results show that a high oxygen-vacancy concentration
lowers the height of the tunnel barrier; thus it increases the conductivity of the bilayer cell. The effect of the
band lowering is stronger in materials with low permittivity. Hence, two different resistance states evolve
if there is an exchange of oxygen between the two oxide layers with different permittivities. Thereby, the
switching polarity depends on the relation of the permittivities of the two oxide layers. Furthermore, it is
revealed that resistance switching can be induced by the movement of vacancies only inside the conductive

oxide, without any oxygen exchange between the layers.
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I. INTRODUCTION

Memristive switching devices are currently the subject
of particular interest in semiconductor research [1,2]. The
ability to change their resistance between at least two sta-
ble resistance states by applying a bias voltage makes
them promising candidates for future memory devices [3]
and applications such as in-memory computing [4,5] or
neuromorphic computing [6].

It has been shown that the movement of oxygen ions
inside an oxide semiconductor can change the resistance
of a so-called valence-change memory (VCM) memris-
tor [7]. The oxygen ions can either move as negatively
charged oxygen interstitials or by hopping into oxygen-
vacancy defects, described as a movement of the positively
charged oxygen vacancies [8]. Thereby, the local accu-
mulation of oxygen vacancies changes the resistance of
the cell [9-11] by creating conductive paths inside the
semiconductor [2,12,13] or by deforming the shape of a
Schottky barrier [14—16] at the interface between the oxide
semiconductor and an attached electrode. In addition, it has
been shown that an exchange of oxygen between mate-
rials, e.g., between the oxide semiconductor and a metal
electrode, has a significant influence on the behavior of the
resistance change [17,18].
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One form of behavior that is of particular interest is
the switching polarity. For this, a SET process is defined,
where the device resistance changes from a high resistive
state (HRS) to a low resistive state (LRS), and a RESET
process is also defined, where the resistance changes from
a LRS to a HRS. Considering that the SET process hap-
pens for a positive voltage applied to the so-called active
electrode (AE) and the RESET happens for a negative
applied voltage, the plotted J-V curve looks like a lying
figure eight, which is why this polarity is called eight-wise
(8w) switching. If the RESET occurs for positive applied
voltages and the SET for negative ones, the polarity is
called counter-eight-wise (c8w). Different behaviors of the
oxygen ions, e.g., movement only in the oxide or an oxy-
gen exchange with other materials, can result in different
switching polarities. Thus, the polarity can indicate which
process causes the switching [7].

In this work, we focus on bilayer VCM cells consist-
ing of two oxides placed in between two metal electrodes.
One of the oxides serves as a highly resistive thin tun-
neling barrier for electrons, while the other oxide is a
highly doped conductive semiconductor. The tunneling
oxide is in contact with a high-work-function metal called
the active electrode (AE), creating a high Schottky bar-
rier. The other oxide is in contact with a low-work-function
metal; thus the contact shows an Ohmic conducting behav-
ior. This electrode is named the Ohmic electrode (OE). In
experiments, it has been observed that some of these
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bilayer VCM cells show a very gradual change of resis-
tance under an applied voltage and that the resistance
changes linearly with the device area [19,20]. This indi-
cates a symmetric process that takes place over the entire
device area. Measurements identify an exchange of oxy-
gen ions between the two oxide layers during the switching
process, which has been proposed as reason for the resis-
tance change [20-23]. An often-mentioned idea in this
context is that this variation of the local ion density bends
the band structure and deforms the tunnel barrier and thus
affects the change of the resistance [20,22,24].

Based on this idea, our approach is to investigate the
influence of the oxygen exchange between the two lay-
ers by using a drift-diffusion model for ions and electrons
[25,26]. To this end, we model the exchange of oxygen by
defining two static oxygen-vacancy distributions. If oxy-
gen ions move from one oxide to the other, they leave a
higher oxygen-vacancy concentration inside the oxide that
they have left and simultaneously decrease the oxygen-
vacancy concentration inside the oxide into which they
have moved. Depending on the exchange direction, the
oxygen-vacancy concentration inside the tunneling oxide
is higher than in the conductive oxide or vice versa. We
show that the exchange of oxygen results in different resis-
tance states, while the switching polarity depends on how
the permittivities of the materials relate to each other. Our
results show that the device is in the LRS when there is
a high oxygen-vacancy concentration inside the material
with the lower permittivity.

Additionally, we perform dynamic simulations with
mobile oxygen vacancies. We modify the mobility of the
oxygen vacancies inside the tunneling barrier from nearly
immobile to a fast mobility by changing the height of
the ion-migration barriers. For high migration barriers, the
oxygen vacancies only move inside the conductive oxide,
while for low migration barriers, they can move from the
conductive oxide into the tunneling oxide, i.e., there is
an oxygen exchange. By using two oxides with differ-
ent permittivities, we observe the same dependence of the
switching polarity on the permittivities, as in the static
simulations.

II. PHYSICAL MODEL

The simulation model consists of a metal-insulator-
semiconductor-metal structure. The insulator is a 2-nm-
thick oxide with a high band gap and low electron affinity.
The semiconductor is 5 nm thick and has a high electron
affinity and a high donor doping by oxygen vacancies. The
active electrode that is in contact with the insulator has
a high work function, building a Schottky contact, while
the other electrode has a low work function, building an
Ohmic contact. The Ohmic electrode is grounded while the
voltage is applied to the active electrode.

Since the bilayer-cell resistance scales linearly with the
device area, we assume a homogeneous oxygen-exchange
process over the entire interface area. Thus, instead of sim-
ulating a three-dimensional layer stack, we simplify our
model one-dimensional (1D) geometry from the active to
the Ohmic electrode. The oxide-electrode interfaces denote
the boundaries of our model. While the interface to the
active electrode is the origin of the coordinate system
xag = 0, the interface to the Ohmic electrode is xorp = 7
nm.

Since for bilayer devices, small current densities have
been observed [19,20], the heating by the electric current
inside the bilayer device is insignificant. Hence, we assume
a constant temperature of 293 K.

Internal and applied electric fields deform the band
structure of the semiconductors and exert forces on
charges, such as electrons and oxygen vacancies. The
electric field is

E=-Vo. (1

® is the electrostatic potential, which is derived as a
solution of the Poisson equation,

0y (€0€, 0:®) = —e(Np — n), (2)

where € is the absolute vacuum permittivity, €, is the
relative permittivity of the material, e is the elementary
charge, Np is the local donor concentration only given
by double-charged oxygen vacancies, Np = 2V, and n
is the local electron concentration. The boundary condi-
tions for the Poisson equation are the negative electrode
work functions @ (0) = — Py aE + Vapp and @ (xog) =
—®yor_or. Here, Vi is the voltage that is applied to the
active electrode.

The dynamics of the electrons are described by the drift-
diffusion equation

on 1 1
— = —0J, — R= -0, (—eu,ndy® + eD,0,n) — R,
e

at e
3)

where p, is the electron mobility, R is the recombination
rate, and D,, is the diffusion coefficient for the electrons
related to the electron mobility by the Nernst-Einstein rela-
tion, D, = w,(kgT)/e, with the Boltzmann constant kz and
the temperature 7.

For the application of the drift-diffusion equation for
such thin layers, a lot of scattering events are necessary;
thus the drift-diffusion equation can be derived from the
Boltzmann transport equation. Since the modeled semicon-
ductors are assumed to be highly doped by oxygen vacan-
cies, we consider a lot of scattering events with oxygen
vacancies as scattering centers [27]. Furthermore, the more
ionic-like structure of the modeled oxide semiconductors
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leads to a polar system with reduced electron mobility [28—
30]. Hence, the drift-diffusion equation is applicable to our
assumed oxide semiconductors with thicknesses of a few
nanometers.

The electrons have a high mobility compared to the
mobility of the oxygen ions. On time scales on which
the motion of oxygen vacancies is observable, the elec-
trons have reached an equilibrium state; thus a steady-state
condition for the electrons can be assumed: dn/dt =~ 0.
With the relation between the electric current generated by
electrons and the quasi Fermi level £,

Jn = Mnnafona (4)
Eq. (3) simplifies to
qR = 0, (,u,,naxEﬁ,) . (5)

The boundary conditions for the quasi Fermi level are the
Fermi levels of the electrodes, i.e., for the Ohmic electrode,
Ef(xop) = 0 and at the active electrode, E5;,(0) = —eVypp.

The tunnel oxide acts as a thin barrier for the elec-
trons. The tunneling current density is calculated by means
of the integral of the tunneling probability and the num-
ber of tunneling electrons over the energy levels between
the minimum Ey,;, and maximum FEp,, energies of the
conduction-band edge:

4 * Emax
Juan = % / TC(E) Ny (E)dE,  (6)
E,

min

where m* is the effective tunneling mass of the electrons
and 4 is Planck’s constant. Ny, is the supply function com-
paring the densities of electrons on both sides of the barrier
at a given energy level:

1 + exp (EFAA;T_ E) ™
) ,

L+ exp (%7

Newp(E) = kgTln

where Er s is the Fermi level of the metal electrode. The
supply function is negative if there is a higher density of
electrons inside the semiconductor and it is positive if the
density inside the metal is higher.

The transmission coefficient TC denotes the probabil-
ity that electrons will tunnel through the barrier. It is
calculated by a Wentzel-Kramer-Brillouin (WKB) approx-
imation as

—4x [
TC(E) = exp (T/ V2m* (E(x) — E) dx) . (8

In Eq. (8), x, and x;, denote points on both sides of the
barrier at which the energy level of the conduction-band
edge is the same, fulfilling the condition E(x,) = E(xp).

The dynamics of the oxygen vacancies are described by
a second drift-diffusion equation,

vy Dy.e
O =3 DoV ,+ —2V.3]), 9
ot ( VoO:Vo+ Vo ) ©)

with
DVO :DOVO' €xXp (—WA/kBT), (10)

where Doy, is a diffusion prefactor and W) is the migration
potential for the oxygen vacancies. Later, we vary W, to
change the diffusion coefficient Dy ; thus the mobility of
the oxygen vacancies increases or decreases.

The average concentration of the oxygen vacancies
inside the device is constant; thus the flux over the bound-
aries at the oxide-metal interfaces is zero. We assume that
both materials have the same density of oxygen lattice sites
per volume, so that the oxygen-vacancy concentration does
not require a correction factor for the dynamic exchange
process.

The shape of the conduction band is deformed by the
local electric field. The lower edge of the conduction band
is calculated by

E.=—x —e®, an

where yx is the electron affinity of the semiconductor.
The local electron concentration is given by a Fermi-
Dirac integral of order 1/2,

(12)

E; — E
n=NCF1/2 <%>,
B

where N, =2 (an*kBT /h2)3/ 2 is the density of states,
where /% is Planck’s constant.

In this simulation study, triangular voltage sweeps with
a voltage ramp of 1 V/s and a maximum voltage of £3 V
are used. The period time of one sweep is 12 s. To inves-
tigate the influence of the local vacancy concentration, we
perform two types of simulation, i.e., static and dynamic.
For the static simulations, we define a time-independent
oxygen-vacancy distribution and solve only Egs. (2) and
(5) numerically. For the dynamic simulations, the drift-
diffusion equation for oxygen vacancies (9) is also solved.
Joule-heating effects are neglected. For all simulations, a
constant temperature of 7 = 293K is set.

The material parameters used are listed in Table 1. The
values are arbitrary but in a range comparable with realistic
oxides.

II1. SIMULATION AND RESULTS

A. Dependence of the switching polarity on the
permittivity of the oxides

In this section, the model focuses on the exchange pro-
cess between the oxides; thus a small exchange region at
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TABLE I. The material parameters used at 7 = 293 K.
Parameter Tunnel oxide Conductive oxide
Work function 5.2 eV (AE) 4.0¢eV (OE)
(electrodes)

Electron affinity 2.4 eV 3.8eV
X

Electron 5cm?/s 5cm?/s
mobility u,

Effective mass 1m, 1m,
m*

Thickness 2 nm 5 nm

Diffusion 1 x 107 7em?/s 1 x 107 7cm?/s
coefficient
Doy

Variable parameters:

Relative 5;20; 22; 50 20

permittivity e,
Migration barrier
Wa

0.4;0.5;0.6;0.7eV 05eV

the interface is adopted. It extends from the oxide-oxide
interface 1 nm into both oxides. By means of this, the
cell is split into four parts: (1) the first 1 nm inside the
tunnel oxide, (2) the remaining 1 nm of the tunnel oxide
(an exchange region), (3) 1 nm of the conductive oxide
(an exchange region), and (4) the remaining 4 nm of the
conductive oxide. The four parts are depicted in Fig. 1(a).

We consider an exchange process only, without any ion
migration deeper into the oxides. To prevent any influ-
ence due to ion motion, we define the successful oxygen
exchange between the layers by two static oxygen-vacancy
distributions. The first state resembles the configuration
after application of a negative voltage pulse. The negative
applied voltage attracts the oxygen vacancies toward the
active electrode; hence the oxygen vacancies move from
the conductive oxide to the tunnel oxide by an exchange of
oxygen. Thus, the oxide-oxide interface region of the tun-
nel oxide is rich in oxygen vacancies while the interface
region of the conductive oxide is oxygen vacancy poor.
The second state resembles the configuration after a posi-
tive voltage is applied. The oxygen vacancies are pushed
into the conductive oxide. Thus, the conductive oxide is
rich in oxygen vacancies while the tunnel oxide is oxygen
vacancy poor.

For all four parts of the bilayer cell, a constant donor
concentration, Np; 234, can be defined. Since the vacancy
concentration only changes in the exchange region, parts
(1) and (4) have a constant donor concentration, which
is Np; = Nps = 1 x 10'® cm™3. For the two parts of the
exchange region, the donor concentration is Np =1 x
10?! cm ™ if the part is rich in oxygen vacancies and Np =
1 x 10'6 cm~ if the part is poor in oxygen vacancies. The
average donor concentration in exchange regions (2) and
(3) is higher compared to regions (1) and (4), since an

Conductive

Tunnel
(a) oxide OE

)

nm nm nm nm
(b) 102
~ 10?%°
g 1019
~
C jo18
Q
= 107
1016
1 2 3 4 5 6 7
X (nm)
w— [\, = 10% 1/cm3,Np3 = 102! 1/cm?
N, = 102! 1/cm?, Np3 = 10 1/cm?

FIG. 1. The oxygen-vacancy distribution for the static simula-
tion. (a) The bilayer composition, with a 2-nm exchange area at
the oxide-oxide interface. (b) The two defined oxygen-vacancy
distributions. The concentration in the first 1 nm of the tunnel
oxide and the last 4 nm of the conductive oxide is the same
for both states. Red denotes the state where the oxygen-vacancy
concentration inside the tunnel oxide is higher than inside the
conductive oxide (after an applied negative voltage). Blue is the
inverted state (after applying a positive voltage).

initial redox reaction during deposition between the two
oxides increases the vacancy concentration at the inter-
face [24,31]. The two defined static states are depicted in
Ref. 1(b).

Furthermore, the influence of the permittivities of the
materials on the switching behavior of the bilayer cell
is analyzed. Therefore, three cases are defined: one case
where the permittivity of the tunnel oxide is much smaller
than the permittivity of the conductive oxide, one where
the permittivities are equal, and one where the permittivity
of the tunnel oxide is larger. The relative permittivity of the
conductive oxide is the same in all three cases, €,, = 20,
while the relative permittivity of the tunnel oxide is varied
as €, =5, ¢4 =20, and ¢, = 50.

Figure 2 shows the simulation results. Figures 2(a),
2(c), and 2(e) depict the J-V curves for the three cases
of different permittivities. Figures 2(b), 2(d), and 2(f) are
the corresponding conduction-band edges. The blue lines
denote the state after applying a positive voltage and the
red lines after applying a negative voltage.

In all figures showing the conduction-band edges
[Figs. 2(b), 2(d), and 2(f)], the deformation of the bands
by the oxygen vacancies is observable. The high oxygen-
vacancy concentration bends down the conduction-band
edge. By comparison of the two exchange states (red and
blue lines), one can see that the bending is stronger if the
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FIG. 2. The dependence of the switching polarity on the rela-
tive permittivities of the oxides. The red lines denote states where
the vacancy concentration inside the tunnel oxide is higher than
in the conductive oxide; the blue lines indicate the inverted state.
€,1 is the relative permittivity of the tunnel oxide and ¢,, that of
the conductive oxide. (a) The J-V curve for the case where the
permittivity of the tunnel oxide is smaller than that of the conduc-
tive oxide. The switching polarity is c8w. (c) The case where the
permittivities are the same. No switching is observable. (e) The
J-V curve for the case where the permittivity of the tunnel oxide
is larger than that of the conductive oxide. The switching polar-
ity is 8w. (b),(d),(f) The corresponding conduction-band edges
to the J-V curves on the left with no applied voltages (Vypp = 0
V). One can see that the deformation by the vacancies is stronger
inside the oxide with lower permittivity. In (a) and (c), the simu-
lation for the high vacancy concentration inside the tunnel oxide
stops at the positive side due to numerical errors.

oxygen vacancies are inside the material with the lower
permittivity. Hence, in the case where the permittivity of
the tunnel oxide is smaller than the permittivity of the con-
ductive oxide [Figs. 2(a) and 2(b)], the tunneling barrier is
lowered more strongly if the oxygen vacancies are inside
the tunnel oxide. Due to the lower barrier, the tunneling
current is higher. Hence, this case denotes the LRS. The
SET to the LRS happens for negative applied voltages,
while the RESET happens for positive applied voltages.
This switching polarity is c8w.

Figures 2(e) and 2(f) show the opposite case, in which
the permittivity of the tunnel oxide is larger than the

permittivity of the conductive oxide. In this case, the influ-
ence of the oxygen vacancies on the band bending is
stronger if the vacancies are inside the conductive oxide
(blue line). Compared to the previously discussed case
[Figs. 2(a) and 2(b)], the deformation of the tunneling bar-
rier is small. Hence, the deformation of the barrier does
not increase the conductivity of the cell. But the higher
electron concentration near the interface inside the con-
ductive oxide increases the tunneling current due to the
band lowering due to the oxygen vacancies. The SET to the
LRS happens for positive applied voltages and the RESET
for negative applied voltages. The switching polarity is
8w and, thus, it is inverted compared to the previously
discussed case.

The case in which both oxide materials have the same
permittivities is shown in Figs. 2(c) and 2(d). If there
is a high oxygen-vacancy concentration inside the tun-
nel oxide, the barrier height is lowered, whereas the
conduction-band edge on the side of the conductive oxide
near the interface is lowered if the oxygen-vacancy con-
centration inside the conductive oxide is high. Thus, the
electron concentration near this interfaces increases. In
Fig. 2(c), it can be seen that there is a kind of RESET
for negative and positive applied voltages. Stable LRS and
HRS states cannot be defined and there is also no switching
polarity.

B. Dynamic movement of oxygen vacancies

In this section, the dynamic case, where the oxygen
vacancies are mobile under forces of electric fields and
concentration gradients, is investigated. For the simula-
tions, the same bilayer composition is used as for the static
simulations. To observe switching, the two oxide layers
have different permittivities, where the permittivity of the
tunnel oxide is, at €,; = 22, slightly higher than the permit-
tivity of the conductive oxide, €,, = 20. As in the previous
section, simulations with the same permittivities could not
be performed due to numerical instabilities.

For the dynamics of the oxygen vacancies, a diffu-
sion prefactor of Dy, = 1 x 10~"em? /s is used. The ion-
migration barrier W, is varied between 0.4 eV and 0.7
eV in the tunnel oxide, while the migration barrier in the
conductive oxide is kept constant at 0.5 eV. The results
show that this parameter space provides nearly immobile
vacancies for a migration barrier of W, = 0.7¢eV and fast
mobile vacancies for a migration barrier of Wy = 0.4eV.
As the initial configuration, a donor concentration of Np =
1 x 10'"®cm™ in the tunneling oxide and a donor concen-
tration of Np = 1 x 10*°cm™3 in the conductive oxide are
used.

Figure 3 shows the results of the dynamic simulation.
For a migration barrier inside the tunnel oxide of 0.7 eV,
the ion movement is very slow. Thus, the oxygen-vacancy
distribution does not change on the observed time scale
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FIG. 3. The switching of the device conductivity by moving

oxygen vacancies for different ion-migration barriers inside the
tunnel oxide. (a) The J-V curves for different migration barriers
inside the tunnel oxide. It shows a change of the switching polar-
ity from 8w polarity for high migration barriers to a c8w polarity
for small migration barriers. (b) The vacancy distribution after a
negative voltage is applied. For high migration barriers, the oxy-
gen vacancies accumulate at the oxide-oxide interface, while for
low barriers, the oxygen vacancies move into the tunnel oxide.
(c) The oxygen-vacancy distribution after a positive voltage is
applied. The oxygen vacancies are pushed toward the Ohmic
electrode.

of a few seconds. Inside the conductive oxide, with a
migration barrier of 0.5 eV, a movement of oxygen vacan-
cies (Figs. 3(b) and 3(c) black line) can be observed.
Negative applied voltages attract the oxygen vacancies to
the oxide-oxide interface, where they accumulate because
they cannot migrate into the tunnel oxide due to the
high migration barrier inside the tunnel oxide. The accu-
mulation of oxygen vacancies at the interface deforms
the tunnel barrier and lowers the conduction-band edge.
This leads to a decrease of the device resistance. Positive
applied voltages push the oxygen vacancies back toward
the Ohmic electrode, which minimizes their effect on the
barrier deformation and increases the resistance of the cell.
The switching polarity is c8w.

For the case of a migration barrier of 0.6 eV, we observe
a small oxygen exchange at the oxide-oxide interface. The
difference between the HRS and the LRS is smaller than for
the 0.7-eV migration barrier case but the switching polarity
is still c8w.

For low migration barriers of 0.5 eV and 0.4 eV, the
oxygen vacancies migrate from the conductive oxide into
the tunnel oxide when a negative voltage is applied. In
this case, there is an oxygen exchange and the switching
polarity changes to 8w.

The results match those of the previous static simulation.
For negative applied voltages, the oxygen vacancies move
toward the tunneling barrier and one expects a SET process
to the LRS due to the deformation of the barrier. However,
for low migration barriers inside the tunneling oxides, i.e.,
where an oxygen exchange occurs, a RESET process to
the HRS is observed. This can be explained by the differ-
ent permittivities of the materials. Since the permittivity
of the tunneling oxide of €,; = 22 is higher than that of
the conductive oxide with ¢, = 20, the oxygen vacan-
cies have a lower influence on the barrier deformation if
they exchange from the conductive oxide into the tunnel-
ing oxide. The change in polarity caused by the occurrence
or nonexistence of an oxygen exchange is clearly seen in
the J-V curves [Fig. 3(a)]. One difference compared to our
static model is that the vacancies now move deep into the
oxides and especially to the active electrode. However, this
has no influence on the expected switching polarity.

IV. CONCLUSIONS

We investigate the influence of oxygen vacancies on the
conduction-band deformation in an n-type bilayer VCM
cell. We show that a high oxygen-vacancy concentra-
tion deforms the conduction-band edge and can lower the
tunnel barrier and thereby effects a change of the cell
resistance. The strength of the deformation is stronger in
materials with low permittivity. Thus, in a bilayer cell
with materials having different permittivities, an exchange
of oxygen causes a change of the cell resistance. The
switching polarity depends on how the material permittiv-
ities relate to each other. Furthermore, we observe another
switching process where the vacancies only move inside
the conductive oxide and accumulate at the oxide-oxide
interface. We show that the polarity of the switching
depends on whether the vacancies only move inside the
conductive oxide or there is an exchange between the
layers.

Assuming that the exchange, and the related deforma-
tion of the barrier, is the only reason for the resistive
change, our results define a switching polarity for bilayer
VCM cells. There are several experiments that have been
performed on VCM cells consisting of two oxide layers.
Baeumer et al. [22] have proposed an area-type switching
by an oxygen exchange in their Pt/HfO,/TaO,/Ta stack.
They have observed a SET process if a negative voltage is
applied to the Pt electrode, which indicates a c8w switch-
ing. With a permittivity of ¢, =25 for HfO,, which is
slightly higher than for TaO, with ¢, = 22 [32], we would
predict a RESET process to occur, contrary to the observed
behavior. In the other experiment, Stecconi et al. [33] have
observed an 8w switching for their Pt/HfO,/TaO,/TiN
stacks if the voltage is applied to the Pt electrode, which
fits with our predictions. Stecconi et al. have suggested
that their device shows filamentary switching, whereas
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our model is developed for area-type devices. While fil-
amentary switching will certainly show different amount
of Joule heating due to the largely different current densi-
ties, the influence of the distribution of the mobile oxygen
ions on the band deformation is similar to that in area-
type switching cells as long as a 1D approximation holds.
Therefore, we assume that our polarity predictions are also
valid for filamentary switching of bilayer VCM cells. Fur-
thermore, the tunneling barrier in the work of Stecconi ef
al. originates at the oxide-oxide interface and not directly
at the electrode. Thus, the tunneling barrier is restricted to
the emerging thin space-charge region rather than to the
total tunneling-oxide thickness. Thus, the physics of the
deformation by oxygen vacancies of this tunneling barrier
are comparable to our model.

For the case with mobile oxygen ions in only one oxide,
Woo et al. [31] and Wang et al. [34] have both measured
the switching behavior of a TiN/HfO,/AlO, bilayer device
where the AIO, serves as the tunneling barrier. Woo et
al. use an aluminum and Wang et al. a tungsten elec-
trode on top of the AlO,. Both argue that the oxygen ion
mobility inside the HfO, is higher than in AlO,, so the oxy-
gen vacancies accumulate at the oxide-oxide interface if a
negative voltage is applied at the tungsten or aluminum
electrode, respectively. In this case, our model predicts a
reduction of the barrier height and a decrease in the device
resistance; thus the polarity will be c8w. Woo et al. observe
a c8w switching considering that the voltage is applied
to the aluminum electrode, while Wang ef al. observe an
8w switching. This suggests that although the systems are
almost the same, different processes may be taking place.
In particular, compared to our model, the movement of
oxygen ions in one oxide is not always enough to explain
the switching.

Seong et al. [21], Assanuma et al. [24], and Gutsche
et al. [19] have observed gradual switching in bilayer
devices consisting of Pr,Ca;_,MnO, (PCMO) with differ-
ent oxide materials on top, serving as tunneling barriers.
Since PCMO is a p-type semiconductor, oxygen vacancies
as donors will increase the barrier; thus the influence of
oxygen vacancies is the opposite to our n-type simulation
results, e.g., the LRS is reached if the oxygen vacancies
are inside the material with the higher permittivity. While
Gutsche and Seong have used insulating oxides with a
small relative permittivity of €, < 22 (AlO, and TaO,)
[32] and observed 8w switching, Assanuma has used TiO,,
an insulator with a high permittivity €, > 80 [32,35,36],
and observed c8w switching. Assuming that the PCMO
used has a permittivity somewhere between the permit-
tivities of AlO, and TaO, on the one hand and TiO, on
the other, our model also yields different switching polar-
ities but for each experiment individually, our predicted
polarity is the opposite of the experimentally observed
polarity. However, the thicknesses of the metal oxides
range from 4 to 10 nm, which is too thick for electrons

to tunnel directly through. For cells with these insulator
thicknesses, further current-transport equations are needed,
such as trap-assisted tunneling.

To conclude, we compare our predictions to measure-
ments on bilayer VCM cells. Based on our results, we
conclude that barrier deformation by an oxygen exchange,
as proposed in several works, cannot explain the observed
resistance change in all respects. In particular, the possible
influence of the oxide permittivities has not been con-
sidered so far. Further additional mechanisms need to be
taken into account to achieve a full understanding of the
switching mechanism.
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