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A stochastic model of the resistive switching mechanism in bipolar metal-oxide-based resistive
random access memory (RRAM) is presented. The distribution of electron occupation probabilities
obtained is in good agreement with previous work. In particular, it is shown that a low occupation
region is formed near the cathode. Our simulations of the temperature dependence of the electron
occupation probabilities near the anode and the cathode demonstrate a high robustness of the low
and high occupation regions. This result indicates that a decrease in the switching time with
increasing temperature cannot be explained only by reduced occupations of the vacancies in the low
occupation region, but is rather related to an increase in the mobility of the oxide ions. A hysteresis
cycle of a RRAM simulated with the stochastic model is in agreement with experimental results.
© 2011 American Vacuum Society. [DOI: 10.1116/1.3521503]

I. INTRODUCTION

Memory based on charge storage (such as flash memory
and others) is gradually approaching the physical limits of
scalability. The increasing demand for minimization of mi-
croelectronic devices (e.g., MP3 players and mobile phones)
has significantly accelerated the exploration of new concepts
for nonvolatile memory during the past few years. Apart
from good scalability a new type of memory must also ex-
hibit low operating voltages, low power consumption, high
operation speed, long retention time, high endurance, and
simple structure.

Several concepts as potential replacements of the charge
memory were proposed and developed. Some of the tech-
nologies are already available as prototype [such as carbon
nanotube random access memory (RAM) and copper bridge
RAM (CBRAM)], others as product [phase change RAM
(PCRAM), magnetoresistive RAM, and ferroelectric RAM],
while the technologies based on spin-torque transfer RAM,
racetrack memory, and resistive RAM (RRAM) are under
intensive research.

From these news concepts the CBRAM, PCRAM, and
RRAM possess the simplest metal-insulator-metal structure.
The electrical conductance of the insulator can be set at dif-
ferent levels by the application of an electric field. In
CBRAM, PCRAM, and RRAM different types of materials
are used. CBRAM is based on solid state electrolyte in which
mobile metal ions may create a conductive bridge between
the two electrodes under the influence of an electric field.
PCRAM employs the difference in resistivity between crys-
talline and amorphous phases of a chalcogenide compound.
RRAM is based on metal oxides, such as TiOX,S_6 Hf02,7
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CuxO,8 NiO,” Zn0," and perovskite oxides, such as doped
SrTiOs,'" doped SrZrOs,'* and Pr,_ Ca MnO;."

In addition to its simple structure RRAM is characterized
by low operating voltage (<2 V), fast switching time
(<10 ns), high density, and long retention time.

Several physical mechanisms based on either electron or
ion switching have been recently suggested in literature: a
model based on trapping of charge carriers,* electrochemi-
cal migration of oxygen vacancies,'>'® electrochemical mi-
gration of oxygen ions,''® a unified physical model,' a do-
main model,20 a filament anodization model,21 a thermal
dissolution model,22 a two-variable resistor model,23 and oth-
ers. Despite this, a proper fundamental understanding of the
RRAM switching mechanism is still missing hindering fur-
ther development of this type of memory.

In this work we present a stochastic model of the resistive
switching mechanism based on electron hopping between the
oxygen vacancies along the conductive filament in an oxide
layer.

Il. MODEL DESCRIPTION

We associate the resistive switching behavior in the
oxide-based memory with the formation and rupture of a
conductive filament (CF). The CF is formed by localized
oxygen vacancies (V) (Ref. 19) or domains of V. Forma-
tion and rupture of a CF is due to a redox reaction in the
oxide layer under a voltage bias. The conduction is due to
electron hopping between these Vi (Fig. 1).

Figure 2 shows the unit cell of the two-dimensional (2D)
model system. Columns with numbers 0 and 2N are reserved
for the electrodes (there are generators and receivers of elec-
trons in a model system). Places in odd-numbered columns
at the intersections of the solid lines are reserved for oxygen
vacancies V. An oxygen vacancy is formed, when an oxy-
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FIG. 1. (Color online) Illustration of the resistive switching mechanism in
bipolar oxide-based memory cell: (a) schematic illustration of the set pro-
cess, (b) schematic view of the conducting filament in the low resistance
state (on state), (c) schematic illustration of the reset process, and (d) sche-
matic view of the conducting filament in the high resistance state (off state).
Only the oxygen vacancies and ions, which impact the resistive switching,
are shown.

gen ion O?~ moves to a nearest empty interstitial position
located at the intersections of the dotted lines (Fig. 2). An
oxygen vacancy can be occupied by an electron hopping
from another oxygen vacancy or from an electrode. Alterna-
tively, an oxygen vacancy can be annihilated by an oxygen
ion O?~ coming from a nearest interstitial position provided
the vacancy is not occupied by an electron.

For modeling electrical conductivity in the low resistance
state (i.e., when CF is formed) by a Monte Carlo
technique,%25 the following events are allowed:

(1) an electron hop into V, from an electrode,
(2) an electron hop from V to an electrode, and
(3) an electron hop between two V.
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FiG. 2. (Color online) Schematic picture of the unit cell of the model system.
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In order to model the dependences of transport on the
applied voltage and temperature we choose the hopping rates
for electrons as*®

AE

r, =A
" Th(1 — exp(— AE/kT))

CXP(— an/a)' (1)

Here, 7 is the Planck constant, A, is a dimensionless co-
efficient, AE is the difference between the energies of an
electron positioned at sites n and m, R,,, is the hopping dis-
tance, a is the localization radius, T is the temperature, and
kg is the Boltzmann constant. When an external voltage U is
applied, the energy difference AE includes the corresponding
voltage dependent term.

U
AE = —Ax. (2)
d

Here, d is the x-dimension of system, and Ax=x,,—x, is
the difference between the x coordinate of the sites (vacan-
cies) m and n.

Rates (1) are similar to those used in a single-electron
transport theory.25 An exponential in the denominator guar-
antees an exponentially small equilibrium occupation of a
site m as compared to the occupation of a site n, if the con-
dition E,,— E, > kT is satisfied. When the opposite condition
E,—E, > kgT is fulfilled, the rate is proportional to the ex-
ternal field U/d. Therefore, rates (1) can mimic an Ohmic
(linear in external field) transport in a system of equivalent
sites having the same energy, if the temperature 7 considered
as a parameter is set to zero.

To further specify the electron dynamics, we assume an
electron hop from the site n to the site m may occur only, if
the site n was occupied and the site m was empty before the
hopping event. This is a manifestation of the fact that the
energy gap separating the vacancies with one and two elec-
trons is assumed large enough that the double occupancy of a
vacancy becomes prohibitively small.

The hopping rates between an electrode (0 or 2N) and an
oxygen vacancy m are described by19

I, =aly,, Too=al,. 3)

m(2N BF (2N)- (4)

Here, a and 3 are the coefficients of the boundary condi-
tions on the cathode and anode, respectively, N is the number
of sites, A and C stand for cathode and anode, respectively,
and i and o for hopping on the site and out from the site.
Contrary to an oxygen vacancy, an electrode is assumed to
have enough electrons so that hopping from an electrode to a
vacancy is always allowed, provided the vacancy was empty
before the event. Complimentary, an electrode has always a
place to accept a carrier, so an electron can always hop at an
electrode provided this event is allowed.

The current generated by hopping is calculated as

> Ax
=4, .
d>t

(2N)m BF(ZN

(5)
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Here, ¢, is the electron charge, t:(Efn]j’n:OI‘mnfm(l -7
is the time spent for moving an electron at a distance Ax,
f,=1(0), if the site n is occupied (empty), fo=a and fry=,
if an electron hops from an electrode, and (1-f))=a and
(I—f,5)=p, if a hop to an electrode occurs. Thus, g,Ax/d is
a charge passing through an external circuit during a single
hopping event.” The summation in Eq. (5) is over the whole
hopping events. Therefore, Eq. (5) gives the current as the
total charge passing through the external circuit during the
total time Xt divided by the total time.

lll. MODEL VERIFICATION

All calculations are carried out on one or/and two-
dimensional lattices, and the distances between two nearest
neighboring Vj, in all directions are equal. All Vj are at the
same energy level, if no voltage or temperature is applied.
Despite the fact that in the binary metal oxides oxygen va-
cancies can have three different charge states with charges 0,
+1, and +2, to simplify the model, we assume that the oxy-
gen vacancy is either empty or occupied by one electron."”
This assumption is not a limitation, however, since, due to an
energy separation between the three charge states, only two
of them will be relevant for hopping and significantly con-

tribute to transport.

A. Calculation of electron occupation probability

In order to verify the proposed model, we first evaluate
the average electron occupations of hopping sites under dif-
ferent conditions. For comparison with previous works all
calculations in this subsection are made on a one-
dimensional lattice consisting of 30 equivalent, equidistantly
positioned hopping sites V. For all simulations the localiza-
tion radius is taken to be equal to 2 in units of the lattice
constant.

At the initial moment of time we assume all sites to be

empty. Electrons can hop from the cathode or anode posi-
tioned at O and 2N, respectively, provided the rate of this
transition is nonzero. After the time interval ¢ each site in the
lattice will be either occupied by an electron or empty. In the
following instance each electron will have a probability I',,,
of hopping from the site n to the site m, provided the target
site m is empty; moreover, an electron may enter the lattice
at site m from the cathode with the probability oIy, or from
the anode with the probability By, (f this site m is
empty) and an electron at site n may leave the lattice and hop
to the cathode or the anode with the probability al’,, or
BT, an), respectively.

We have calibrated the model in a manner to reproduce
the results reported in Ref. 19 for V=0.4—1.6 V. Figure 3(a)
shows a case, where the hopping rate between the electrodes
and V, is larger than the rate between the two Vg (i.e., a,
B> 1). In this case the low occupation region is formed near
the anode (unipolar behavior).

Figure 3(b) shows a case, where the hopping rate between
the two V, is larger than the rate between the electrodes and
Vo (ie., @, B<1). In this case a low occupation region is
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FIG. 3. (Color online) Calculated distribution of electron occupation prob-
abilities under different biasing voltages. The lines are from Ref. 19. The
symbols are obtained from our stochastic model.

formed near the cathode (bipolar behavior). The last curve
for @=0.1 and B=0.1 could be reproduced only with a local-
ization radius equal to 6.

The values of the coefficients of the boundary conditions
are determined by the materials from which the electrode and
the oxide layer are made. A dependence of resistive switch-
ing on the electrode material was recently reported for ZrO,
(Ref. 27) and TiO,.®

Note that when V=0 V, the probability of occupation of

all vacancies becomes equal to 0.5 regardless of the condi-
tions applied before. According to Ref. 19 high electron oc-
cupation of an oxygen vacancy prevents the occupied va-
cancy from being annihilated by means of O?~ moving at V,,
thus preserving CF from rupture. The fact that an electron
occupation probability of any vacancy decreases rapidly
from 1 to 0.5 indicates that the probability of a CF rupture
would increase substantially after the voltage is turned off. In
the experiment, however, this is not observed. It indicates
that a concept of CF stability/rupture based only on the high/
low electron occupation of oxygen vacancies is not sufficient
to explain the CF retention, and a generalization of the model
to include the motion of ions must be considered.
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FIG. 4. (Color online) Temperature dependence of electron occupation prob-
ability near the anode (filled symbols) and the cathode (open symbols).

B. Modeling the temperature dependence

With the model calibrated in the manner to reproduce the
results from Ref. 19 as described above we simulated the
temperature dependence of the site occupations in the low
occupation region. The results shown in Figs. 4(a) and 4(b)
indicate high robustness of the low occupation region dem-
onstrating changes in less than 10%, when the temperature is
elevated from 25 to 200 °C. At the same time our finding
indicates that the measured decrease in switching time with
increasing temperature reported in Ref. 19 may stem from
the increased mobility of oxide ions rather than from the
occupations of V(, reduction in the low occupation region.

C. Modeling the reset process

Results obtained from simulations of the temperature de-
pendence of the site occupations in the low occupation re-
gion demonstrate the necessity to include the dynamics of
oxygen ions.

For modeling the resistive switching in oxide-based
memory, in addition to the possible events of moving an
electron, described above, we introduce the dynamics of
oxygen ions (0%") as follows:
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FIG. 5. (Color online) Current-voltage curves during the reset process. The
lines are measured result from Ref. 19. The symbols are obtained from our
stochastic model.

(1) formation of V5 by O?" moving to an interstitial posi-
tion, and
(2) annihilation of V, by moving 0>~ to V.

To describe the field-induced ion dynamics we have cho-
sen the ion rates similar to Eq. (1) as follows:
- A AE
"1 = exp(= AEVk,T))

(6)

Here we assume that O>~ can move from the lattice site to
the nearest interstitial provided the interstitial is empty. Al-
ternatively, O>~ can move back from the interstitial to the
nearest vacancy, provided it is not occupied by an electron. A
distance-dependent term is thus included in the dimension-
less coefficient A;. When the external voltage is applied, the
difference in energy of an ion after and before hopping is
computed as

U
AE=—x-E,. (7)
d

E. is a threshold energy for the mth vacancy V/annihilation
energy of the mth vacancy Vg, when O? is moving to an
interstitial or back to V, respectively. The values of these
energies depend on the insulating material.

In order to verify the model, we simulated the reset I-V
characteristics for a single-CF device."

For modeling a single-CF system we use a one-
dimensional lattice consisting of 30 equivalent, equidistantly
positioned hopping sites V. To provide a possibility of va-
cancies to annihilate, we placed an oxygen ion near each V.
For simulations the ratio A;/A, is equal to 1073

In the first moment of time all V; are formed and assumed
to be unoccupied by electrons. Electrons can enter/leave the
system and hop from/to an electrode, respectively, or hop
between two V according to the rules described above (1-
4). Each O* has a probability I'/ of annihilation with the
nearest Vg if this V5 is not occupied by an electron. Figure 5
shows the simulation results of the reset process, which are
in good agreement with the measurements from Ref. 19.
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FIiG. 6. (Color online) I-V characteristics showing the hysteresis cycle ob-
tained from the stochastic model for different reset times (a=0.1 and B
=0.1). The inset (top) shows the hysteresis cycle for M-ZnO-M from Ref.
10. The inset (bottom) shows a schematic illustration of voltage V applied.

IV. RESULTS: MODELING OF THE HYSTERESIS
CYCLE

In real systems formation of several CFs is possible. To
allow this formation we now use a two-dimensional system
with N=30 and M =10 shown in Fig. 2. We have investigated
the I-V hysteresis by applying a sawtoothlike voltage V. The
coefficients of the boundary conditions are constant and
taken to be equal to 0.1.

The RRAM switching hysteresis cycle is shown in Fig. 6.
The simulated cycle is in agreement with the experimental
cycle from Ref. 10 shown in the inset (top) of Fig. 6. The
interpretation of the RRAM hysteresis cycle obtained from
the stochastic model is as follows. If a positive voltage is
applied, the formation of a CF begins, when the voltage
reaches a critical value sufficient to create V, by moving O~
to an interstitial position. The formation of the CF leads to a
sharp increase in the current (Fig. 6, segment 1) signifying a
transition to a state with low resistance. When a reverse
negative voltage is then applied, the current increases lin-
early, until the applied voltage reaches the value at which an
annihilation of Vj is triggered by means of moving 0% to
Vo. The CF is ruptured and the current decreases (Fig. 6,
segment 3). This is the transition to a state with high resis-
tance.

The increase in dimension of the system makes it possible
to move from a model system to a more realistic structure. In
order to highlight the dependence of the reset process on
time the voltage is applied, we use the same voltage ampli-
tude V but different time intervals. A schematic illustration of
voltages V applied is shown in the inset (bottom) of Fig. 6.
The results displayed in Fig. 6 clearly indicate that the proper
CF rapture during the reset process is achieved, when the
product “voltage-time” is maximal.

V. CONCLUSION

In this work we have presented a stochastic model of the
bipolar resistive switching mechanism. The distribution of
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the electron occupation probabilities calculated with the
model is in good agreement with previous work. The simu-
lated RRAM switching hysteresis cycle is in agreement with
the experimental result. We have shown that the process of
rupture of the CF is determined by the dynamics of oxygen
ions and not only by the formation of the low occupation
region. The proposed stochastic model can be used for per-
formance optimization of RRAM devices.
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