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Modeling for bipolar resistive memory switching in transition-metal oxides
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A model which describes the bipolar resistive switching in transition-metal oxides is presented. To simulate
the effect of switching, we modeled results of doping by oxygen vacancies along with variable Schottky barrier
and resistor. The model simultaneously predicts three key features of experimental measurements: the rectify-
ing behavior in high resistance states, abrupt switching, and the existence of bistable resistance states. Our
model is based on modulation of Schottky barrier formed by variable resistance oxide layer at the metal-oxide
interface. Experimental measurements of the Pt/Ta,05/TaO,/Pt structure matched very well with our non-

volatile resistive switching model.
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I. INTRODUCTION

As a successor to charge-based memories such as flash
memories, resistance-based memories have been the focus of
attention. Contrary to charge storage, resistance-based
memories rely on voltage induced mechanisms such as
nanofilament formation,! phase change,> ionic bridge
formation,® Schottky barrier or domain modulation,*> and
metal-insulator transition.® Each of these mechanisms has
been shown to scale down well to sizes beyond the flash
scaling limitation making resistance-based memories a
promising candidate for future nonvolatile memory applica-
tions. There still exist limitations mostly related to high
current-density issues or reliability in implementing next-
generation memories into product lines.”

Resistance random access memory (ReRAM) refers to
usually oxide-based materials which show reversible resis-
tance changes through either filament formation such as NiO
(Refs. 1 and 8) or Schottky barrier modulation such as in the
case of perovskite materials*~!! and TaO,.'?> Depending on
materials, device structures and operational conditions, thin
oxide semiconductor layer at the electrode interface can act
as a tunneling layer or Schottky barrier.'> While lots of ex-
perimental results for Schottky barrier involved bipolar
ReRAM switching have long been given, a clear explanation
of the switching process has never been proven. The lack of
a successful model in predicting ReRAM switching has led
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to trial and error as the experimental method of improving
ReRAM performance.

In this work, we report a physical model to explain bipo-
lar oxide ReRAM switching based on the interface Schottky
barrier modulation caused by thin oxide-layer doping-level
variation. The oxide semiconductor layer resistance is could
be changed by electric field driven oxygen-vacancy
doping'#~!7 resulting in Schottky barrier modulation at the
same time.

II. THEORETICAL MODEL

We show that this can excellently explain ReRAM
memory switching behavior both qualitatively and quantita-
tively. Furthermore the three key aspects of experimental
measurements are described with our model: the rectifying
behavior,'® abrupt switching, and bistable resistance states.

Figure 1 demonstrates the overall physical system used to
model the system. In Fig. 1(a), the Pt/ Ta,05/TaO,/Pt struc-
ture is shown with positively charged oxygen vacancies in
the nonstoichiometric TaO, layer. Previous reports'? have re-
ported a correlation between oxygen vacancies and resistive
switching and therefore they are represented. Meanwhile Fig.
1(b) shows a conducting path of the low resistance state
(LRS) which forms within the Ta,Os layer after forming.
The forming process'® involves applying a negative bias on
the top electrode of 2-3 V for 4-nm-thick Ta,O5 and 20 nm
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FIG. 1. (Color online) Conceptual schematic of bipolar resistance switching. (a) Overall schematic. (b) On-state assumption, W=L doped
region in ohmic state. (c) Off-state assumption, no doped layer W=0 with Schottky barrier in the top interface.
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TaO, base layers. Forming is believed to create the conduct-
ing path required for switching!!?> while subsequent switch-
ing is focused in more local regions of conducting path in
Ta,O5 layer rather than involving the entire Ta,0s5/TaO,
layer.'? Further evidence of this model is given by our ex-
perimental measurements. Oxygen-vacancy transport in con-
ducting path is determined by following equation of
motion:'*

(o)

20 = SO L~ w()], (1)

Here, w(z), my, Roy, and i(f) are oxygen-vacancy-doped
region length, oxygen-vacancy mobility, resistance, current
of fully doped state (w=L), respectively. Meanwhile L is
defined as active oxide thickness as shown in Figs. 1(b) and
1(c). Externally applied voltage V(r) can be expressed in
terms of model variables as follows:

V() = {RON$ + ROFF|:1 - ?} + Ro}i(l) = R(@)i(1),
()

where R,pp is resistance for fully undoped state (w=0)
and R is TaO, base layer resistance. Combining Egs. (1) and
(2), we can obtain first-order differential equation of w(¢) in
terms of applied voltage V() as

dw(t) pyRonw (t)[L — w(t)]V(t)
dt LYRoyw(t)/L+ Rope[1 —w(t)/L]+Ro}

3)

After forming, the voltage-current response of TaO,
memory device shows ohmic behavior® therefore we can
safely assume that on state which means the entire conduct-
ing path region is doped with oxygen vacancies, has ohmic
contact with electrodes.

A reset operation to return the device to the high resis-
tance state (HRS) is shown in Fig. 1(c). The interface of the
conducting path will return to the insulating state by
oxidation! and form a Schottky contact of which barrier
height is determined by the difference between Pt work
function' and the effective electron affinity of TaO, thin
film.?" Bistable switching occurs as the conducting path is
oxidized or reduced at the metal electrode-oxide layer
interface.'

Then the system can be described by electric conduction
through Schottky barrier which is serially connected with
variable resistance R(7),2!

L - —
1) = IO[GXP{ 77,{T[V(t) I(t)R(t)]} 1} for V>0

Iy for V<O,
(4)

Iy=AA"T? exp(- g p/kT), (5)

where A is electrode area, A* is the Richardson constant,
T is temperature which we took in all cases to be 300 K, ¢
is the effective Schottky barrier height, V is the applied bias,
q is the electron charge, and k is the Boltzmann constant. The
ideality factor eta (7) is given by?!
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where 6 is the metal-semiconductor interfacial layer
thickness, ¢; is the dielectric constant of the insulator, & is
the dielectric constant of the semiconductor, Wp, is the deple-
tion layer thickness, D;, and D,,, are the interfacial trap
densities in the semiconductor and insulator, respectively.
Taking into account that the trap sites are originated from
oxygen vacancies,’>?* and assuming that interfacial trap den-
sities are same for both sides at off state,

n=1l+—=

Dy, 2 at off state
= ™)
D

im >1 at on state.

As oxygen vacancies are doped in conduction path, the
trap density in oxide semiconductor is also increased. We
take the on-state trap density as 50 times larger than that of
off state. As we can see from the simulation results match
closely to experimental ones when the 7 factor in Eq. (7) is
about 50 times higher in the on state. Moreover the on/off
ratio could be changed by adjusting the ideality factor, and in
the on state, the symmetric /-V behavior changes to an asym-
metric one. When all the conduction path is doped with oxy-
gen vacancies, i.e., w(f)=L, Eq. (2) approaches ohm’s law.

Effective Schottky barrier height ¢y for arbitrary voltage
is expressed with electric field induced barrier lowering ef-
fect,

ép=dpo— Adpp, (8)
barrier lowering term A ¢y is described by
qEﬂl
Adp=n, )
e

where E,, is maximum electric field between electrode
and oxide layer which can be expressed as

By =Tt (0], (10)

where ny, n,;, and W, are base layer charge density, doped
region charge density, and base-layer depletion width, re-
spectively. Because doped region charge density is much
larger than that of base layer, we can assume that
nW, <naw(t) for w(r) #0.

Considering oxide barrier height is proportional to square
root of oxide thickness and assuming barrier height is van-
ished when w(f)=L, we can approximate ¢y, as

M) (1)

bpo = ¢Bo(1 - 17

Here, the most important thing for the equation is that the
¢po is varied for a w(r) and near fully undoped state
[w(t) ~ 0], barrier height can be written in terms of detailed
expression of W, by

_ q3ns¢80)]/4< 14 )
¢B~¢Bo—( S 1_44’30 : (12)

From Eq. (4), negative voltage current for off state is
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FIG. 2. (Color online) (a) Circuit Model with variable Schottky
barrier, variable resistor, and base-layer resistance. (b) Sin wave

voltage signal and response of doped region. (c) Results of bipolar
resistance switching simulation.
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Figure 2(a) shows the equivalent circuit used in our model
along with the structure of the cell that corresponds to each
element. The voltage signal used in our model was a simple
sinusoidal wave with amplitude 2 V and period 0.01 s as
shown by closed black squares in Fig. 2(b). The open red
circles show w(¢) variation following the voltage signal.

Using the voltage signal and 7 parameters in Eq. (4), we
can reproduce the current-voltage behavior as shown in Fig.
2(c). The prefactor of A*T? (unit: A m™2) was estimated to be
1 X 10" at 300 K, ¢ is set to 0.6 eV, and the electrode area
was 9 X 107° cm?2. As we can see, two features are immedi-
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ately apparent. First is the rectifying behavior for the HRS.
The rectifying comes from the fact that the conduction in
HRS is governed by Schottky barrier electrical conduction
mechanism. Next the abrupt switching from HRS to LRS
and from LRS to HRS is modeled well by the change in
volume of oxygen-vacancy-doped region and corresponding
variation in ¢p, and bistable resistance states change is
caused by two different oxygen-vacancy distributions, i.e.,
fully doped and fully undoped states.

III. COMPARISON TO EXPERIMENTAL DATA

In order to compare our model with experimental results,
we fabricated a Pt/ Ta,O5/TaO,/Pt structure devices. First Pt
bottom electrodes were deposited by rf magnetron sputter-
ing, and then reactive rf magnetron sputtering was used to
deposit a 45 nm TaO, layer at 3% oxygen partial pressure,
and substrate temperature of 400 °C. The sample was then
plasma annealed at 500 °C by placing the sample in a cham-
ber with argon and 10% oxygen plasma to form the Ta,Os5
layer of ~4 nm. Finally the top Pt electrode layer was de-
posited by rf magnetron sputtering and cells were defined as
30 umX30 wm size using standard photolithography and
lift off method.

A separate Pt/ TaO,/Pt sample fabricated without plasma
annealing, showed resistivity values of ~2X10* ( cm.
Meanwhile the samples with plasma-annealed Ta,O5 layers
~2X10% Q cm. Figures 3(a) and 3(b) show the Pt/ TaO, /Pt
and Pt/Ta,05/TaO,/Pt transmission electron microscopy
(TEM) images which show the clear formation of the Ta,Os
layer and x-ray photoelectron spectroscopy (XPS) images
taken at varying Ar*-ion sputtering times, respectively. The
XPS depth profiles also indicate the formation of the Ta,O5
layer for plasma annealed samples through the two peaks
Ta 4f5, at 26.2 eV and Ta 4f5, at 28.1 eV corresponding to
Ta*™ binding energy which occurs in Fig. 3(b) but not in Fig.
3(a). This means that the stoichiometric Ta,O5 layer is well
formed on the TaO, layer by plasma oxidation.

Figure 3(c) is the current-voltage measurements of the
two samples, the closed black squares show results from the
Pt/TaO,/Pt sample while the open red circles show the
Pt/Ta,05/Ta0,/Pt sample. The two bistable resistance
states for the Pt/ Ta,05/TaO,/Pt sample are shown to have
resistance of 3.5-21.6 MQ for the HRS and ~18 KQ for
the LRS at -5 V. The LRS resistance value for the
Pt/ Ta,05/TaO,/Pt sample corresponds well with the resis-
tance of Pt/TaO,/Pt sample fabricated without plasma an-
nealing. Also, the HRS resistance value corresponds to the
resistance of the Ta,Os layer. Therefore, we conclude that
resistance switching is likely to occur at the Pt/ Ta,O5 inter-
face through the connecting or disconnecting of a conducting
path.

Meanwhile abrupt switching occurs at from high to low at
~—1.2 V and from low to high at ~2 V. The data shows 50
switching cycles for the Pt/Ta,O5/TaO,/Pt sample.

Comparing the results from the modeling and actual ex-
perimental data, the exact same behavior can be observed.
The parameters chosen closely model the differences in the
high and low resistance states of three orders of magnitude
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FIG. 3. (Color online) (a) TEM image and XPS depth profile of
Pt/TaO,/Pt film. (b) TEM image and XPS depth profile of
Pt/ Ta,05/TaO,/Pt film. (c) Experimental results from Pt/ TaO,/Pt
(black) and Pt/ TayOs/TaO,/Pt (arrow) films.

for reverse bias and one order of magnitude for forward bias.
The abrupt change to resistance past a certain threshold volt-
age is also clearly seen in both our model and the experimen-
tal data. Finally the rectifying characteristic which is more
pronounced in the HRS is clearly predicted by the Schottky
barrier model as well. Also, we have tested endurance of
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FIG. 4. (Color online) Endurance characteristics of

Pt/TaO,/Ta,05/Pt device. We used a =3 V pulse with 1 us dura-
tion to switch from HRS to LRS, and a +3 V pulse with 1 us
duration to switch from LRS to HRS.

cells which is an important measurement for nonvolatile
memory applications. Figure 4 shows 30 pum X 30 um size
cells cycling 100 times. As compared to Fig. 3(c), there is
little variance in the on-state resistance, and the off-state re-
sistance variance is large. This is much like the resistance
switching mechanism described in the simulation model
which assumes that the trap density at the interface is differ-
ent during each cycle. However, the endurance data show an
average on/off ratio of slightly over one order of magnitude.

IV. SUMMARY

In summary, we have proposed a bipolar resistive switch-
ing model for a transition-metal oxide layer. By correlating
Schottky barrier characteristics, i.e., ideality factor and bar-
rier height with oxide-layer resistance state, several key as-
pects of the experimental data are well predicted. In future
works, we hope to do a complete measurement of tempera-
ture dependence on switching to further verify the validity of
our model.
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