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The electrical shorting failure mode in resistive switching is characterized by the inability to

increase the resistance electrically and is one of the most common failures observed in these

devices. We show that vacancy accumulation at the inert electrode is a likely cause of the electrical

shorting failure mode. A detailed description is provided of the specific effect of injected oxygen

vacancies from the reactive electrode and from the secondary reservoir that is formed at the inert

electrode during an electrical shorting failure. We present quantitative theoretical and experimental

analysis of the failure mechanism while suggesting approaches and conditions for prevention and

recovery. The approach also provides an analytical description of sub-saturation vacancy injection

during normal operation while experimentally showing the range of conditions where this behavior

dominates. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890635]

I. INTRODUCTION

Despite demonstrating exceptional performance1–3 and

very large information density per device,4 commercial resis-

tive random access memories (RRAM) are still not widely

available. This delay has been, in large part, due to the diffi-

culty in studying the switching filament directly.5,6 It is com-

monly believed that, in bipolar switching, oxygen vacancies

are injected from a reactive electrode into a conducting fila-

ment to decrease its resistance and that those oxygen vacan-

cies are pulled back into the reactive electrode to increase

the filament resistance.7,8 A more detailed quantitative

understanding of the mechanisms and behavior of vacancy

injection is needed to understand device operation and also

to improve reliability. Using terminology borrowed from the

transistor gate oxide community, RRAM operation is

described as repeated soft breakdown where the resistance

can be increased following the breakdown events.9,10 Often,

after repeated switching, the device transitions from soft

breakdown to hard breakdown, where the resistance can no

longer be increased electrically. This electrical shorting fail-

ure mode is the most common acute failure mode we observe

in these devices. In moving toward commercialization, a

clear understanding of the physics leading to failure is

needed so that these types of failures can be avoided or elim-

inated. Since it is difficult to directly observe the subtle

changes in density of an oxidation state over a few nano-

meters within an enclosed system, approaches that are able

to infer information about the structure and chemistry of the

device electrically are potentially of much interest.

Many types of mechanisms have been proposed to

explain behavior in RRAM devices,11,12 but few provide a

quantitative approach that can be applied to behavior outside

that of the normal operating modes that were used to build

the model. Recently, solving for heat flow in RRAM has pro-

vided a simple analytical model for resistive switching that

is quantitatively accurate and can be easily adapted to

explain atypical device behavior such as failure.13 Here,

using this model and analytical framework, we demonstrate

that this model is capable of identifying the regions of a

current-voltage (I-V) hysteresis loop that correspond to sub-

saturation vacancy injection and the regions that correspond

to post-saturation vacancy injection. We also show that bipo-

lar vacancy injection is a likely physical mechanism for the

electrical shorting failure mode. We quantitatively study the

effect of this failure mode on the conducting filament and

are therefore able to determine the conditions under which

recovery from shorting failure is possible and impossible.

II. EXPERIMENT AND THEORY

This study uses tantalum oxide based RRAM because

these are among the most likely candidates to achieve com-

mercial success.5,14,15 We observe shorting failure behavior

in a variety of device designs (both CMOS compatible and

incompatible) with no significant difference identified

between the electrode materials, indicating that these effects

are characteristic of the switching filament and not the spe-

cifics of manufacturing. The metal-insulator-metal structures

are made with a reactive tantalum electrode, a tantalum ox-

ide insulator16,17 ranging from 5 to 15 nm in thickness, and

an inert electrode. Our CMOS compatible devices are fabri-

cated with titanium nitride inert electrodes18 as small as

350 nm lateral dimensions, and our CMOS incompatible

devices use platinum19 as an inert electrode with lateral

dimensions ranging from tens to hundreds of lm. The plati-

num designs have much larger series resistance and capaci-

tance, leading to larger stored charges that could cause an

increased current in a shorting event, but also a slower time

constant which may reduce the discharge current.

The analytical model13 used in this study determined

that, over a large range of resistance values, ON and OFF

switching are governed by separate state variables, namely,

the radius and conductivity of the conducting filament,

respectively. During ON switching (lowering device resist-

ance), the conductivity of the filament is constant while the

filament radius increases. In contrast, during OFF switchinga)ajlohn@sandia.gov
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(increasing device resistance), the filament radius is constant

while the conductivity is decreased. The equations corre-

sponding to these two switching modes relate the electrical

power to the resistance of the device for either a changing

conductivity or a changing radius. From those equations, it is

simple to derive the current-voltage relation for either case

Ir ¼
Vr � Ar Tcrit � TRTð ÞV�1

r

Rmin
; (1a)

Ir ¼
Vr þ Ar Tcrit � TRTð ÞV�1

r

Rmax
: (1b)

The subscript r (radius) or r (conductivity) indicates which

variable is allowed to change. Tcrit is the critical temperature

for ion motion and TRT is the ambient temperature of the de-

vice. The factors Ar, Ar, Rmin, and Rmax are constants whose

values can be calculated from materials and device design pa-

rameters: Ar ¼ 2kEdO

rmaxdE
, Ar ¼ 8d2

oLWFTcrit

r2
max

, Rmin ¼ kE

4pr2
maxLWFTcritdE

,

and Rmax ¼ 4d2
oLWFTcritdE

pr4
maxkE

: In the above equations, V is voltage,

dE is electrode thickness, kE is electrode thermal conductivity,

dO is thickness of the oxide insulator, rF is filament radius, kF

is filament thermal conductivity, rmax is the maximum previ-

ous filament radius, rmax is the conductivity corresponding to

the saturation concentration, and LWF is the Wiedemann-

Franz constant.

In normal operation, the mechanism for resistive switch-

ing that is described by the above equations has three phases

starting from the highly resistive state: (1) Resistance

decreases by injecting oxygen vacancies from the reactive

electrode into a small localized filament, thereby increasing

the conductivity of the localized filament. (2) Once the fila-

ment conductivity saturates, injected vacancies must go to the

edge of the filament where saturation has not yet been

reached. This stage is depicted in Fig. 1(a), where the resist-

ance decreases by increasing the radius of the filament. (3) To

decrease the conductivity, the polarity of the applied field is

reversed and oxygen vacancies are pulled into the reactive

electrode. This stage is depicted in Fig. 1(b), where resistance

is increased by decreasing the conductivity of the filament.

The physical explanation for bipolar resistive switching is the

asymmetry of the reactivity of the electrodes. The reactive

electrode acts as a source of vacancies that can flood into the

filament to increase its radius (Fig. 1(a)). In the opposite polar-

ity, the reactive electrode acts as a sink of vacancies to empty

the filament and decrease conductivity (Fig. 1(b)). If however,

there were a strong flux of vacancies causing an accumulation

of vacancies at the inert electrode, then both polarities would

be capable of injecting vacancies into the filament. In that

case, the radius would increase (Figs. 1(c) and 1(d)) for both

polarities. In terms of electrical behavior, the device would be

in a shorting failure mode because both polarities would cause

the resistance to decrease.

III. SUB-SATURATION VACANCY INJECTION

Inspecting the I-V ON switching half cycle shown in

Fig. 2 there are four clearly distinguishable sections, each

marked with an arrow indicating the direction of the sweep.

No switching occurs in the two sections that intersect the ori-

gin since the electrical power is too low to activate switch-

ing. The other two sections do involve switching but,

notably, the early stage (highlighted in green) has a negative

slope and the latter stage has a positive slope. To compare

with Fig. 2, we take the first derivative of current with

respect to voltage from Eq. (1)

dIr

dVr
¼ 1

Rmin
þ Ar Tcrit � TRTð Þ

RminV2
r

; (2a)

dIr
dVr
¼ 1

Rmax
� Ar Tcrit � TRTð Þ

RmaxV2
r

: (2b)

FIG. 1. In normal operation, oxygen vacancies flow from the reactive elec-

trode (vacancy reservoir) to increase the filament radius (a) or into the reac-

tive electrode to decrease the filament conductivity (b). With a reservoir on

both sides, radius of the filament increases for both polarities ((c) and (d))

causing the shorting failure.

FIG. 2. There is often a negative sloping region at the onset of ON switching

that cannot be described by the radius change equations so conductivity

change must be used instead. The green highlighted section of the ON

switching curve corresponds to the sub-saturation regime, where vacancy

injection increases the conductivity of a small filament.
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It can be seen that dIr

dVr
is always positive (Eq. (2a)) since Rmin

and Ar are positive constants, and Tcrit is always larger than

TRT . Therefore, it is not possible to use the radius change

equation to describe a negative slope in the I-V relation such

as the highlighted section of Fig. 2. However, allowing con-

ductivity to be the changing variable (Eq. (2b)) instead of ra-

dius (Eq. (2a)), it is possible to describe either a negative or

positive slope in the I-V relation. The conductivity change

equation is needed in the early stages of ON switching

because this section of the I-V relation corresponds to va-

cancy injection prior to reaching the saturation concentra-

tion. In the early stages of ON switching, conductivity

increases until saturation and then radius begins to increase.

Once again, the need for using conductivity change instead

of radius change can be seen in the first derivatives of current

with respect to voltage (Eqs. (2)), showing that radius change

cannot account for negative I-V slopes.

IV. SHORTING FAILURE

Converting these equations to back to their original13

power-resistance (P-R) coordinates, instead of the I-V coor-

dinates described above, provide more insight into the

switching mechanisms and failure modes. Taking the data

from the I-V relation and multiplying I and V to give P and

dividing V by I to give R gives the P-R relation. By taking

the first derivative of power with respect to resistance, more

limiting behavior becomes apparent

dPr

dRr
¼ �Ar Tcrit � TRTð Þ

R� Rminð Þ2
; (3a)

dPr

dRr
¼ Ar Tcrit � TRTð Þ

Rmax � Rð Þ2
: (3b)

According to Eqs. (3a) and (3b), the rate of change of power

with respect to resistance can only give negative slope for ra-

dius change and can only give positive slope for conductivity

change. Data that act otherwise would likely imply that the

cylindrical filament approximation used in their derivation

was invalidated. The cylindrical filament approximation may

not be valid over the entire switching range4 and so it may

be possible, under some conditions, to have a negative P-R

slope for changing conductivity with constant radius.

However, there is no physical explanation for a decreasing

resistance for a negative polarity of applied power within

this model, provided that there is an inert electrode that can-

not inject vacancies.

Negative polarity is typically used to increase the resist-

ance, but following an electrical shorting failure, both polar-

ities cause resistance reduction. This effect is shown in

Fig. 3, where a normally operating device (Fig. 3(a)) became

shorted abruptly and attempts were made to use negative po-

larity power (Fig. 3(b)) to return the device to a high resist-

ance state. Prior to the shorting failure, these negative

polarities increased the resistance but, following the shorting

failure, both polarities caused decreases in resistance. These

decreases in resistance can be easily and quantitatively

explained if a source of vacancies accumulates at the inert

electrode. In such a case, both polarities would inject vacan-

cies at the saturation concentration which would result in

increasing radius. This increasing radius would have a nega-

tive slope in P-R space and can be fit by using the radius

change equation as shown in Fig. 3(c).

Fitting the data to the radius change equation (Eq. (1a))

in P-R coordinates shows very good agreement (Fig. 3(c))

with the measured data in the failed device. And it is possible

to extract quantities such as filament radius (6.6–8.2 nm),

saturation conductivity (6500 X�1 cm�1), and activation

temperature (1750 K) from the fit. These quantities are in the

range of expected values, further supporting the use of the

radius change equation for resistance decreases in negative

polarity during shorting failure, and supporting the conclu-

sion that the electrical shorting failure mode is caused by the

creation of a secondary reservoir at the inert electrode.

Although the device in Fig. 3 was permanently shorted,

in some cases it is possible to recover a high resistance state

after secondary reservoir creation, provided that the reservoir

can be sufficiently depleted. A minimum resistance exists9

(Eq. (1a)), beyond which sufficient power cannot be supplied

to enable switching. Provided that the reservoir can be

depleted without reaching the minimum resistance, the ra-

dius will increase (decreasing resistance) until the secondary

reservoir is depleted. Once the reservoir is depleted, further

increases in negative polarity power will cause the conduc-

tivity of the filament to decrease (increasing resistance). This

FIG. 3. Hysteresis loops show a working device (a) that became shorted and decreased resistance in both positive and negative polarities (b). Fitting the meas-

ured data to the radius change equation (c) in activation power-resistance coordinates shows that radius was increasing for negative polarities.
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process is shown experimentally in Fig. 4 in I-V coordinates

(Fig. 4(a)) and in P-R coordinates (Fig. 4(b)). Once switch-

ing is initiated, there is a range where increasing power

causes resistance to decrease, then further increases in power

cause resistance to increase. The resistance decreasing region

is plotted in P-R coordinates (Fig. 4(b)) and fit to the radius

change equation. The fit in P-R coordinates for this device is

very good and also gives reasonable values for radius

(11–12.6 nm), conductivity (2070 X�1 cm�1), and activation

temperature (1200 K), again suggesting that vacancy injec-

tion from a secondary reservoir at the inert electrode is a

likely mechanism for explaining the failure.

V. CONCLUSIONS

Using an analytical approach and electrical characteriza-

tion of switching and failed devices, we are able to show that

the negative slope at the onset of ON switching is due to va-

cancy injection below saturation and that the common failure

mode of electrical shorting is due to secondary reservoir for-

mation at the inert electrode. This failure is characterized by

a sign change of the slope in P-R coordinates or generally

decreasing resistance in negative polarities. Recovery from

this failure mode is possible if the process of depleting the

reservoir does not reduce the resistance beyond the minimum

resistance which would imply the need for infinite electrical

power.
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