-
™
<
[
-l
wd
=
™

Mk

www.MaterialsViews.com

Electronic Instabilities Leading to Electroformation
of Binary Metal Oxide-based Resistive Switches

Abhishek A. Sharma,* Mohammad Noman, Mohamed Abdelmoula, Marek Skowronski,

and James A. Bain*

Oxide-based resistive switching devices are a leading contender for the next
generation memories. Before use, each device has to go through a condi-
tioning process called electroformation which has been suggested to be initi-
ated by the accumulation of oxygen vacancies. Here, experimental evidence is
presented which shows that both Ta,Os_,- and TiO,_,-based crossbar devices,
exhibit characteristic electronic instability leading to a reversible constriction
of the current flow to a narrow filament prior to permanent change. Thus, it is
asserted, electroformation is initiated through purely electronic and reversible
events, to be followed later by structural changes in the material, like oxygen
vacancy redistribution. Furthermore, the electronic instability responsible

for electroformation also gives rise to negative differential resistance (NDR)
and that this characteristics appears to involve two distinct mechanisms: a
thermal one in which Joule heating causes resistance to decrease as current
increases and a second electronic mechanism that appears not to require Joule
heating for NDR. Using a combination of thermometry and thermal modeling,
a self-consistent temperature and filament radius as a function of power are
found for the 5 pm cross-bar devices. In the thermal NDR regime, the filament
appears to be ~500 nm in diameter and has a peak temperature of ~300 °C,
while in the adiabatic regime, the estimated filament diameter is much smaller
(<50 nm) and the maximum temperature inside it exceeds 800 °C.

disconnect and re-form causing the device
to show distinct high and low resistance
states. The two resistance states are then
utilized as the states of the memory.[-1%
The permanent filaments are typically
thought of as an oxygen deficient cylinder
with oxygen vacancies that are either dis-
tributed randomly or form a metallic sec-
ondary phase, such as the Magneli phases
in TiO,."" In most cases, the filaments
have to be induced in the functional layer
using a one-time programming process
known as ‘electroforming’ (or simply
‘forming’) which typically is accomplished
by application of a quasi-DC voltage sweep.
At some point during the sweep and at a
voltage typically exceeding the switching
voltage, the device experiences a sudden
increase in current. It has been proposed
that the increase in current occurs when
a structural filament extending from the
anode makes a contact with the other
electrode.'!l This model, however, has dif-
ficulties with interpretation of some tran-
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1. Introduction

In its 50 year long history, resistive switching phenomena have
been subject to increasing levels of scientific and technological
scrutiny as potential candidate for non-volatile memory. The
most important factors that make oxide-based resistive memo-
ries technologically viable are scalability, simplicity of structure,
and use of traditional foundry materials. The scalability argu-
ment relies on the now accepted mechanism of nano-scale con-
ductive filaments that participate in switching. These filaments
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sient phenomena observed in switching

devices. Ielmini et al.*® reported a

“recovery” event in NiO-based devices.

Here, the devices remain unaffected despite undergoing a rapid
decrease of resistance due to a forming-like event, and returned
to the original state. Also, Noman et al. argued that the current
filament forms before permanent changes in the structure of
the device take place.*”) Both observations imply that conduct-
ance of at least some switching devices increases due to elec-
tronic effects rather than defect formation. Of course, atomic
migration is ultimately present and manifests itself in the for-
mation of permanent conducting filament, as is common in
phase change chalcogenides’? and polysilicon fuses.'*l The
main point of the present work is that electronic process can
initiate filamentation in cases where random local defects/non-
uniformities do not exist; and can assist in filament nucleation
and growth if the random local defects do exist in the material.
A number of authors,'*1237-40] notably among them Alex-
androv et al.,, have realized the inherent difficulty in forming
the permanent filament and implied the existence of an elec-
tronic effect in the form of a “soft breakdown’. Some authors
have suggested that instability in oxides could be similar to
threshold switching observed in chalcogenides.?6-2%361 How:-
ever, such studies have, not presented a direct and comprehen-
sive evidence of electronic filamentation. Moreover, the origins
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of the instability i.e. whether the instability is due to localized
lattice heating or hot electrons effects remain unknown. Here,
we present unambiguous evidence, for TiO,_, and Ta,Os_,, that
an initially uniform current flow can spontaneously and revers-
ibly constrict to a localized filament of increased current den-
sity, without structural change. Furthermore, our examination
reveals a two-step process of current localization, with the event
being initiated by a gradual thermally-mediated process, fol-
lowed by a more rapid electronic process.

2. DC Forming

Figure 1 shows two quasi-DC [-V characteristics obtained from
a single crossbar-type Pt/Ta,O5/Pt device. The two curves were
obtained using different values of series resistor, R (the circuit
schematic is shown in Figure 1(b)). The measurements were
made by sweeping the source voltage while measuring the
voltage across the device (V,, in the figure). Adding the series
resistance in the circuit implies that a higher voltage from the
source is needed to reach the same [-V point of the device
(slope of the load-line i.e. —=1/Rg is shallower for high Rg). A
voltage ramp rate of 4 V/s has been used for the experiment
for the generated curves (slower ramp rates did not change the
behavior of the cells). The black line marks the -V obtained
with Rg = 100 Q. Starting at low voltages, the curve increases
super-linearly and then at 5.75 V snaps back (electroforms)
leaving the device in the low resistance ON state. The decrease
of resistance is permanent although the device can be switched
between ON and OFF states repeatedly. The current value after
the snap-back for the Rg = 100 Q case, reaches about 180 pA
due to the current compliance (with a likely overshoot during
snap-back). The electroformation event is effectively instanta-
neous on the time scale of the source meter response with no
intermediate states recorded. The red I-V curve which was col-
lected beforehand, does not show a permanent change and can
be retraced for decreasing source voltage. The red curve cor-
responds to Rg = 34 kQ (standard ohmic resistors of 33.7 kQ
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Figure 1. Observation of negative differential resistance (NDR) in
Ta,Os_,. (a) Electroformation with a ‘snap’ observed in samples with
100 Q series resistance (black trace). This is prevented by using a large
source resistance (red trace). Stable and reversible current filamentation
causes the device |-V to show negative differential resistance (NDR),
post-bifurcation. The three color-zones indicate uniform conduction
(blue), thermal filamentation (green) and filament collapse (yellow).
Inset on the right shows a schematic of the change in conducting area as
the device is driven to filamentation, but should be taken as only semi-
quantitative. (b) Circuit schematic shows the experimental setup with Vy,
representing the device voltage.
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chosen for experimental convenience; 300 Q was added due to
the resistance of pad and cross-bar traces). At low voltages, it
follows the same path as the one for Rg = 100 Q but extends to
higher current values without forming. At about 6 V, the [-V
trace gradually bends back forming a part of an S-type curve
characteristic of current-controlled negative differential resist-
ance (CC-NDR). The presence of CC-NDR usually indicates
the presence of an instability that can lead to the spontaneous
formation of localized high current density filaments within
the device.?!! This phenomenon is characteristic of nonlinear
dynamic systems and is often referred to as bifurcation. This
also implies that the system will ‘snap’ to a low resistance state
(in this case, the current runaway will result in permanent
change of resistance i.e. forming) whenever the total differen-
tial resistance becomes negative (dVg/dl in (2). To define the
total differential resistance, we first break the source voltage,
Vs, into the voltage drop across the device, Vp, and the voltage
drop across the series resistor, Vgg:
Vi =Vp + Vi, (1)

The total differential resistance, dVg/dI, (where I is the series
current flowing through both devices) is then given by:

dv, _dvy , Ve
d—d o d

(2)

By increasing the source resistance (Rg), one can limit the
range of voltages corresponding to negative total differential
resistance (dVs/dI) and increase the range accessible to testing.
This enables the device to support a stable filament and a cor-
responding negative differential device resistance (i.e. dVp/dI
negative). At sufficiently large RS, the total differential resist-
ance becomes positive (due to dVys/dl positive) and the snap-
back associated with runaway can be prevented altogether. In
other words, if the dVgg/dI is not large enough (due to small
Rg), the device will filament instantaneously, as it goes through
a snap. The different types of [~V in Figure 1 are, therefore,
fully consistent with each other and can be explained without
invoking any changes of the device structure. In other words,
the Rg enables us to stabilize the pre-forming I-V by stabilizing
the electronic filament and defines the -V path of the device
post-bifurcation. This makes the post-bifurcation [-V distinct
in each case. The insets in Figure 1(a) schematically represent
the current constriction process. At low voltages, the differential
resistance of the device is positive and the current flow is uni-
form (bottom schematic). With increase of voltage, the device
approaches the NDR region and the current flow constricts to
a filament with relatively large diameter (middle schematic).
With further increase of source voltage (Vs), the voltage across
the device and the diameter of the filament decrease and at the
sharp turn of the I-V curve collapse to a very small filament.
The procedure used to extract the size of the filament from -V
curves is described later in the text.

While the data in Figure 1 were obtained on Ta,Os_-based
devices, we have observed similar behavior in other switching
oxides. Figure 2 and Figure 3 present the results obtained on
Pt/TiO,/Pt devices. Figure 2(a) shows a typical forming -V
with the source resistance of 700 Q. Initially highly resistive
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Figure 2. (a) Electroforming |-V characteristics of the Pt/TiO,/Pt 5 ym cross-bar device with
the source resistance of 700 Q. (b) SEM image using through-lens detector of the device after
electroforming and (c) a high magnification image of the lower left corner of the same device.

device exhibits forming at 4.7 V with the device formed to high
resistance OFF state. The dashed line in the figure corresponds
to the load line. The electroformation of TiO, devices frequently
leads to changes in the top electrode morphology which were
observed in scanning electron microscopy (SEM) images. Sev-
eral groups reported formation of “bubbles” and /or craters
forming at the location of the filament and interpreted as due
to local heating.[112326] The changes in the device shown in
(@) were imaged by SEM using a through-the-lens detector
(Figure 2(b) and (c)). The low magnification image shows a
horizontal stripe corresponding the to bottom electrode and
much brighter the vertical top electrode stripe. The most visible
feature is the dark dot with a bright edge located in the lower
left corner of the active area. The dot is surrounded by a bright
“halo”. The high magnification image of this feature is shown
in Figure 2(c). It is quite apparent that the dark dot corresponds
to the area where platinum film delaminated exposing the
functional layer underneath. This could be due to either local
melting of the metal or solid state diffusion at elevated tem-
peratures. It is widely accepted that such features form at the
location of the filament. The “halo” shows a contrast character-
istic of polycrystalline grains in a metal. The center portion has
grain size of about 100 nm (as measured by an SEM) gradually
tapering down to 10 nm toward the edge. We interpret this con-
trast as the result of Joule heating in a small diameter filament
and the resulting grain growth in the Pt electrode. By limiting
the current overshoot during electroformation we can eliminate
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Figure 3. Negative differential resistance observed in 20 nm thick TiO,_,
cross-bar with Rg = 700 Q. SEM image (inset) shows the evidence of the
current constriction in the CC-NDR voltage range.
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the delamination of Pt but all of out electro-
formed TiO, devices show signs of the halo.
Figure 3 shows the [-V characteristics
of a similar TiO, crossbar obtained with
Rg = 4.7 kQ. The overall I-V shape is similar
to that obtained on Ta,Os_, samples with
clear CC-NDR behavior and a distinct change
of slope in the upper part of the curve at 2 V.
In the later part to this report, we interpret
such change as due to two different mecha-
nisms contributing to the increase of con-
ductivity with applied bias, namely thermal
and electronic. SEM micrograph in the inset
shows the contrast of the top electrode after the test. The con-
trast across the device is uniform with the exception of a bright
circular area with the diameter of about 0.7 pm located near
the left edge of the device. The feature has all characteristics of
the halo shown in Figure 2 and is consistent with current con-
striction to a small diameter filament associated with NDR. The
above observations indicate that the voltage and temperature
non-linearity is characteristic of most resistive switching oxides.

3. Dynamics of Forming

Additional insight into the dynamics of the electroformation
process and current filamentation was obtained using time
domain transmissometry (TDT) (detailed description in the
Supporting Information — S1,S2). It must be noted that TDT is
a technique that enables delivery of high-fidelity voltage pulses
to the device and reading off the transmitted voltage pulses and
current through the device without any parasitic overshoots. For
the pulse forming experiment, we use constant voltage pulses
applied across the device and a 100 Q resistance connected in
series. TDT allows for monitoring the change of voltage across
the device and current as a function of time. Identical devices
can be formed at a wide range of voltages, with lower voltages
requiring longer incubation time before the device undergoes
the electroformation.?’]

Figure 4(a) shows the voltage across the device as a function
of time. Each curve corresponds to the trace during a single
voltage pulse applied to the same Ta,Os_, device. Our previous
work shows the dependence of electroforming time on forming
voltage.>*l In experiment described here, each pulse had the
same amplitude (one of the voltage conditions observed in our
earlier work) but slightly different duration, allowing for the
interruption of the process at different stages, a few nanosec-
onds prior to the completion of forming. As the pulses applied
brought about reversible changes (explained below), we were
able to use the same device for the entire experiment. The oscil-
loscope trace started at t = 0 with a fast rise-time of the voltage
at the leading edge of the applied pulse (not shown). This was
followed by a gradual decrease of voltage (initial negative slope)
which is associated with decrease of device resistance due to
Joule heating. It must be noted here that, while the device has
high resistance (~1 MQ) at low biases, it shows a low resistance
(~5 kQ) at high biases (~11 V across the device), following a
strong voltage non-linearity (R o V-2), as shown in Figure 5(b)
and our previous works.?>#0#*] This part of the transient can
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Figure 4. Pulsed electroforming experiments. (a) Voltage dynamics obtained by pulsing the device repeatedly (1 through 4) with different pulse dura-
tions for the same Ta,Os_, device. Large resistance change observed without any permanent change until pulse 4. (b) Similar pulse reversibility experi-
ments on TiO,_, show morphological changes (shown in (c)) due to higher power dissipation compared to Ta,Os_,.

be accurately simulated using known materials parameters
and assuming uniform current flow,*? [discussed in S2 for
Ta,05_,]. The bump at 38 ns is due to a parasitic pulse reflec-
tion in the system while the rapid drop between 45 and 55 ns
corresponds to the beginning of the electroformation process
(and we arrest the pulse at different points, in this range). We
assert this based on the magnitude of the resistance change
of the device. For example, the device resistance during pulse
4 (green curve in Figure 4(a)) at the onset of the rapid drop is
5 kQ and the resistance value at the point of pulse termination is
250 Q. This change is too big to be explained by thermal effects
in the uniform conduction regime. Moreover, while there was
no permanent change of the device resistance after pulses 1-3
terminating before the completion of the process, the device
was formed after the pulse 4. The resistance did not recover
and remained at the 250 Q level after the pulse. The conclusion
here is that the rapid drop in resistance in Figure 4(a) does cor-
respond to the electroformation process. The initial part of the
sharp reduction of resistance is volatile and therefore has to be
electronic in nature rather than one involving atomic motion.
The results of the similar experiment performed on TiO,_,
devices are presented in Figure 4(b). Each voltage transient and
the corresponding SEM image were collected on a different
but nominally identical device and each device was exposed
to only one pulse. Different devices were used in this experi-
ment for the ease of SEM imaging, while making sure that the
incubation time before resistance change (reversible forming,
akin to Ta,0s_,) is the same for all the devices under test. The
images show the cross bar-type devices with the light grey ver-
tical strip corresponding to the top electrode and the horizontal
darker grey strip corresponding to the bottom electrode. The
active area of the devices is the rectangle at the intersection of
the electrodes. As in Figure 4(a), the pulses were interrupted at
various stages of the electroformation process. Traces 1-3 cor-
respond to devices that retained their original resistance after
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the pulse while trace 4 corresponds to the device on which the
electroformation was completed with the permanent drop of
resistance. The red trace (1) corresponds to the process inter-
rupted during the uniform current flow stage. The SEM image
obtained after this single pulse shows perfectly uniform con-
trast over the active part of the device. SEM image obtained on
the device which experienced the first part of rapid decrease of
voltage (trace 2 in Figure 4(b) and image 2 in (c)) shows a char-
acteristic halo with diameter of 1.5 pm. The size of the halo on
the device which experienced larger resistance decrease (trace
3) increased to 2 pm eventually attaining diameter of 3 ym on
the device with permanent resistance change. Such morpholo-
gical changes on the top electrode are not seen on Ta,Os_
devices apparently as a result of lower temperature excursions.
This observation is a direct evidence of current filamentation
occurring before any permanent changes (such as vacancy
accumulation) take place in the memristive devices. This insta-
bility is reversible and electronic in nature. Only at its later
stages and after the core of the filament reaches high tempera-
tures due to high current density, do the physical changes in
the device structure take place. The behavior described above is
somewhat similar to the transient threshold switching reported
in chalcogenides.'”) Whether the NDR-type characteristics are
purely a result of heating or supplemented by field dependent
conductivity is assessed in the following sections.

4. Temperature Dependent Onset of Filamentation

In this section, we will try to experimentally assess the role
of Joule heating in NDR and filament formation. Figure 5(a)
shows three [~V characteristics: the black and red traces are
DC [-V with Rg = 100 Q and 34 kQ, respectively, as shown in
Figure 1(a). Since the sweep rate is low, the devices reached
thermal steady state at every point (i.e. they heated up). The
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400 ——————— — —T and CC-NDR in the low voltage/current

To NDR (C) ) range is purely a thermal phenomenon. In

300} 500 | poskconmciion AT ’ - other words NDR appears because the device

g DC I-V with 34 kQ #{9 US \ ' becomes more conductive as it carries more
= 200! A - : { current because of self-heating creating a

S Smememano. 6 5 ) positive-feedback. Accordingly, the origin of
£ 100k /Electroforming with 100 O 400 - 1 - NDR in this part of the [-V characteristics
= filament collapse ? c appears to be thermal. o
- ' . While we have argued that CC-NDR indi-

2 [ cates filamentation, it is not clear, at which

. 300 - 4 -1 specific voltage the filament forms or the

5 : temperature the local electronic filament

—— - i ) 1 reaches before breakdown. We can estimate

L R R filamentation i this by analysis of the dependence of device
1000 1 200 - | temperature on dissipated power. For the
= e sake of discussion, let us assume that the
E 800 [ 1 current flow is uniform for the entire -V
T 600 [ Uniform curve obtained with Rg = 34 kQ (Figure 1(a)).
= 100 fconduction 7| The device temperature at every voltage was
3 400 350K | extracted from the pulsed -V measure-
200 / ot [ A 1 ment calibration as a function of stage tem-

. ; 0 Qnset of filamentatjon|  perature, shown in Figure 5(b). This data

2 3 4 5 86 7 8

0o 1
(b) Voltage (V)

points on the blue curve were obtained in a pulsed experiment
where the current and voltage across the device was measured
1 ns after the pulse leading edge. Since the thermal time con-
stant of our devices was experimentally measured in our earlier
work!?l to be about 2.5 s, one can assume that the tempera-
ture of the device remained at the stage temperature. It is
apparent that excluding the self-heating (blue curve) extended
the range of voltages that could be reached without device
forming and reduced the current at any given voltage elimi-
nating the CC-NDR. In other words, a device not undergoing
self-heating (pulsed I-V), would have a much higher break-
down voltage and current compared to ones that undergo DC
forming. Next, we try to experimentally establish the relation
between the pulsed -V and the DC I-V. In addition to three
[-V curves, Figure 5(a) also shows the results of another series
of pulsing experiments represented by almost vertical violet
lines. The pulse duration in this experiment was always 5 ps
and the violet line corresponds to voltage and current evolution
across this 5 ps pulse due to Joule heating. During the pulse,
the temperature of the device evolves (also illustrated in our
earlier work,?’l approaching the steady state at 5 ps. The coinci-
dence of the end points in this experiment and the black trace
(DC with the same load resistor) confirm that filamentation

0.0 0.5 1.0 1.5 2.0 2.5
Power (mW)

Figure 5. Temperature and voltage non-linearities as the origin of filamentation. (a) Adiabatic
pulsed -V shown in blue taken when the device did not undergo any self-heating. The violet
I~V dynamic curves connect the initial and the final | vs. T and V vs. T points at T ns and 5 ps.
Electroformation occurs in the 5 ps long pulses at the same V, | combination (green spot) as the
DC case (black). (b) Adiabatic pulsed I-V curve taken as a function of temperature displaying
non-linearities in both temperature and voltage. (c) AT vs. P obtained by applying thermom-
etry to the DC -V taken with a 34 kQ resistor in series (red, gray curve). Blue curve shows the
corrected local temperature. Non-uniform conduction sets in at point A due to thermal non-
linearity. Region B represents the thermal onset of filamentation followed by a sharp collapse
of the filament due to field/current density dependent instability (Region C).

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

maps the non-linear dependence of current
on voltage and temperature and allows the
device resistance itself to serve as a thermom-
eter. It should be noted here that the pulsed-
[-V measurements were extended up to 18 V
(not shown here) the maximum range of volt-
ages which do not result in electroformation
during 5 ns long pulses.!! In Figure 5(c), we
use this thermometry technique to plot the
rise in steady-state temperature due to Joule
heating during the DC voltage sweep as a
function of power dissipated in the device
(red trace). The expected rise in temperature
should depend linearly on power:

AT = R,,P (3)

where, AT is the rise in temperature in Kelvin, Ry, is the
thermal resistance seen by the source of heat, and P is the
power dissipated at the heat source. The thermal resistance, in
turn, can be expressed as:

1t
Ry=——
=T (4)

th

where, ky, is the thermal conductivity of the materials leading to
the thermal ground, ¢ is the distance the heat travels to thermal
ground and A is the area getting heated up (in steady state)
and depends on the filament size. At low voltages, the current
flow is uniform and A corresponds to the area of the device.
This gives the constant slope of 0.025 K/uW in Figure 5(c)).
This slope corresponds to an Ry, which is consistent with
the thermal resistance felt by a uniformly conducting 5 pm
square device deposited on 1 pm thick SiO,. At 600 pW, the
AT(P) slope increases indicating the onset of current constric-
tion (point A in the DC [~V curves). The subsequent section
of the curve is gray (at powers above 600 pW) to indicate that

Adv. Funct. Mater. 2014, 24, 5522-5529
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may exist between the oxide and Pt electrode.

< b= 2D axisymmetric 10
2.5um :

Additionally the very low resistance of the
electronic filament suggests that very little
interface resistance, which would localize
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the power drop at one or both electrodes is
present. The true temperature is calculated
] with a self-consistent solution for a filament

] size under the constraints of simultaneously
‘1 satisfying the adiabatic I-V-T relationship
(Figure 5(b) with extrapolation as necessary)
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and the Ry, experienced by the same filament
size. The adiabatic I-V-T relationship meas-
ured with pulsed [-V technique indicates
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how much power is generated in the device
at a given temperature for a combination of
current density, ], assuming a filament size.
The Ry, is a measure of how effective can the
generated power be dissipated and is unique
to a given filament size. As Ry, represents the
thermal resistance that is connected between
{ the filament as the heat source and the
thermal ground, it can be easily calculated
from material properties and a steady state

1 10 100 1000 1 10
radius (nm)

B and C in Figure 5(c).

the temperature calibration is no longer correct when filamen-
tation sets in; the gray section can only be taken to be a lower
bound on the device temperature. As the bias increases further
past the onset of filamentation, the slope continues to increase
indicating gradual reduction of the filament diameter. The devi-
ation from the initial slope up to 2 mW is attributed to ther-
mally induced CC-NDR. Following this, a steep change of slope
occurs at higher powers indicating that the mechanism of the
non-linearity is completely different from the one that occurs at
point A. This region corresponds to the collapse of the filament
resulting into a very localized current flow, which we refer to as
the electronic filamentation (making a clear distinction in the
non-linearities).

After filamentation onset, the temperature reached is a
strong function of filament diameter, with greater current
localization leading to higher temperature. Rather than simply
postulating a filament size and then estimating the tempera-
ture based on that assumption, we have attempted to extract
a filament size self-consistently from our data by reconciling
temperature rise as estimated from thermal modeling and
temperature rise estimated from conductivity change. We
assume, in this case, that the conduction through the revers-
ible current filament (which is continuous through thickness)
dissipates power uniformly through the thickness of the film,
unlike switched films, as noted by Menzel et al.*? At the high
temperature regimes that we are operating in, we think that the
electrons have sufficient energy to overcome any barrier that

Adv. Funct. Mater. 2014, 24, 5522-5529
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Figure 6. True filament temperature extraction. (a) Schematic of the Ta,Os_, device used in
Comsol Multiphysics electrothermal simulations. (b) Simulated thermal resistance (Ry,) as a
function of filament radius. (c,d) AT extracted by parameterizing different radii with (b) — red
curve; and using pulsed I-V (black curve) shown at different powers corresponding to points
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finite element simulation. We use Comsol
Multiphysics finite element method solver
for the calculation of the Ry, as the ratio of
the rise in temperature experienced with unit
increase in the power dissipated in the fila-
ment, at steady state. Figure 6(a) shows the
simulation setup used for the solver. The
results of the simulation are summarized in
Figure 6(b). From this figure, then, it is pos-
sible to estimate the temperature given a filament radius and
the measured power dissipated in the device after the onset of
the filamentation.

We also know that when we estimate AT from the pair of
I-V coordinates, we assume that the current flows through a
filament of radius 2.5 pm, i.e. uniform conduction. Thus, for
a device undergoing filamentation, we will always underesti-
mate the local filament temperature. Scaling the current axis
in the [-V-T thermometer (Figure 5(b)) by the ratio of the
uniform device area (conduction radius r = 2.5 pm) and the
filament radius, r we get a new range of temperatures for an
effectively higher current density. Thus, the corrected curve so
constructed is a SECOND, independent figure we can consult
to extract a temperature from an assumed filament radius and
known I and V measurements. Figures 6(c) and (d) consist of
two curves each. The red curves represent the AT obtained by
multiplying the power at points B and C in Figure 5(c) with
the Ry, and parameterizing the radius. The black curves rep-
resent the temperature rise predicted by the pulsed -V with
parameterized current density for different filament radii. The
unique intersection of the two curves is used at each power
level to calculate the true filament temperature and radius as
the device undergoes electronic constriction of current. Thus,
these two constraints are simultaneously applied to the DC
measurement to yield the true localized temperature of the
device as it undergoes thermal and electronic filamentation.
This gives the blue trace (full details of the extraction procedure
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are explained in the supplement S3). The solid line represents
the extraction of temperature made within the experimental
limits of the adiabatic I-V—T measurement. The dotted lines
indicate the non-linear extrapolation of the measurement data.
The non-linear extrapolation was made by assuming a space-
charge limited conduction (to which the data matches). It must
be noted that the entire NDR curve (up to point C) is reversible
and hence we assert the nature of this localization to be electro-
thermal and preceding the motion of atoms or vacancies.

Moreover, such deviation is also seen in dynamics measure-
ments in TiO,_,,* [more details in S2 for Ta,0Os_,]. The device
temperature can be both measured and simulated till just prior
to resistance drop. Temperature rises ranging from 10-150 K
have been measured in devices prior to filamentation in pulse
experiments (range refers to the pulse voltage used to form the
device, like our previous work.[?’]

5. Discussion

We have presented the experimental evidence of electronic
instability in oxide materials commonly used in fabrication
of memristive devices. During the approach to the instability,
the temperature gradually increases linearly with power to
about 320 K. At this point the current flow constricts and the
actual temperature of the filament increases faster than uni-
form current flow calibration. For the Pt/Ta,0s_,/Pt device dis-
cussed in this work, the steady temperature reaches ~500 K as
the extracted filament diameter reduces from 5 pm (uniform
conduction) to 1 pm due to thermal NDR. Additional power
produces further filament collapse, and temperature increases
rapidly, reasonably estimated as high as 1000 K as the fila-
ment diameter collapses to ~10 nm (same as reported by Kwon
et al.l'l The filament diameter estimation has been explained
in the supplementary document. These temperatures provide
sufficient activation energy to change the oxide in the different
ways reported in literature — cause oxygen vacancy creation,
crystallization, secondary phase formation?”! and/or melting of
the top electrode.l'!] The proposed mechanism explains these
changes and removes the inconsistency in explaining reduction
of the oxide at low temperature. It parallels the mechanism that
has been widely accepted in chalcogenide glasses and referred
to as “threshold switching”.[12:26-29)

The CC-NDR in metal/oxide/metal structures have been
reported number of times in the literature.-22l Most obser-
vations have been made on electroformed devices that already
contained a permanent conducting filament. This clearly is
only remotely relevant to the discussion of the electroforma-
tion process presented here. As noted in the introduction, the
model presented in the paper and its experimental evidence
agrees with the simulation of the -V characteristics reported
by Alexandrov et al. The CC-NDR is caused by increase of the
conductivity with temperature and electric field. One could,
therefore, pose the question if the observations reported here
are consistent with what is known about conductivity mecha-
nisms in oxide thin films. The as-deposited oxide films in
memristive devices are typically n-type but highly resistive
indicating that the Fermi level is located significantly below the
conduction band. The mechanisms most frequently identified
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as responsible for conductivity in such layers are thermionic
emission, %31 hopping between defects sites,32l Poole-Frenkel
effect,3334 or small polaron hopping.®! All of these mecha-
nisms result in the conductivity increase at higher temperatures
and can lead to thermally induced current constriction. At high
electric fields, Poole-Frenkel and hopping-based models could
lead to sudden mobility increase by transfer of electrons from
localized states to extended band states with high mobility.

6. Conclusion

We argue that electronic current localization precedes perma-
nent filament formation during electroformation in oxide-based
resistive switches. The presence of negative differential resis-
tivity in the material causes the device to go into a negative dif-
ferential resistance regime which causes current constriction.
Unless prevented by the circuit load, this process frequently
occurs in the form of an uncontrolled runaway. We support
these claims by analysis of the steady-state DC behavior and
the dynamics of the instability. Both DC and dynamic measure-
ments indicate the presence of an instability that is reversible
and, hence, electronic in nature as distinct from structural.
The initiation of the constriction is temperature dependent and
higher temperature is shown to cause the point of bifurcation
to appear at a lower voltage. Hence, we propose the following
mechanism of electroforming — with increasing bias, the device
conducts uniformly throughout its area. At a well-defined point
depending on source voltage, series resistance, temperature
and time, the device enters into the I-V range of negative dif-
ferential resistance which results in the electronic current
filamentation. This current filamentation starts off with being
thermally induced (due to the thermal non-linearities) before
the effects of voltage non-linearity set in. This final stage of
current filamentation causes the device to change resistance to
a value close to the post-forming value. We estimate the local-
ized temperature in the current filament using a self-consistent
electro-thermal measurements and simulation. Temperature
excursions that exceed 500 K (over the ambient) were estimated
in a localized sub-20 nm region on the onset of forming. This
localized temperature excursion then triggers the physical
changes in the structure to form the permanent filament. The
constriction can be controlled with the use the external circuit
loading thus affecting the permanent filament structure.

7. Experimental Section

All measured Ta,Os_, layers were 60 nm thick whereas TiO,_, layers were
20 nm thick, sandwiched between 5 nm Ti and 15 nm Pt as bottom
electrode (BE) and 20 nm Pt as top electrode (TE). The Ta,Os_, samples
were deposited using RF sputtering, at 60 W RF power, at 400 °C. The TiO,_,
samples were deposited using oxygen plasma based atomic layer deposition
(ALD) at 200 °C. SEM imaging was done using FEI Sirion 600 SEM with
a through-lens-detector (TLD). More details about the sample preparation
and testing in our previous works on TiO,_, and Ta,Os_,.[254041]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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