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Nanofilament formation and regeneration during
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Abstract

Conductive bridge random access mem-
ory (CBRAM) is a leading candidate to
supersede flash memory, but poor un-
derstanding of its switching process im-
pedes widespread implementation. The
underlying physics and basic, unresolved
issues such as the connecting filament’s
growth direction can be revealed with
direct imaging, but the nanoscale tar-
get region is completely encased and
thus difficult to access with real-time,
high-resolution probes. In Pt/Al,0,;/Cu
CBRAM devices with a realistic topol-
ogy, we find that the filament grows
backwards towards the source metal elec-
trode. This observation, consistent over
many cycles in different devices, cor-
roborates the standard electrochemical
metallization model of CBRAM oper-
ation.  Time-resolved scanning trans-
mission electron microscopy (STEM) re-
veals distinct, nucleation- and potential-
limited no-growth periods occurring be-
fore and after a connection is made re-
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spectively. The sub-femtoampere ionic
currents visualized move some thousands
of atoms during a switch, and lag the
nanoampere electronic currents.
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Introduction

A next-generation non-volatile memory tech-
nology will ideally achieve more speed and en-
durance while requiring less space and power
than the present standard.! In FLASH mem-
ory a logical “1” or “0” is signaled by a channel
conductance that is controlled by moving elec-
trons onto or off of a nearby floating gate. In
resistive random access memory (ReRAM) the
analogous conductance is controlled by mov-
ing atoms in the channel itself. Because atoms
are more ponderous and less self-repulsing than
electrons, ReRAM'’s direct approach has the po-
tential to outperform FLASH for many non-
volatile memory applications.?? However, the
atomic mass transport fundamental to ReRAM
operation involves physics and chemistry that is
more complicated and unfamiliar than that seen
in traditional microelectronic devices, where



the constituent atoms do not rearrange them-
selves into new geometric configurations as part
of normal device function.

Conductive bridge memory (CBRAM), also
known as electrochemical metallization bridge
(EMB) or programmable metallization cell
(PMC) memory, is among the most promis-
ing types of ReRAM,?* and represents an
archetype of this new paradigm of mechan-
ically reconfigurable microelectronic circuitry.
In their pristine, as-fabricated state, CBRAM
devices consist of an “active” electrode sepa-
rated from an “inactive” electrode by an in-
sulating layer. According to the standard pic-
ture,>® applying a positive voltage bias to the
active electrode ionizes active metal atoms (e.g.
Cu or Ag) and drives them through the in-
sulator to be reduced at the inactive metal
electrode.  With continuing mass transport
these displaced atoms form a conducting fila-
ment that grows backwards towards the active
metal electrode, eventually bridging the two
electrodes (ON state). Applying negative bias
reverses the growth and eventually breaks the
filament (OFF state).

Refining this simple, qualitative picture
of CBRAM into a detailed model®” is not
straightforward, and many uncertainties re-
main. The chemical reactions, field-assisted dif-
fusion, Joule-heating, and mechanical stresses
that dictate these switching processes have cru-
cial, and in some cases unknown interrelation-
ships over length scales varying from atomic
to micrometer, and times scales spanning pi-
coseconds to years.®* Matters as basic as the
connecting filament’s growth direction are still
controversial. 13

To gain insight into the governing physics,
the mechanical evolution of CBRAM devices
is observed with transmission electron mi-
croscopy (TEM), which has unparalleled ability
to achieve real-time, atomic resolution in bulk
material. Three main approaches have been
adopted, each of which strikes a different bal-
ance between the incompatible goals of good
TEM imaging access and realistic CBRAM
device architecture. The first approach de-
ploys electrolyte-coated wires or wedges!'*'® in
a nanomanipulation stage to form devices in

situ. These devices are irregular, with stress
and field gradients that affect the switching dy-
namics. ' The second approach, cutting cross
sections from vertical stacks,'” 2! begins with a
more realistic initial geometry. However, the
necessary sample preparation with a focused
ion beam (FIB),!"!8 ion mill,’*?! or chemical-
mechanical polishing?® introduces damage, con-
tamination, and exposed interfaces that are not
present in a deployed ReRAM device.?? The
third approach microfabricates horizontal de-
vices specifically for TEM measurements®® to
avoid such post-processing, but these devices
have an unrealistic, exposed interface connect-
ing the electrodes which is vulnerable to surface
migration?*?* and environmental effects.?

These three architectures have produced var-
ious results. Only a few share video docu-
menting real-time observations.'*!%2! None of
the studies on microfabricated CBRAM devices
have shown multiple ON-OFF cycles. Among
the CBRAM results, 14151721 mogt 14:15:17,18,21
report conducting bridges that grow from the
active towards the inert electrode, a result that
contradicts the standard model®% and has led
to debate® '3 about the root mechanisms.

The slant-vertical architecture we employ al-
lows for high-quality, real time TEM imag-
ing without compromising the native ReRAM
topology. The resultant devices can be cycled
repeatedly, demonstrating this essential char-
acteristic of rewritable memory. The device
fabrication follows the usual deposition order
of bottom electrode, electrolyte, and top elec-
trode, but introduces a horizontal offset be-
tween the bottom and top electrodes (Fig. 1a).
This “slant” version of the standard, verti-
cal ReRAM stack allows a clear line-of-sight
through the switching region. It also gives
clean, regular, microfabricated device geome-
tries that can be reproduced on a wafer scale,
while avoiding problematic post-processing and
spurious interfaces. The amorphous, conformal
ALD coating, deposited after the Pt but before
the Cu electrode, precludes an interface con-
necting the inactive and active electrodes (Fig.
S1); any conducting path between the elec-
trodes must penetrate the insulating layer, as
in a vertically-stacked device. Finally, the hor-



izontal offset can be lithographically adjusted
from positive to negative (overlapping) values,
which enables exploration of the continuum be-
tween good imaging access and a true vertical
stack.

Figure 1b shows an annular dark-field (ADF)
STEM image of a slant-vertical device before
any biasing. Ramping the potential bias on
the Cu electrode relative to the (grounded)
Pt electrode gave little current until the de-
vice impedance abruptly dropped by several or-
ders of magnitude at 4.4 V (see Fig. S2). At
this point the electronic transport became lim-
ited by the programmed current compliance of
50 nA and the applied voltage dropped to 1—
2 V, for a device impedance of 20-40 MS2. This
condition represents the successful creation of a
tunneling junction between the electrodes,” and
is defined to be the ON or low resistance state
(LRS). Smaller device impedances can be ar-
ranged by increasing the compliance current.®
This device switched a half dozen times in situ,
and the data give no indication that such cy-
cling could not have continued (Fig. S2).

Concurrent with the abrupt impedance
change in the device of Fig. 1b, a structure
appeared in the gap between the electrodes. To
reveal this subtle structure we aligned and sub-
tracted images acquired “before” and “after”,
and rescaled the resultant image’s intensity to
better fill the available dynamic range. The
resultant “difference image” Fig. 1c shows the
appearance of a single filament connecting the
electrodes, and the disappearance of material
from the Cu electrode. On the side nearer the
Cu electrode, the filament terminates in the
semi-circular region with the most dramatic
material loss (Fig. 1c inset).

Video and transport data from a similar de-
vice (Figs. 2 and 3, supplementary video S1)
reveal the time-resolved dynamics of filament
formation and cycling. In the pristine device of
Fig 2a, as with the device of Fig. 1b-c, steadily
ramping the voltage bias from zero gave small
current increases initially. (All of the data re-
ported in this Letter were obtained under quasi-
static, as opposed to pulsed, switching condi-
tions.) Once above 4.6 V the current jumped
to the compliance limit of 50 nA. At this con-

ALO, (7 nm)

Figure 1: Device schematic, STEM image,
and difference image showing a filament.
(a) Slant-vertical device schematic, side view.
The first ALD layer separates the electrodes
and the second protects the Cu electrode from
oxidation and surface migration. (b) STEM im-
age of a completed device prior to biasing, plan
view. (c) The result of subtracting (b) from
an image of the device after a filament (pic-
tured in the schematic inset) formed (Fig. S2).
Bright /dark regions correspond to gain/loss of
signal.



Figure 2: Time-resolved filament growth. STEM images of a device before (a) and after (f)
filament formation, generated by averaging over several frames of video S1 to reduce noise. The
filament spanning the gap is clearly visible in (f) without differencing. Subtracting (a) from frames
24, 29, 34, and 41 of video S1 gives the difference images shown in (b—e), respectively. As material
disappears from the active electrode, a filament grows backwards from the inert electrode to bridge
the gap. The frames used to generate (a—f) are indicated in gray in Fig. 3.

stant current level the voltage dropped steadily
from 4 to 1 V over the next 22 s. The device re-
sistance stabilized below 25 MQ (Fig. S3), with
an OFF /ON resistance ratio of more than 10.

The difference images 2b through 2e, con-
structed with identical contrast scales using 2a
as the reference image, provide snapshots of
the device’s morphological evolution during this
voltage drop. While material was disappearing
from the Cu electrode, a filament grew from the
Pt electrode until it reached the Cu electrode.
We find the appearance of the filament simulta-
neous with disappearance of material from the
Cu electrode to be compelling evidence that
the filament is, in fact, copper. Thus cop-
per was leaving the anode, migrating unseen
across the gap, and depositing on the cathode
to form a filament that eventually grew back
to the anode. Taken together with the elec-

trical data, these images corroborate the main
features of the standard electrochemical metal-
lization model.>¢

To provide a static summary of the entire
video, including the switches occurring after the
forming just described, in Fig. 3b we plot the
average STEM intensity in three regions of in-
terest (ROI): the eventual location of the com-
plete filament, the edge of the Cu electrode, and
the area where the filament terminates over the
Cu electrode (Fig. S4). Also shown is a dig-
ital determination of the gap in the filament
(Fig. S5). During forming the intensity in the
copper ROI decreased while the intensity in the
filament ROI increased, reflecting the net relo-
cation of copper from the active electrode to
the filament. The subsequent (switching) mass
transport was relatively minor. However, in the
third, much smaller filament-termination ROI



g “of ‘ q o5
= 20} ; 22
3-20} | | ; |
—0F @ meoe. 0 ~ | 4
A1500- +— filament 0 ;_J"
3 ool 12 3
-~ 500 +=filament tip -}
2 ' 10 =
g 0 . filament gap=— 0 %
3 -500} o L0
t . . .
—1% | +—tleClfodeedge ; e K I : _203
0 20 40 60 80 100 frames (1.1 s/frame)
Figure 3: CBRAM sequence FORM/RESET/SET/RESET/SET/READ applied to

the device of Fig 2. (top) Current and voltage vs. time. (bottom) Digital analysis of the
simultaneously-acquired video S1. Shown are the average intensity in ROIs (Fig. S4) encompassing
the entire final filament (purple), the edge of the copper electrode (orange), and the filament
termination (green). The gap (blue) between the filament tip and the Cu electrode is also shown
(Fig. S5). Gray bands indicate the frames that generate Fig. 2a—f. The initiation of a gap change
is marked by the “b” band or a grey dashed line. Current compliance precedes every filament

completion, and the gap self-limits at —4 V.

the video intensity manifested a clear square-
wave synchronous with the electrical switching
signals seen directly above; additional material
appeared during the ON half-cycle, and disap-
peared during the OFF half-cycle. The gap also
cycled synchronously with the electrical trans-
port data, decreasing to zero during forming,
and opening and closing 5-10 nm as the de-
vice switched (Fig. S3). Thus the video signal
shows that the toggling of the resistance state
between ON and OFF is accomplished by mov-
ing just a few thousand atoms. This estimate,
based on crystalline copper’s number density of
85 nm ™3, represents an upper limit; the copper
density in the filament and thus the number of
atoms moved is likely smaller.

Figures 2 and 3 (or the more complete video
S1) give arich, time-resolved view of the switch-
ing dynamics. Three distinct transport regimes
are observed in every OFF to ON half cycle.
The initial phase has no detectable growth, very

little current, and is evidently nucleation lim-
ited. The first frame showing growth is coin-
cident with the jump to current compliance.
Surprisingly, the electrical current is fully de-
veloped before the switch closes, implying the
transient existence of an undetected conduc-
tion path. With positive feedback from field
concentration and Joule heating, this “leader”
path likely determines the subsequent filament
geometry. In an analogy with lightning prop-
agation,?® electrons traveling in one direction
set up the more visible return stroke going the
other way. (Compare Fig. 6 of ref. 4 and Fig.
1.3 of ref. 26.)

After the nucleation event the growth phase
occurs, with the voltage decreasing and the
electric field increasing as the gap closes un-
der constant current. The total applied power
decreases as the gap closes, but the power den-
sity in the gap is constant to the extent that
the cross sectional of area of the current path



does not change. Thus this constant-current
filament growth mode naturally incorporates
feedback that regulates the maximum tempera-
ture and maintains a steady growth rate. In ev-
ery case the filament enters a final, zero-growth
phase, which can only be voltage limited (at
~1 V) since the electric field across the near-
zero tunneling gap is maximal.

The RESET shrinkage rates are comparable
to the SET growth rates. In contrast to SET,
the final stages of the RESET are electric field-
limited (or, equivalently, the required overpo-
tential is a function of the filament geometry),
since the filament ceases to shrink while the
voltage is held constant at -4V. The RESET
process also evidently electropolishes the fila-
ment tip, ridding it of growth sites, since a nu-
cleation overpotential is again required to reini-
tiate growth during the subsequent SET. While
much of the filament remains, the increases in
the device conductance resulting from FORM
and SET are reversed by a RESET: the resul-
tant OFF state shows resistance comparable to
that of a pristine, unswitched device. Without
the RESET, applying a 1 V READ voltage af-
ter the third cycle in Fig. 3 takes the device
immediately into compliance, confirming that
the contact is non-volatile.

With repeated cycling the filaments in these
devices grow consistently toward the active
electrode during SET, and reproducibly form
tunneling electrical contacts. Cycling another
device similar to those of Figs. 1-3 gave the
video and transport data summarized in Fig. 4.
Over the course of 10 cycles, a few thousand
Cu atoms moved back and forth in a 3 nm
junction region at the end of the filament near-
est the active electrode (video S2, Fig. S7).
(This particular device was switched over 40
times under various imaging and biasing con-
ditions. Although it was still switching nor-
mally, the experiment was ended at this point
because contamination deposited by the elec-
tron beam on the sample had begun to obscure
the active region.) The material’s rearrange-
ment was slightly asymmetrical, occurring in a
more concentrated region on the filament than
the electrode (Figs. 4e, S3, S6). The geomet-
ric asymmetry between the electrode and fila-

ment, which is invoked to explain the switching
bipolarity, 2" thus also appeared in this redis-
tribution. As with the devices in Figs. 1-3, the
evident hysteresis in the IV relationship here,
with currents at ~1 V higher after a SET than
before the SET, is characteristic of ReRAM (or
memristor ?®) behavior.

For this study, using small compliance cur-
rents gave filament growth times of many sec-
onds, allowing for detailed imaging of the
growth process. The time-resolved, approxi-
mately constant growth rates showed no sign
of thermal runaway.* With ~200 nW switching
power and ALD alumina’s thermal conductivity
k =2 W/K-m,? the implied temperature rise
inside a device is AT ~ 100 K(nm/d) where d is
a length scale of order 1-10 nm. Thus switching
with such low currents kept these devices near
ambient temperature and reduced confounding
thermal effects.

Working with larger compliance currents we
saw very different dynamics. The devices
showed sudden changes, a wider variety of fila-
ment geometries, evidence of annealing , and
ON states with resistances < 1k{2. With these
switching parameters the devices could not be
cycled more than once. We infer that increas-
ing the compliance current in our devices in-
creases the switching temperature above a crit-
ical threshold, leading to thermal runaway and
much poorer cycling characteristics. The differ-
ent filament morphologies and switching char-
acteristics (e.g. filament growth direction) seen
in other imaging studies!?!417182L  might be
due in part to the larger (microampere) cur-
rents used.

For ReRAM in general, smaller compliance
currents give larger, highly-non-linear ON-state
resistances, minimize irreversible effects that
are detrimental to endurance, and more closely
approach the minimal dissipation condition de-
sired for dense, low-power memory.3? As small
as they are, however, these currents are still far
larger than the electrochemical ideal. Filaments
such as those imaged here are formed with a
time-integrated oxidation/reduction current of
order 10*e = 1.6 fC. The charge transported
during forming and switching is more than 10°
times larger, demonstrating that, of the contri-
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Figure 4: Imaging and transport data for 10 switching cycles. (a) STEM image of a device’s

ON states averaged over ten cycles, with schematic (b).

states, with schematic (d).

(c) The corresponding average of OFF

(e) Difference image OFF-ON;, i.e. (c—a). (f) Conductance, current,

and device bias vs. time during the period spanned by (a, ¢, and e). See Figs. S6, Fig. S7, and

video S2.

butions to the total cell current Iy = Lion + Lo,
the ion current [i,, is negligible in compari-
son to the collateral electron current I (ref.
7) for this quasi-DC switching. With pulsed
switching, larger compliance currents, and cor-
respondingly higher temperatures the ion and
electron currents would be more comparable
(1 pA-10 ns = 6 x 10%).

In conclusion, we have observed CBRAM
switching over many cycles with in situ STEM.
The slant-vertical Cu/Al,O; devices imaged are
clean, microfabricated, and without spurious
interfaces connecting the electrodes. During
FORM and SET the conducting bridge fila-
ments grow backwards towards the Cu active
electrode, a result in agreement with the stan-
dard electrochemical metallization model.?%
We see the filament growth occurring after the
jump in the total electronic current. This unex-
pected time-ordering indicates that the Al,O4
electrolyte supports a (leader) conduction path
after Cu ions have penetrated the insulator, but
before the filament is fully developed. Upon
RESET both the visible filament connection

and the leader conduction paths are evidently
destroyed, as the device conductance reverts to
a negligible value. Switching with compliance
currents 10-100 times smaller than those used
in standard CBRAM increases the filament for-
mation and dissolution times by factors ~ 10°,
which highlights the crucial role of device self-
heating. With the filaments’ morphological
evolution effectively in “slow-motion”, fine de-
tails such as distinct nucleation and potential-
limited periods within a CBRAM switching cy-
cle are time-resolved.
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