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Bipolar Electrochemical Mechanism for Mass Transfer in

Nanoionic Resistive Memories
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and Xuedong Bai*

Solid-electrolyte-based nanoionic resistive memories (ReRAM),
also known as electrochemical metallization memories (ECM),
are electrically driven switching devices that can retain an
internal resistance based on the history of applied voltage and
current. These ReRAMs are considered to be promising candi-
dates as next-generation, non-volatile memory devices thanks
to their high endurance, fast switching time, and outstanding
scaling capability.'™] Research efforts are now focused on a
microscopic understanding of the physicochemical processes
responsible for resistive switching and on novel applications
including reconfigurable logic systems and neuromorphic com-
puting.[*1% Generally, a nanoscale conductive filament model is
adopted for the microscopic switching mechanism. This model
is based on the electrochemical dissolution and deposition of
active electrode metals (such as Ag or Cu) in the solid electro-
lyte layer, which generally leads to the formation of conductive
filaments, hence they were termed electrochemical metallization
memories.>!!l Although these conductive filaments have been
visualized in many works, the physicochemical processes at the
nanoscale are still controversial.'>"8 The observed morphologies
of the conductive filaments were highly different according to dif-
ferent reports.121416 Those differences are closely related to the
filament formation process, which as yet has not been properly
clarified. Details of the dynamic processes were mainly limited by
the experimental setup or the type of sample in previous reports.

In this work, deliberately designed ECM devices have been
investigated using an in-situ transmission electron microscope
(TEM). It is demonstrated that the formation and disruption of
the conducting filament is driven by the bipolar electrochem-
ical mass transfer of Ag in the solid SiO, electrolyte. The novel
sample structure and the atomic-scale images have provided
us with unambiguous details of the mass-transfer processes.
Based on the high-resolution observations the detailed redox
reaction dynamics are clarified.

The two sample structures used in this work were designed
for different purposes. One design consists of a Ag/SiO,/
Si sandwich structure for reproducing the real devices inside
the TEM. The other is composed of a silver-embedded SiO,
structure, which was dedicatedly designed to disclose the
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driving force for the electrochemical reactions. For the first
structure, we firstly tested the switching performance of the
devices outside the TEM column (setups shown in Figure 1a,
top panel). Then we conducted the in-situ TEM experiments
thereby reproducing the performance of the ex-situ devices;
a Ag tip driven by a nanomanipulator was used as the active
metal electrode (Figure 1a, bottom panel). To switch the pristine
insulating device to its conductive state, a constant bias of 8V
was applied to the silver tip with an appropriate current com-
pliance. The current versus time curve is shown in Figure 1b.
Serial images corresponding to the numbered arrows of
Figure 1b are shown in Figure 1c. The current curves and the
images were recorded simultaneously.

After applying the voltage stress for 34 s, a cluster appeared
near the anodic Ag tip. Subsequently a series of new clusters
grew up towards the Si electrode right next to the first cluster.
After applying the voltage for 62 s, the current increased
abruptly (arrow 5 in Figure 1b), corresponding to the conduc-
tive filament reaching the bottom electrode. These clusters are
found to be composed of pure Ag from high-resolution images
and energy-dispersive X-ray spectroscopy (Figure S1 and S2,
Supporting Information). From these real-time images, four
features can be noticed. Firstly, the conductive channel grows
from the anode to the cathode in a step-by-step manner. Sec-
ondly, it is rather a series of clusters than a continuous fila-
ment that bridges the two electrodes. Thirdly, after the current
reaches compliance, in other words, when the filament reaches
the bottom electrode, the mass transfer of silver continues,
with more silver clusters growing, as can be seen in images 5
and 6 of Figure 1c. And the fourth remark that can be made
is that new clusters grow faster as they approach the bottom
electrode (Supplementary Video S1, Supporting Information).
The cluster-after-cluster growth mode is highly indicative of the
mass-transfer dynamics and will be addressed later.

Then, the device was switched off by applying a reverse bias
of —6 V. The erasing process was extremely fast. As soon as
the conducting channel breaks near the bottom electrode, an
abrupt current drop occurs (Parts 1 and 2 of Figure le). This
evidence verifies the former hypothesis on ECM cells that
filaments break close to the bottom electrode when switched
off.19-211 Further applying of the reversed bias made additional
clusters disappear. The continuing growth of clusters after
switch on and shrinking of clusters after switch off are novel
phenomena to be noticed.

In contrast to the original ECM theory, which predicts a
cathode to anode filament growth, our observation has shown
an opposite growth mode from the anode to the cathode.
A similar phenomenon was reported elsewhere.’® In the
former publication, this phenomenon was explained by the

wileyonlinelibrary.com 3649

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201400127

2
o
<
S
=
5
=
=
()
1%/

3650 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

(2]

204 Forming Process

O
G—I
/
P g
¥,
T
ik
& ;
¢

&

Current(uA)
-

Time(s)
204 g 1 Erasing Process
l
]
S 15
<
=)
=
S 10
E
8 3
054
Lbo
RATR SRR G RH
0.0

T
o 5 10 15 20 25 30 35
Time(s)

Mk

www.MaterialsViews.com

Figure 1. Experimental setup and dynamic electrochemical mass transfer process. a) Schematic of ex-situ (top panel) and in-situ (bottom panel)
experimental setup. b) /-t characteristics recorded during the switching process at a voltage of 8 V. ¢) TEM images corresponding to data points 1-6
in (b). The six images were extracted from a video (see supplementary Video S1, Supporting Information) recorded during the switching process.
Scale bar is 10 nm. d) /-t characteristics recorded during the reversed voltage stress of —6 V. €) TEM images corresponding to data points 1-3 in (d).

Scale bar is 10 nm.

overwhelming quantity of electrons in the electrolyte that
reduce the silver ions. A key question here is how can the silver
atoms be anodized from the clusters and move forwards if the
clusters are surrounded by an ocean of electrons.

To better understand the dynamics of the mass transfer
of silver in SiO,, we designed a second sample structure by
embedding silver clusters in the middle of a SiO, matrix, as
Figure 2a shows (see details in Experimental Section). The
embedded silver clusters are in the cubic phase, as shown in
Figure 2c. In this sample, the silver clusters are isolated from
both the anode and the cathode, and, thus, can be regarded as
bipolar electrodes (BPEs). The mechanism of a BPE is based on
the polarization of a conductive object exposed to an external
electric field, as shown in Figure 2b. As the conductive object is
an equipotential body, the local potential profile will be changed
and the object becomes polarized.?223 The resulting polariza-
tion Ag¢, at the cluster surface (r,6) is given by

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

Agy=E r(cos@—cosA) (1)

where E is the electric field, r is the radius of the particle, and
A defines the position where A¢, =0 . When the polarization
is high enough, the anodic reaction will occur at the surface.
Interestingly, compared to former experiments and predic-
tions, our in-situ experiments show a quite different growth
behavior.?*?°l The major difference with former reports lies in
our choice of electrolyte materials, that is, we used SiO, instead
of a silver ion conductor. For silver ion conductors, silver ions
would only be reduced at the interface of the electrolyte and the
cathode, whereas in our experiment, the silver ions were readily
reduced within the SiO, matrix.

The experimental setup was the same as in Figure 1a, except
that the tip was Au. By applying a sufficient positive or nega-
tive voltage to the Au tip, the buried clusters were polarized
by the established electric field and electrochemical reactions

Adv. Mater. 2014, 26, 3649-3654
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Figure 2. Mass transfer based on bipolar electrochemistry within a silver-embedded sample. a) Schematic of the sample structure with embedded Ag
clusters. b) Schematic of the bipolar electrode. ¢) TEM image of the freshly made sample. The lattice fringes are indexed to fec silver (111). d,f) Images
of the sample prior to the in-situ experiment. e,g) Images of the sample after the in-situ experiments corresponding to images (d) and (f), respectively.
The applied voltages in (e) and (g) were opposite to each other, as labeled by the + and — signs. The arrows indicate the emerging of new silver clusters
from the original ones in consistent with the directions of the electric field.

were triggered. From Figure 2e and Figure 2g, we can see that  adjacent to the original clusters, as indicated by the arrows.
the growth direction of the buried silver clusters complies with ~ This observation also verifies that the Ag cluster growth is not
the direction of the electric field. New clusters were formed  caused by the electron-beam irradiation.
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Figure 3. Serial images of high-resolution mass-transfer process in the silver-embedded sample. a—f) Images of the mass-transfer process at the
stressing time of 98s, 113 s, 142's, 192 s, 203 s, and 204 s, respectively. The images were extracted from a real-time recorded video. Arrow 1 indicates
the original cluster. Arrows 2 and 3 indicate the first and second new-born clusters, respectively. The stressing voltage was 8 V.

Using this structural model, we were able to study the silver
mass-transfer process more clearly. A series of high-resolution
captures of the mass transfer of the Ag clusters is shown in
Figure 3 (see Supplementary Video S2, Supporting Informa-
tion). New clusters appeared and grew nearby the original clus-
ters. Note that there was always a nanogap between the neigh-
boring clusters. As the reaction proceeded, the original cluster
(cluster 1) was slowly consumed to be smaller and smaller, and
the new clusters (cluster 2 and 3) grew bigger. As a net effect,
the Ag cluster group moved forward along the electric field
direction.

By carefully studying the mass-transfer process in Figure 3,
we have been able to explain how the new clusters appeared
in the electrolyte and how re-oxidation took place on those
clusters. The key is that the role of cluster 2 changes with the
mass-transfer process. At the beginning, cluster 2 appears due
to the cathodic reduction and nucleation of silver ions from
cluster 1. It, thus, acts as the cathode to cluster 1. The redox
couple is then cluster 1 — cluster 2. No anodic reaction takes
place on cluster 2 at this stage. But as cluster 2 grows larger,
it changes the local equipotential. According to Equation (1),
when the size of cluster 2 exceeds a certain value, the polariza-
tion induced by the external electric field will be adequate to
oxidize the silver atoms at the anodic pole. This stage corre-
sponds to the emerging of cluster 3, as shown in Figure 3c.
Thus a new redox couple is formed by cluster 2 and cluster
3. At this stage, both a reduction reaction and oxidation reac-
tion occur on cluster 2. It behaves as a BPE. From Figure 3d
to Figure 3f, it is interesting to notice that the size of cluster
2 remains almost the same. During this process, it seems that
cluster 2 functions as a transit station. This indicates that the

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

rate of the reduction reaction is comparable to that of the oxi-
dation reaction. Gradually cluster 1 is consumed and cluster
3 grows bigger and bigger.

We believe that the change in role of the newborn clusters is
essential in the mass transfer of silver in the SiO, matrix, which
is consistent with the results shown in Figure 1c. Firstly a new
cluster was born adjacent to the silver source. As it grew larger,
another new cluster would be born from it. But the first cluster
remained almost unchanged even though the subsequent clus-
ters all originated from it. The first cluster thus acted as the
BPE. The difference with the silver-embedded sample was that
the silver tip acted as an infinite silver source, thus the formed
silver clusters wouldn't be consumed as the mass transfer con-
tinued. By repeating this process, a series of silver clusters were
formed until finally bridging the electrodes.

We also analyzed the above phenomena from the viewpoint
of electrochemical potentials. For bipolar electrochemistry, it
has to be noted that the interfacial potential difference between
the electrode and the electrolyte, rather than the absolute poten-
tial of either, is the driving force for electron transfer.?! In our
case, the electrical potential is applied to a metal/insulator/
metal (MIM)-type cell with a metal ion (Ag*)-electron mixed
conducting electrolyte (SiO,). The electrochemical potential of
the electrons (fL,) in the electrolyte, which is identical to the
Fermi level Eg, can be expressed as follows:

fie = 4. — F¢= (o + RTInn,)— Fg 2)
where . is the chemical potential of the electrons, F is the

Faraday constant, ¢ is the internal potential (the electrostatic
potential with reference to infinity), u is the standard chemical
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potential of electrons in equilibrium with the reference silver
activity of unity, and n, is the electron density per unit volume.
Assuming a uniform electrolyte layer and no electronic over-
voltage at the interfaces (e.g., Schottky barriers), both . and ¢
should have approximately linear profiles.??l The silver cluster
will change the local equipotential and become polarized.
The schematics in Figure 4a and 4b correspond to Figure 3b
and 3c, respectively. When a sufficient voltage is applied, the
silver atoms at the anodic pole will be oxidized into silver ions
within the SiO, matrix. After they have drifted over a small dis-
tance (from x, to x;3), they are reduced by the local electrons,
where Fg(x3)-Eg(x;) > Ep(Ag/Ag?), and nucleate into a cluster.
When the size of the new cluster exceeds a certain value, the
anodic polarization will be sufficient to give rise to oxidizing
reactions. At this stage, the newly born cluster acts as a BPE.
Thus the mass transfer can proceed. The real energy diagram
is more complicated, as in our analysis we have ignored both
the electronic overvoltage at the interfaces and the influence
of ionic conduction on the potential distribution. The coupling
of the electronic and ionic properties is also simplified. These
underestimated factors could be very influential in the device
performance and offer potential for further device innovation
and optimization.[?’-2%

Based on the above discussion, a reasonable supposition
can be made, namely, that there is a critical size of the clusters
for a given situation, beyond which the polarization is strong
enough to provide the electromotive force for bipolar reactions.
The critical size in Figure 1c is about 5 nm under an electric
field of 0.25 V nm™. In Figure 3c it is about 3 nm under an
electric field of 0.4 V nm™'. The potential difference between
the two ends of the BPE is around 1.2 eV. This value is compa-
rable to the solution-based standard redox potential of silver.3"
However, the critical size is not universal because the real situ-
ation is more complicated as the electrochemical reaction is
also influenced by many other factors, such as the pressure,
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temperature, local infrastructure, and especially the redistribu-
tion of the potential profile with the growth of the clusters in
the electrolyte. We have also simulated the electric-field distri-
bution and the potential profile for different sizes of bipolar
electrodes using a finite element method (see Figure S3, Sup-
porting Information). The simulated results verify the potential
change and electric-field redistribution induced by those BPEs
with different sizes. The polarizations were found to be highly
dependent on the cluster size.

The mass-transfer behavior of the embedded clusters are
in accordance with the case in Figure 1, except that the silver
sources are different. The same BPE mass-transfer mode can
be applied to the first sample structure. A Fermi-level diagram
for the first sample is shown in Figure S4 in the Supporting
Information. Based on the bipolar electrochemical mecha-
nism, all the growth features disclosed in Figure 1 can be
well addressed. The filament grows faster and faster, because
the potential slope becomes larger and larger. When the fila-
ment comes to reach the cathode and the current becomes
compliant, the potential differences between the neighboring
clusters are still big enough to give rise to electrochemical reac-
tions. So the mass transfer continues, making the filament
more robust. This implies that the mass transfer will not ter-
minate until the potential difference is really small. The con-
tinuing growth of these conductive filaments may deteriorate
the nanogaps between neighboring clusters, which may lead to
the device degradation.

In summary, we have provided detailed dynamic processes
of the mass-transfer process of Ag in solid SiO, using an in-situ
observation method. The step-by-step mass transfer supports a
bipolar electrochemical mechanism for the conductive filament
formation. Based on the observations and Fermi-level analysis,
the mass-transfer dynamics were clarified. This work could
provide the basis for establishing a reliable physical picture of
device operation and could help to guide research into further
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Figure 4. Schematic pictures and Fermi level diagrams for different mass-transfer stages. a) Schematic showing the first new cluster emerging, corre-
sponding to Figure 3b. At this stage, only cathodic reaction takes place on the emerging cluster. b) Schematic showing the second new cluster emerging
from the first one. At this stage, both cathodic and anodic reactions take place on the first cluster. ¢) Schematic Fermi-level diagram corresponding to
(a). d) Schematic Fermi-level diagram corresponding to (b). Note that the electrochemical potential of the electrons [l in the electrolyte is identical

to the Fermi level E.
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device optimization. We emphasize that the choice of electro-
lyte material highly influences the mass-transfer mechanism.
We also call attention to the fact that the cluster-forming opera-
tion should be carefully conducted and over-forming should be
avoided as it may lead to device degradation.

Experimental Section

Sample preparation: The substrates for film deposition were heavily
doped p-type silicon purchased from MTI Corporation, with a resistivity
of 1072 Q cm™. The SiO, films were deposited by plasma-enhanced
chemical vapor deposition (PECVD) at a temperature of 180 °C, using
dinitrogen oxide and silane as the precursors. Silver and gold tips for
in-situ measurements were made using a homemade electrochemical
corrosion cell using 1 m KOH solution electrolyte. The tips were typically
30 nm at the sharpest end. The silver-embedded structure was made by
depositing 20 nm SiO,, 0.5 nm silver, 20 nm SiO, onto the substrate in
sequence. The evaporated silver occurred naturally in a spherical shape,
as shown in Figure 2b. All the cross-section TEM samples were made
by traditional manual grinding and milling by an RES 101 ion miller to
achieve a clean surface. We estimated the thickness of the interesting
areas of the samples to be about 30 nm to 60 nm, using electron energy
loss spectroscopy (EELS) analyzed by Digital Micrograph software.

Device measurements: For all measurements, the silicon substrate was
ground and a compliance current was applied to protect the devices.
The ex-situ measurements were carried out using a semiconductor
analyzer Agilent B1500 at ambient environmental conditions. The in-situ
measurements were conducted in a JEOL 2010F TEM combined with an
Agilent B2900 Precision Source/Measure Unit (SMU). An accelerating
voltage of 200 kV was used. The TEM holders in our experiments were
all homemade and dedicatedly designed for in-situ TEM experiments.
The silver or gold tip was driven by a nanomanipulator as a movable top
electrode.

It has been noted before that the electron beam has a softening effect
on SiO,, and that electron-beam irradiation can cause Ag diffusion,
according to the literature.’'32 We compared different electron-beam
illuminating conditions including shutting off the illumination, and
found that the morphologies of the filaments were consistent (see
the control experiment results in Figure S5, Supporting Information).
During the experiment, the brightness of the electron beam was reduced
to the minimum requirement for photographing in order to reduce the
actual influence of the electron beam.

Computer simulation: We applied a finite element method to create
the computer simulation. The parameters are specified in Figure S3 in
the Supporting Information.

Supporting Information

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