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T
he semiconductor industry has long
conducted research toward the de-
velopment of a nonvolatile memory

(NVM) device in order to replace traditional

flash memory because it is rapidly ap-

proaching miniaturization limits due to its

reliability concerns and insufficient charge

storage capacity.1 Among the next genera-

tion of NVMs, including charge storage and

resistance change memories, an emerging

concept known as resistance switching

memory is thought to be a good candidate

for the next generation of NVM and has gar-

nered scientific and commercial interest.2

Resistance switching can be achieved

via the formation and annihilation of a con-

ductive filament formed between device

electrodes, resulting in low and high resis-

tive states. The switching process originates

from the motion of charged ions that can

be driven by the electric field,3 and these

kinds of ionic species are categorized into

two types: one is cation migration (e.g., Ag�

or Cu� ions), which are found in some chal-

cogenides (Ag�Ge�Se, AgS, and CuS,

etc.),4�8 oxides (Cu-doped SiO2, WO3, ZrO2,

and TiO2, etc.),9�14 and amorphous Si;15�19

the other is related to anion migration20�29

(e.g., oxygen ions found in oxygen-

containing compounds such as TiO2 and

SrTiO3, etc.). Among them, Ag- or Cu-based
conductive bridge random access memory
(CBRAM), or so-called programmable metal-
lization cell (PMC) device, is one of the most
promising options among the next genera-
tion of NVMs due to its fast switching, low
power consumption, high scalability, and
superior switching endurance.4 In this de-
vice, a conductive Ag or Cu filament is
formed or annihilated via an electrochemi-
cal redox process during the switching op-
erations. When a positive electric bias is ap-
plied on an oxidizable anode (e.g., Ag), the
anode will be oxidized and will inject Ag�

ions into the electrolyte. Then, the ions are
reduced to form electrodeposits at the in-
ner cathode (e.g., Pt), thus growing a con-
ductive filament toward the anode. Annihi-
lation of a filament can be achieved via
oxidation of the filament when the electric
bias is applied reversely. The conductive
filament of the device can be formed in ex-
tremely small size (a few nanometers in di-
ameter), thus making device structure
highly scalable. However, in this process,
there are some issues that have not been
discussed in the literature which are crucial
for a basic understanding for the switching
mechanism. First, an investigation of the
shape and dimension of a filament and its
determining parameters is crucial, as these
may directly impact the device perfor-
mance, providing a better understanding
of the basic operation of the mechanism.
Second, understanding the origin of the in-
stability regarding the low resistance state
(LRS) of a PMC device is a key to providing
solutions regarding drawbacks germane to
the poorly retentive digital state.

Herein, a planar feature of the PMC de-
vice is developed in order to make the Ag
conductive filament visible and more easily
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ABSTRACT In this paper, we report on the formation and rupture of Ag nanofilament on planar Ag/TiO2/Pt

cells using visual observation. During the forming process, the filament tends to stay very thin. Specifically, it is so

thin that it breaks up into a chain of nanospheres (according to Rayleigh instability) right after the formation

has been completed. Similar mechanical breakup may also impact vertically stacked cells, causing reliability

concerns.
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filament · Rayleigh instability · Auger spectrometry · scanning electron
microscopy · transmission electron microscopy
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characterized. A thin Ag nanofilament is formed di-

rectly on the electrolytic surface with electrochemical

electrodeposition during the forming process. Field-

assisted thermally activated hopping of anodic ions

(Ag�) is the responsible mechanism for filament forma-

tion and resistive switching. The conductive Ag fila-

ment is formed with a cylinder shape and exhibits an ul-

trasmall dimension, that is, only a few nanometers in

diameter. Only one filament is formed during the form-

ing process, and its dimension can be manipulated by

controlling the operation current limit. Indeed, such a

thin filament is observed to have an impact on the

structural instability even at room temperature, as con-

firmed by the Rayleigh instability proposed in 1878 by

Rayleigh, who had initially given the perturbation analy-

sis of one cylinder fluid transformed into a row of

spherical droplets due to its unstable nature.30 Similar

mechanical breakup of a thin filament is possible to im-

pact the LRS of vertically stacked cells, causing reliabil-

ity concerns.

RESULTS AND DISCUSSION
Figure 1a shows the planar device structure used in

this work. A TiO2 electrolyte thin film is coated on the

thermally oxidized Si wafers, and the Ag and Pt thin

films are used as the coplanar electrodes. The electrical

characterization was carried out by applying a positive

voltage to the Ag electrode while keeping the Pt

counter electrode grounded. Two stressing modes,

voltage-sweep and constant-voltage drive, were used

to switch the cells on (from a high resistance to a low re-

sistance state). For the former, applied voltage im-

Figure 1. Electrical forming characteristics of a planar Ag/TiO2/Pt device. (a) Scheme of the planar device. The SEM images
shown in the right side are the electrode pads and the 25 nm thick TiO2 film, showing uniform and flat surface topography.
(b) Characteristics of the current vs sweeping voltage with various electrode spacings of 120, 320, 535, and 760 nm. (c) Form-
ing voltage as a function of electrodes spacing collected from (b). (d) Characteristics of the current vs stressing time under
55, 60, 65, 70, and 80 V. (e) Forming time as a function of stressing electric fields collected from (d).
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posed on the Ag electrode with a spacing of 120�760
nm from the Pt electrode was swept from 0 V to form-
ing voltage (Vform) where current compliance was
reached (Figure 1b). The current employed in electro-
forming, or current compliance (Icompl), was restricted to
a very low level (�1 nA) in order to obtain a genuine
structure of the formed Ag filament. As the forming
voltage is reached, the device resistance is changed
from high resistance to low resistance. The decrease of
the device resistance indicates that the Ag filament is
formed in the device during the electrochemical
switching-on process (discussed later). Figure 1c plots
Vform as a function of the electrode spacing. As shown in
the figure, Vform is linearly dependent on electrode spac-
ing, indicating that the electric field is responsible for
the forming process; the electric field for switching-on
is 1.4 MV/cm in the device. In constant-voltage drive,
the electrical current was recorded as a function of time
while a constant voltage was applied to the Ag elec-
trode. A sharp rise of current is also detected when the
electroforming is completed. For the cells with the same
electrode spacing, the electroforming process does
not seem to be limited by the magnitude of applied
voltage, as illustrated in Figure 1d. Instead, it exhibits a
longer forming time (tform) using smaller voltage, and
vice versa. Cells with different electrode spacing were
probed with the same constant-voltage drive scheme;
the forming time derived from each case was found to
fit well with a simple exponential decay function of the
apparent electric field (�), which is the applied voltage
divided with the electrode spacing, as illustrated in Fig-
ure 1e. The results show that electroforming is con-
trolled by a field-assisted process instead of a voltage-
dependent one.

The same characterization was performed at differ-
ent temperatures with the cells having the same elec-
trode spacing (300 nm). Each characterizing condition
is upon 5 cells on the same chip. As Figure 2a shows, the
forming time derived under the same applied voltage
is an exponential function of the inverse of temperature
(1/T), suggesting that electroforming is also a ther-
mally activated process. During forming, two kinds of
activation processes should be considered: one is the
electrochemical redox reactions at the interface be-
tween each electrode and solid electrolyte in which
the Butler�Volmer equation is described;31 the other
is the Ag� ion migration through the electrolyte. Either
of them behaves as an electric field-assisted thermally
activated process. In the device, we exclude the electro-
chemical redox reaction for the following two reasons.
First, if the electrochemical reaction is the rate-limited
process, it should be true that forming voltage is non-
linearly dependent on the electrodes spacing,9 which is
contradictory to the above finding in Figure 1c. Sec-
ond, most forming time is expended in Ag� hopping
across the TiO2 surface during the forming process, as
shown in Supporting Information (Figure S1), indicating

that the interfacial electrochemical reaction is not the

rate-limited process. Therefore, the dominated activa-

tion process of the forming in the device should show

Ag� ion migration. The activation energy associated

with the process can be extracted from the slope in Fig-

ure 2a. The activation energy as a function of the ap-

plied voltage is plotted in Figure 2b, which shows a lin-

ear relation between the activation energy and the

apparent electric field: Ea(�) � Ea(0) � qd�, where Ea(0)

is 0.81 � 0.1 eV at the zero electric field and the charac-

teristic length d is about 4.2 nm when the apparent

electric field is in V/nm. The above results clearly dem-

onstrate that the electroforming of these cells is a field-

assisted thermally activated process with the forming

speed tform
�1 proportional to exp[�(Ea � qd�)/kBT]. The

same process has also been recognized for the hopping

of ionic species in the solids.32

The Ag electrodeposits after the forming process

were analyzed with scanning electron microscopy

(SEM) and high-resolution transmission electron micros-

copy (HRTEM), as shown in Figure 3. Figure 3a shows

the SEM image of the cell after the forming process.

The cell is electrically formed under compliance cur-

rent of 1 nA. It was observed that the Ag electrodepos-

its were formed between the Ag and Pt electrodes.

However, the Ag deposits seem to be composed of a

few particles instead of a filament. This may concern

how the Ag particles are developed during the form-

ing process; interestingly, the data suggest that the Ag

particles are likely formed after the formation of the Ag

filament due to the electrical characterization as dis-

Figure 2. Field-assisted thermally activated hopping of Ag�

ions on the TiO2 surface. (a) Forming time as a function of 1/T
under various dc stressing biases of 20, 25, 30, and 35 V. (b)
Activation energy of the Ag filament formation under vari-
ous stressing biases. The activation energy is calculated by
the slopes of forming time vs 1/T in (a).
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cussed below. Figure 3b shows the current�voltage
characteristics of the forming process and the subse-
quent measurement (second switch). The second
switch is subsequently performed within 1 s after the
forming process. As shown in the figure, the cell re-
mains in a high resistance state even though the cell
has been switched on in the forming process. Further-
more, the subsequent measurement shows a smaller
switching voltage than that in the forming process
(Vform) because of the formation of less effective spac-
ing between the electrodes. All of the above support
claims that the Ag filament is structurally unstable and
tends to break into a number of particles. To investigate
the fine structure more informatively, the cross section
of the sample is characterized by HRTEM (Figure 3c,d).
The sample for characterization is cut by a focused ion
beam (FIB) along the filament growth direction. As
shown, the Ag particles have a sphere-like shape with
uniform dimensions (�8 nm in diameter) and lie on the
TiO2 surface. The enlarged high-resolution and fast-
Fourier transform (FFT) images are shown in Figure 3d.
The Ag nanospheres are formed with the face-centered
cubic crystalline structure of which the indexes of dif-
fraction patterns are identified, showing the pure Ag
crystalline structure within the whole sphere. In addi-
tion, it is obvious that there is only one filament that is
formed during the forming process. In the process, if
the Ag electrodeposit is formed at the edge of a cath-
ode in the initial stage, the electric field is more concen-
trated on the protrusion than any other region of the
edge due to less distance from the anode. Conse-
quently, Ag� hopping along this protrusion is greatly
accelerated (because of field assistance) and leads to
formation of only one filament in the whole process.

To investigate the exact mechanism of the struc-
tural evolution, a simple model based on thermody-
namic theory was constructed to assess whether the
process is spontaneous. We assume the Ag spheres
with the number of n have evolved from a Ag cylinder
(Figure 4a) in which the length and radius of the cylin-
der are L and r0, respectively. The aspect ratio (�) is in-
troduced and defined as L/r0. The average radius of the
Ag sphere is rsp. We assume the volume is kept the
same during evolution. Thus

and the total free energy change, �G (��GV � �GA), is
2	r0

2
A(4.51/3�2/3n1/3 � � � 1), where �GV is the volume
free energy, �GA is the surface free energy, and 
A is
the specific surface free energy. It is seen that only the
change of surface free energy remains in the formula. If
the structural evolution is spontaneous, �G should be
negative. Thus, it follows that r0 � rsp/1.5. Table 1 shows
the summary of the parameters calculated from sev-
eral samples that were tested under the same charac-
terizing conditions (cc � 1 nA). The SEM images of

these samples are shown in Supporting Information

(Figure S2). It has been shown that all of the param-

eters satisfy the criteria, that is, r0 � rsp/1.5 (Figure 4b),

indicating that the Ag spheres are formed via the struc-

tural evolution from the Ag cylinder (filament) by reduc-

ing the surface energy (surface tension). A question is

Figure 3. Morphology and structure characterizations of the Ag nano-
spheres. (a) SEM image of the device after the forming process. (b)
Current�voltage characteristics of the forming and subsequent mea-
surements. The set voltage in the second switching is significantly
smaller than the prior forming operation due to the reduced effective
spacing (Leff) between the two electrodes. (c) Cross-sectional TEM im-
age along the Ag growth direction. The enlarged image of the Ag
sphere is shown in the inset. The average dimension of the sphere is
�8 nm in diameter. (d) High-resolution TEM image taken from one of
the Ag spheres in (c), showing face-centered cubic single-crystalline
structure for which two planes, (200) and (1̄11), are indexed. The bot-
tom image shows the diffraction patterns extracted by the fast Fourier
transform.

Figure 4. Rayleigh instability (R-i) of the Ag filament. (a) Illustration
of the Raleigh instability induced structure evolution of Ag filament.
By introducing an infinitesimal longitudinal sinusoidal perturbation
in the shape of the cylindrical surface, the equation of the perturbed
surface is given by r � r0 � � sin �z. (b) Radius of the Ag filament
(r0) as a function of the radius of the Ag sphere (rsp). (c) Radius of the
Ag filament (r0) as a function of the distance between the Ag spheres
(�sp).

rsp ) (3R
4n )1/3

r0
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raised regarding why a filament would always evolve
into a number of spheres instead of only one since this
is the minimum of the free energy. This type of struc-
tural evolution needs to take the kinetic process into ac-
count as we have seen for Rayleigh instability. Ray-
leigh first gave the perturbation analysis for one
cylinder fluid into a row of spherical droplets due to its
surface tention.30 Nichols and Mullins performed an
analogous treatment for the kinetic process of atomic
diffusion on a solid system.33 In the solid system, the
chemical potential (�) of a surface atom is the product
of surface curvature (K), the atomic volume (), and the
specific surface energy (
). The surface atoms diffuse to-
ward a position that has a lower chemical potential or
surface curvature. By introducing an infinitesimal longi-
tudinal sinusoidal perturbation in the shape of the cy-
lindrical surface, the equation of the perturbed surface
is given by r � r0 � � sin �z, where r0 is the initial cylin-
der radius, � � 2	/� is the frequency, � is the perturba-
tion wavelength, and z is the position along the longi-
tudinal axis (Figure 4a). The surface has two principal
curvatures that should be considered: one curvature is
the inverse of the radius of a cross section (K1), and the
other curvature is in the cross section of the cylinder
along the axial direction (K2); the two principal curva-
tures have opposite trends. The curvature K1 tends to
diffuse atoms from the trough to the crest, and the cur-
vature K2 tends to diffuse atoms from the crest to the
trough. The fractional growth rates for various frequen-
cies are described as33

where B � DS
�2/kT, and � is the number of diffus-
ing atoms per unit of surface area. According to the for-
mula, the cylinder is unstable if the perturbation wave-
length � � 2	r0 (i.e., � � 1/r0). On the other hand, the
cylinder is stable due to insufficient its longitudinal
length. For � � �m, the rate at which the perturbation
develops reaches a maximum point; �m � 8.89r0, 9.02r0,
and 12.96r0 (corresponding with rsp � 1.88r0, 1.89r0,
and 2.13r0, respectively) have been derived for surface
(interfacial) diffusion, internal volume diffusion, and ex-

ternal volume diffusion as the dominant transport
mechanisms, respectively.33,34 In our results, rsp and �sp

are, respectively, larger than 1.88r0 and 8.89r0 and
smaller than 2.13r0 and 12.96r0 (Figure 4b,c). We con-
clude that surface diffusion may be the dominant trans-
port mechanism due to its extremely small structural di-
mension.35 In addition to the intrinsic property of the
material, it should be mentioned that the cylinder diam-
eter and the temperature strongly impact the perturba-
tion rate of the structure, as well. The unstable pertur-
bations grow exponentially with time, and the breakup
time is proportional to r0

4.33 A higher temperature is
needed for a cylinder with a larger diameter to realize
the perturbation within a limited time, which has been
evidenced in the literature regarding Au or Cu cylinders
with a diameter larger than 25 nm.34,36 However, within
the small structural dimensions of our Ag filament (�7
nm in diameter), structural perturbation can occur even
at room temperatures and finish within a very short
time (see Supporting Information).

In vertically stacked programmable metallization
cells, the poor retention capability of the LRS is a ma-
jor obstacle for practical application. The stability of the
LRS is deteriorated by an insufficient operating current
and relatively high temperature. In switching opera-
tions, it has often been reported that the diameter of
the filament is decreased with a reduction in current
compliance, causing a higher resistance of the LRS.4

Similar phenomenon is observed in our planar cells,
which show a reduction in the radius of the filament
with a decreased operating current (Supporting Infor-
mation, Figure S3). This indicates that the stability of the
LRS is closely related to its resistance level and dimen-
sions of the formed filament. Therefore, it is reasonable
to conclude that the poor retention capability of the
LRS in programmable metallization cells is closely re-
lated to its mechanical instability, caused by an insuffi-
cient structural size. In the future, a novel switching de-
vice, of very small dimensions, such as an atomic
switch,37,38 is an option for achieving low power, high
density, and a high speed memory, and the expected
impact on retention capability and operational reliabil-
ity will be a major challenge. To avoid the drawbacks,
choosing a suitable material system with lower surface
energy between the conductive filament and the solid
electrolyte and/or constructing a novel device that can
rigidly confine a thin filament may be among the con-
sidered options. Nevertheless, since the constructed
conditions of vertical cells are different than planar cells,
other effects, such as a charge or a strain, must also be
considered39,40 and studied closely in order to achieve
the future goal of a reliable CBRAM.

CONCLUSION
In conclusion, formation of Ag nanofilament has

been demonstrated using the Ag electrochemical re-
dox process across the planar Ag/TiO2/Pt structures. No-

TABLE 1. Parameters of the Ag Nanofilament and
Nanospheres of the Cells Which Were Tested under the
Same Characterizing Conditions (cc � 1 nA)

L (nm) n rsp (nm) r0 (nm) � �sp (nm)

512 19 6.0 3.3 157 26.9
495 20 5.0 2.6 191 24.8
512 18 4.5 2.1 248 28.4
536 17 6.0 3.0 177 31.5
502 24 4.0 2.0 249 20.9
513 17 5.0 2.4 218 30.2
530 15 5.0 2.2 244 35.3
539 20 5.0 2.5 217 26.9
534 21 3.8 1.7 321 25.4

∂δ
∂t

1
δ
) Bω2( 1

r0
2
- ω2)
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tably, field-assisted thermally activated hopping of
Ag� ions is found to be the responsible mechanism for
filament formation. The dimension of the switching fila-
ment should be very thin due to low current and fast
switching operation; therefore, the thin switching fila-
ment may have an impact on the structural instability

which results in a poor retention property, most nota-
bly for the low resistance state. It is possible to avoid
these drawbacks by choosing a suitable material sys-
tem with lower surface energy or through the design
and construction of a novel device that can rigidly con-
fine a thin filament.

EXPERIMENTAL METHODS
Preparation of the Planar Cells. A flat, smooth TiO2 thin film

10�25 nm thick was deposited with reactive rf sputtering at
room temperature on the thermally oxidized Si wafers (thermal
oxide �200 nm thick). Pt (�90 nm thick) and Ag (�30 nm thick)
electrodes were subsequently sputter deposited and patterned
using the photolithography (I-line stepper, Canon FPA-3000i5�)
and the lift-off process. The cells were designed to have a sharp
Ag electrode, which is positioned away from the Pt counter elec-
trode, allowing for various spacing between 100 nm and 1 �m.
When device preparation is completed, the device chip is subse-
quently preserved in a dry, vacuum chamber (�10�3 Torr, 4%
RH) from pollution of moisture and dust in the atmosphere.

Characterizations. The electrical characterizations were per-
formed in the atmosphere (�20% RH for the planar cells) using
a Keithley 236 source measurement unit. The surface character-
istic of the device is examined using a field-emission scanning
electron microscope (FE-SEM, JEOL-6500F). The crystal structure
of the Ag spheres is examined using a high-resolution transmis-
sion electron microscope (JEOL JEM-3000F).
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