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ABSTRACT Memristive devices, also known as memristors or ReRAMSs, are promising
candidates for accessing next-generation memory. In classic electrochemical metallization (ECM)
theory, there are only two states of conductive filaments: formation and dissolution. In our
experiment, we found that the metallic filaments also vaporized, leaving observable defects in a
series of memristive devices based on a Cu-doped multilayered SiO. electrolyte layer.
Furthermore, the vapour from conductive filaments exfoliated adjacent single layers of
multilayered SiO». The morphologies of the conductive filaments in a memristive device (W/Cu-
doped SiO2/Ag) were studied using an SEM (scanning electron microscope) instrument equipped
with an FIB (focused ion beam) module. With the gradual removal of the electrolyte layer, cross-

sectional images of the conductive filaments were captured from perspective, top and side views.



Based on these images, a three-dimensional model of the conductive filaments was proposed. All
the findings suggested that the SET and RESET processes were complex and involved the
simultaneous formation, dissolution and vaporization of conductive filaments. The vaporization of
the conductive filaments permanently changed the surface morphology of the devices. This model,
presented at the end of our paper, explains the irregular phenomena that occurred in I-V

measurements.

INTRODUCTION

The ECM (electrochemical metallization model) interprets the mechanism of resistive switching
with metal-doped chalcogenides (such as Ag.S, CuS, AgGeSe, and CuGeSe) or oxides (such as
WO3, SiO», ZrO», Ta20s, and ZnO)[1-12]. Memristive devices have been widely utilized for data
storage, computation, synaptic emulation, logic gates, FPGASs, encryption and radiofrequency
communication[13-16]. The cyclic changes in the resistance states are accompanied by the
formation and dissolution of the metallic filament. Whereas the filament bridges the top and
bottom electrodes after the positive DC sweep, the devices exhibit a LRS (low resistance state). In
contrast, a negative DC sweep leads to dissolution of the conductive filament, and the memristive
device is in the HRS (high resistance state)[17]. Furthermore, the ECM also connects the rupture
of conductive filaments with Joule heat. Therefore, the competition between Joule heat and redox
reactions has been described in the ECM model. Once the redox reaction dominates, the

memristive cell is prone to unipolar switching[18].



Since the discovery of resistive switching behavior, researchers have found various methods for
imaging conductive filaments[19-22]. However, direct observation of a conductive filament
within a thin film is still difficult[23]. Therefore, the simulation of conductive filaments was often
used[24]. In recent years, in situ transmission electron microscopy (TEM) has been widely utilized
to demonstrate the morphology of conductive filaments[25]. Nevertheless, observing a sample
using in situ TEM requires a complex preparation procedure. Furthermore, observing a 3D model

of a conductive filament via TEM imaging is difficult.
EXPERIMENTAL METHODS

The devices were prepared using RF sputtering. This led to the deposition of multilayered Cu-
doped SiO> onto the substrate by means of a combination of Cu and SiO- targets. The RF sputtering
configuration is shown in Figure S1. The composition of the Cu-doped SiO2 was regulated by the
size of the opening of the aperture and the RF power. All coating processes were conducted in a
vacuum chamber at a base pressure of 1x107° mbar using argon gas (99.999%) at a flow rate of 30
sccm. Exfoliation of the Cu-doped SiO- on the substrate of the silicon wafer was completed using
treatment with a saturated FeCls acetone solution. Then, the samples were rinsed with distilled
water many times and transferred to an optical microscope for observation. The details of the
surface morphology were also examined using an SEM S4800 (Hitachi) at an acceleration voltage
of 10 kV. The height of the steps and topographical image were studied by means of an AFM
(atomic force microscope) (Veeco). X-ray photoelectron spectroscopy (XPS) was conducted using
a Thermo Scientific™ K-Alpha spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) operated at 100 W. The samples were analysed under vacuum (P < 10~ mbar) with a
pass energy of 150 eV (survey scans) or 25 eV (high-resolution scans). All the XPS peaks were

calibrated for adventitious carbon with a C1s peak binding energy of 284.8 eV. The experimental



XPS peaks were fitted using Avantage software. The crystalline structure of the materials was

characterized via X-ray diffraction (XRD) (Rigaku) using Cu Ka radiation (A=0.1542).

The devices were fabricated on a silica glass substrate in a classic crossbar configuration with 3
layers (W/Cu-doped SiO2/Ag). The electrodes were deposited via a stencil, where the size of the
cross point was 100 um x 100 um. Subsequent DC sweeps were measured using a Keithley 2600
multimeter equipped with probes. A series of electrolytes with different thicknesses and Cu
concentrations were deposited on silicon substrates, as shown in Table S3. All the devices were
measured by a DC sweep until the resistance was stable. After the DC sweep had been measured,
all the samples were studied via SEM imaging. The electrical field and heat distribution of the
devices were simulated by means of COMSOL software. The corresponding equations, boundary
conditions, material properties and geometrical dimensions can be found in the supplementary

materials.

Ga ion milling of the sample was carried out using a dual beam scanning electron microscope
(DBEM) (Tescan, LYRAS3), and FIB was performed at a 30 kV acceleration voltage with an
emission current of 2 pA and a beam current of 12 nA. Two types of milling were used: cross-

sectional and top milling. The top milling was accompanied by SEM imaging every 5 minutes.

RESULTS AND DISCUSSION



In our experiments, we fabricated a device with a structure of W(BE, bottom electrode)/Cu-doped
SiO2/Ag(TE, top electrode). SiO> doped with Cu was synthesized using RF sputtering. The
morphology of the conductive filaments was obtained from perspective, top and side views using
an SEM instrument equipped with an FIB milling module. The results revealed that there was
vaporization of a conductive filament during the SET process. This vaporization was induced by
Joule heating. Pores were left on the surface of the memristive device. A similar morphology was
also observed in the other devices in which the electrolyte was fabricated with different Cu
contents and thicknesses. By means of COMSOL simulation, we employed two methods
(decreasing the compliance current and extra cooling of the tungsten electrode) to reduce Joule

heating. Thus, we improved the endurance of the memristive device from 100 cycles to 730 cycles.
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Figure 1. The structure and composition of as-deposited multilayered Cuzs(SiO2)74: (a)-(c) steps
of single layers taken using SEM; (d) optical image of single layers; (e), (f) topographic images of
steps where the profiles of a step in (f) are taken from a dashed line of (e); (g) Cu 2p XPS high
resolution spectrum of Cuz6(SiO2)74 material; (h), (i) TEM images of multilayered Cu2s(SiO2)74

with different resolution scales where the interplanar spacing is marked in (f).

Cu doped into the SiO> electrolyte layer was prepared using RF sputtering. Before this, the Cu and
SiOy targets were vertically positioned in the sputtering chamber. During the deposition process,
Cu was sputtered with SiO.. Since both targets (Cu and SiO2) in our method

were perpendicularlyly aligned with the substrate, oblique deposition was prevented. The Cu
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content was regulated by the size of the openings in the aperture and the amount of sputtering
energy. A larger opening and lower power of the sputtering energy resulted in a high concentration

of elemental Cu, the details of which are shown in Figure S1.

The structure and composition of the Cu2s(SiO2)74 electrolyte layer are shown in Figure 1. The as-
deposited Cu-doped SiO2 had a multilayered structure. Pure SiOz is normally etched by HF in the
electronic industry[26]. When the Cu concentration in our experiment reached the saturation value,
Cu began to precipitate at the interfaces of the single layers. Therefore, the Cu-doped SiO. was
exfoliated using FeCls acetone solution. First, the Cu particles reacted with FeClz and then the
adjacent layers were further delaminated by means of acetone vapour. Moreover, some single
layers were dispersed in a saturated FeCls acetone solution, leaving a morphology with steps, as
shown in Figure la. Afterwards, the detailed step-like morphology was observed via SEM
(Hitachi, S4800) under a 10 kV accelerating voltage. Figure 1b shows a freestanding single layer
(marked in yellow) suspended at the edge of other single layers. In the cross-sectional view, more
than six single layers can be observed, as shown in Figure 1c. The other samples had similar
surface morphologies, as shown in Figure S2. After the etching and exfoliation of the single layers,
the appearance of SiO. changed under the optical microscope from colorless to red and blue, as
shown in Figure 1d. Its mechanism is attributed to the light inference effect [27]. The other samples
shown in Figure S3 displayed more complex rainbow colours. Since the multilayered electrolyte
layers in our experiment were synthesized by means of sputtering, the size of the free-standing
single layers was square millimeters. Therefore, this approach is suitable for the fabrication of
electronic devices. Figure le,f shows topographic images of FeCls etched with multilayered

Cu26(SiO2)74, which were measured via AFM (Multimode, Veeco). The thickness of the free-



standing single layer was approximately 40 nm. In the other samples, we could observe that the
minimum thickness of a free-standing single layer was ~3 nm, while the maximum thickness was

~45 nm, as shown in Figure S4.

The composition of the Cu-doped SiO> was studied using XPS and XRD, the results of which are
shown in Figures S5-S7. The crystalline structure of the materials was first characterized via X-
ray diffraction (XRD) (Rigaku) using Cu Ka radiation (A=0.1542 nm). Based on the XRD patterns
(Figure S7), the structure of SiO, was amorphous. We believe that this type of multilayered
structure is formed during self-assembly. X-ray photoelectron spectroscopy (XPS) was conducted
using a Thermo Scientific™ K-Alpha spectrometer equipped with a monochromatic Al Ko X-ray
source (1486.6 eV) operated at 100 W. The samples were analysed under vacuum (P < 1078 mbar)
with a pass energy of 150 eV (survey scans) or 25 eV (high-resolution scans). All the XPS peaks
were calibrated for adventitious carbon with a C1s peak binding energy of 284.8 eV. Since the
binding energies of Cu and Cu* were close to 933 eV, they could not be clearly distinguished. The
presence of Cu?* on the surface was also detected, corresponding to the peak at 935 eV. The XRD
patterns further confirmed that the Cu-doped multilayered SiO> consisted of two common
components (Cu20 and Cu), where the XRD peak centred at 36.3° signified the Cu.O reflection
[28]. The atomic concentrations of the studied layers were calculated by means of quantitative

analysis of the Cu 2p and Si 2p peaks.

The structure of the free-standing single layers was further studied using TEM (FEIF F20). First,

Cu-doped SiO> was deposited on the NaCl substrate. Then, the free-standing flakes were dispersed



into the solution and transferred to a Cu grid for TEM imaging. Figures 1h and S8 exhibit the
morphology of single layers with dark dots, which consisted of crystalline Cu2O under high
magnification. The lattice spacing was 0.24 nm, which corresponded with the (2 2 0) crystal planes
of Cu20. A similar morphology of dark dots has also been reported in the literature. This suggests

that Cu2O crystallites are embedded in the SiO2 matrix[29].
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Figure 2. (a) The I-V characteristics of the W(BE)/Cu-doped SiO2 [Cu2s(SiO2)72]/Ag(TE) device
where the insert shows its structure. The 1-V curve is divided into four different stages (marked by
colours and arrows). The SEM images were taken at the end of each stage (marked from 1 to 1V);

(b)-(e) development of the surface morphology based on the markers in (a); (f) and (h) the electric
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field (scale below in volts); and (g) (i) the temperature distribution (scale below in degrees Celsius)

of the W(BE)/Cu-doped SiO2 [Cu11(SiO2)es]/Ag(TE) device at -7.5 V (f), (g) and 4 V (h), (i).

The cross-sectional view of filaments has widely been studied by means of in situ TEM [29].
However, there is still a lack of direct observation of a 3D view of a conductive filament. In our
experiments, the memristive cell was fabricated in a crossbar configuration where the area of the
cross-point was 100 um x 100 um. I-V measurements were taken with a Keithley instrument
equipped with tungsten probes, in which the positive probe contacted the top Ag electrode and the
negative electrode contacted the bottom W electrode. Since the electrolyte layer length reached 1
um, our prior test suggested that the memristive device with the Cu electrode had an ultrahigh SET

threshold. Therefore, Ag was selected as the active electrode for a lower SET threshold.

A Ag or Cu-doped SiO> electrolyte layer is a common material for memristive cells [30-33]. In
our case, during the positive DC sweep, the Cu nanoparticles embedded inside the electrolyte layer
and bottom Ag electrode were oxidized. Consequently, Cu ions with small amounts of Ag ions
migrated toward the topmost tungsten electrode and were reduced into conductive filaments.
Nevertheless, since the SiO> electrolyte layer was heavily doped with Cu before DC sweeping, the
conductive filament mainly consisted of Cu. Once the conductive filament bridged the metal
electrodes, the current increased to the compliance current. In the negative DC sweep, the
conductive filament was oxidized, and Ag or Cu ions were reduced in the vicinity of the bottom

tungsten electrode, while the resistance of the overall memristive device increased.

First, a DC sweep was applied to a W(BE)/Cuz6(SiO2)74/Ag(TE) memristive device utilizing a

range of 16 V to -7.3 V with 1 mA current compliance. The I-V curve was divided into four stages.
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After each stage, the surface morphology of the electrode was imaged using SEM (Hitachi, S4800)
at a 10 kV accelerating voltage. At point I (red, as shown in Figure 2a), a filament was created
during the SET process, and the current reached the compliance value (1 mA). Compared to the
other devices described in the literature, the SET threshold of ~14 V was clearly greater in devices
with a 1 um thick electrolyte layer??. Figure 2b shows the surface morphology at point | of the I-
V curve (Figure 2a). The original SEM images, which are attached as supplementary material,
were processed with colours. (Figure S9). As shown in Figure 2c, the morphology of the particles
was similar to that in Figure 2b, whereas the bias decreased to 0 V at point I1l. We continued
decreasing the bias until it reached -6.7 V. Then, the device was switched to HRS, in which the
filament was dissolved at point I11. The morphology of the particles remained similar, as shown in
Figure 2d. Figure 2e was captured at point IV when the overall DC sweep was completed. The
particle shifted to one side of the underlying pore. The creation of particles was observed in one
of our previous experiments on Ag-doped As>Ss devices where Ag particles were deposited on the
surface of the device during the SET process and disappeared during the RESET process®!. Since
the defects in the pores and particles permanently changed the electrolyte, the formation of
conductive filaments was attributed to the hard breakdown induced by Joule heating. Therefore,
the thermal and electric field distributions of the conductive filament were simulated using
COMSOL software, as shown in Figures (2f-i), and other details can be found in S10- S12 and the
text around the supplementary materials. When the Cu particles precipitated inside the silicon
oxide, the simulation suggested that the electric field was more concentrated, which assisted in the
growth of a conductive filament (Figure S10). Since the experiment was performed in an ambient
environment, the SET threshold can be partially influenced by moisture, which improves the

conductivity of the electrolyte layer and modulates the switching kinetics. The parameters of the
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material used in this simulation are listed in Table S1 and Figure S9 (e)-(f). A description of the
model/governing equations is also presented in the supplementary material (Table S2, Figures S10-
S12 and related text). In the multiphysics simulation, an electric field with heat transfer from the
Poole-Frenkel-Schottky dependence model was used for additional tungsten oxide (thickness of
1 nm) inserted between the tungsten (BE) and electrolyte layers. In the simulation without the
tungsten oxide layer, the maximum temperature reached an unreasonably high level (Figure S11).
As a result, the overall current and bias did not correspond with the I-V curve (Figure S12). As
shown in Figures 2f-i, the column of the Cu conductive filament bridged the electrodes, which led
to LRS. Due to the low conductivity of tungsten oxide (2 S/m), a large electric field was
concentrated on the tungsten oxide layer, as demonstrated in Figure 2f. Consequently, the
maximum temperature on the tungsten oxide layer was higher than the melting point of copper
(1085°C). In this case, the copper filament can naturally dissolve into the SiO2 layer, whereas the
particles and the pores were also created during this procedure. Figure 2h,i shows a temperature
greater than 1000°C at 4 V, meaning that some parts of the filament were vaporized with
breakdown of the material. Since the experiment was performed in an ambient environment, the
SET threshold can be partially influenced by moisture, which improves the conductivity of the

electrolyte layer and contributes to the formation of defects [34].

13



(a)

Cu doped SiO,

O\V

(C) L—‘

14



Figure 3. FIB cutting and etching of the W(BE)/Cu-doped SiO2 [Cu11(SiO2)ss])/Ag(TE) device: (a)
the illustrative scheme of the memristive device used in I-V measurement where the WOs layer
was created in proximity to the tungsten layer; (b) the illustrative scheme of the pores; (c) the
illustrative scheme of FIB milling and cross-sectional scheme of the pores; (d) the illustrative top-
down scheme with a large area of FIB milling; (e) the SEM image of the devices milled for a
period of 5 minutes where the most common defects are marked in red; (f) the cross-sectional SEM
image of the pores in the secondary electron, left) and backscattered electron, right (SE) modes.
The diameter of the filament was ~133 nm. (g) Cross-sectional SEM image of particles in the SE
(left) and BSE (right) modes. (h) Cross-sectional SEM image (top view) of the conductive
filaments in the SE (left) and BSE (right) modes. The diameter of the branches of the filament was
~29 nm, which is marked in the inset; (i) the cross-sectional (side view) view of the conductive
filaments in the SE (left) and BSE (right) modes; (j) the enlarged area from part of i. The boundary
of the electrolyte layer is marked by the yellow dashed lines. The diameters of the branches of the

conductive filaments were ~6 nm (blue) and ~11 nm (red).

To observe the pores, a memristive device was switched to the LRS after one normal cycle (Figure
S13). The structure of the device after I-V measurements is shown in Figure 3a. Two types of
device milling, cross-sectional and top milling, were employed in our experiment. A section was
prepared along the diameter of each defect (pores and particles), as shown in Figure 3b and c.
Afterwards, top-down milling was carried out via SEM equipped with a FIB (Tescan, LYRAS3), as
schematically demonstrated in Figure 3d. FIB was performed at a 30 kV acceleration voltage with
an emission current of 2 pA and a beam current of 12 nA on a large area of the device. As shown

in Figure 3e, the device was milled for 5 minutes. Three types of featured morphologies, pores,
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white particles, and dark regions, are marked with red circles. The pore was cross-sectionally cut.
The diameter of the conductive filament was 133 nm (Figure 3f). The SEM image in the BSE
mode showed that it consisted of heavier elements (lighter colours). Furthermore, the pores, which
originated from the conductive filaments, suggested that vaporization of the conductive filaments
had occurred. Figure S14 (a)-(b) clearly shows an empty pore where all of the filaments were

vaporized due to Joule heating.

A cross-sectional view of the particles is presented in Figure 3g. Further EDX analysis (Figure
S15) showed that the precipitated particles were copper. Such a phenomenon can also be found in
a Cu-doped chalcogenide thin film[35]. As demonstrated in Figure 3h, the SEM image shows the
top view of a conductive filament. The conductive filament in Figure 3h also shows branches,
which are obviously different from those in Figure 3f. The diameter of the branch, marked by red
lines, was approximately 29 nm. The morphology of the conductive filament was also observed
from a side view in a cross-sectional image, as shown in Figures 3i,j. The filament branches were
approximately 6 nm and 11 nm wide, respectively. The filaments bridged the top and bottom
electrodes. The EDS spectrum of conductive filaments suggested that the conductive filament
consisted of Cu as shown in Figure S14 (c)-(d). In our opinion, Ag element, whose the

concentration might be too low, was not detected.

After milling from the FIB, the formation of conductive filaments was observed. In the SET
process, filaments grew under a positive DC sweep. Once the filaments bridged the top and bottom

electrodes, the device was switched to LRS, which simultaneously produced a large amount of
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Joule heat. Subsequently, some filaments dissolved into the SiO; electrolyte layer, while others
merged into a thick filament. The thick filaments could not completely dissolve into the electrolyte
layer, and some parts vaporized due to an increased bias. As a result, the vapour broke the
surrounding thick filament in the electrolyte layer in the vicinity of the tungsten electrode, which

left a pore throughout the electrolyte layer.

&

500 nm

270nm

Figure 4. FIB cutting and construction of 3D conductive filaments: (a) SEM images taken every 5
minutes during the milling of the device. The time (in minutes) is marked under the images; (b)

the enlarged images taken from part of (a) and the size variation of the conductive filament is
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marked by the red arrows and the outlined squares; (c) the etching of the device in the region
outside the electrode in SE (left) and BSE (right) modes where no conductive filament was present;
(d) the pore after 5 minutes of milling; (e) the pore taken from (d) after another 5 minutes of
milling; (f) the outlines of the conductive filaments obtained from (a) where the time of milling is

marked above the outlines; (g) the 3D reconstruction of the conductive filament based on (f).

TEM imaging is restricted by many factors, e.g., it only provides a multilayered view of conductive
filaments®’. In our experiment, we applied a new method to characterize the morphology of
conductive filaments using FIB milling. The surface of the region for ion milling should be free of
surface Cu particles, as the Cu particles, which cover the underlying electrolyte, slow the ion
milling process (as shown in Figure S16). Once top-down ion milling started, SEM images were
taken every 5 minutes. Figure 4a shows the surface morphology with elapsed time. The surface
was evenly removed during milling. Figure 4b shows enlarged images of Figure 4a during milling
for 10, 20 and 30 minutes. When the milling continued, the conductive filaments marked with a
red arrow shrank. A conductive filament, similar to that in Figure 3h, was found only at the cross-
point of the electrodes, as shown in Figure 4c. Nevertheless, the pores are not suitable for top-
down FIB milling. As shown in Figures 4d and e, milling for a long duration could remove the

extra material from the boundary of the pores and increase their size.

A 3D model of a conductive filament can be obtained based on the SEM images. First, in our
experiment, cross-sections of the conductive filaments were plotted from each SEM image, as

shown in Figure 4f. Then, the conductive filaments were vertically aligned to the surface of the
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electrodes and further processed with 3D modelling software. The result is demonstrated in Figure
4g. The conductive filament has a cone shape, which corresponds with that shown in Figure 3i.
The 3D model can further be improved using a shorter interval of modelling and better resolution
of SEM imaging. However, as shown in Figure 3a, a slow drift of the sample had a severe impact
on the SEM image. Therefore, tracking and imaging of a filament are still difficult over a longer

period of time.
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Figure 5. Endurance of the memristive device: (a) I-V curve of the W(BE)/Cu-doped SiO>
[Cu11(SiO2)se]/Ag(TE) memristive device with a 1 mA compliance current; inset shows the
endurance property of the device; (b), (c) the surface morphology of the W(BE)/Cu-doped SiO-
[Cu11(Si0O2)s9]/Ag(TE) memritive device after failure; (d) 1-V curve of the W(BE)/Cu-doped SiO>
[Cu11(SiO2)se]/Ag(TE) memristive device with a 0.1 mA compliance current. The inset shows the
endurance property of the device; (e), (f) the surface morphology of the W(BE)/Cu-doped SiO>
[Cu11(SiO2)se]/Ag(TE) memristive device after failure; (g) the bipolar switching behavior of the
W(TE)/Cu-doped SiO> [Cu11(SiO2)s9]/Ag(BE) memristive device; the inset shows the endurance
of the device; (h) the unipolar switching behavior of the W(TE)/Cu-doped SiO;
[Cu11(SiO2)se]/Ag(BE) memristive device. The inset shows the endurance of the device; (i), (j) the
pores and the conductive filament (marked with yellow) of the W(TE)/Cu-doped SiO>

[Cu11(SiO2)se]/Ag(BE) memritive device after failure.

As demonstrated in Figure 5, two different algorithms were used to explore the endurance of the
(W(TE)/Cu-doped SiO2 [Cu11(SiO2)ss]/Ag(BE) memristive devices, and the endurance was
achieved according to the literature[36]. The I-V measurements were performed until the
resistance of the devices remained unchanged and no LRS or HRS could be achieved. This was
manifested as a permanent breakdown of the device[37]. We designed 3 types of memritive
devices to explore the influence of Joule heat, where the measurement setup in Figure 5a
corresponds with that of Figures 2 and 3. The device was continuously operated for 20 cycles
under a 1 mA compliance current, and the endurance is presented in Figure S17. The SEM images
in Figures 5b and 5c were taken after the 1-V test was performed. The defects, for example, pores

and bubbles, are marked in pink. These voids were the result of vaporization of the conductive

20



filament, which delaminated the adjacent single layers. A similar morphology has also been
reported in Pt/TiO2/Pt memristive devices. The bubbles can migrate and disappear under different
biases[38]. Therefore, defects are also created in VCM (valance change mechanism) memristive
devices. The permanent failure of the Cu/ZnO:Mn/Pt device is attributed to Joule heat, and a lower
compliance current is suggested for this device than for the other devices[39]. In our experiment,
to achieve more cycles, we decreased the compliance current from 1 mA to 0.1 mA. More than
100 cycles were obtained, as shown in Figure 5d. The simulation of the thermal distribution in
Figure 2 demonstrates that the heat concentration in the tungsten oxide layer decreased the
endurance of the device. After 100 cycles, the defects (as shown in Figures 5e,f) were mainly
pores, and the overall size of the defects (purple) was comparable to that in Figure 4d. In our

opinion, the creation of the pores was associated with a bubble burst.

To increase heat dissipation, we used a tungsten electrode as the top electrode for better cooling.
The 1-V curves in Figures 5g and h show more than 730 cycles in total, which included 130 bipolar
cycles and 600 unipolar cycles, respectively. The transition between bipolar and unipolar resistive
switching was caused by Cu precipitation. At the beginning of the DC sweep, Cu particles were
gradually deposited beneath the tungsten electrode. The top electrode was changed from inert to
active. As a result, the Joule heat of the top electrode was greatly reduced. There was only a small
region with defects (Figure 5i) in comparison with the previous two cases (Figure 5b, e). Moreover,
horizonal growth of the conductive filaments was also found around the pores, which were first
created between two adjacent single layers. The filament consisted of nanosized Cu particles

(marked in yellow), as presented in the enlarged image in Figure 5j.
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Figure 6. (a) The surface morphology of the W(BE)/multilayered Cuo.6(SiO2)99.4(500 nm)/Ag(TE)
device after 20 cycles where a defect in the pore was observed; (b), (c) the surface morphology of
the W(BE)/multilayered Cus(SiO2)e5(500 nm)/Ag(TE) device after 800 cycles where the

anisotropic conductive filament with a diameter of 483 nm, (c) is demonstrated from the enlarged
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image of (b) (the outlined square); (d), (e) the coexistence of the pores and filaments in the
W(BE)/multilayered Cus(SiO2)es (500 nm)/Ag(TE) device where the pores and conductive
filaments were observed in a pore enlarged from (d); (f)- (h) the demonstration of filament growth

with four different stages; (j) the flow charts regarding the mechanism of filament growth.

Figures 1-4 mainly focus on the memristive device with the Cu26(SiO2)74 electrolyte (1000 nm
thick). We also fabricated a series of memristive devices with electrolytes of different Cu
concentrations and thicknesses. The performance and surface morphology of the materials after I-
V measurements are listed in Table S3 and shown in Figures S17-S30. All the devices were
measured with a DC sweep until failure occurred. Under the same external bias, a thinner
electrolyte layer resulted in a stronger electric field and hence a thicker filament. For instance, in
a device with SiOz and a Cuo.6(Si02)99.4 electrolyte (33 nm thick), the device could not be switched
back to a HRS at -20 V. With high Cu concentrations, the embedded Cu nanosized particles and
ion migration maintained the device at a constant LRS. An external bias led to an increased
concentration of Ag ions in the devices with thinner electrolytes. The corresponding SEM images
in Figure S21 exhibit dissolution of the top Ag electrode. The excess ions further resulted in
uncontrollable growth of the filament. Moreover, some devices showed a morphology of bubbles.
The maximum size of the bubbles reached 5 um in the devices with thinner electrolytes (as shown
in Figures S19-20). The SET threshold decreased with increasing number of cycles, as
demonstrated in Figure S30. When the electrolyte layer was 1000 micrometres thick, suitable
concentrations of Cu ions were necessary for the formation of filaments. For example, the SiOa,
Cuo6(Si02)99.4 memristive device and Cu(SiOz)es electrolyte layers with a thickness of 1000 nm

did not exhibit any formation of the conductive filament until the bias reached 20 V. The
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compositions of an electrolyte layer with a suitable Cu concentration and correct thickness are
diagonally circled in Table S3, where the device with the Cus(SiO2)es electrolyte layer has the best

performance of all the memristive devices.

For devices with a smaller thickness, the sizes of the defects were greater. Figure 6a shows a pore
created in the W(BE)/Cuo.6(Si0O2)s9.4 (500 nm)/Ag(TE) device. The vaporization of the conductive
filament left a cone-shaped pore. This was similar to the cross-sectional SEM image in Figure 3j.
The bottom electrode is marked in green. The sidewall of the pore was smooth. However, in some
other cases, the vaporization exfoliated the single layers, as shown in Figures 6b,c. A cross-
sectional image of the filaments from the top view is shown at the bottom of the pore, as shown in
Figure 6b. The shape of the filaments is anisotropic. Figures 6d and e demonstrate the coexistence
of the filament and pore at one place. They also showed that the filament in the pore was vaporized,

which resulted in the formation of another giant pore.

The relationships among the filament, vaporization, and single layers are demonstrated in Figures
2-6. We believe that the SET or RESET process should not be simple and involve only the
formation or dissolution of filaments. In other words, the formation and dissolution of filaments
occurred simultaneously during the SET and RESET processes. They were in dynamic
competition. Therefore, unstable resistance states appeared during a DC sweep, as shown in Figure
S30. The filament was created in the SET process, whereas the bias exceeded the threshold. When
the filaments bridged the top and bottom electrodes, the current dramatically increased. As a result,

substantial Joule heat was created, as demonstrated in Figures 6f,g. Then, the newly formed
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conductive filaments with branches were thermally dissolved. Such competition between
formation and dissolution could occur many times, ultimately resulting in the formation of a thick
filament, as shown in Figure 6h. According to the I-V curve, the current initially fluctuated
between the LRS and HRS during the SET process and then stabilized during the LRS. This
process permanently changed the morphology of the memristive device, which is confirmed in
Figures S18-S31. Figure S18 shows the region of the stable filament, which is marked with a red
circle. The lighter surrounding area is shown in the same figure. This area was formed as a region
with other conductive filaments. The conductive filaments first vaporize into single layers and then
leave pores on the sample surface, as demonstrated in Figure 6i. The overall mechanism of the

SET and RESET processes is shown in Figure 6j.

CONCLUSION

In summary, we have demonstrated a clear relationship between the resistance state and surface
morphology. With the help of the FIB etching technique, a 3D model of the conductive filament
was constructed. The model of the mechanism of the SET and RESET processes was improved
based on our findings. First, multiple filaments with branches were formed just above the SET
threshold and then simultaneously ruptured by Joule heating. As a result, the current in the SET
process fluctuated until a thick filament was formed. With increasing current, the filament started
to vaporize. The vapour coming from it exfoliated the single layers and left defects on them,

including particles and pores.
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Based on the SEM images, the formation of conductive filaments could be destructive for
memristive devices. Therefore, adequate Joule heat was needed to assist the dissolution of the
conductive filament into the electrolyte layer. However, excessive Joule heat was unavoidable
during the DC sweep. For that reason, we performed a simulation of the electrical field and
temperature gradient. The results showed the important role of the formed tungsten oxide layer,
which caused a concentration of Joule heat near the bottom electrode. Therefore, two solutions,
decreasing the compliance current and using tungsten as the top electrode, were tested in our

experiments to decrease the Joule heat and improve the endurance of the device.

The FIB method is an effective way to probe the morphology of conductive filaments. It also offers
an image of the conductive filament from the top or side view and is simple and powerful. Our
experiments involving the 3D construction of conductive filaments exhibited unlimited potential

for future applications.
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