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ABSTRACT Ge2Sb2Te5-based phase-change memories (PCMs),

which undergo fast and reversible switching between amorphous
and crystalline structural transformation, are being utilized for
nonvolatile data storage. However, a critical obstacle is the high
programming current of the PCM cell, resulting from the limited
pattern size of the optical lithography-based heater. Here, we
suggest a facile and scalable strategy of utilizing self-structured
conductive ﬁlament (CF) nanoheaters for Joule heating of chalcogenide materials. This CF nanoheater can replace the lithographical-patterned
conventional resistor-type heater. The sub-10 nm contact area between the CF and the phase-change material achieves signiﬁcant reduction of the reset
current. In particular, the PCM cell with a single Ni ﬁlament nanoheater can be operated at an ultralow writing current of 20 μA. Finally, phase-transition
behaviors through ﬁlament-type nanoheaters were directly observed by using transmission electron microscopy.
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P

hase-change random access memories
(PCRAMs) exploiting the dramatic difference of electrical resistance in a
reversible phase transition of chalcogenidebased materials between amorphous (highresistance) and crystalline (low-resistance)
states have garnered huge interest for future
data-storage generations.113 Nonvolatile
PCRAM is one of the strong candidates for
a so-called “universal nonvolatile memory”
to replace Si-based ﬂash memory and volatile dynamic random access memory (DRAM)
because of its outstanding advantages such
as rapid write/erase speed, long write endurance, and high scalability.4,79,1318 In particular, phase-change memory (PCM) is
approaching commercialization on the basis
of mature technologies in the semiconductor
industry.19 However, there are a few unresolved problems that must be addressed
to achieve high-density PCRAM devices, including high writing current for a crystalto-amorphous phase change and cell-to-cell
heat disturbance.35,7,14,16,20,21 The most important issue is reducing the size of the
contact area between the phase-change material and the heater electrode, which would
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be highly beneﬁcial for reducing the reset
current. Although scaling down is the most
eﬀective method for compatibility with the
complementary metal-oxide semiconductor
(CMOS) process, the resolution of conventional photolithography is restricted by the
optical diﬀraction limit.22,23 A few elegant
approaches have been studied via nanobased methodologies such as nanowire/
nanodot devices3,2427 and new structure
design.4,7 Nevertheless, eﬀective solutions
applicable to the conventional CMOS process
have not been presented yet.
In this study, we present a method to
achieve chalcogenide phase transition with
self-structured nanoheaters of Ni conductive
ﬁlaments (CFs) generated by electrical migrations of mobile oxygen vacancies.2830
The conductive ﬁlament phase-change memory (CF-PCM) devices were fabricated via
three methods: TiW/GST depositions after
the CFs' electroformation by contacting a Pt
probe tip on NiO ﬁlms (method 1, Figure 1),
voltage sweeping to the top electrode (TE)
after all ﬁlm depositions without a Pt probe
tip (method 2, Figure 2), and a single-ﬁlament
growth using a conductive atomic force
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Figure 1. Formation of Ni ﬁlament nanoheaters by contacting a Pt-coated probe tip on NiO ﬁlms and CF-PCM operation via Ni
ﬁlament-induced heating. Schematics of the process for (a) Ni ﬁlament heater formation and (b) subsequent CF-PCM device
fabrication. The left inset graph of panel a shows IV curves of unipolar RS operations by using the Pt-coated probe tip on
NiO/Ni ﬁlms, and the right inset of panel a shows an optical image of the end point of the Pt-coated probe tip. The inset of b is
the cross-section SEM image of the CF-PCM. (c) Temperature distributions of the CF-PCM device using an electrothermal
simulation based on the FEM. The inset image shows the current density distributions of the CF-PCM cell. (d) CAFM results of
the area where Ni ﬁlaments are formed (2  2 μm2 scan area). (e) RI curves of the CF-PCM device operated by a reset pulse
width of 160 ns and a set pulse width of 550 ns. The reset and set current is 4.1 and 2.7 mA, respectively. (f) Writing endurance
test during 100 cycles. The reading voltage for extraction of the resistance is 0.3 V.

microscopy (CAFM) tip (method 3, Figure 3). Both
single- and multi-Ni ﬁlament nanoheaters achieved
an ultralow power phase transition of PCM, highly
concentrating the current density into the end point
of the ﬁlament nanoheater. This approach can dramatically reduce the reset current of CF-PCM by
20 μA. The mechanism of nanoﬁlament-induced
heating was theoretically explained by electrothermal simulations based on the ﬁnite element method
(FEM). The Ni CF was directly observed by employing
transmission electron microscopy (TEM) in the amorphous NiO layer.31 As a result, metallic cone-shaped
Ni ﬁlaments have served as heaters with nanometerscale vertices. This self-structured heater has a
few-nanometer-sized contact area between the Ni
CF and Ge2Sb2Te5 (GST) ﬁlms, signiﬁcantly reducing the phase-change area. The reversible phasechange behavior of the amorphous-to-crystal state
was microscopically observed by using TEM and
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energy dispersive spectrometer (EDS) elemental
mapping.
RESULTS AND DISCUSSION
Phase-Transition Behaviors via Ni CFs Formed by Pt Probe
Tip. Figure 1a schematically illustrates the formation
of nanoscale Ni filaments into NiO films by using a
Pt-coated probe tip under positive voltage (method 1).
The end point of the Pt probe tip was approximately
15 μm in diameter, as shown in the right inset of
Figure 1a. The left inset graph of Figure 1a demonstrates
the currentvoltage (IV) curves of an electroforming
process generating Ni CFs and subsequent reset/set operations corresponding with the reversible resistive switching (RS) of a typical unipolar resistive memory.2830,32 For
such an electroforming process, oxygen vacancies move
toward the base of NiO films, and simultaneously nickel
ions are expected to move toward the tip surface, thus
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Figure 2. Electrical characteristics and operation mechanism of the CF-PCM devices without Ni CF formation by the Pt probe
tip. (a) Electroforming IV curve for ﬁlament growth of the TiW/GST/NiO/Ni CF-PCM device fabricated by successive ﬁlm
deposition. The electrode area is 10  10 μm2, and the compliance current (CC) is 1 mA. (b) RI curves of the CF-PCM device
(Ireset = 3.2 mA and Iset = 1.1 mA). (c) Writing endurance test during 200 cycles. (d) Cell-to-cell statistical charts from operating
voltages (red box) and currents (blue box). (e) Programming curves for crystalline to amorphous phase transition depending
on the electrode area and CC. The CF-PCM device with an electrode area of 2  2 μm2 operates at a reset current of 593 μA
(CC = 10 μA). (f) Number of Ni CFs depending on the electrode area. The inset graph of panel f shows the relationship between
ﬁlament number and electrode area. (g) CF-PCM operation mechanism via Ni nanoﬁlament-induced heating. The Ni ﬁlament
heater is grown through movements of both Ni vacancies and oxygen vacancies under the electrical voltage. After that, the
reset/set pulse voltages result in the phase transition of the GST.

resulting in growth of nanosized Ni CFs, as demonstrated
by the resistive memory device of the Pt/Ti/NiO/Ni
structure (Supporting Information, Figure S1).31 After the
formation of Ni filament nanoheaters, the GST phasechange layer and the TiW TE were deposited to provide
phase-transition behavior via self-structured CF nanoheaters (Figure 1b). A CF-PCM device having a crosspoint structure over a 50  50 μm2 area was fabricated
on the Ni bottom electrode (BE). To provide the theoretical mechanism of the CF-induced heating of the
GST material, electrothermal simulations were preferentially conducted by using the FEM. Figure 1c shows
the temperature and current density distributions
of the CF-PCM cell. We assumed that the contact size
between the filament and the GST was 1 nm, and the
YOU ET AL.

applied current density (J) is 1.8  1010 A/m2. The vertex of
the Ni filament can shrink to the 12 nm through the electrical modification (Supporting Information, Figure S12).
As shown in the inset image of Figure 1c, large current
density was concentrated at the Ni filament. The highest
current density was located at the vertex of the filament,
resulting in the generation of Joule heating. The heat
generated from the Ni filament heater induced a temperature increase of the GST layer over the melting
point (888 K). The electrothermal simulation data were
simply suggested in order to investigate the principle
and trends of the CF-PCM device. The applied current
density from simulation results and the measured
current from real experimental data were not equal
because the leakage current and heat losses from the
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Figure 3. 1-Ni ﬁlament growth by using a Pt-coated CAFM tip and its CF-PCM device operations. (a) Schematic of the process
of forming a 1-Ni ﬁlament nanoheater by contacting the Pt-coated CAFM tip (diameter = 20 nm) on NiO ﬁlms. The inset graph
of panel a shows the corresponding IV curves during the electroforming process. (b) Current proﬁle scanning on NiO ﬁlms
after the 1-Ni ﬁlament formation (tip bias = 0.5 V and scan area = 1  1 μm2). (c) RI curves and (d) IV curves of the CF-PCM
device with 1-Ni ﬁlament nanoheater (Ireset = 20 μA, Iset = 13 μA, and Vth = 3.2 V).

device structure were not considered in the FEM simulation. To clearly analyze the distributions of Ni CFs formed
within the NiO layer, CAFM measurements were performed (Figure 1d and Figure S2). Current over
800 nA, directly measured on NiO films, was detected
from localized nanoscale CFs. From the CAFM profile,
the actual area contacted by a Pt probe tip was
calculated to be about 123 μm2 (slightly smaller than
the probe tip area of ∼177 μm2). These conductive Ni
filaments directly work as nanoheaters for the phase
transition of the GST layer.
For electrical characteristics of the CF-PCM device,
the BE was grounded and an electrical pulse was
applied to the TE. First, a reset pulse of 160 ns width
was applied to the TE, leading to a phase change of the
GST from the crystalline to amorphous state. The reset
current (Ireset) required for amorphization was measured to be 4.1 mA, and correspondingly the resistance
increased by 2 orders (Figure 1e). It is noteworthy that
the operation current in the present work is much
lower compared to a conventional PCM device with a
micrometer-sized contact area. Generally, a PCM with
a 2-μm-diameter contact area between GST ﬁlms and a
TiN heater operates at 75 mA.16 This signiﬁcant reduction of the reset current indicates that our CF-PCM
device works via Ni nanoﬁlament heaters generated
by the electroforming process. The set current (Iset)
for the recrystallization of GST was measured to be
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2.7 mA with a 550 ns pulse width. In addition, the IV
curves in Figure S3 show that the threshold voltage
(Vth) is 1.1 V, which represents the phase-change
behavior. These phase-change transitions were reversibly repeated during 100 cycles, as shown in the writing
endurance test of Figure 1f. Unfortunately, this forming
process of Ni CFs by the Pt probe tip induced large
ﬂuctuations of the operating voltage and current
because the eﬀective contact area between the NiO
and the probe tip was not uniform in each fabrication
process (Supporting Information, Figure S4).
CF-PCM Operation by Electroformed Filaments without the Pt
Probe Tip. In order to provide a scalable fabrication process and reduce the cell-to-cell fluctuation,
CF-PCM devices were fabricated by successive deposition of TiW/GST/NiO/Ni films without using the Pt
probe tip (method 2). After the entire film deposition,
the Ni BE was grounded and the TiW TE was applied
by positive bias. Figure 2a shows the device structure
with a 10  10 μm2 electrode area and its corresponding electroforming IV curves. Here, it should be noted
that no filaments were grown at the initial state of
the CF-PCM device. During the electroforming process
under a sweeping voltage of 10 V to the TE, the Ni CFs
were grown toward the anode and connected to the
bottom of the GST layer. The Ni nanofilament heaters
were restricted in the 10  10 μm2 electrode area,
and their sites were randomly distributed because
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the electrode area and the CC, respectively. Figure 2e
shows the programming data plots indicating diﬀerent
reset processes with variation of the electrode area and
the CC. As the electrode area and the CC became
smaller, the reset current for operating the device
gradually decreased. In our CF-PCM device, the strong
heat is generated by the high current density, resulting
in the appropriate on/oﬀ ratio of an average of 2 orders.
This resistance ratio was similar to that of GST-based
PCM devices with nanostructures below 30 nm, which
were previously reported.3,7,21 It is evident that the
reset current is proportional to the number of Ni CFs,
because the ﬁlament number is directly related to the
contact area between the ﬁlament heater and the GST
ﬁlms, as mentioned above. In addition, the thickness of
the Ni ﬁlament has to be considered from the perspective of the contact area. Figure S7a and b show current
density and temperature distributions of the CF-PCM
cell with a thick Ni ﬁlament, corresponding to the
electrical data related to the reset current depending
on the CC, as shown in Figure 2e. We assumed that the
contact size between the GST and the thick ﬁlament
was 10 nm. A higher CC for electroforming induces the
formation of thick Ni CFs, while a lower CC can make
the ﬁlaments thinner. Under the same applied current
density (J = 1.8  1010 A/m2), the thin ﬁlament device
has a smaller phase-change area and higher maximum
temperature (1313.8 K, Figure 1c) than the thick ﬁlament device (1029.8 K, Figure S7 in the Supporting
Information). These simulation results indicate that
the thinner ﬁlament can eﬀectively generate heat,
decreasing the writing current. When the cell with a
2  2 μm2 area and 10 μA CC was applied, the reset
current of CF-PCM was measured to be 593 μA,
approximately equivalent to that of the conventional
PCM device operated at a 38 nm contact area.9
In addition, comparative device dimensions in all
CF-PCM cells of Figure 2e are shown in Table S1 of
the Supporting Information. The corresponding power
consumption calculated from the reset current/voltage
was 1.77 mW (Supporting Information, Figure S8).
Figure 2f presents the number of Ni ﬁlaments depending on the electrode area, which was obtained from the
current scanning results via CAFM measurements
(Supporting Information, Figure S2). We induced linear
ﬁtting of Nf ≈ A1.02 from a loglog scale plot, where Nf
is the number of CFs and A is the electrode area. On the
basis of this experimental observation, we strongly
assume that scaling down of the electrode area would
be eﬀective for reducing the number of potential CFs in
the contact area, thus making it possible to dramatically lower the reset current.
Operation Mechanism of CF-PCM. The detailed operating
mechanism of the CF-PCM operated by Ni CFs is
schematically described in Figure 2g. In the early stage
of the filament electroformation, positively charged
oxygen vacancies and negatively charged Ni vacancies
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the electric fields were constant in the NiO layer.31,33
Through this method, it is unnecessary to align the
TiW/GST films onto the Ni CFs because the Ni filaments
are grown beneath only patterned GST films. The reset/
set current and threshold voltage were measured to be
3.2 mA/1.3 mA and 0.6 V, respectively, as shown in the
resistancecurrent (RI) and IV curves of Figure 2b
and Figure S5a. This reset current of 3.2 mA (electrode
area = 100 μm2) is reasonable since the device fabricated in Figure 1 with an active electrode area of
123 μm2 operates at a reset current of 4.1 mA. During
200 writing cycles, the CF-PCM device exhibited cyclic
behavior of the reset/set switching without degradation of the resistance ratio and retained its two resistance states up to 104 s (Figure 2c and Figure S5b).
In order to investigate the cell-to-cell uniformity,
the electrical performance of 50 unit cells was measured under identical conditions (electrode area of
10  10 μm2). Figure 2d shows the statistical charts
from the operating voltage and current of 50 different
cells, revealing markedly superior cell-to-cell uniformity compared to that of the CF-PCM devices operated
by using a probe tip, as shown in Figure S4. The
programming current for CF-PCM operations should
be compared to that for the RS, strongly depending on
whether or not the Ni CFs are ruptured. In our CF-PCM
device, feasibility of reversible RS operation was confirmed after the repeated phase-change behaviors,
as shown in Figure S6. The reset current required
for transforming the phase-change material into an
amorphous state was measured to be 3.2 mA, while the
reset current for the rupture of the Ni filaments was
measured to be over 8 mA, indicating that there was
no substantial effect of the filament heaters during
the CF-PCM operations. Although Joule heating for
the reset operation of the CF-PCM cell results in a
temperature increase of the GST layer above the melting point, the Ni filaments are not ruptured because
the thermal conductivity of GST is much lower than
that of nickel.9 Most of the generated heat flows
toward the GST films without raising the temperature
at the end point of the Ni CFs (simulation results of
Figure 1c). Nevertheless, when high enough current
over the CF-PCM operation range is applied to the cell,
the vertex of the Ni filaments may be ruptured as a
consequence of oxygen diffusion into the Ni CFs.
It is generally acknowledged that the writing current of the PCM directly depends on the contact area
between the phase-change material and the heater
since the phase-change area decreases according to
the down-scaling.34 In contrast, here, two representative variables, the number and the thickness of Ni CFs
formed in the NiO layer, should be reduced to shrink
the reset current. The eﬀective electrode area and the
compliance current (CC) for the electroforming, therefore, should be controlled because the number and
the thickness of ﬁlaments decrease with reduction of
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Figure 4. TEM analyses and EDS elemental mapping results of the CF-PCM devices with self-structured ﬁlament heaters. TEM
images corresponding to the (a) initial state, (b) reset state, and (c) set state of the CF-PCM devices. The inset images of ac
show the FFT patterns for the crystallographic analyses of the phase-change region. (d) Bright-ﬁeld TEM image of the reset
state of the CF-PCM device. EDS elemental mapping results of (e) Ni, O, Ge, Sb, and Te, (f) Ni, and (g) Ge, Sb, and Te.

are expected to migrate toward the cathode and the
anode, respectively, thus resulting in the formation of
conductive Ni metallic filaments in the NiO films.29,31,35
Once the filaments are formed, the reset current from
a vertex of the Ni CF induces strong heating at the
GST films, leading to amorphization of the contact
region. During the reset process, the temperature of
the contact area increases over the melting point of the
GST material (888 K). When a set pulse is applied to
the device, the contact area of the GST returns to the
original crystalline state. The amplitude of the set pulse
should be over the crystallization temperature but not
higher than the melting temperature. These phasetransition behaviors are reversibly repeated during the
reset/set switching.
CF-PCM with a Single Ni Filament Nanoheater. Diminishing the number of Ni filaments is beneficial in terms of
power reduction of CF-PCM. For the formation of only
one Ni filament, we employed the CAFM system with a
Pt-coated AFM tip of 20 nm diameter (method 3).
Figure 3a shows the single filament formation process
by contacting the Pt-coated AFM tip onto the NiO
films and simultaneously applying positive voltage
to the cantilever (CC = 10 μA). A single Ni filament
was grown toward the CAFM tip via migration of nickel
YOU ET AL.

and oxygen vacancies, and corresponding IV curves
are shown in the inset graph of Figure 3a. The single
Ni filament heater was confirmed from the current
scanning profile with a scan area of 1  1 μm2
(Figure 3b). In this current scanning region, a more
than 2 μA current peak was observed at only one
location, which indicated the Ni CF grown into the
NiO films. After the formation of the single Ni CF, GST
and TiW films were deposited in consecutive order for
the device fabrication. The CF-PCM with the single Ni
filament was reversibly operated at an Ireset/Iset of
20 μA/13 μA, respectively (Figure 3c), and this ultralow
programming current was also demonstrated from the
IV curves, as shown in Figure 3d. Furthermore, this
ultralow power CF-PCM cell showed good reliability in
both cycling endurance and the time retention test
(Supporting Information, Figure S9). If the leakage
current and heat losses from the microscale electrode
were considered, a much smaller writing current would
be expected. Therefore, further scaling-down of the
cell size below 20 nm may lead to a dramatic decrease
of the writing current to a few microamperes since
only one Ni filament can be grown as a nanoheater
to operate the CF-PCM device without using the CAFM
tip. For these reasons, our CF-PCM process can be
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contacted with the Ni CF was measured to be sub10 nm in diameter and was changed to the amorphous
state, whose FFT pattern also indicated an amorphous
phase under the applied reset pulse. The contact
area between the Ni filament and GST can be reduced
to 12 nm with decreasing the CC for the electroforming process (Supporting Information, Figure S12a).
Figure 4c shows TEM images from the device after
the set process for recrystallization of GST, i.e., transition
of the contact area from the amorphous phase to the
polycrystalline state. In addition, the Ni CF and GST films
were verified from the EDS elemental mapping results,
as shown in Figure 4dg. Additional TEM/EDS images in
Figures S1214 also provide consistent results.

METHODS

where F is the density, T is the temperature, C is the heat
capacity, k is the thermal conductivity, t is the time, and
Q is the heat flux. The heat generated by Joule heating Q is
given by

CF-PCM Device Fabrication. Si substrates with 150 nm thick SiO2
by dry oxidation were prepared, following deposition of a 20 nm
thick Cr adhesion layer and a 250 nm thick Ni film using radio
frequency (RF) sputtering. For the NiO formation (20 nm),
Ni films were oxidized by using a reactive ion etching (RIE)
system (power = 200 W, pressure = 10 mTorr, O2 flow =
10 sccm, and time = 900 s). For the device fabrication of
Figure 1, a Pt-coated probe tip (diameter of end point =
15 μm) was contacted onto the NiO films, applying voltage
bias for filament formation. GST films (250 nm) and TiW TE
(100 nm) were successively deposited and patterned. For the
devices of Figure 2, all processes were equal to the CF-PCM device
of Figure 1, except for the absence of filament formation via the Pt
probe tip. For the CF-PCM device with a single Ni filament heater of
Figure 3, the NiO oxidation time was changed from 900 s to 300 s
for optimization of the filament-forming process. A Pt-coated
CAFM tip (diameter of end point = 20 nm) was contacted onto
the NiO films, sweeping the voltage from 0 to 10 V (CC = 10 μA).
After the single Ni filament growth, the TiW/GST (100 nm/250 nm)
was deposited and patterned.
Electrothermal Simulations. COMSOL multiphysics software
(ALTSOFT) was used for the simulation modeling of phasechange behaviors in memory devices. The physical model
defined by the electrothermal method was computed from
the following equations. The mathematical model for heat
transfer is the heat equation
FC
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 r(kΔT) ¼ Q
Dt

(1)
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incorporated with the sub-20 nm CMOS process of
semiconductor industries. The extremely low power
CF-PCM via filament-induced heating can be utilized
for the core memory of low-power and portable electronic applications.7,16,21,36,37
TEM and EDS Analyses. To clearly demonstrate the
phase-change behavior of the CF-PCM, TEM analyses
were performed. TEM samples directly obtained from
the device successfully confirmed by the electrical
measurements in Figure 2 were prepared by using
a focused ion beam (FIB). Figure 4a shows the TEM
images from the initial state of the CF-PCM device
without the forming process. Clearly, no filaments
were observed in the amorphous NiO layer located
between the Ni (BE) and GST (Supporting Information,
Figure S10). The initial GST films were polycrystalline
structures, as determined through TEM observation
and the selected area electron diffraction (SAED) pattern, because the annealing process under N2 gas
(at 473 K for 10 min) was performed after the
CF-PCM device fabrication (Supporting Information,
Figure S11).8,14 Once an electric stress (CC = 1 mA)
for electroforming was applied to the cell, a coneshaped Ni CF started to form by reciprocal migration
of Ni and oxygen vacancies, and the following reset
process induced Joule heating for amorphization of
GST (Figure 4b). A magnified TEM image was obtained
from the red dotted square marked in Figure 4b. The Ni
CF was confirmed as the polycrystalline phase through
the fast Fourier transformed (FFT) pattern, corresponding to previously reported results.31 The GST region

CONCLUSIONS
In summary, we introduced an innovative and scalable approach where a nanoscale Ni ﬁlament heater
can signiﬁcantly decrease the programming current of
GST-based CF-PCM devices. The conventional resistortype heater patterned by photolithography requires a
complex and costly process for reducing the writing
current. In contrast, our methodology can surpass
the lithographic limit, self-forming the contact area
between the ﬁlament and GST ﬁlms below sub-10 nm.
This nanoscale CF heater originating from ﬁlamenttype resistive memories can transfer strong heat to
phase-transition materials. The results reported in this
study suggest that this approach provides a powerful
solution for resolving the nanoscaling issue of PCRAM
as a core memory in ultra-low-power electronics.

Q ¼

1 2
jJj ¼ σjrVj2
σ

(2)

where σ is the electric conductivity and J is the electric current
density. The temperature distributions were numerically obtained from current density on the TE surface.
Electrical Measurements. Electrical characterizations and
performance of the CF-PCM cells were measured by using
a Keithley 4200-SCS (dc voltage/current sweep), a Keithley
4225-PMU (pulse generator and waveform capture of voltage/
current), and a 4225-RPM (remote amplifier/switches). The
resistance of the amorphous/crystalline states was caculated
at a reading voltage of 0.3 V in all CF-PCM devices.
CAFM Measurements. The scanning of surface topography and
current onto NiO films was executed with a scanning probe
microscope (SPM), XE-100 model contact mode (Park Systems).
The end point of the Pt-coated AFM tip has a diameter of 20 nm. The
scan rate is 0.4 Hz and the tip bias is 0.5 V for the current scanning.
TEM/EDS Analyses. All samples for TEM observations were
extracted from CF-PCM cells by using a dual-beam FIB (FEI
NOVA 200) and ion milling with Ar ions. TEM and EDS analyses
were executed with a JEOL JEM-ARM 200F microscope (200 kV)
and a Bruker QUANTAX 400 EDS, respectievly.
Conﬂict of Interest: The authors declare no competing
ﬁnancial interest.
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