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ABSTRACT Ionic liquids (ILs), non-volatile liquids composed of cations and anions, have various attractive
properties for electronic devices, such as wide potential windows. Combining ILs with electronic devices
is presumed to be able to provide new options for realizing a sustainable internet of things society because
such liquid-solid hybrid devices have the capability to act as a key in realizing further possibilities that
cannot be achieved with all-solid-state devices. In this paper, we describe the development of IL-supplied
conducting-bridge random access memory (IL-CBRAM) whose operating mechanism is the Cu filament
formation/rupture caused by redox reactions in ILs as an electrochemical reaction field. Although the intro-
duction of liquids into solid-state processes is challenging, we successfully demonstrated the reproducible
memory operation of IL-CBRAM with a Cu/SiO2/Pt structure and a microfabricated pore filled with IL in
the SiO2 layer. We also improved the wettability of the IL to SiO2 by exposing it to Ar plasma, which was
essential not only to obtain an IL thin film from the droplet but also to ensure pore filling by the IL before
Cu deposition. The present device fabrication process for IL-CBRAM is highly reliable and compatible with
conventional vacuum processes.

INDEX TERMS Artificial intelligence, Internet of Things, random access memory, vacuum technology.

I. INTRODUCTION
The driving force behind updates and improvements to elec-
tronic devices and their fabrication processes has always been
in accordance with the needs of the time. As symbolized
by the high-k gate dielectric materials in complementary
metal-oxide-semiconductor (CMOS) devices [1] and Cu lines
in large-scale integration (LSI) circuits [2], the introduction
of emerging and functional materials into electronics has
accelerated such technology updates. Although solid material
was the primary component in past materials innovation in
the field of electronics, the development of liquid materials
is expected to generate a broader range of options for the
development of new devices and processes required, partic-
ularly in order to fix the challenges present in an internet
of things (IoT) society with tremendous energy consump-
tion as a result of information processing. In this article,
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we propose a new technology that integrates ionic liq-
uids (ILs) and solid-state memory elements. IL is a
non-volatile liquid composed of cations and anions that have
attractive properties for electronic devices, such as wide
potential windows. Combining ILs with electronic devices is
expected to provide new options for realizing a sustainable
IoT society because such liquid-solid hybrid devices have
the capability to act as a key in realizing further possibili-
ties that cannot be achieved with all-solid-state devices. The
introduction of new materials, such as ILs, has led to higher
performance in numerous devices so far. ILs feature very
good properties as reaction media in chemical reactions; they
are less volatile, less flammable, have low toxicity and unique
solubility in organic and inorganic materials [3]−[5] and are
applicable to electronic devices, such as the gate insulator of
field-effect transistors [6], [7]. Among these, IL is compatible
with conducting-bridge random access memory (CBRAM)
because it can be used as an electrochemical reaction field
like electrochemical metal deposition [8]. CBRAM is a type
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of nonvolatile memory with a high density, high speed and
high-resistance ratio [9]−[12]. It has attracted interest as a
next-generation nonvolatile memory due to its high perfor-
mance and simple device architecture [13]−[21]. CBRAM
has a simple cell structure in which an oxide layer is sand-
wiched between an electrochemically-active electrode (AE)
that has a low standard electrode potential, e.g., comprising
Cu and Ag, and an inactive electrode (IE) that has a high
standard electrode potential, such as Pt and W. CBRAM
could replace Flash and HDD to support the platforms of
the IoT and other low-power applications [16], [17]. Also,
Icomp-dependent-data-volatility enables unique applications
in which Icomp is the value of the current below which
a current is limited during set-switching. The nonvolatile
nature of the data, stored by making the Icomp large, allows
computers to achieve start-up instantly after being turned
on, the so-called ‘‘instant-on’’ functionality. The volatile
nature of data, stored by making the Icomp small, allows
the manufacturing of neuromorphic devices [20]−[23].
We previously reported that the switching endurance
and dispersion of operating voltages were improved by
supplying IL to the polycrystalline metal oxide (poly-MO)
layer of CBRAMwith a Cu/poly-MO/Pt structure [24]−[28].
We established that the addition of a trace amount of an IL
to the Cu/HfO2/Pt cell as CBRAM effectively reduced the
operating voltage and achieved an improved tolerance to
external stimuli, such as voltage, temperature and pres-
sure [29]. Among a variety of ILs, the addition of Cu(Tf2N)2
doped 1-butyl-3-methyl bis(trifluoromethylsulfonyl)amide
([bmim][Tf2N]) was confirmed to significantly improve the
cycling endurance [26]−[28]. For liquids other than ILs,
supplying them affects the performance of CBRAM; the
switching voltages of CBRAM decrease when increasing the
polarity of supplied liquids [29]. However, these experiments
were performed using a test structure that showed low affinity
with solid-state processes and could not be of practical use;
a drop of liquid was supplied to the surface of poly-MO film
prepared on a Pt-IE and then a Cu probe was brought into
contact with the surface through the droplet of the liquid,
constituting a Cu probe/poly-MO/Pt structure. To increase
the affinity with solid-state processes a liquid supply must
be incorporated during the vacuum processes. Above all,
the introduction of liquids into solid-state processes is chal-
lenging, although it is necessary to discover further possibil-
ities that cannot be achieved with all-solid-state devices.

In this study, we successfully demonstrated the fabrication
of a solid-liquid hybrid device confining IL in the sand-
wiched structure of Cu/SiO2/Pt, in which a single pore was
artificially formed in the SiO2 layer. This was achieved due
to the finding that the exposure to Ar plasma increases the
wettability of IL, in addition to the non-volatility inherent in
IL. The former enhances capillary condensation of IL into
the pore and the latter enabled IL to be introduced into the
vacuum process of sputtering. We demonstrated the memory
operation of an IL-supplied CBRAM device containing an
artificially-formed single pore filled with IL (IL-CBRAM).

We confirmed that a 0.4 M, mol/L, Cu-doped IL-CBRAM
exhibited a short switching time (<1.0µs) with a low voltage
(<3.0 V) and low switching voltage dispersion (<0.6 V).

II. UNIQUE FEATURES OF ILS IMPORTANT
FOR PORE FILLING
We prepared IL-CBRAM devices with a stack structure of
Cu/SiO2/Pt/Ta/SiO2 substrate (Cu/SiO2/Pt) that contained an
artificially-formed pore filled with IL in the SiO2 layer, as is
shown in Figure 1. The diameter of the pore was 1 µm
and the 1-nm-thick Ta layer was inserted between the SiO2
and Pt-IE layers as an adhesion layer. A small amount of
IL was dropped on the SiO2 substrate approximately at
the position where the pore exists, and then the Cu-AE
was formed using the sputtering method. During sputtering,
the IL is exposed to Ar plasma. Figures 2(a), (b) and (c)
show the optical microscope images of the IL on the substrate
before exposure to Ar plasma, immediately after exposure,
and 3 sec after exposure, respectively. Figures 2(d), (e) and (f)
show the cross-sectional drawings of the pore corresponding
to Figures 2(a), (b) and (c), respectively. The area where
IL was spread is indicated by the dotted line. Before
plasma exposure, IL was clustered as a droplet, as shown
in Figures 2(a) and (d), suggesting poor wettability against
an SiO2 surface. It was difficult to form an electrode on
the droplet-shaped IL. Furthermore, because the radius of
the pore was small, the supplied IL droplet may be located
outside of the pore, as shown in Figure 2(d). However, this
problem can be solved by exposure to Ar plasma. IL began
to disperse when the substrate was exposed to Ar plasma in
a vacuum before Cu deposition (Figures 2(b) and (e)). After
3 sec of exposure, the IL expanded to 10 times the area it had
before exposure (Figures 2(c) and (f)). Although reports exist
on the improvement of IL’s wettability due to surface modi-
fication from using a silane coupling agent [30], the results
shown in Figure 2 may be due to the modification of the
SiO2 surface. In general, hydroxy groups of -OH are adsorbed
on the surface of SiO2 and form a silanol group of Si-
OH, which yields the high-polarity of the SiO2 surface [31].
The polar organic molecules were easily hydrogen-bonded to
this polar surface. Then, non-polar organic molecules were
further bonded on the polar organic molecules by van der
Waals force. Before Ar plasma exposure, the high-polarity of
the SiO2 surface was compensated by those molecules. The
exposure to Ar plasma broke the weak bonds of the hydrogen-
and van der Waals-bonds and only the strong bond of Si-OH

FIGURE 1. The schematic of the IL-CBRAM.
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FIGURE 2. Optical microscope images and cross-sectional schematic of IL
(a), (d) before the exposure to Ar plasma, (b), (e) immediately after the
exposure and (c), (f) 3 sec after starting the exposure.

remained; as a result, the polar surface was exposed. Because
the wettability of the polar liquid, including the IL, became
high for the polar surface, the wettability of the IL was
improved by Ar plasma exposure.

III. DEVICE FABRICATION
A. FABRICATION PROCESS OF THE STACK STRUCTURE
We fabricated an IL-CBRAM device with a stack structure
comprising a Cu/SiO2/Pt/Ta/SiO2 substrate by using the fol-
lowing procedure: (i) Ta (1 nm), Pt (20 nm) and Ta (1 nm)
layers were sequentially formed on an SiO2 wafer, which
worked as an IE, via a magnetron sputtering method;
(ii) a 30-nm-thick SiO2 layer was formed through chemical
vapor deposition; (iii) a pore with a 1 µm diameter was
formed through photolithography and the milling of the SiO2
layer and upper Ta layer (the optical microscope image of
the pore and its enlarged view with SEM are shown in
Figures 3(a) and (b), respectively); (iv) ILwas provided on the
SiO2 surface at which a cross-point between the Cu-AE and
Pt-IE ultimately formed (we provided a few µl of IL adhered
to the tip of a probe, due to the surface tension on each pore,
as is shown in Figure 3(c)) and (v) a 50-nm-thick Cu-AE
was sputtered using themagnetron sputteringmethod. During
sputtering, the SiO2 surface’s wettability to the IL was dras-
tically enhanced due to plasma exposure; thus, the IL spread
uniformly over the surface of the SiO2 layer and permeated
the pore as well. Figure 3(d) shows an optical microscopic
image of our device. The stack structure was located at the
cross-point of the AE and IE. Despite being sputtered on
the IL, the AE took a flat form, with no IL leaks to the outside
of the cross-point of the electrodes, as shown in the enlarged
view of the cross-point with SEM in Figure 3(e). For an IL,
we selected Cu-doped 1-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)amide ([bmim][Tf2N]) [25], which
is the 0.4 M solution of Cu(II) bis(trifluoromethylsulfonyl)
amide (Cu[Tf2N]2) in [bmim][Tf2N], because the switching
endurance and dispersion of the operating voltages were
confirmed to be improved in previous studies [24]–[26]. The
[bmim][Tf2N] in which 0.4 M Cu[Tf2N]2 is dissolved is
simply termed IL, hereafter, since this is the only IL used
in this study. A voltage was applied to the Cu-AE with
the Pt-IE grounded. Subsequently, XPS measurements were

FIGURE 3. (a) The optical microscope image of IL-CBRAM before
sputtering AE; (b) the SEM image of a pore with a diameter of 1 µm was
fabricated in the memory layer before sputtering AE; (c) supplying IL to
the pore before sputtering AE; (d) optical microscope image of the
IL-CBRAM after AE sputtering; (e) enlarged view of the crosspoint in (d)
with SEM after AE sputtering.

conducted using ULVAC-PHI Quantera II which employs
a monochromated Al Ka X-ray source (1486.6 eV). The
photoelectron take-off angle in the present XPSmeasurement
was 45◦. We measured current voltage (I–V ) characteristics
using a semiconductor parameter analyzer (Agilent B1500A).
For the voltage sweep measurements, we fixed the current
compliance value (Icomp) at 200 µA for the set process to
limit the current flow. For the pulse measurement, we inserted
a junction transistor in series with an IL-CBRAM device to
limit the excessive growth of the filaments.

B. FABRICATION PROCESS OF THE SLIT STRUCTURE
We fabricated devices with a slit structure to observe how
filaments form and rupture in the IL-filled pore. Figure 4(a)
presents the schematic of the slit structure, which was formed
by milling both the upper Ta and the SiO2 layers of the IL-
CBRAM, using the Cu-AE as a hard mask, so that the inside
of the pore could be observed. Figure 4(b) shows an AFM
image of the slit structure. The bright contrast regions in
the AFM image correspond to a high position and the dark
contrast regions to a low one. Figure 4(a) is a schematic
diagram within the red dotted line in Figure 4(b). Figure 4(c)
shows unevenness along the line A-B in Figure 4(b), which
crosses the slit area. The slit had a width of 80 nm and a depth
of 30 nm. During the measurement of the I–V characteristics,
we added IL to the structure and then washed it out with
ethanol before observing it with an SEM.

C. CHEMICAL STATE OF CU FILM FORMED ON IL
We also evaluated the chemical state of Cu sputtered on IL
in order to confirm the existence of the metallic Cu state
as AE by conducting the micro XPS measurement. The
XPS measurement for IL was carried out using an IL drop
on the SiO2/Si substrate. The analyzed area for IL is around
100 µm in diameter. On the other hands, the specimens of Cu
(10 nm)/IL and Cu (50 nm)/IL for the XPS measurements
were prepared by the same procedure as the IL-CBRAM
device as shown in Figure 5(a) and (b), respectively. The
analyzed area for these sample is around 20 µm in diameter,
which is located on the inside of the red circles in those
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FIGURE 4. (a) A schematic of the slit structure, which is in a situation
similar to that in the pore and enables in-situ observation; (b) AFM image
of the slit structure; (c) AFM profiles along the line A-B in Figure 4(b)
crossing the slit area.

FIGURE 5. The photograph of (a) Cu(10 nm)/IL and (b) Cu(50 nm)/IL. The
analyzed area (∼ 20 µm in diameter) is inside the red circles.

figures. Figures 6(a) shows the Cu 2p3/2 XPS spectrum.
Because the marked satellite peak in Cu 2p3/2 XPS spectra
shown in Figure 6(a) is generally typical of the Cu diva-
lent ions (Cu2+) state, Cu in the preset IL is thought to
be in the Cu2+ state. The main peak in Cu 2p3/2 XPS
spectrum for IL located at the binding energy (B.E.) of
around 935 eV was also reported in the XPS spectra for
[bmim][Tf2N]:Cu(Tf2N)2 (1:1) containing a highly concen-
trated solution of Cu2+ ions [32]. After sputtering the Cu
thin film on IL, the main peak position in the Cu 2p3/2
XPS spectra in Cu (10 nm)/IL and Cu (50 nm)/IL shifted
toward the lower B.E. of around 933 eV. According to the
previous reports, the possible candidate for the peak at this
B.E. is Cu2O (932.4 eV) and/or Cu (932.6 eV) [33]. Although
it is difficult to distinguish between Cu2O and Cu from the Cu
2p3/2 XPS spectrum, they are distinguishable by investigating
the Cu LMM auger spectrum as shown in Figure 6(b). The
auger signal derived from the metallic Cu is observed at
the lower B.E. (higher kinetic energy) compared to Cu2O,
which was previously confirmed in Cu2O reduced in H2 at
the elevated temperature [33]. Therefore, the auger signal
in the B.E. range roughly from 568 to 569 eV observed in
Cu (50 nm)/IL can be attributed to the metallic Cu. Shown
in Figures 6(c) and (d) are the C1s and N1s XPS spec-

FIGURE 6. (a) Cu 2p3/2, (b) Cu LMM, (c) C1s and (d) N1s spectra for IL
(red), Cu (10 nm)/IL (blue), and Cu (50 nm)/IL (green).

tra, respectively. In the C1s XPS spectra for both IL and
Cu (10 nm)/IL, the C1s signals originated from [Tf2N]
(B.E.: 292∼294 eV) and [bmim] (B.E.: 283∼288 eV)
are observed [34], while such characteristics disappear in
Cu(50 nm)/IL. In analogy with the C1s XPS spectra, two
peaks in the N1s spectrum characterizing [bmim][Tf2N], i.e.
one peak at lower B.E. derived from the imidazolium ring
and the other peak at higher B.E. related to the anion, are
clearly observed for IL and Cu (10 nm)/IL. On the other
hands, the intensity for the N1s signal in Cu (50 nm)/IL
was below the detection limit. Since the detection depth in
the present XPS measurement is 4∼5 nm, the C1s and N1s
signals observed in Cu (10 nm)/IL indicate that the thickness
of the Cu film on IL is thinner than 10 nm. In addition to
that, it should be noted that the N1 signal assigned to the
bonding between Cu andN (B.E.: 396∼397 eV) is the highest
in Cu (10 nm)/IL [35]. The possible scenario for the metallic
Cu thin film formation on IL deduced from the XPS spectra is
as following. At the beginning of the Cu sputtering process,
the reactive layer between Cu and [Tf2N] is formed on the
surface of IL, although a part of the sputtered Cu submerges
in IL. When the amount of the metallic Cu is insufficient, all
of the Cu layer is oxidized into Cu2O after Cu (10 nm)/IL
is taken out from the vacuum chamber. With increasing the
thickness of the Cu layer, the metallic Cu can remain under
the surface oxide film in Cu (50 nm)/IL.

D. FORMATION OF INSULATING FILM BY FILLING
PORE WITH IL
Figure 7 shows I–V characteristics of the IL-CBRAM and
Control in the initial state. Here, the Control was a device
in which Cu was deposited on the AE without supplying IL
to the pore prepared by the same process as IL-CBRAM.
The insets show the cross-sectional schematic of the pore
for the Control (right) and IL-CBRAM (left). When the IL
was not supplied in the pore, the device was initially con-
ductive due to the deposition of Cu in the pore as shown in
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FIGURE 7. I–V characteristics of IL-CBRAM and Control in the initial state.
Insert: cross-sectional schematic of the pore for Control (right) and
IL-CBRAM (left).

the cross-sectional schematic of the Control. However, IL-
CBRAM had a much higher resistance than the Control had,
indicating that IL-CBRAM was insulated in its initial state.
This suggested that IL-CBRAM was supplied with the IL in
the pore and Cu film was formed on the pore as shown in
the cross-schematic of the pore for IL-CBRAM. Surprisingly,
the electrodes sputtered onto the plasma-exposed IL were
stable. At this time, we have supplied IL using probes, but
we are considering supplying IL with an inkjet for practical
purposes.

IV. EVALUATION OF ELECTRICAL CHARACTERISTICS
A. VOLTAGE SWEEP MEASUREMENT
By applying a positive bias to the AE, metal ions were
positively ionized and eluted from the AE. Eluted metal
ions diffused into the oxide layer, forming Cu filaments that
connected the AE and IE and resulted in a low-resistance
state (LRS). Subsequently, by applying a negative bias to
the AE, the filaments were ruptured, returning device to a
high-resistance state (HRS). The switching from HRS to
LRS, and vice versa, is called ‘set’ and ‘reset’, respec-
tively. The HRS and LRS were both stably retained; set
and reset can be caused by applying negative and positive
biases, respectively. Hence, this device worked as nonvolatile
memory. Figure 8 displays the I–V characteristics of IL-
CBRAM, with 500 cycles. The blue circles and red triangles
indicate the median values for the set and reset processes,
respectively, of the 500 I–V cycles represented by the solid
lines. We observed bipolar resistive switching between a set
and a reset, with the application of positive and negative
bias voltages respectively, which suggested that IL-CBRAM
works based on the same operating mechanism as the conven-
tional CBRAM. Figure 9 shows the value of RHRS/RLRS for
500 cycles of IL-CBRAM. This had an on-off ratio of 2.04
× 100–1.36 × 105, which allowed for 500 cycles of stable
operation. Figure 10(a) shows the cumulative probabilities
of Vset and Vreset for IL-CBRAM. Table 1 summarizes the

FIGURE 8. I–V characteristics of the IL-CBRAM. The black lines show I–V
characteristics for continuously repeated 500 cycles. The blue circles and
red triangles represent the median values of the I–V data for set and
reset cycles, respectively.

FIGURE 9. The values of RHRS/RLRS for 500 cycles of IL-CBRAM.

average and relative standard deviation (RSD) of the Vset,
Vreset, RHRS, and RLRS for IL-CBRAM. The average value
and RSD of the Vset were 0.65 V and 0.48, respectively.
On the other hand, the average value and RSD of Vreset were
0.34 V and 0.40, respectively. According to Ref. 29, the DC
voltage application exceeding 3 V results in the decomposi-
tion of IL [29]. However, since the absolute values of both
Vset and Vreset in Fig. 10(a) are sufficiently smaller than 3 V
even in consideration of the errors, the resistance switching is
possible without causing decomposition of IL in the present
IL-CBRAM. Therefore, the nonvolatility and electrochemi-
cal stability of IL are ensured under the measurement condi-
tions in this study.

Figure 10(b) shows RHRS and RLRS for IL-CBRAM. The
average value and RSD of RHRS were 1.8 × 105� and 3.2,
respectively, and the respective average value and RSD of
RLRS were 1.1 × 103 � and 0.50, respectively. The oper-
ating voltages (Vset and Vreset) of the IL-CBRAM are sup-
posed to be influenced by the impurity in IL such as water
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TABLE 1. The average and RSD of the VSET,VRESET,RHRS,
and RLRS for IL-CBRAM.

FIGURE 10. (a) Cumulative probabilities of Vset and Vreset for IL-CBRAM;
(b) cumulative probabilities of RHRS and RLRS for IL-CBRAM.

molecules [26]. Because the present device fabrication pro-
cess includes the IL supply in the air, the water content in IL is
thought to vary during this IL supply process as a result of the
moisture absorption. The variability of the water content in IL
may result in the lot-to-lot variation of the operating voltages,
and also leads the variation in resistances (RHRS and RLRS).
The development of the IL supply process in vacuum may be
required to stabilize the water content in IL, which is expected
to increase the reliability of the device fabrication process for
the IL-CBRAM.

Then, we investigated the relationship between Icomp and
reset current (Ireset), where the maximum current during the
reset process was defined as Ireset. Reducing the Ireset was
necessary to achieve the low-power operation of resistive
switching memories. Figure 11 shows the I–V curves for
Icomp = 10, 50, 100 and 200 µA. Note that a reduced Icomp
led to a corresponding decrease in Ireset, thus maintaining the
relationship Ireset ≤ Icomp to lower than 10 µA, meaning that
Ireset can be controlled by Icomp. We observed the deteriora-
tion of data retention for a lower Icomp value. In particular,
the data retention time for the Icomp of 10 µA was less
than 1 min. The high controllability of Ireset by Icomp to the
small values lower than 10 µA was consistent with what
has been observed in conventional CBRAM, suggesting sim-
ilar memory characteristics of IL-CBRAM to conventional
CBRAM [36]–[38].

B. DIRECT OBSERVATION OF FILAMENT FORMATION IN
THE PORE USING SLIT STRUCTURES
We observed how filaments form and rupture in the
IL-filled pore. Field emission scanning electron micro-
scope (FE-SEM) images of the slit structure in the initial
state, after set, and after reset, respectively, are shown in
Figures 12(a), (b) and (c). The width of the slit section
in the present device was 80 nm, which was in agreement
with the width of the slit estimated by the aforementioned
AFM image. In the initial state, the SiO2 layer could be

FIGURE 11. I–V characteristics of IL-CBRAM under different Icomp of 200,
100, 50 and 10 µA.

FIGURE 12. FE-SEM images of the slit-type Cu/IL/Pt device observed:
(a) in the initial state; (b) after set and (c) after reset processes. As the
contrast changes inside the dotted line, the formation and rupture of the
filament can be confirmed.

observed between the Cu layer and Pt-IE layer. After set-
switching, a Cu filament consisting of thin Cu fibers extended
to the IE from the Cu-AE, as depicted in the dotted line
in Figure 12(b). The Cu filament connected the Cu-AE and
Pt-IE, lowering the resistance. These results indicated that
the electrochemically-dissolved Cu ions migrated to the Pt-IE
layer, moving in IL rather than in bulk SiO2 to form a
filament because they were more easily diffused in the IL.
In addition, the filament shape differed from the dendrite
structure in the planar devices [39]. Moreover, the same
device was reset to a HRS. The dotted line in Figure 12(c)
indicates the area where the Cu filament was present prior
to reset switching. Again, the Cu filament disappeared in
the Cu-AE layer, with the SiO2 layer being visible. This
indicates that the formation and rupture of the Cu filament,
that is, the set and reset, are both reproducible and repeat-
able. To the best of our knowledge, this is the first direct
observation of the formation of a Cu filament and its rupture
in IL-CBRAM.
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C. PULSE MEASUREMENT
Figure 13 shows the measurement results and how we eval-
uated the set speed (tset), with Figures 13(a) and (b) show-
ing, respectively, the height of the applied voltage pulse and
resistance after the pulse injection. At the pulse count of 1
(#1), we applied a −2.0 V high-voltage pulse to IL-CBRAM
and reset the resistance to a HRS, where the pulse width
(t ′w) was fixed at 10−5 s. Next, at pulse #2–51, we applied
voltage pulses from 0–5.0 V in increments of 0.1 V, as is
shown in Figure 13(a). Here, the pulse width (tw) was fixed
at 10−6 s. We observed a variation in resistance from high
to low at pulse #20, as shown in Figure 13(b), which shows
that set-switching occurred at a pulse height of 1.9 V for
the tw of 10−6 s. Repeating these series of measurements,
we obtained the necessary set of pulse heights required to
set IL-CBRAM and discuss them statistically. We performed
the same measurement for the reset processes. Accordingly,
Figure 13(c) shows the pulse heights required to set and reset
the 0.4-M Cu-doped IL-CBRAM, i.e., Vset and Vreset, for the
pulse measurement for various tw. The value of tset and the
reset speed (treset) was 10−6 s for the Vset of 1.9 V and 10−7 s
for the Vreset of 1.5 V. Because a transistor was connected dur-
ing the set to limit the excessive growth of filaments, the par-
asitic capacitance and channel resistance of the transistor
allowed us to use a pulse width ≤ 10−6 s. The transistor was
removed when measuring the treset. In particular, the value
of treset was more than two orders of magnitude shorter than
tset when compared with the same absolute values of Vset and
Vreset. For example, the green arrow in the figure indicates
that with a switching voltage of 1.0 V, treset would be approx-
imately three orders of magnitude shorter than tset. Such a
slower set process was attributable to the intrinsic nature
of IL, which consists of different anions and cations, not polar
molecules. Cations of the IL form the inner Helmholtz layer
covering the cathode’s surface, and the positively charged
Cu ions were prevented from accessing the cathode, causing
the increase in Vset [27] and making tset longer. Our idea
to overcome this issue was to use Cu doped solvate ionic
liquid of Triglyme (G3)-Cu(TF2N)2 [27] instead of Cu ion-
doped IL. G3 is an electrically-neutral chainlike molecule
that weakly coordinates with Cu ions. We postulated that the
Cu filament would be smoothly produced on the electrode’s
surface with the help of coordination from G3 while avoid-
ing the segregation of Cu ions. In this way, the theoretical
expectation of electrochemical diffusion in liquid electrolytes
is simpler than in solid electrolytes. Therefore, IL-CBRAM
can more directly correlate the electrochemical parameters
of metals in ILs with the memory operating performances,
enabling us to control them through the high design ability of
ILs. Several papers exist on the resistive switching device in
which IL is used as the resistive switching matrix [40]–[42].
In all aspects, the device size, switching voltage, switching
speed and fabrication process led to the reasonable assertion
that the present device had the highest degree of affinity
for conventional CMOS technology. Toward the statistical
evaluation of the device-to-device operating performance

FIGURE 13. (a) Height of the applied voltage pulse; (b) resistance after
the pulse injection and (c) pulse heights vs. pulse width required to set
and reset IL-CBRAM. After reset (#1, which is not shown), as is shown in
(a), the voltage pulses were sequentially injected while increasing the
pulse height by 0.1 V each. The resistive switching time of IL-CBRAM was
less than 10−6 s.

distributions using large number of IL-CBRAMs, the higher
mass productivity is required for themethod of supplying ILs.
The development of the spin-coating or inkjet technology
for ILs will bridge the gap between the present fabrication
process and large-scale production.

V. CONCLUSION
The nonvolatility of the IL enabled us to use it in a vacuum
process, and we were able to fabricate a memory device with
a Cu/SiO2/Pt structure that has a microfabricated pore filled
with IL in its SiO2 layer. A key finding for the fabrication of
this new memory device, called IL-CBRAM, was that wetta-
bility of IL with respect to the SiO2 surface was enhanced by
Ar plasma exposure to SiO2. This was essential to ensure pore
filling by IL before Cu deposition and to obtain an IL thin film
from the droplet, enabling the following Cu electrode depo-
sition onto it. We successfully demonstrated the reproducible
memory operation, although the introduction of liquids into
solid-state processes was challenging. In addition, the use of
IL-CBRAM with a slit structure provided us with an insight
into the switching mechanism: IL provides a good electro-
chemical reaction field where Cu filament formation/rupture
is caused by redox reactions. The presented device fabrication
process is highly reliable and compatible with conventional
vacuum processes, shedding light on the creation of emerging
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liquid-solid hybrid devices that will support the technology of
the coming era.
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