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Abstract

Excellent resistive switching memory characteristics were demonstrated for an Al/Cu/Ti/TaOx/W structure with a Ti
nanolayer at the Cu/TaOx interface under low voltage operation of ± 1.5 V and a range of current compliances (CCs)
from 0.1 to 500 μA. Oxygen accumulation at the Ti nanolayer and formation of a defective high-κ TaOx film were
confirmed by high-resolution transmission electron microscopy, energy dispersive X-ray spectroscopy, and X-ray
photo-electron spectroscopy. The resistive switching memory characteristics of the Al/Cu/Ti/TaOx/W structure, such
as HRS/LRS (approximately 104), stable switching cycle stability (>106) and multi-level operation, were improved
compared with those of Al/Cu/TaOx/W devices. These results were attributed to the control of Cu migration/
dissolution by the insertion of a Ti nanolayer at the Cu/TaOx interface. In contrast, CuOx formation at the Cu/TaOx

interface was observed in an Al/Cu/TaOx/W structure, which hindered dissolution of the Cu filament and resulted in
a small resistance ratio of approximately 10 at a CC of 500 μA. A high charge-trapping density of 6.9 × 1016 /cm2

was observed in the Al/Cu/Ti/TaOx/W structure from capacitance-voltage hysteresis characteristics, indicating the
migration of Cu ions through defect sites. The switching mechanism was successfully explained for structures with
and without the Ti nanolayer. By using a new approach, the nanoscale diameter of Cu filament decreased from 10.4
to 0.17 nm as the CC decreased from 500 to 0.1 μA, resulting in a large memory size of 7.6 T to 28 Pbit/sq in.
Extrapolated 10-year data retention of the Ti nanolayer device was also obtained. The findings of this study will not
only improve resistive switching memory performance but also aid future design of nanoscale nonvolatile memory.
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Background
Recently, many resistive switching random access memory
(ReRAM) devices containing oxides such as SrTiO3 [1-3],
Al2O3 [4], NiOx [5-7], Na0.5Bi 0.5TiO3 [8], ZnO [9,10],
Ta2O5 [11], ZrO2 [12-15], GdOx [16,17], HfOx [18,19], and
TiOx [21-23] have been reported for future nanoscale
nonvolatile memory applications. However, the resistive
switching mechanism of ReRAM devices is currently
debated. On the other hand, conductive-bridge ReRAM
devices with different solid-electrolytes, such as GeSex
[24-27], GeS [28,29], Ta2O5 [30,31], ZrO2 [32], SiO2 [33],
Ag2S [34,35], HfO2 [36,37], SrTiO3 [38], and Cu-Te/Al2O3
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[39] have also been reported by several groups. In these
cases, silver (Ag) or copper (Cu) metal can be used as one
of the electrodes to mobilize Ag+ or Cu2+ ions. Under an
external bias on Ag or Cu electrode, metallic filament can
be formed (or dissolved) into solid-electrolyte films. In
general, Cu is a more preferable material than Ag because
it is used as an interconnection metal in computer mother-
boards. High-κ Ta2O5 is considered the most promising as
a resistive switching material. [30,31] Therefore, a resistive
switching memory device with a Cu/TaOx/W structure
could be desirable but also may have the drawback of cop-
per oxidation (CuOx) at the Cu/TaOx interface, which can
hinder resistive switching characteristics. Moreover, con-
trolling Cu ion transportation and recovery under external
bias is difficult. Tada et al. [40] reported resistive switching
memory based on a dual layered TiOx/TaSiOx solid-
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electrolyte under a high current compliance (CC) of
800 μA and a large operation voltage of 2.5 V. To prevent
CuOx formation as well as promote easier Cu filament for-
mation/dissolution through the high-κ TaOx solid-
electrolyte, a Ti nanolayer at the Cu/TaOx interface is a
promising approach to design an Al/Cu/Ti/TaOx/W
resistive switching memory device, which has not been
reported to date. Furthermore, Ti has good adhesion
behavior and provides a good Cu diffusion barrier. The
Gibbs free energies of TiO2, Ta2O5, CuO, and Cu2O films
at 300 K are −889.5, –760.75, –129.7, and −149.0 kJ/mole,
respectively [41], suggesting that the Ti nanolayer can be
easily oxidized compared with the other possible materials.
Therefore, a Ti nanolayer will consume more oxygen from
the TaOx layer and will form TiOx/TaOx. Consequently,
the Cu electrode will not form a CuO layer at the Cu/
TaOx interface because of this greater oxygen consump-
tion at the Ti nanolayer. This also has the benefit of easily
controlling Cu migration and collection through the
resulting higher defective high-κ TaOx solid-electrolyte
under external bias. In this study, excellent resistive
switching memory characteristics were observed in the
proposed Al/Cu/Ti/TaOx/W structure with a Ti nanolayer
at the Cu/TaOx interface annealed at 350°C in ambient N2

compared with a similar structure without a Ti nanolayer.
This configuration will be useful for complementary
metal-oxide-semiconductor (CMOS) processing after back
end of line. The fabricated Al/Cu/Ti/TaOx/W structure
memory device with a small area of 150× 150 nm2 was
observed by high-resolution transmission electron
microscopy (HRTEM), X-ray photo-electron spectroscopy
(XPS), and energy dispersive X-ray (EDX). In addition, the
migration and collection (or formation/dissolution) of Cu
ions through the defective TaOx solid-electrolyte under
external bias, as well as its switching mechanism, were
determined from capacitance-voltage (C-V) hysteresis.
Improved resistive switching memory performance of the
Al/Cu/Ti/TaOx/W structure compared with that of the
Al/Cu/TaOx/W structure was also obtained, such as
repeatable switching cycles with maintenance of a high
resistance ratio (approximately 104), long extrapolated
program and erase endurance of> 106 cycles, multi-level
capability, and extrapolated 10 y data retention. Further-
more, Cu nanofilament diameters were calculated under
current compliances (CCs) of 0.1 to 500 μA using a new
approach. A large memory size of 28 Pbit/sq in. was
achieved with a small nanofilament diameter of 0.17 nm
under a CC of 0.1 μA.

Methods
Tungsten (W) metal was used as the bottom electrode
(BE) and was deposited by sputtering onto SiO2/Si sub-
strate. The thickness of the SiO2 layer was approximately
200 nm whereas that of the W layer was approximately
100 nm. A further SiO2 layer, which had a thickness of
approximately 150 nm, was then deposited on the W/
SiO2/Si substrates. A small device with an area of
150 × 150 nm2 was fabricated by lithography. Photoresist
was coated on the patterned wafers and both the active
and top electrode (TE) regions of the memory device
were then exposed for a lift-off process. A high-κ Ta2O5

solid-electrolyte with a thickness of 18 nm was deposited
from pure Ta2O5 granules using an E-gun evaporator.
The resulting high-κ Ta2O5 solid-electrolyte film was
mixed with Ta metal (i.e.,TaOx where x< 2.5), as charac-
terized by XPS. Cu, which provided mobile ions, was
deposited at a layer thickness of approximately 50 nm by a
thermal evaporator. A 160-nm-thick layer of aluminum
(Al) was then deposited in situ using the same thermal
evaporator to protect the Cu surface layer from oxidation
by the external environment. The total thickness of the
top electrode (Cu+Al) was approximately 200 nm. Finally,
the lift-off process was performed to obtain the resistive
switching memory device. Cu mobile ions play a major
role in the Al/Cu/TaOx/W structure resistive switching
memory device (device S1). In this S1 device, Cu is oxi-
dized at the Cu/TaOx interface and hinders the resistive
switching memory performance. Therefore, Cu oxidation
is expected to be avoided by inserting a Ti nanolayer at
the Cu/TaOx interface. A thin Ti layer with a thickness of
approximately 3 nm was deposited in situ using an E-gun
evaporator and Ti granules during the described process
to obtain a device with an Al/Cu/Ti/TaOx/W structure
(device S2). The memory devices were annealed by rapid
thermal annealing at 350 °C in ambient N2 for 1 min. Oxy-
gen accumulated in the Ti nanolayer and formed a TiOx-

nanolayer, as characterized by XPS. More than twenty
resistive switching memory devices were fabricated and
measured randomly to determine and compare their
memory performance. The microstructures and thick-
nesses of all layers were investigated by HRTEM at
200 keV. The memory devices were observed by TEM
using an FEI Helios-400 s system (FEI Co., Hillsboro, OR,
USA) with a Ga+ ion source at an operating voltage of
5 kV. All layers and materials were characterized by both
XPS and EDX. TaOx and TiOx films were analyzed by XPS
using an Al (Kα) monochrome X-ray source at 1,486.6 eV
(Figure 1). The analysis area was 650 μm in diameter, and
the base vacuum in the analytic chamber was 1×10−9 Torr.
All spectra were calibrated using a reference C1s peak at
284.6 eV. Memory characteristics, such as current–voltage
(I-V), C-V, read endurance, and retention were measured
using an HP4156C semiconductor parameter analyzer and
HP4284A LCR meter (Agilent Technologies Inc., Santa
Clara, CA, USA). The frequency applied during the C-V
measurements was 1 MHz. The capacitance was measured
in parallel capacitance-conductance mode. The bias ap-
plied to the TE and the BE was grounded during I-V



Figure 1 XPS spectra of (a) Ta4f and (b) Ti2p core-level
electrons.
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measurements, and CC was controlled by an HP4156C
analyzer.

Results and discussion
Figure 1a shows the XPS spectra of Ta 4f core-level elec-
trons. Peaks were fitted using Gaussian functions. The
peak binding energies of Ta2O5 4f7/2 and Ta2O5 4f5/2 elec-
trons in the sample without (w/o) Ti were centered at 26.7
and 28.6 eV, respectively. For the device with (w/) Ti, the
peak binding energies of Ta2O5 4f7/2 and Ta2O5 4f5/2 elec-
trons were centered at 26.48 and 28.39 eV, respective-
ly. The w/ Ti sample showed slightly lower binding
energies than the w/o Ti sample, attributed to oxygen ac-
cumulation in the Ti layer from the Ta2O5 layer. Chang
et al. [42] previously reported a larger binding energy shift
of approximately 4.5 eV after heat treatment of the Ti/
Ta2O5 layers due to oxygen accumulation in the Ti nano-
layer (i.e., formation of TiO2 or TiOx film). The binding
energies of the Ta 4f7/2 and Ta 4f5/2 electrons for the w/o
Ti sample were centered at 21.77 and 23.74 eV, respect-
ively, while those of the w/ Ti sample were centered at
21.99 and 23.39 eV, respectively. These results suggest that
the high-κ Ta2O5 film in both structures contained Ta
metal (i.e.,TaOx where x< 2.5). The peak height ratios of
the Ta 4f7/2, Ta 4f5/2, and Ta2O5 4f5/2 core levels for the w/
o Ti samples with respect to the Ta2O5 4f7/2 peak height
were 0.03, 0.03, and 0.77, respectively, while those for the
w/ Ti samples were 0.27, 0.16, and 0.77, respectively. This
also suggests that the Ta content was higher in the w/ Ti
samples than in the w/o Ti samples. Furthermore, the
TiO2 2p3/2 binding energy in the w/ Ti samples was
459.57 eV (Figure 1b), which is close to that reported in
previous studies [43,44]. These results indicate that a
higher Ta metal content was present in the w/ Ti sam-
ple because of oxygen migration from the TaOx film to
the Ti film, resulting in TiOx/TaOx bilayers. Because of
this oxygen accumulation property of the Ti nanolayer,
the Cu layer was expected to be protected from oxida-
tion at the Cu/TaOx interface. In addition, the high-κ
TaOx solid-electrolyte is expected to be more defec-
tive, which will lead to improve resistive switching
memory characteristics in the Al/Cu/Ti/TaOx/W struc-
ture compared with the Al/Cu/TaOx/W structure. The
resulting Cu oxidation and memory characteristics are
explained below.
Figure 2a shows a typical TEM image of an Al/Cu/

TaOx/W resistive switching memory device (S1) of
approximately 1 × 1 μm in size. The thicknesses of the
W, Cu, and Al layers were approximately 100, 50, and
160 nm, respectively. A rough interface between the Cu
and TaOx layer was observed by HRTEM (Figure 2b,c),
attributed to the formation of copperoxide in an approxi-
mately 3-nm-thick CuOx:TaOx mixture layer at the Cu/
TaOx interface. Considering the Gibbs free energies [41],
the formation of CuOx at the Cu/TaOx interface is not
possible. However, a CuOx:TaOx mixture was expected
to form at the Cu/TaOx interface during the device fabri-
cation process. We have attempted to overcome this
problem but in our experience to date it is difficult to
avoid because the Cu first diffuses into the TaOx layer
and then intermixes, forming a CuOx:TaOx layer. There-
fore, Ti barrier layer for Cu diffusion is generally used
for interconnection of CMOS. Because of the observed
thin (<3 nm) intermixing layer and the existence of the
same materials (Cu and TaOx) on both sides of this
interfacial layer, the exact composition at the Cu/TaOx

interface was not easy to determine in this report. Fur-
ther study is needed to investigate the formation and
composition of the Cu/TaOx interface. The high-κ TaOx

film had a thickness of approximately 18 nm and
appeared amorphous (Figure 2d). Figure 3a shows a
TEM image of the device with a Ti nanolayer at the Cu/
TaOx interface (S2). The device size was approximately
150× 150 nm. All layers were covered well at the active
and outer regions of the device (Figure 3b,c). Oxygen
accumulated in the Ti layer as expected, resulting in an
approximately 3-nm-thick TiOxnanolayer on the high-κ



Figure 2 TEM and HRTEM images of Al/Cu/TaOx/W structure. (a) TEM image of an Al/Cu/TaOx/W structure. Enlarged images with (b) scale
bars of 50 nm and (c) 10 nm. (d) HRTEM image from (a) with a scale bar of 10 nm.

Figure 3 TEM image of an Al/Cu/Ti/TaOx/W structure. (a). HRTEM images on (b) outside and (c) inside of the structure shown in (a).
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Figure 5 Typical I-V hysteresis loop under a CC of 100 μA for
the Al/Cu/Ti/TaOx/W structure. The RESET current increases with
the number of cycles.
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TaOx solid-electrolyte. This accumulated oxygen origi-
nated from the TaOx layer and formed a more defective
TaOx solid-electrolyte. The composition of all layers was
also confirmed by EDX (Figure 4). The spectra in Figure 4
are labeled with corresponding positions in Figures 2
and 3. The observed Cu, W/Ta, W, Ta, and Ti signals
had energies of approximately 0.94, 1.72, 8.38, 9.36, and
4.54 keV, respectively. The Cu count in the TaOx layer
w/ Ti nanolayer was lower than that in the layer w/o Ti
nanolayer at an energy of 0.94 keV (108 vs. 228, respect-
ively). The oxygen counts at an approximate energy of
0.52 keV were 17, 238, 129, and 378 for W, TaOx w/o Ti,
TaOx w/ Ti, and pure Ti layers, respectively. The oxygen
count in the Ti nanolayer was the highest of any layer
in the resistive switching memory device. These find-
ings suggest that the Ti nanolayer is easily oxidized,
which is in agreement with the Gibbs free energy, result-
ing in the formation of TiOx on the TaOx solid-
electrolyte. TiOxnanolayer formation at the Cu/TaOx

interface improved resistive switching memory character-
istics as described below.
Figure 5 shows a typical I-V hysteresis loop for the Al/

Cu/Ti/TaOx/W resistive switching memory device (S2).
Ten consecutive switching cycles at a CC of 100 μA are
indicated by arrows 1 to 4. The pristine device had a high
resistance state (HRS) with a leakage current of 5.26 nA at
a read voltage (Vread) of +0.1 V. When the bias voltage ap-
plied to the top electrode was larger than the SET voltage
of + 0.6 V, Cu filament formed in the TaOx solid-
electrolyte and induced a low resistance state (LRS)
through a chemical reduction process (Cuz+ + ze–!Cu,
where z is 1 or 2). By applying a negative voltage of ap-
proximately −0.6 V, the Cu filament was dissolved or
reverted to the TE through a chemical oxidation process
Figure 4 EDX spectra from Figures 2 and 3. Numbers indicate
corresponding positions in Figures 2 and 3.
(Cu!Cuz+ + ze–), and the device was reverted to a
HRS. The SET voltage varied between 0.2 and 0.6 from
cycle-to-cycle and device-to-device (data not shown). It
has previously been shown that a higher formation volt-
age (e.g. >5 V) is not needed to observe resistive switch-
ing characteristics of the pristine device [45]. It is
interesting to note that the value of the RESET current
(IRESET) increased as the number of switching cycles
increased. No RESET current was observed for the first
switching cycle of the pristine device. These results sug-
gested that the filament diameter is very thin (or
unstable) during the first switching cycle. When the
number of switching cycles was increased to 10, the
RESET current reached approximately −3.9 μA, and a
stable filament was formed, suggesting that Cu migration
was controlled by the TiOx layer. In this case, the initial
filament formation of a pristine device depends on a
few switching cycles rather than the formation voltage,
which is commonly needed for a ReRAM device. There-
fore, this provides an advantage for future real applica-
tions of Cu metallic filament resistive switching memory
devices. The present device also only requires very low
operation voltage of ±1 V with a current of only a few
nanoamperes. Although it has been reported that Cu
nanofilament has been successfully formed in solid-
electrolyte, Cu migration in solid-electrolyte has not been
described in the literature to date. To address this point,
C-V hysteresis characteristics were measured to obtain an
understanding of the solid-electrolyte under external bias.
Figure 6 shows the typical C-V hysteresis characteris-

tics for both resistive switching memory devices under
sweeping voltages from −1 V!+1.6 V!–2.5 V. The ty-
pical size of the device (A) was 8 × 8 μm. The switching



Figure 6 C-V hysteresis characteristics for w/ and w/o Ti
nanolayer capacitors.

Figure 7 Typical I-V hysteresis loop of S1 and S2 devices and
cumulative probability of leakage currents. Typical I-V hysteresis
loop with 100 consecutive cycles under a CC of 500 μA for (a) S1
and (b) S2 devices. (c) Cumulative probability of leakage currents for
S1 and S2 devices.
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cycle is indicated by arrows 1! 3. The capacitances
of pristine S1 and S2 devices at HRS were approxi-
mately 14.5 and 13.5 pF, respectively, at a Vread of +
0.1 V. The capacitances at LRS were very high at ap-
proximately 1.87 and 2.03 nF for the S1 and S2 devices,
respectively, under SET operation at a Vread of + 0.1 V.
This result was likely due to the movement of Cu ions
through defect sites, which were trapped in the defective
high-κ TaOx solid-electrolyte (i.e., Cu filament forma-
tion). The charge-trapping density was calculated from
C-V hysteresis characteristics using the Equation 1
below [46].

Ncharge ¼ ΔV :CLRS

q:A
; ð1Þ

where ‘q’ (= 1.602 × 10−19 C) is the electronic charge and
‘A’ is the area of the resistive switching memory device.
The hysteresis memory windows (ΔV) were approxi-
mately 3.4 and 3.5 V for the S1 and S2 devices, respect-
ively. The charge-trapping densities of the S1 and S2
resistive switching memory devices were approximately
6.2 × 1016 and 6.9 × 1016/cm2, respectively. C-V was mea-
sured using a 4284A LCR meter (Agilent Technologies
Inc., Santa Clara, CA, USA). This system does not have
capacitance compliance function. To confirm the capaci-
tance values, more than fifty devices on each wafer were
measured randomly. The Ti nanolayer of the Cu/TaOx

device (S2) had a higher charge-trapping density due to
trapping of more Cu ions at the defect sites of the TaOx

solid-electrolyte, which improved the resistive switching
performance as described below.
Figure 7 shows the typical I-V hysteresis loops for both

resistive switching memory devices. One hundred consecu-
tive switching cycles are indicated by arrows 1 to 5 under a
CC of 500 μA. The S1 memory devices showed a leakage
current of approximately 1.5 pA at a Vread of + 0.1 V for a
pristine device, lower than that of the S2 devices (23 pA)
(Figure 7a,b). Average values (± standard deviations (SD))
of the leakage currents for the S1 and S2 memories were
1.5 (4.7) and 180 (10.7) pA, respectively (Figure 7c). Be-
cause of a higher charge-trapping density (Figure 6), the



Figure 8 The cumulative probability plots of LRS and HRS.
Cumulative probability plots of LRS and HRS under a CC of 500 μA
for (a) Al/Cu/TaOx/W and (b) Al/Cu/Ti/TaOx/W devices with
cycle-to-cycle and device-to-device measurements.
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average leakage current of the S2 memory devices was
higher than that of the S1 devices. The HRS currents at a
Vread of +0.1 V increased after the second cycle to approxi-
mately 32 and 0.57 μA for S1 and S2 devices, respectively.
The lower HRS current of the S2 devices compared with
that of the S1 devices was attributed to a longer filament
length remaining in the S1 devices. This suggests that the
recovery of Cu ions in the S2 devices was caused by a
higher amount of defects in the TaOx layer. The SET
voltages of the S1 devices showed larger variation (+0.3 to
0.9 V) compared with those of the S2 devices (0.23 to
0.5 V). In addition, the IRESET of the S2 devices was lower
than that of the S1 devices (100 vs. 1,000 μA, respectively);
this was because of the control of Cu migration by the Ti
nanolayer at the Cu/TaOx interface. The average device-
to-device LRS values (± SD) of the S1 and S2 devices were
5.5 × 102 (3.2 × 102) and 8.4 × 102 (3.4 × 102) Ω, respectively,
and the average HRS (± SD) values were 5.9 × 103

(4.0 × 103) and 3.2 × 107 (10.4× 107) Ω, respectively
(Figure 8a,b). For cycle-to-cycle, the average LRS values
(± SD) of the S1 and S2 devices were 1.6 × 102 (1.3 × 102)
and 8.2 × 102 (0.88×102) Ω, respectively, whereas the aver-
age HRS (± SD) values were 7.1 × 103 (1.34×104) and
7.4 × 106 (1.5× 107) Ω, respectively. The resulting resist-
ance ratios (HRS/LRS) of the S1 and S2 devices were ap-
proximately 10 and 3.8 × 104 for device-to-device and 44
and 9 × 103 for cycle-to-cycle, respectively. The resist-
ance ratio of the S1 device was smaller than that of the
S2 (10 vs. 104, respectively), which was attributed to the
smaller gap (i.e., dissolved filament length) between the
Cu electrode and remaining filament. Because of Cu ion
migration under external bias, the filament formation/
dissolution can be explained with the following hypo-
thesis. Considering the charge-trapping phenomenon
shown in Figure 6, the Cu ions (as positive charges) are
transported through the defect sites into the high-κ
TaOx solid-electrolyte under external bias. These ions
are then trapped in the defect sites (starting from the W
BE) and consequently neutralized by electrons from
the BE. This causes metallic Cu filament to grow from
the BE and form a conical-type metallic filament
between the BE and TE (Figure 9a), a different mechan-
ism to that recently reported for ZnO [10]. Under RE-
SET operation, the Cu filament then starts to dissolve
from the Cu/TaOx interface (Figure 9b) because the elec-
tric field at the Cu/TaOx interface will be higher as a re-
sult of its conical-shape. In this case, under negative bias
to the TE, the filament Cu ions are transported through
the similar defect sites into the high-κ TaOx solid-
electrolyte. The Cu ions then either capture electrons
from the TE, resulting in neutralization or return to the
Cu electrode. In this case, the Cu ions will partially re-
turn to the Cu electrode because of the copper oxide
present at the Cu/TaOx interface. On the other hand, the
Cu filament forms, and ions migrate through the TaOx

solid-electrolyte easily because of the higher charge-
trapping density (i.e., defect sites), as shown in Figure 9c.
It is clear that the observed lower diameter of the Cu
filament is due to the Ti nanolayer at the Cu/TaOx inter-
face controlling the migration of Cu ions under SET op-
eration. Therefore, one of the major reasons that the
control of the Cu ion mobilization is easier in the device
with Ti is because of the higher defective TaOx solid-
electrolyte. Under RESET operation, either the filament is
almost dissolved (Figure 9d) or the gap length (i.e., the
length between the Cu electrode and the remaining fila-
ment, or length of filament dissolution) in the S2 devices
is longer than that of the S1 devices. The longer gap
length of the S2 devices produced a higher resistance ratio
(approximately 104 vs. 10, respectively) than that exhibited
by the S1 devices because of the easier dissolution of the
Cu filament through the defective TaOx solid-electrolyte.
Through observation of several switching cycles (Figure 8),



Figure 9 The schematic view of filament formation/dissolution. Schematic view of filament formation/dissolution under SET and RESET
operations for w/ and w/o Ti nanolayer resistive switching memories. Filament formation (a) and dissolution (b) for w/o Ti nanolayer devices.
Controllable filament formation (c) and dissolution (d) for w/ Ti nanolayer resistive switching memory devices.
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we found that the standard deviation of HRS for the S2
devices was larger than that for the S1 devices (1.5 × 107

vs. 1.34 × 104 Ω, respectively), which was attributed to the
longer gap length. However, the SD of LRS for the S2
devices was smaller than that for the S1 devices (88 vs.
130 Ω, respectively) because of the Ti nanolayer control-
ling Cu ion migration. Therefore, LRS dispersion was bet-
ter in S2 devices compared with S1 devices. It is also
interesting to note that under a CC of 500 μA, the LRS of
the S2 devices was higher than that of the S1 devices (840
vs. 550 Ω, respectively) because of the series resistance
effect of Ti acting as a Cu barrier layer. Notably, the
observed longer gap length in the S2 devices was attribu-
ted to either easier dissolution of the Cu filament or
higher amount of electron injection from the Cu electrode
through the Ti nanolayer. It has been reported that the
electron affinities of Ta2O5 and TiO2 films with respect to
the Si conduction band are 3.77 [47] and 3.15 eV, respect-
ively [32,47]. Therefore, our results indicate that the bar-
rier height at the Cu/Ta2O5 interface was reduced because
of the Ti nanolayer, increasing electron injection from the
Cu electrode. Similar barrier height lowering at the TiOx/
ZrO2 interface and improved resistive switching memory
performance were reported by Li et al. [48]. These findings
suggest that Cu recovery from the filament through the
TaOx solid-electrolyte is easier in the device with Ti. The
defective high-κ TaOx solid-electrolyte, Cu ion migration
control, and lower barrier height of the Ti nanolayer at the
Cu/TiOx interface in the Al/Cu/Ti/TaOx/W structure
were therefore expected to maintain repeatable and
improved resistive switching memory characteristics, as
described below.
Figure 10 shows the dependence of average LRS with
CC ranging from 0.1 to 500 μA for the S2 devices.
The LRS decreased linearly with increasing CC. The
observed control of LRS by the device operation
current was independent of the device size, which con-
firms the filamentary conduction mechanism proposed
for the present resistive switching memory device. The
average (median) value of LRS under a CC of 1 μA
was approximately 147 (145) kΩ for a typical device of
150 × 150 nm. All LRS data were captured from sev-
eral devices within the same cycle number. As a com-
parison, the LRS value of Ag-GeSe solid-electrolyte is
approximately 140 kΩ at a CC of 1 μA [28]. The re-
sistance at LRS can be expressed in relation to CC by
Equation 2

RLRS ¼ 0:175
CC

: ð2Þ

The average LRS determined for the present S2 devices
was slightly higher than that previously reported (0.14
/CC), which was due to both the series resistance of the Ti
nanolayer and use of a different solid-electrolyte. Consider-
ing the cylindrical shape of the Cu filament, its diameter
can be calculated from Equation 3,

RLRS ¼ ρfilament:L
Φ

; ð3Þ
Φ ¼ π:D2

4
; ð4Þ

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:L:ρfilament

π:RLRS

r
; ð5Þ

where L is the length (thickness of high-κ TaOx solid-
electrolyte, approximately 18 nm), ρfilament is the resistivity



Figure 10 The average LRS and filament diameter. (a)Average
LRS under current compliances from 0.1 to 500 μA and (b) filament
diameter versus current compliances for the S2 structure.

Figure 11 P/E endurance characteristics for (a) S1 and (b) S2
resistive switching memory devices.
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(approximately 200 μΩ.cm [49]), Ф is the cross-sectional
area, and D is the diameter of the Cu filament. Using RLRS

and CC as obtained from equations 2 and 5, respectively,
the filament diameter was found to decrease linearly with
CC (Figure 10). The nanoscale filament diameter was 10.4
to 0.17 nm as the CC decreased from 500 to 0.1 μA. These
calculated filament diameters were generally consistent
with those in some reports [26,32,50] but were slightly dif-
ferent than others in the literature [33,51], which may be
due to different solid-electrolytes and structures used. The
observed small diameter of 1.7 Å at a small CC of 0.1 μA
indicates that this device will be scalable beyond the atomic
scale in the future. Under a CC of 500 μA, a memory size
of 7.6 Tbit/sq in will be obtained, higher than that pre-
viously reported (60 Gbit/sq in. [35]). If a low cur-
rent operation of 0.1 μA is achieved, then an even
larger memory size of 28 Pbit/sq in. will be obtained, a
significant benefit to future high-density nonvolatile
memory applications.
Figure 11 shows typical program/erase (P/E) endur-
ance characteristics of the resistive switching memory
devices. The S2 device had improved switching cycles,
with P/E voltage of +1.4/–1.2 V, pulse width of 500 μs,
and P/E current of +300/–500 μA (Figure 11b). An
extrapolated P/E endurance of> 106 cycles with a resist-
ance ratio of> 20 was observed for the S2 devices,
whereas the S1 device collapsed at 3.2 × 106 cycles. This
result was attributed to the Ti nanolayer at the Cu/TaOx

interface in the S2 devices. Excellent read endurance
characteristics of the Al/Cu/Ti/TaOx/W memory device
were obtained even after >105 cycles under a read volt-
age of +0.1 V and CCs of 0.1 and 200 μA (Figure 12a).
Under a CC of 200 μA, a high resistance ratio of> 104

was obtained after 105 cycles, whereas under a low CC
of 0.1 μA, a smaller ratio of 2 to 3 was obtained and
there was no collapse even after 105 cycles. Figure 12b
shows typical data retention characteristics as well as
10 y extrapolated data retention under a CC of 200 μA,
performed at 25 °C. A high resistance ratio of> 104 was
obtained after the extrapolated data retention, which will
be of great advantage in future nanoscale low power
nonvolatile resistive switching memory applications.



Figure 12 The typical read endurance and data retention
characteristic for the device with Ti nanolayer. (a)Typical read
endurance and (b) data retention characteristics for the device with
Ti nanolayer at the Cu/TaOxinterface (S2). The device is capable of
operation at a low current compliance of 0.1 μA.
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Conclusions
In summary, superior resistive switching memory perform-
ance of an Al/Cu/Ti/TaOx/W structure in a CC range of
0.1 to 500 μA was demonstrated compared with that of an
Al/Cu/TaOx/W structure. The resistive switching mechan-
ism was elucidated and explained by a schematic model,
correlated with charge-trapping phenomena observed from
C-V hysteresis characteristics. These findings suggest that
the formation/dissolution of Cu nanofilament can be con-
trolled by insertion of a Ti nanolayer at the Cu/TaOx inter-
face or using a defective high-κ TaOx solid-electrolyte. The
high-κ TiOx and TaOx films were amorphous as observed
by HRTEM. The oxygen accumulation properties of the Ti
nanolayer at the Cu/TaOx interface were confirmed by
EDX and XPS analyses. Good uniformity with large re-
sistance ratio of approximately 104, long P/E endurance
of> 106 cycles, MLC operation, and 10 y data retention
were observed for the devices with Ti nanolayer at the
Cu/TaOx interface. The LRS increased linearly with de-
creasing CC in the range 500 to 0.1 μA, which resulted
in a decrease of the Cu nanofilament diameter from
10.4 to 0.17 nm. These results suggest that a large mem-
ory size of 28 Pbit/sq in. at a small CC of 0.1 μA will be
possible for the present devices for future nanoscale
(0.17 nm) nonvolatile memory applications.
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