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Abstract

Impact of the device size and thickness of Al2O3 film on the Cu pillars and resistive switching memory characteristics of
the Al/Cu/Al2O3/TiN structures have been investigated for the first time. The memory device size and thickness of Al2O3

of 18 nm are observed by transmission electron microscope image. The 20-nm-thick Al2O3 films have been used
for the Cu pillar formation (i.e., stronger Cu filaments) in the Al/Cu/Al2O3/TiN structures, which can be used for
three-dimensional (3D) cross-point architecture as reported previously Nanoscale Res. Lett.9:366, 2014. Fifty randomly
picked devices with sizes ranging from 8 × 8 to 0.4 × 0.4 μm2 have been measured. The 8-μm devices show 100% yield
of Cu pillars, whereas only 74% successful is observed for the 0.4-μm devices, because smaller size devices have higher
Joule heating effect and larger size devices show long read endurance of 105 cycles at a high read voltage of −1.5 V.
On the other hand, the resistive switching memory characteristics of the 0.4-μm devices with a 2-nm-thick Al2O3 film
show superior as compared to those of both the larger device sizes and thicker (10 nm) Al2O3 film, owing to higher Cu
diffusion rate for the larger size and thicker Al2O3 film. In consequence, higher device-to-device uniformity of 88% and
lower average RESET current of approximately 328 μA are observed for the 0.4-μm devices with a 2-nm-thick Al2O3 film.
Data retention capability of our memory device of >48 h makes it a promising one for future nanoscale nonvolatile
application. This conductive bridging resistive random access memory (CBRAM) device is forming free at a current
compliance (CC) of 30 μA (even at a lowest CC of 0.1 μA) and operation voltage of ±3 V at a high resistance ratio of >104.
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Background
It is known that commercial FLASH memory approaches
its scaling limit in sub-20-nm technology node. As it is
an alternative solution to replace the FLASH, resistive
random access memory (RRAM) becomes a center of
attraction to the researchers because of its simple metal-
insulator-metal (MIM) structure with low voltage oper-
ation (<3 V), high speed operation, and high scalability
potential (<10 nm) [1-5]. Although many switching ma-
terials have been reported for the RRAM applications,
the Al2O3 as a switching material has been reported a
few [6-9]. The amorphous Al2O3 film has energy gap of
6.2 to 8.8 eV [10,11], dielectric constant of 9 [12], and
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Gibbs free energy of −1,582.3 kJ/mole at 300 K [13],
which can help to have good resistive switching proper-
ties. Wu et al. [6] have described a TiN/Al2O3/Pt RRAM
device with a current compliance (CC) of sub-20 μA and
high operating voltage of +8/−4 V. Wu et al. [14] have re-
ported the Al/Al2O3/Pt RRAM devices with an unstable
RESET current of 1 μA. Lin et al. [7] have reported the re-
sistive switching characteristics using a Ti/Al2O3/Pt struc-
ture with a high CC of 10 mA and operating voltage of ±3
V. We have reported the resistive switching memory char-
acteristics using an IrOx/Al2O3/IrOx-NDs/Al2O3/W struc-
ture with a CC/voltage of 500 μA/±4 V previously [8]. The
resistive switching phenomena using an IrOx/AlOx/W
structure with a CC of 200 μA in cross-point architecture
have been also reported by us [9]. In this regard, many
chalcogenide materials in the conductive bridging resistive
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random access memory (CBRAM) devices have also been
reported by many groups [15-23]. Basically, silver (Ag) or
Cu is used as an oxidizing electrode, and the metal ions
are migrated through the chalcogenide material under a
positive bias on the Ag or Cu electrode. Recently, the AlOx

material in the CBRAM devices using the Ag (or Cu)/
Al2O3/bottom electrode (BE) structures [24-26] has
emerged great interest to the researchers due to its high
compatibility with the fabrication of conventional CMOS
devices. Goux et al. [24] have reported the CBRAM de-
vices using a Cu-Te/Al2O3/Si structure at a CC of 5 μA
and operating voltage of +0.5/−1 V. In this case, they have
used a thin layer (approximately 3 nm) of Al2O3 film as an
active material and device size was large 1 × 1 mm2.
Sleiman et al. [25] have investigated the Cu/AlOx/W
CBRAM devices with a CC of 100 μA and operating
voltage of ±2 V. The thickness of AlOx layer is 20 nm,
and a large device size is 1 × 1 mm2. Belmonte et al. [26]
have described the resistive switching characteristics in
90-nm Cu/TiW/Al2O3/W 1T1R integrated cell, and they
have introduced the TiW as a buffer layer to protect Cu
diffusion. In this case, the thickness of Al2O3 layer is 3
nm. The memory device could be operated at 25 μA with
operation voltage of ±2 V. It is noticed that the Al2O3 ma-
terial has been used in the CBRAM devices using bi-layers
and different structures and thicknesses. However, impact
of device size and thickness of a single Al2O3 layer using
the Cu/Al2O3/TiN CBRAM devices have not yet been
reported.
On the other hand, one of the main challenges of

CBRAM is to achieve high device uniformity and inte-
gration density. To have high-density memory, conven-
tional three-dimensional (3D) FLASH has been conducted
through-silicon-via (TSV) [27-30], which acts as intercon-
nect in each stack. But one of the bottlenecks of TSV is
high cost and large integration area. Joblot et al. [31] have
reported the capability of Cu pillar for 3D interconnection
technology. So, the conventional TSV technique of 3D
FLASH can be also replaced by Cu pillar formation (i.e.,
stronger Cu filament in CBRAM structure) through 3D
cross-point memory architecture for future below 11-nm
technology node, which has been demonstrated previously
[32]. In this case, each stack of cross-points memory could
be connected through Cu pillar which would be a promis-
ing way for achieving ultra-high-density memory appli-
cation. Therefore, the device size-dependent Cu pillar
characteristics in the Cu/Al2O3/TiN structures have
been also investigated for potential application.
In this study, impact of the device size and thickness

on the Cu pillars and resistive switching memory charac-
teristics using a single Al2O3 layer in the Cu/Al2O3/TiN
CBRAM devices has been investigated. The amorphous
Al2O3 film with a thickness of 18 nm and the device
sizes are observed by transmission electron microscope
(TEM) image. By measuring 50 randomly picked devices,
the empirical result tells that large size devices are
promising for future Cu pillar applications. From cumula-
tive probability of 50 devices, the Cu pillars can reach up
to a high CC of 70 mA. Hence, the strong metallic path
inside the Al2O3 layer can be used as a connecting way
among the different stacks of high-density 3D memory de-
vices. Long read endurance of 105 cycles of the large size
devices at a high read voltage of −1.5 V ensures about the
robustness of the Cu pillars or metallic paths. In addition,
thickness-dependent resistive switching memory charac-
teristics are also observed. Superior CBRAM characteris-
tics such as high switching yield of 88%, lower average
RESET current of approximately 328 μA, and acceptable
resistance ratio of 9.6 are obtained for the 0.4-μm devices
with a 2-nm-thick Al2O3 film under low voltage of ±2 V,
which is due to lower diffusion of Cu ions into the Al2O3

films under external bias. The resistive switching mechan-
ism is based on the formation and dissolution of the Cu
filaments into the Al2O3 films. Good data retention ability
of >48 h is also obtained. This CBRAM device shows
forming-free current-voltage (I-V) characteristics under a
CC of 30 μA, even at lowest CC of 0.1 μA.

Methods
A silicon-dioxide (SiO2) with a thickness of 200 nm was
deposited on 8-in. Si wafer for device isolation. Then, a
titanium-nitride (TiN) layer as a BE was deposited on
SiO2/Si substrate. The thickness of TiN BE was approxi-
mately 200 nm. A SiO2 film with a thickness of 150 nm
was deposited for via-hole design. The via-holes with dif-
ferent sizes of 0.4 × 0.4 to 8 × 8 μm2 were patterned. To do
the lift-off process, the pattern was coated by photo-resist
(PR). Then, the via-hole and top electrode (TE) regions
were opened. The Al2O3 layers with different thicknesses
ranging from 2 to 20 nm were deposited by rf sputtering.
The Al2O3 target with purity of 99.9% was used. During
the deposition, argon (Ar) flow rate was 25 sccm. The
deposition power and pressure were 80 W and 30 mTorr,
respectively. The Cu as a TE was deposited by thermal
evaporation. The thickness of Cu was approximately
40 nm. The deposition rate was 0.5 Å/s. To avoid oxi-
dation of Cu at elevated temperature, aluminum (Al)
as a capping layer was deposited by using the same ther-
mal evaporator. The thickness of Al was approximately
160 nm. Deposition rate was 1 Å/s. Finally, lift-off process
was performed to get the Al/Cu/Al2O3/TiN CBRAM de-
vices. The memory device size and microstructure of an
Al2O3 film was investigated by using TEM-JEOL 2100F
system with energy of 200 keV and resolution of 0.2 nm.
During electrical investigations of Cu pillar and resistive
switching, the bias was applied on the Cu TE while the BE
was grounded. The 20-nm-thick Al2O3 film was used to
investigate the Cu pillars because the stronger Cu filament
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will be formed under external positive bias on the TE.
Other thicknesses of 2 to 10 nm were used to study the re-
sistive switching characteristics. Fifty devices for each size
and thickness of Al2O3 were measured randomly. All the
electrical measurements were performed by Agilent 4156C
precision semiconductor parameter analyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA).

Results and discussion
Figure 1a shows TEM image of an Al/Cu/Al2O3/TiN
via-hole device. All layers are observed clearly. The device
size of approximately 0.5 × 0.5 μm2 is observed. Figure 1b
shows high-resolution TEM image inside the via-hole
region. The thickness of Al2O3 layer is approximately
Figure 1 TEM images of an Al/Cu/Al2O3/TiN structure. (a) TEM
image shows the device size of 0.5 × 0.5 μm2. (b) HRTEM image shows
Cu/Al2O3/TiN structure. The thickness of insulating layer is approximately
18 nm.
18 nm, including a thin TiOxNy layer on the TiN surface.
This Al2O3 film shows amorphous. Due to the thicker
Al2O3 film, the stronger Cu filament (or pillar) could be
formed inside the via-hole region for 3D cross-point
memory application, which has been discussed below.
The I-V characteristics of randomly measured 50 pris-

tine devices with two different sizes viz. 8 × 8 and 0.4 ×
0.4 μm2 are shown in Figure 2. The thickness of Al2O3

film is 20 nm. The sweeping voltage direction is shown
by the arrows 1 to 4, which also follows as 0→ +5→
0→ −1.1→ 0 and 0→ +8→ 0→ −1→ 0 V for the de-
vices with large and small sizes, respectively (Figure 2a,b).
It is found that all 8-μm devices are operated at a high CC
of 70 mA whereas many of the 0.4-μm devices show
failure to reach even at a CC of 10 mA. By applying
bias of −1 V on the TE, the 8-μm devices do not show
RESET and few 0.4-μm devices show RESET. This
Figure 2 Current-voltage characteristics of the Cu pillars. I-V
characteristics of arbitrarily measured 50 devices with device size of
(a) 8 × 8 μm2 under a high CC of 70 mA and of (b) 0.4 × 0.4 μm2

under a CC of 10 mA. The smallest size devices have largest failure
of the Cu pillars, due to the Joule heating. The thickness of the
Al2O3 layer is 20 nm.
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suggests that the Joule heating burns the small size de-
vices at a high current as well as device size-dependent
filament diameter. Heat dissipation of larger size de-
vices is higher than the smaller size devices. Thermal
conductivities of Cu, Al, Al2O3, SiO2, TiN, and Si mate-
rials are 398, 244, 25.08, 1.38, 28.84, and 148 W/m/K, re-
spectively [33]. This implies that heat will be dissipated
through top electrode contact than the other sides. There-
fore, the area of top electrode contact as well as device size
will help to reduce heating effect, especially, when the de-
vice is operated at a high current of >10 mA. If the de-
vice does not show RESET, then stronger Cu filament
(or pillar) is formed into the Al2O3 layer. The forma-
tion voltages (Vform) for the 8-, 4-, 2-, and 0.4-μm de-
vices at 50% probability are 4.2, 4.5, 4.9, and 5.5 V,
respectively (Figure 3a). Therefore, the value of Vform in-
creases with decreasing the device sizes owing to lower
leakage current as well as lower defects into the Al2O3
Figure 3 Statistical distribution of formation voltage and current
of the Cu pillars. (a) Formation voltage increases with decreasing
device area which suggests the higher Cu diffusion rate for large size
devices. (b) Uniform current distribution at LRS of larger device sizes
implies the probability of similar conduction path of the Cu pillars.
layer. On the other hand, the formation energy is lower
for larger size devices than the smaller one owing to the
higher diffusion rate of Cu ions with the area. The similar
phenomena of Ag diffusion in SiO2 layer by in situ TEM
observation have been reported by Yang et al. [34]. The
Cu diffusion in ZrO2 layer by TEM observation was
also reported by other group [35]. The number of suc-
cessful devices with different device sizes ranging from
0.4 × 0.4 to 8 × 8 μm2 is shown in Table 1. The device
size of less than 2 μm can carry current of 10 mA, while
the larger size of 4-μm device can carry high current of 70
mA. Most important thing is that the larger size devices
show 100% success, while the failure is increased with de-
creasing device size. It is expected that stronger Cu pillar
is needed for 3D integration of cross-point nonvolatile
memory. This will be easy way and low cost for applica-
tion of 3D cross-point memory [32]. Therefore, we need
those devices which can sustain at high current for long
time, and we find that, the devices with large area are
compatible for this purpose. Figure 3b shows the statis-
tical distribution of currents at low resistance state
(LRS) for the device-to-devices. The mean value �x and
the standard deviation (σ) of currents for the 4-μm de-
vices at a read voltage (Vread) of 1 V are 49.96 and 9.33 mA,
while those values for the 8-μm devices are 46.14 and
6.61 mA, respectively. The read current of the 8-μm de-
vices is slightly lower than that of the 4-μm devices
owing to lower formation voltage. This implies that
small amount of Cu diffusion into the Al2O3 films for
the larger size devices than the smaller sizes. However,
uniformity of the high current carrying Cu pillars is
better for the 8-μm devices than those of the 4-μm de-
vices. The mechanism of Cu pillar formation inside the
pristine device is as follows. These are basically the
CBRAM devices; however, 20-nm-thick Al2O3 film is
studied for demonstration, and further study for real
application of the Cu pillars into the 1-μm-thick Al2O3

films is necessary. When the positive bias is applied on
the active Cu electrode, the Cuz+ (z = 1,2) ion is formed
by oxidation, then those ions migrate through the switch-
ing medium in the presence of high electric field, and fi-
nally, they become reduced at the TiN BE. This formation
process transforms the pristine device from its initial
Table 1 Device size-dependent success and failure of the
Cu pillars

Device size
(μm2)

Current compliance
(mA)

Number of successful
devices (%)

0.4 × 0.4 10 74

1 × 1 10 78

2 × 2 10 98

4 × 4 70 100

8 × 8 70 100
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resistance state (IRS) to LRS as well as stronger Cu pillar
is formed. By applying negative voltage on the TE, the Cu
pillars of some smaller size devices are dissolved because
of Joule heating. Robust Cu pillars have been investigated
by measuring endurance properties below.
Figure 4 shows the read endurance characteristics with

different negative read voltages. As it is bipolar device,
the negative bias makes the RESET. After formation,
we have increased the negative bias sequentially as −1
and −1.5 V on the TE. The current compliances are 10
and 70 mA for the 0.4- and 8-μm devices, respectively.
For the 0.4-μm devices, a value of LRS is approximately
32 Ω (Figure 4a), while the value is approximately 20 Ω
for the 8-μm devices (Figure 4b). This indicates that the
Figure 4 Read pulse endurance characteristics. (a) Read pulse
endurance properties degraded at high negative voltage due to the
Joule heating phenomena for the smallest size devices. The Cu pillar
is broken during read endurance test, which is shown in schematic
view. (b) For the large size devices, long endurance reveals the robustness
of the Cu pillars inside the switching medium at a Vread of −1.5 V. Long
read endurance of 105 cycles is obtained for the 8-μm devices. A stronger
Cu pillar is formed into the Al2O3 films, which is shown in schematic view
inside of figure.
diameter of Cu pillar is larger for the 8-μm devices than
the 0.4-μm devices, as shown schematic view in the
inset. For the 0.4-μm devices, the LRS state is increased
after approximately 40 and 30 k cycles for the read volt-
ages of −1 and −1.5 V, respectively. The Cu pillar is
broken easily after higher negative voltage on the TE,
as shown schematically in the inset of Figure 4a. Robust
read pulse endurances of >105 cycles are obtained for
the 8-μm devices because larger diameter of the Cu pil-
lars, as shown schematically in the inset of Figure 4b.
So, after formation of the conducting path, the possibil-
ity of deterioration of the paths is less which indicates
the ability of Cu pillar for 3D cross-point architecture
in the future. Beside the Cu pillar investigation, the re-
sistive switching characteristics of the Cu/Al2O3/TiN
CBRAM devices with smaller thickness (<10 nm) of
Al2O3 layer are also important, which have been inves-
tigated below.
Figure 5 shows the typical I-V curves of the 8-μm de-

vices with a 2-nm-thick Al2O3 film and a CC of 500 μA
is applied. The sweeping voltage is shown by arrows 1 to
5. A low Vform of 1.65 V is observed for this thin Al2O3

film. Cumulative probability of 50 CBRAM devices with
different size and thickness of the Al2O3 films is plotted
(Figure 6a). The average values of Vform are 1.7, 2.4, and
3 V for the 8-μm devices while those values are 1.85, 2.7,
and 3.4 V for the 0.4-μm devices with different thick-
nesses of Al2O3 film of 2, 5, and 10 nm, respectively.
Those values of Vform are lower than the 20-nm-thick
Al2O3 films (Figure 3a). For the 2-nm-thick Al2O3 films,
tight distribution of Vform is found to be 1.6 to 1.75 V
and 1.75 to 2.1 V for the 8- and 0.4-μm devices, re-
spectively. Figure 6b shows cumulative probability of
the leakage currents for the 8- and 0.4-μm devices with
Figure 5 I-V switching characteristics. Typical current-voltage
characteristics of the 8-μm devices with a 2-nm-thick Al2O3 film at a
CC of 500 μA. A low formation voltage of 1.65 V is observed.



Figure 6 Cumulative probability of formation voltage and leakage
current. (a) Formation voltages and (b) leakage currents depend on
the device sizes and thickness of the Al2O3 films for the Al/Cu/Al2O3/TiN
CBRAM devices with sizes of 8 × 8 and 0.4 × 0.4 μm2. The thicknesses of
Al2O3 film are 2, 5, and 10 nm.
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thicknesses of the Al2O3 films of 2, 5, and 10 nm. The leak-
age currents at 50% probability are found to be 3.4 μA,
60 pA, and 1.7 pA for the 8-μm devices while those
values are found to be 39 nA, 22 pA, and 2.1 pA for the
0.4-μm devices with thicknesses of the Al2O3 films of 2,
5, and 10 nm, respectively. The 10-nm-thick Al2O3 films
show device size-independent leakage currents, which is
due to the limit of current measurement by our probe sta-
tion. It is found that the variation of formation voltage is
directly proportional to the switching material thickness
and inversely proportional to the device size area. On the
other hand, the leakage current shows the opposite nature
of the formation voltage. It varies directly proportional to
the device size and inversely proportional to the switching
materials' thickness. It happens because the reduction in
device size causes the decrement of defects inside the
switching material which in turns increases its insulation
property. This causes the leakage current lower, and so,
the required voltage to change its resistance state is more.
The reduction in switching material thickness causes
the higher possibility of electron tunneling through the
insulator layer which causes the enhancement in leak-
age current. It is observed that the 2-nm-thick Al2O3

films show better uniformity of the formation voltages
as well as the leakage currents. Both the RESET current
(IRESET) and voltage (VRESET) at first cycle are found to be
approximately 2 mA and −0.45 V, respectively (Figure 5).
The SET voltages VSET, VRESET, and IRESET at the second
cycle are lower 0.5 V, −0.3 V, and approximately 540 μA
than those of the values that are observed in the first cycle,
respectively. The IRESET is slightly higher than the current
compliance because of thinner (2 nm) Al2O3 film. To dis-
solve more length of the Cu filaments or to increase high
resistance state (HRS), higher negative voltage of −0.8 V is
required. I-V curves imply that the RESET is happened
through a slow deterioration process of the existing metal-
lic filaments in its weak point by reduction due to the
negative bias on the TE. A resistance ratio (HRS/LRS) at a
Vread of 0.1 V is found to be 16, which is acceptable for
application.
As we have mentioned, the switching mechanism is

based on Cu filament formation/dissolution into the Al2O3

film under external bias, and this could be also understood
indirectly by studying the breakdown phenomenon using
two different top electrodes viz. Cu and Al, as shown in
Figure 7. The thickness of the Al2O3 films is 5 nm. The
average breakdown voltage (VBD) of the randomly mea-
sured ten devices of the Al/Al2O3/TiN structures is −4.99
V (i.e., −4.6 to −5.2 V) whereas this value of the Al/Cu/
Al2O3/TiN structures is 3.99 V (i.e., −3.7 to −4.3 V), as
shown in Figure 7a. The value of VBD is higher for the Al
TE because the Al makes an additional oxide layer at the
Al/Al2O3 interface. According to our previous report [36],
the AlOx layer was formed at the Al/TaOx interface. It is
also found that the value of VBD for the Al/Cu/Al2O3/TiN
structures increases with increasing the thickness of Al2O3

layer, as shown in Figure 7b. If one can compare between
the breakdown voltage and the formation voltage of the
Al/Cu/Al2O3/TiN structures with a 2-nm-thick Al2O3

layer, then the average value of breakdown voltage is
higher than the formation voltage (−3.2 vs. 1.85 V). The
similar trend is observed for all thicknesses of the
Al2O3 films, as discussed above. This result reveals that
the formation takes place due to the Cu ion migration
through the Al2O3 layer. Under high electric field approxi-
mately 107 V/cm before breaking the stable Al-O bonds,
electrochemically active Cu ions diffuse easily through the
Al2O3 layer and make a metallic path under a low positive
voltage applied on the TE. The Cu ion migration as well
as filament formation into different switching layers under
external bias was also reported by other groups [16-18,24].



Figure 7 Thickness-dependent Al2O3 film breakdown phenomena with Cu and Al top electrodes. (a) I-V characteristics show the breakdown
voltage of the Cu/Al2O3/TiN and Al/Al2O3/TiN structures. The higher breakdown voltage of Al/Al2O3/TiN than that of the Cu/Al2O3/TiN structure is
owing to oxidized Al at the Al/Al2O3 interface during deposition by thermal evaporator. (b) The breakdown voltage of the Al/Cu/Al2O3/TiN structures
increases with increasing the thickness of Al2O3 film.
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However, the switching uniformity is important of these
CBRAM devices, which have been explained below.
Figure 8 shows cumulative probability of device-to-

devices. The HRS and LRS for the 8- and 0.4-μm devices
with a 2-nm-thick Al2O3 film are plotted. The average
values of �x=σ at HRS and LRS are 5.34/4.44 kΩ and 895/
407 Ω for the 8-μm devices, respectively, while those
values are 10.3/12.9 kΩ and 1.07/539 kΩ for the 0.4-μm
devices, respectively. The value of LRS is slightly lower for
the 8-μm devices than the 0.4-μm devices, which is owing
to higher diffusion rate of Cu ion into the Al2O3 film
under external bias. By considering the resistance ratio
of >2, the 0.4-μm devices show higher switching yield
than that of the 8-μm devices (88% vs. 74%). This sug-
gests that the 0.4-μm devices have good switching uni-
formity. Figure 9 shows the statistical distribution of
resistance states with different current compliances of
100, 500, and 1,000 μA for the 2- and 10-nm-thick Al2O3



Figure 8 Cumulative probability of HRS and LRS. The smaller size
device shows superior uniformity than that of the larger size devices. It
is observed that the 0.4-μm devices show 88% success for switching.
The data read on the second switching cycle.

Figure 9 Statistical distribution of HRS and LRS. The thicknesses
of Al2O3 film are (a) 2 nm and (b) 10 nm. The LRS decreases with
increasing the CCs of 100 to 1,000 μA for the 0.4-μm devices. The
2-nm-thick Al2O3 film shows superior resistance ratio than that of
the 10-nm-thick films.

Panja et al. Nanoscale Research Letters 2014, 9:692 Page 8 of 11
http://www.nanoscalereslett.com/content/9/1/692
films. Except few devices or without proper sweeping
voltage/current, there is no memory window at a CC
of 100 μA. However, the value of LRS decreases and
HRS remains almost the same with increasing the CCs
(Figure 9a,b). The resistance ratio increases with in-
creasing the CCs. Table 2 represents the average values
of LRS, HRS, and HRS/LRS for the 8- and 0.4-μm de-
vices with different thicknesses of Al2O3 film of 2, 5,
and 10 nm. To obtain the average values, 50 CBRAM de-
vices were measured. It is obvious that the resistance ratio
is higher at CC of 1 mA as compared to the value at a CC
of 500 μA because of lower LRS value. At a CC of 500 μA,
a high resistance ratio of 9.6 is obtained for the 0.4-μm
devices with a 2-nm-thick Al2O3 film. In this case, more
switchable devices are obtained (Figure 8), which is due to
better control of Cu migration under external bias. The
values of LRS are decreased with increasing both the
device size and thickness of the Al2O3 films at a CC of
500 μA (Table 2), which can be explained by IRESET later.
Figure 10 shows cumulative probability of the RESET cur-
rents for the 8- and 0.4-μm devices with thicknesses of the
Al2O3 films of 2, 5, and 10 nm at a CC of 500 μA. The
average IRESET values of the 2-, 5-, and 10-nm-thick Al2O3

films are found to be 706.1, 749.4, and 1,690 μA, respect-
ively, for the 8-μm devices, while those values are found to
be 327.5, 505.4, and 1,020 μA, respectively, for the 0.4-μm
devices. It is observed that the IRESET value decreases with
decreasing the thickness of the Al2O3 films. Considering
the thickness-dependent formation voltage (Figure 6a), the
Cu ion can migrate more in the thicker Al2O3 films,
resulting larger diameter of Cu filament. That is why the
thicker Al2O3 film has higher RESET current. A lowest
average RESET current of 327.5 μA with good uniformity
is obtained for the 0.4-μm devices with a 2-nm-thick
Al2O3 film (Figure 10). As mentioned above, the forma-
tion voltage of the thinner Al2O3 films is lower than that
of the thicker one. Under SET, small amount of Cu will be
migrated for the thinner Al2O3 films as well as thinner
diameter of the Cu filaments. That is why the LRS value of
the thinner Al2O3 films is larger than the thicker one.
Under RESET, the total length of the Cu filaments will be
dissolved for the thinner Al2O3 films because of both
higher electric field and thinner filament diameter than
that of the thicker one. On the other hand, interface-type
switching or even no RESET is observed for the thicker
Al2O3 films. Therefore, HRS value of the thinner Al2O3

films is higher than those of the thicker one. It can be
concluded that thicker Al2O3 film can be used for the
Cu pillars to apply in 3D cross-point memory and thinner
one can be used for the nonvolatile resistive switching
memory, and data retention test is shown below.



Table 2 Device size- and thickness-dependent LRS, HRS, and resistance ratio with different current compliances

Thickness
of Al2O3(nm)

Device size
(μm2)

Average value (Ω) and resistance ratio of HRS/LRS

CC: 500 μA CC: 1 mA

LRS HRS (k) HRS/LRS LRS HRS (k) HRS/LRS

2 0.4 × 0.4 1070 10.3 9.63 502 9.8 19.55

8 × 8 895 5.34 5.97 384 22.3 58.10

5 0.4 × 0.4 826 4.64 5.62 487 3.6 7.39

8 × 8 652 4.54 6.96 364 18.3 50.27

10 0.4 × 0.4 572 1.71 3.00 394 2.48 6.3

8 × 8 492 1.48 3.00 343 2.05 6.0
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Figure 11 shows data retention characteristics for the
0.4-μm devices with a 2-nm-thick Al2O3 film. It is found
the stable retention characteristics of >48 h at a CC of 1
mA (Figure 11a). The LRS is increased (slightly) with re-
tention time, however, long time retention of 48 h at a
CC of 300 μA is obtained (Figure 11b), which may be the
higher dissolution rate of the existing filament at lower
CC. The resistance ratio for a CC of 300 μA is higher than
the ratio at CC of 1 mA (100 vs. 10). At a lower CC, the
small amount of the Cu atoms is responsible for the con-
ducting filament formation. If small amount of Cu atoms
from the thinner filament may be dissolved by neighbor
defects into the AlOx film or dissolved by reading data,
then both HRS and LRS could be increased with time. For
larger diameter of the Cu filaments under higher CC,
it shows stable with time because dissolution of small
amount Cu from the filaments does not affect the fila-
ment resistance of LRS, or even HRS. However, further
study is needed to form a stronger Cu filament with
thinner diameter. By adjusting measurement parameters,
this CBRAM device shows forming-free I-V characteristics
Figure 10 RESET current distribution. The RESET currents depend
on the thickness of the Al2O3 films and device sizes. The 0.4-μm devices
with a 2-nm-thick Al2O3 film show the lowest RESET current distribution
as compared to the others at a CC of 500 μA.
under a low CC of 30 μA and a RESET current of <30 μA
with a high resistance ratio of >105 at a read voltage
of +0.2 V (Figure 12a). This device is operated even at
a lowest CC of 0.1 μA (Figure 12b) with a large resistance
ratio of >104, which is very useful for future nanoscale
nonvolatile memory applications.
Figure 11 Data retention characteristics. Good data retention
of >48 h is obtained for the CBRAM devices at CC of (a) 1 mA
and (b) 300 μA. The thickness of the Al2O3 layer is 2 nm.



Figure 12 I-V curves a low CC of 30 μA. Typical I-V characteristics
under a CC of (a) 30 μA with a thickness of the Al2O3 layer of 5 nm
and (b) at a lowest CC of 0.1 μA. Forming-free I-V characteristics are
observed. A high resistance ratio of >104 at a read voltage of 0.2 V is
also obtained. The voltage sweeping direction is shown by arrows 1 to 4.
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Conclusions
The device size- and thickness-dependent Cu pillars and
resistive switching memory characteristics using the Al/
Cu/Al2O3/TiN CBRAM devices have been investigated.
The stronger Cu pillars with yield of 100% are formed
into the Al2O3 films for the larger size devices at a high
CC of 70 mA, which is due to the easy heat dissipation
effect. Robust Cu pillar with a long endurance of >105

cycles is obtained even a high negative voltage of −1.5 V,
which promises for future 3D cross-point memory appli-
cations. Improved resistive switching memory character-
istics such as high switching yield of 88%, low voltage
operation of ±2 V, and lower average RESET current of
327.5 μA for a CC of 500 μA are obtained for the 0.4-μm
devices with a 2-nm-thick Al2O3 film. The formation/
dissolution of the Cu filaments into a 2-nm-thick Al2O3

film is responsible to have better switching characteristics
under external bias because of thinner film. On the other
hand, Cu diffusion rate is higher for the larger size and
thicker film which will have inferior switching charac-
teristics, however, give us superior Cu pillars. Good data
retention characteristics of 48 h are obtained at a CC of
300 μA. This device shows forming-free I-V characteristics
under a lowest CC of 0.1 μA with a high resistance ratio
of >104. This strategy on the Cu pillars and resistive
switching memory characteristics of the Cu/Al2O3/TiN
CBRAM devices will help to develop in future 3D cross-
point architecture with low cost applications.
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