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A
s conventional charge-based mem-
ories such as dynamic random ac-
cess memory (DRAM), static random

access memory (SRAM), and flash memory
are approaching their scaling limits at the
1� technology node, various emerging re-
search devices have been suggested for
future high-density memory applications.1�4

Among them, resistive random access mem-
ory (RRAM) has been one of the promising
candidates to replace the aforementioned
conventional memories due to RRAM's excel-
lent scalability, simple structure, and fast
switching speed.5�12 On the basis of the bias
polarity of its program and erase operations,
RRAM can be classified into two types:
unipolar6,13�16 and bipolar.10�12 The former
can be programmed or erased at the same
bias polarity, whereas the latter changes its
resistance state by applying the opposite
voltage polarity. Since bipolar RRAM has bet-
ter device uniformity and endurance than a
unipolar device,17 it is better suited to realize a
cross-point array with a 4F2 cell for high-
density nonvolatile memory applications.
However, a cross-point array consisting of

only RRAM can lead to a read failure due to
the sneak path problem.18,19 This problem
can be maximized when accessed RRAM is
in the high resistance state (HRS)whereas all
neighboring devices are in the low resis-

tance state (LRS) (see Figure S1, Supporting
Information). In order to access the desig-
nated RRAM in a cross-point array, the read
voltage should be applied between the
corresponding word line and bit line, and

consequently, the total read current can be
much higher than the access current due to
the sneak currents from undesignated

neighboring cells. Therefore, the readout
margin is significantly decreased as the
array size increases, impeding the realiza-
tion of high-density memory in the cross-
point arrays. Although a transistor was pro-
posed to overcome the sneak current
issues,20 it is hard to achieve the cell size
of 4F2, thus eliminating the advantages of
RRAM, such as excellent scalability.
To alleviate the misreading problem and

achieve reliable high-density memory ar-
rays, several groups have proposed various
solutions in the form of devices such as
complementary resistive switches18 (CRS)
and selection devices.19,21�24 The CRS is
composed of two antiserially connected bi-
polar RRAMs sharing a common electrode. It
can effectively suppress the sneak current at
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ABSTRACT We demonstrate a high-perfor-

mance selection device by utilizing the concept

of crested oxide barrier to suppress the sneak

current in bipolar resistive memory arrays.

Using a TaOx/TiO2/TaOx structure, high current

density over 107 A cm�2 and excellent non-

linear characteristics up to 104 were success-

fully demonstrated. On the basis of the defect

chemistry and SIMS depth profile result, we

found that some Ta atoms gradually diffused into TiO2 film, and consequently, the energy

band of the TiO2 film was symmetrically bent at the top and bottom TaOx/TiO2 interfaces and

modified as a crested oxide barrier. Furthermore, the one selector�one resistor device

exhibited significant suppression of the leakage current, indicating excellent selector

characteristics.

KEYWORDS: resistance random access memory . selection device .
nonlinearity . crested oxide barrier . one selector�one resistor
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the low-voltage regime by turning off one of the
RRAMs in the CRS. In the case of the selection device,
several materials, such as a mixed ionic electronic
conduction material,21 an Ovonic threshold switching
device,22 a metal�insulator transition material,19,23

and Schottky emission-based Ni/TiO2/Ni stacks,
24 have

been investigated for overcoming the sneak path
problem. When these selection devices are connected
with RRAM (defined as a 1S1R (one selector�one
resistor) device), the sneak current paths can be sup-
pressed due to their nonlinear I�V (current�voltage)
characteristics (see Figure S1, Supporting Information).
Moreover, the absence of a transistor can realize highly
integrated memory architecture. However, to operate
the nanoscale RRAM device, the maximum current
density of the selection device should exceed 107

A cm�2, since the reset current of nanoscale RRAM is
typically over 10 μA.25 In addition, the nonlinearity
(defined as the current ratio between full-read voltage
(VREAD) and half-read voltage (VREAD/2)) of the selection
device is also an important factor for improving the
readout margin in cross-point arrays. Likharev et al.26

reported that the tunneling current through a crested
energy barrier with the height peak in themiddle could
be dramatically increased compared to that through a
uniform barrier height (Figure 1a and b). Since the
highest part of a crested energy barrier is quickly
reduced by an electric field, the tunneling current
through such a barrier can change abruptly and, there-
fore, the degree of the nonlinearity can be significantly
increased.
In this paper, a high-performance selection device

using the concept of crested energy barrier is proposed
to achieve both high current density and high non-
linearity for high-density bipolar RRAM applications. To
make a crested energy barrier, we fabricated a selec-
tion device having a trilayer oxide structure and uti-
lized defect chemistry during the device fabrication.
Using a TaOx/TiO2/TaOx stack, sufficient current density
over 107 A cm�2, high nonlinearity up to 104, and
excellent device immunity to read disturbances up
to 1010 cycles were successfully demonstrated. This
performance is the highest current density and non-
linearity combination compared to the previously
reported selection devices such as VO2,

23 TiO2,
24

and poly-Si.27 In addition, the characteristics of the
1S1R device were measured to confirm the suppres-
sion of leakage current, showing the leakage current
in the 1S1R device was significantly reduced more
than 4 orders of magnitude compared to the RRAM
device.

RESULTS AND DISCUSSION

Figure 1c illustrates the experimental design of the
selection device evaluated in this study. The device
stack was composed of a TiO2 layer sandwiched be-
tween TaOx layers, and an inert Pt electrode was used

for the top and bottom contacts. We choose a TiO2

layer as a tunneling oxide material since it has been
reported that the conductivity of TiO2 film can be
tuned by Nb or Ta doping.28,29 Using these TaOx and
TiO2 films, a crested oxide barrier can be formed as
follows. During device fabrication, the Ta atoms in both
the top and bottom TaOx layers can diffuse into the
TiO2 layer by thermal energy. Since the ionic radius of
Ta5þ is similar to that of Ti4þ, the Ti4þ in the TiO2 film
can be substituted by Ta5þ in the reactions29 given in
eqs 1 and 2.

TaOx sf
TiO2

Ta•Ti þ e0 þ xOo (1)

4TaOx sf
TiO2

4Ta•Ti þ V 0000
Ti þ 4xOo (2)

where TaTi
• is the substitution of Ti4þwith Ta5þ, Oo is the

oxygen ion at the oxygen site, and V0000Ti is a vacancy at
the Ti site. Based on the above defect chemistry, the
free electrons and defect sites were created, and
consequently, the energy band of the TiO2 film will
be symmetrically bent at the top and bottom TaOx/
TiO2 interfaces andmodified as a crested oxide barrier.
In addition, the TaOx layer also acts as an internal
resistor, which improves the device endurance and
prevents a permanent breakdown.30 To confirm the
atomic profile and the device structure in the TaOx/
TiO2/TaOx stack, a secondary ion mass spectroscopy
(SIMS) depth profile and a cross-sectional image using
transmission electron spectroscopy (TEM) are shown in
Figure 1d and e, respectively. It is clearly observed that a
4-nm-thick TiO2 layer was uniformly deposited and sand-
wiched between 10-nm-thick TaOx layers in the 250 nm
via-hole structure. Note that we deposited a conformal
4-nm-thick TiO2 layer by atomic layer deposition (ALD) to
serve as a tunneling barrier oxide in the selection device.
According to theSIMSdepthprofile, the intensityof theTa
atom was minimized at the center of the TiO2 layer and
gradually increased at the top and bottom TaOx/TiO2

interfaces. These results imply that some amount of Ta
atoms gradually diffused into the TiO2 layer and formed
the crested oxide barrier in the TiO2 layer.
To compare the electrical characteristics of each

oxide stack, Pt/TaOx/Pt, Pt/TiO2/Pt, and Pt/TaOx/TiO2/
TaOx/Pt (the selection device in this study) were fabri-
cated. To minimize process variations, 10-nm-thick
TaOx in Pt/TaOx/Pt (4-nm-thick TiO2 in Pt/TiO2/Pt) was
deposited simultaneously with 10-nm-thick TaOx (4-
nm-thick TiO2) deposition in a Pt/TaOx/TiO2/TaOx/Pt
stack. Figure 2a shows the typical I�V characteristics of
each device. In the case of Pt/TiO2/Pt, the device
exhibited a highly insulating property with a barrier
height of 1.5 eV, whereas the Pt/TaOx/Pt device
showed leaky behavior (Poole�Frenkel emission and
ohmic conduction). On the basis of the Auger electron
spectroscopy (AES) analysis, we infer that the insulat-
ing behavior in the TiO2 was due to the negligible
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amount of defects, and the leaky property in the TaOx

layer originated from a high Ta defect concentration
(detailed results are included in Figure S2, Supporting
Information). On the other hand, by stacking TaOx,
TiO2, and TaOx, the current of the Pt/TaOx/TiO2/TaOx/Pt
stack changed by more than 4 orders of magnitude
between 0.7 and 1.4 V, exhibiting a highly nonlinear
property with high current density. It is noteworthy
that the current dramatically changed up to 1.2 V (�1.4
V) and eventually saturated due to the internal resistor
in the TaOx film.30 In AES depth spectra, it is obvious
that Ta atoms gradually diffused into the TiO2 layer in
the Pt/TaOx/TiO2/TaOx/Pt stack, which is well matched
with the SIMS depth profile results in Figure 1c. Based
on the electrical property, the conceptual band dia-
gram of Pt/TaOx/Pt, Pt/TiO2/Pt, and Pt/TaOx/TiO2/TaOx/Pt
stack is illustrated in Figure 2a.
In order to investigate the effect of TiO2 thickness on

the current level, we controlled the TiO2 thickness in

the Pt/TaOx/TiO2/TaOx/Pt stack, as shown in Figure 2b.
As a result, all devices showed similar I�V nonlinearity,
but the current level decreased monotonically with
increasing TiO2 thickness. Since the conductivity of the
Pt/TaOx/TiO2/TaOx/Pt stack is determined by TiO2

thickness and Ta defect density, the electrons in
the selection device with a thicker TiO2 layer will
have a hard time tunneling through the crested
oxide barrier, resulting in current reduction. Note
that although our selection device had a symmetric
structure, the current behavior showed an asym-
metric I�V curve. Since Ta atoms were diffused into
the TiO2 film during the furnace annealing and ALD
process, the defect density of the upper and lower
sides of the TiO2 film will not be the same. Therefore,
the crested barrier will not be perfectly symmetric,
resulting in asymmetric I�V behavior in our device.
By precisely controlling the tunneling oxide thick-
ness and defect density, it might be possible to

Figure 1. Schematic diagram of (a) typical uniform barrier and (b) ideal crested symmetric barrier. (c) Experimental design of
the selection device and (d) SIMS depth profile of Pt/TaOx/TiO2/TaOx/Pt stack. (e) Schematic diagram of the device structure
(top) and cross-sectional TEM image (bottom).

Figure 2. (a) Comparisonof I�V characteristics of the Pt/TaOx/Pt, Pt/TiO2/Pt, and Pt/TaOx/TiO2/TaOx/Pt stacks. The conceptual
band diagrams for these structures were illustrated based on the electrical characteristics. Since the TaOx film had many
defects, we omitted Pt/TaOx barriers in the Pt/TaOx/TiO2/TaOx/Pt stack. (b) Current dependence of the Pt/TaOx/TiO2/TaOx/Pt
stack on TiO2 thickness.
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regulate the tunneling current to meet the specifica-
tions for various RRAM operations.
Figure 3a represents typical I�V characteristics in a

Pt/TaOx/TiO2/TaOx/Pt stack on a semilog scale. We
applied a voltage from 0 to 2 V (from 0 to �2 V for
the negative region), and the direction of current flow
was defined as top electrode (TE) to bottom electrode
(BE). To perform read operation in the n � m cross-
point array, for example, VREAD/2 and �VREAD/2 can be
applied to theword line andbit line of the targeted cell,
respectively. At this half-biased scheme, VREAD is effec-
tively applied to the targeted cell, whereas VREAD/2
and�VREAD/2 are imposed to (nþm� 2) cells sharing
the targeted word line and bit line of the targeted cell,
mainly contributing to the sneak current. Therefore,
VREAD/2 and �VREAD/2 should be carefully selected to
minimize the sneak current in the cross-point array.
Herein, we assumed that VREAD and VREAD/2 correspond
to 1.4 and 0.7 V, since the nonlinearity at these
voltages shows the highest value in Figure 3a. The
maximum current density was observed as 1.6 �
107 A cm�2 at 2 V, and the current at 1.4 and 0.7 V was
1.4 mA and 93 nA, respectively. The nonlinearity,
which is an important factor for the readout margin,
between VREAD and VREAD/2 was almost 104. The inset
of Figure 3a shows I�V characteristics on a linear
scale and accentuates the highly nonlinear prope-
rty of the Pt/TaOx/TiO2/TaOx/Pt stack, suggesting

that the device is suitable for use in the selection
device.
To evaluate the reliability of the device, a dc cycling

test was performed, and the cumulative probability of
the resistance is shown in Figure 3b. During 103

successive dc cycles, the device showed negligible
degradation at VREAD and VREAD/2, indicating a highly
reproducible nonlinear property of the Pt/TaOx/TiO2/
TaOx/Pt stack. For stable selection behavior in the 1S1R
configuration, the device needs to exhibit an excellent
disturbance property at VREAD and VREAD/2 without any
breakdown or current degradation. We assigned VREAD
and VREAD/2 to 1.4 V (�1.8 V) and 0.7 V (�0.9 V),
respectively. By applying these pulses and read vol-
tages with a 100 ns pulse width, we measure the
resistance values during a pulse disturbance test as
shown in Figure 3c. A stable nonlinear property was
confirmed for up to 1010 cycles, demonstrating excel-
lent device immunity to the read disturbance. Thermal
stability is also important for reliable device operations.
Figure 3d represents the cumulative probability of
resistance at VREAD and VREAD/2 in the device during
100dc cycles,whichhad substrate temperaturesof 125 �C.
A reproducible nonlinearity was observed at the ele-
vated temperatures, suggesting stable thermal opera-
tion of the device. Furthermore, the device's robust
resistance to thermal stress was also confirmed,
as shown in the inset of Figure 3d. These results

Figure 3. (a) Typical I�V characteristics of a Pt/TaOx/TiO2/TaOx/Pt stack. The left axis corresponds to the current value,
and the right axis represents the current density of the device. Inset shows the I�V curve of the device on a linear scale,
indicating a highly nonlinear property. (b) Cumulative probability of resistance at VREAD and VREAD/2. (c) Pulse
disturbance test of the device, demonstrating reliable operations. (d) Cumulative probability of resistance at VREAD
and VREAD/2 at 125 �C to confirm the thermal operation of the device. Inset shows the result of the thermal stress test for
up to 104 s at 125 �C.
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suggest that the Pt/TaOx/TiO2/TaOx/Pt stack shows
excellent reliability for the purpose of selection device
applications.
To evaluate the 1S1R device feasibility in the cross-

point array, we measured I�V characteristics and
compared the leakage current of the 1S1R device with
RRAM, as shown in Figure 4a. For the RRAM device, a
Pt/Cu-doped HfO2/Pt stack was fabricated. Details of
fabricating Pt/Cu-doped HfO2/Pt stacks have been
described elsewhere.31 Prior to the measurement of
the 1S1R device, we had already confirmed that the
fabricated RRAM exhibited stable resistive switching
and retention characteristics at high temperature (see
Figure S3, Supporting Information). Compared to the
RRAM device, the leakage current of the 1S1R device is
significantly reduced by more than 4 orders of magni-
tude at VREAD/2. Since the resistance of the selection
device is much higher than RRAM's from�0.9 to 0.7 V,
most of the applied voltage dropped at the selection
device, thus suppressing the leakage current of the
RRAM. In the set/reset operations in the 1S1R device,
the applied voltage (V < �0.9 for set and V > 0.7 for
reset) mainly dropped at the RRAM, and therefore, the
RRAM changed its resistance state according to the
bias polarity. Due to the excellent nonlinearity of the
1S1R device, the readout margin in the cross-point
array was calculated to be dramatically improved
compared to the RRAM device. Moreover, the max-
imum array size can be further increased if the curr-
ent at VREAD/2 in the 1S1R device is reduced more

(see Figures S4-1 and S4-2, Supporting Information).
Figure 4b shows the cumulative probability of the
resistance at VREAD and VREAD/2 in the 1S1R device.
Since the RRAM and the selection device exhibited
stable memory operation and highly nonlinear perfor-
mance, respectively, a negligible degradation of resis-
tance in the 1S1R device was observed up to 100 dc
cycles. Furthermore, stable retention was also con-
firmed at 85 �C for 104 s as shown in Figure 4c. On
the basis of the above results, we can suggest the Pt/
TaOx/TiO2/TaOx/Pt stack has a great potential for use
in the selection device for suppressing the sneak
current in the cross-point array. Compared to other
reported selection devices (see Figure S5, Supporting
Information), our device exhibited not only a high
current density but also a high nonlinearity, which is
a crucial component for suppressing the leakage cur-
rent of RRAM and achieving high-density memory
arrays.

CONCLUSION

In conclusion, we have proposed a high-perfor-
mance selection device by utilizing the concept of
a crested oxide barrier for high-density bipolar re-
sistive memory applications. Owing to the Ta incor-
poration, the crested oxide barrier was formed in the
TiO2 layer, and thereby, the high current density
of more than 107 A cm�2 and excellent nonlinear
characteristics up to 104 were successfully demon-
strated. Furthermore, the 1S1R device confirmed

Figure 4. (a) Comparison of the leakage current between the 1S1R and RRAM, showing that the leakage current in the 1S1R
was reduced bymore than 4 orders of magnitude compared to RRAM. Inset shows the I�V characteristics of the 1S1R device
and RRAM, accentuating the suppresstion of leakage current due to the excellent nonlinearity in the Pt/TaOx/TiO2/TaOx/Pt
stack. (b) Cumulativeprobability of resistance in the 1S1R atVREAD andVREAD/2. (c) Retention characteristics of the 1S1Rdevice
at 85 �C.
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the significant suppression of the leakage current
compared to the RRAMdevice. These results strongly
suggest that the selection device based on the

TaOx/TiO2/TaOx structure opens up great opportu-
nities to realize ultra-high-density bipolar RRAM
arrays.

EXPERIMENTAL METHODS
First, a 100-nm-thick Pt bottom electrode was deposited by

direct (dc) sputtering on a TiN/SiO2/Si substrate. For the isolation
layer, 100-nm-thick SiO2wasdepositedon thePt bottomelectrode
by plasma-enhanced chemical vapor deposition, and conven-
tional lithography was used to define 250-nm via holes followed
by reactive ion etching. After that, 10-nm-thick Ta was deposited
by dc sputtering and annealed at 300 �C in a furnace tube for 30
min under ambient O2. Subsequently, 4-nm-thick TiO2 was de-
posited by ALD at 150 �C using titanium tetra-isopropoxide as the
precursor andH2O as the oxidizer. Then, 10-nm-thick Tawas again
deposited by dc sputtering and annealed at 300 �C in the furnace
tube for 30min under ambient O2. Finally, the 100-nm-thick Pt top
electrode was defined by dc sputtering by shadow masking.
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