Research Article
www.acsami.org

Ferroelectric Tunnel Junction for Dense Cross-Point Arrays
Hong-Sub Lee,† Wooje Han,† Hee-Yoon Chung,† Marcelo Rozenberg,‡,§ Kangsik Kim,∥ Zonghoon Lee,∥
Geun Young Yeom,⊥ and Hyung-Ho Park*,†
†

Department of Materials Science and Engineering, Yonsei University, Seodaemun-Ku, Seoul 120-749, Korea
Laboratoire de Physique des Solides, CNRS-UMR 8502 Université Paris-Sud, Orsay 91405, France
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ABSTRACT: Cross-point array (CPA) structure memories using a
memristor are attracting a great deal of attention due to their high density
integration with a 4F2 cell. However, a common signiﬁcant drawback of
the CPA conﬁguration is crosstalk between cells. To date, the CPA
structure using a redox-based memristor has restrictions to minimize the
operating current level due to their resistive switching mechanism. This
study demonstrates suitable characteristics of a ferroelectric tunnel
junction (FTJ) for the memristor of the CPA structure using an
electrostatic model. From the FTJ of the Au/p-type Pr0.98Ca0.02MnO3 (4
nm)/ BaTiO3 (4.3 nm)/n-type Ca0.98Pr0.02MnO3 (3 nm)/ Pt(111) structure, which has a higher and thicker potential barrier, a
good memristive eﬀect for the CPA structure with a high nonlinear current−voltage curve and low current operation, was
obtained by Δ Fowler−Nordheim tunneling with eﬀectively blocked direct tunneling and thermionic emission. The FTJ
demonstrated reduced sneak current and the possible for high nonlinearity.
KEYWORDS: ferroelectric tunnel junction, cross point array structure, memristor, sneak current, perovskite manganite family

1. INTRODUCTION
Next-generation nonvolatile memory (NVM) with high
density, low power consumption, fast speed, and nonvolatile
characteristics is required to overcome restrictions of dynamic
random access memory (RAM) and ﬂash memory. The present
strong candidates for NVMs are ferroelectric RAM, phase
change RAM, magnetic RAM, and resistive RAM that use the
state change of materials described in their names, not a current
charge trap method.1−7 Therefore, the materials are key to
realizing NVM. The other side, a cross-point array (CPA)
structure using a memristor also has attracted great deal of
attention as much as material characteristics due to its high
density integration with a 4F2 cell because each cell in the CPA
structure is operated by only a word line and a bit line without a
selection transistor.8−10 However, a common signiﬁcant
drawback of the CPA conﬁguration is the issue of crosstalk
between cells. As shown in Figure 1a, the “read” and “write”
operation of the resistive RAM (ReRAM) in a CPA
conﬁguration is performed by commuting a cell at the crossing
point between a “word” and a “bit” line. The crosstalk problem
may occur when reading and writing a cell in a high resistance
state (HRS), which is surrounded by cells in the low resistance
state (LRS). When the read and write operation occurs, the
unselected cells that are sharing the word and bit lines with a
© 2015 American Chemical Society

selected cell receive half of the read and write voltage.
Therefore, a “sneak current” ﬂowing through the adjacent
cells, as shown in current path B (green line), may reduce the
readout margin and induce reading errors. Additionally, a
“voltage drop” is induced in the writing operation. As shown in
Figure 1b, an increase of the number of word lines “N”
increases the sneak current due to the parallel contact between
selected and unselected cells. These issues lead to a reduction
of the cell density in cross-point arrays, and represent one of
the main bottlenecks for actual implementation of these
systems. In order to overcome these issues, ReRAM studies
designed a solution as the nonlinearity current−voltage (I−V)
curve, which reduces the current density at half of the operating
voltage through an additional potential barrier stack and the
higher nonlinear curve can achieve a larger number of “N”.
Therefore, the low current level and high nonlinearity may be
an important competitiveness index for the CPA structure with
a high density NVM. However, redox-based memristors are
restricted to minimize the sneak current because they require
larger current level than a certain quantity for resistive
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Figure 1. A cross-point array conﬁguration and ferroelectric tunnel junction. (a) Schematic diagrams of the cross-talk in a cross-point array
conﬁguration of a selected HRS cell surrounded by unselected LRS cells and (b) cross-point array circuit (N × N). (c) A schematic of the band
diagram and carrier transport mechanisms such as JDT, JFNT, and JTI in the metal/insulator/metal structure. (d) I−V curves of JDT, JFNT, and JTI (the
parameters were d = 3.2 nm, φB,1 = φB,2 = 1 eV, me,ox = me, εifl = 10, A** = 106 Am2−K−2, and T = 300 K). (e) A schematic of the electrostatic model
for the memristive eﬀect mechanism in FTJ (the band diagram was aligned to the Fermi level).

a diﬀerent work function (Φ1 < Φ2) and Thomas−Fermi
screening length (δ1 > δ2). The electrostatic eﬀect originated
from the diﬀerent screening in each electrode side as δ1 > δ2. In
this structure, incomplete screening at the two interfaces of the
electrode 1/ferroelectric/electrode 2 structure induced Δφ1
and Δφ2, in which Δφ1 was larger than Δφ2 because δ1 > δ2.
Therefore, in the case of Δφ1 > Δφ2, the mean barrier height ϕ
(ϕ = (φ1 + φ2)/2) with the depolarizing ﬁeld changed
according to the polarization direction (up and down) of the
ferroelectric layer. With this change, the memristive eﬀect was
obtained by inducing a diﬀerent tunneling current. Therefore, a
diﬀerent electrode on the top and bottom is the most
important role, and many studies fabricated a asymmetric
electrode using a small doped semiconductor and metal.
On the basis of Section A in the Supporting Information, JTI
strongly depends on the barrier height, and ϕ should be at least
larger than 1 eV in both high and low barrier states to
eﬀectively suppress JTI. Therefore, this study fabricated FTJ as
an oxide semiconductor/ferroelectric/oxide semiconductor
structure to avoid the degradation eﬀect of the barrier height
as Schottky pinning in which the oxide semiconductor
electrode was a p-type semiconductor Pr 0.98 Ca 0.02 MnO3
(PMO) for the top and an n-type semiconductor
Ca0.98Pr0.02MnO3 (CMO) for the bottom of the perovskite
Manganite family as RE3+1−xAE2+xMnO3 (RE: rare earth AE:
alkaline earth). The PMO and CMO of this study were a holedoped Mott insulator and an electron-doped band insulator
(for more details, see Section B in Supporting Information).23−25 In this case, PMO has a high resistance characteristic via a strongly localized hole carrier on their carrier
transport mechanism as the double exchange model while
CMO has a delocalized electron carrier.25−30 And the screening
eﬀect by a ferroelectric dead layer at bottom interface could be
considered in which the dead layer is generally formed at the
bottom by interdiﬀusion, lattice mismatch, or interface defects
in the crystal growth process.31−34 BaTiO3 typically used for
FTJ, was adopted to the ferroelectric layer. Consequently, as
shown in Figure 2a, the multilayer device as Au/

switching by electrochemical migration and/or redox.5,11,12
Therefore, this study focused on the application of the
memristive eﬀect of the ferroelectric tunnel junction (FTJ) to
the CPA structure for minimization of the sneak current. The
memristive eﬀect of FTJ achieves resistive switching characteristic by the direction of ferroelectric polarization. In this case,
the memristive eﬀect could be obtained regardless of the
current level. Therefore, it permits resistive switching operation
in such conditions as a very low current level, low power
consumption, and minimized voltage drop in the CPA
structure.
Figure 1c is the schematic simple band diagram when a
negative bias was applied to electrode 1, indicates three carrier
transport mechanisms from electrode 1 to 2 in the electrode 1/
insulator/electrode 2 structure. In general, the mechanisms
considered by direct tunneling (DT), Fowler−Nordheim
tunneling (FNT), thermionic emission (TI) (for more details,
see Section A in the Supporting Information).13−16 Figure 1d
shows I−V curves of JDT, JFNT, and JTI based on the Section A in
Supporting Information. When temperature T is ﬁxed, JDT,
JFNT, and JTI depend on the thickness and height of the
potential barrier. Therefore, in the appropriately higher and
thicker potential barrier, a high nonlinear I−V curve by JFNT
with minimized JDT and JTI can be obtained. Additionally, if a
ferroelectric material is applied to the barrier, the FTJ
memristive eﬀect of the high nonlinear I−V curve can be
achieved by an electrostatic eﬀect (a change in the potential
barrier height). Recently, Lee et al.11 reported a very high
nonlinear resistive switching curve using a redox-based
memristor that was obtained from an additional crested barrier
with JFNT. A memristive eﬀect of FTJ shows a change in the
tunneling current according to their direction of remnant
polarization. Following the mechanism studies, the electrostatic
eﬀect shown in Figure 1e is primarily used to explain the tunnel
electroresistance (TER) eﬀect.1,17−22 Figure 1e shows a
schematic band diagram of the electrostatic eﬀect of FTJ. An
electrode 1/ferroelectric/electrode 2 structure was fabricated
using diﬀerent electrode materials such that each electrode had
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Figure 2. FTJ device structure. (a) Schematic diagram of the Au/PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm)/Pt(111) structure. (b) GI-WAXD
patterns of the 1D diﬀraction intensity curves of PMO/Pt(111), BTO/Pt(111), and CMO/Pt(111) reference ﬁlms. GI-WAXD patterns of the 2D
image with 1D diﬀraction intensity curves (vertical cut) of the Au/PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm)/Pt(111) structure according to
various incident angles such as (c) 0.0001, (d) 0.02, and (e) 0.7°. For 2D intensity distribution, the horizontal (or out-of-plane) component of the
scattering vector qy is plotted along the x axis, and the vertical (or in-plane) component of the scattering vector qz is plotted along the y axis. The
observed diﬀraction peaks are addressed according to Miller indices (hkl). (f) 1D diﬀraction intensity curves and (g) 2D image at the corresponding
angle to the BTO/CMO interface region (from 0.26 to 0.04°, interval: 0.02°).
b = 8.7044 Å, c = 7.7624 Å, β = 102.938°) and Pt (111) substrate. The
sample-to-detector distance was 223.3 mm. The band structure of the
reference samples as PMO, BTO and CMO on the Pt(111)/Ti/SiO2/
Si substrate were investigated using photoelectron spectroscopy (PES)
and O 1s NEXAFS in an ultrahigh vacuum chamber of the 4D
beamline at PAL. Au foil was used as a reference material for the
calibration of the incident beam energy. The resistive switching
behavior of the ﬁlms was measured using a two-probe system with an
Agilent B1500A semiconductor device analyzer. All measurements
were performed at room temperature.

Pr0.98Ca0.02MnO3/BaTiO3/Ca0.98Pr0.02MnO3/Pt(111) was fabricated for the CPA structure using JFNT by Δϕ. Novel metals
of Au and Pt were used as the top and bottom electrode to
prevent redox at the top and bottom.

2. EXPERIMENTAL SECTION
A three-layer [PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm)] ﬁlm was
successively fabricated by rf magnetron sputtering (in situ) on a
chemically cleaned Pt(111)/Ti/SiO2/Si substrate. The background
pressure in the sputter chamber was less than 1.0 × 10−7 Torr, and the
deposition conditions of the power, substrate temperature, deposition
pressure and deposition rate were 100 W, 550 °C, 2 mTorr, and 1 nm/
min, respectively (Ar::O2 ratios of sputtering gas were 4::1 and 4::0,
respectively). After the ﬁlm fabrication, a circular electrode of Au (50
nm) was deposited by a thermal evaporator, with a 50 μm diameter
and the thickness was controlled by a thickness monitor. The phase
formation and crystallinity for the depth information were monitored
using GI-WAXD with λ = 0.620831 Å. The thickness of the PMO (4
nm)/BTO (4.3 nm)/CMO (3 nm)/Si (100) multilayer structure ﬁlm
was measured by XRR (Rigaku SmartLab). GI-WAXD measurements
were taken with the PLS-II 9A U-SAX beamline at the Pohang
Accelerator Laboratory (PAL) in Korea. The X-rays coming from the
in-vacuum undulator (IVU) were monochromated using Si(111)
double crystals and focused at the detector position using a K−B type
mirror. GI-WAXD patterns were recorded with a 2D CCD detector
(Rayonix SX165) and the X-ray irradiation time was 2−120 s
depending on the saturation level of detector. Diﬀraction angles were
calibrated by a precalibrated sucrose (Monoclinic, P21, a = 10.8631 Å,

3. RESULTS AND DISCUSSION
3.1. Structural Investigation of Multilayer FTJ Device.
From the set process of oﬀ-axis rf magnetron sputtering, each
PMO, BTO, and CMO thin ﬁlm was deposited at a thickness of
5 nm by an in situ process on chemically cleaned Pt(111)/Ti/
SiO2/Si(100). The average thickness of each layer was found to
be PMO 4 nm/BTO 4.3 nm/CMO 3 nm (on 10 × 10 mm
area) from X-ray-reﬂectometry (XRR) analysis. The top Au
electrode was deposited with a 50-μm diameter dot and 50 nm
thickness. As shown in Figure 2, the complete Au/
Pr0.98Ca0.02MnO3/BaTiO3/Ca0.98Pr0.02MnO3/Pt(111) sample
with reference samples as PMO/Pt(111), BTO/Pt(111), and
CMO/Pt(111) were investigated by the grazing incidence
wide-angle X-ray diﬀraction (GI-WAXD) to monitor their
crystal structure. Figure 2b shows the diﬀraction peaks of
PMO/Pt(111), BTO/Pt(111), and CMO/Pt(111) reference
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Figure 3. A schematic band diagram of the PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm) structure. (a) Secondary cutoﬀ, (b) valence band spectrum
of PMO/Pt(111), BTO/Pt(111), CMO/Pt(111), and Au reference ﬁlms. The ESE spectrum is taken with a −5.0 V sample bias so that the sample
inelastic cutoﬀ can be distinguished and the incident beam energy and Fermi edge are deﬁned by Au. (c) First derivation value of the O 1s NEXAFS
of the BTO/Pt(111) reference ﬁlm. Schematic band diagrams of PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm): (d) pristine state, (e) low barrier
height state, and (f) high barrier height state.

ﬁlms that were vertical cut data of PMO/Pt(111), CMO/
Pt(111) and xy cut data of BTO/Pt(111) because BTO ﬁlm
was grown to the (111) direction according to the Pt (111)
surface (Supporting Information, Figure S3). PMO (130),
BTO (111), and CMO (310) peaks were observed in the
reference ﬁlms. A 0.620831 Å wavelength was used in the GIWAXD measurement. Therefore, from λ = 2d sin θ, PMO
(130), CMO (310) plans were tilted approximately 7.6° to the
Pt (111) surface. Each d-spacing was PMO (130): 2.319 Å,
BTO (111): 2.315 Å, and CMO (310): 2.381 Å. The BaTiO3
ﬁlm was identiﬁed as the tetragonal phase (JCPDS: 05-0626).
The stoichiometry of the reference ﬁlms as Pr0.98Ca0.02MnO3
and Ca0.98Pr0.02MnO3 was investigated by X-ray photoelectron
spectroscopy analysis and the atomic percent of substituted Pr
and Ca cations was measured to be 0.5−0.6 atom %
(Supporting Information, Figure S4). Figure 2 c, d and e
show the diﬀraction peaks of the Au/PMO (130)/BTO (111)/
CMO (310)/Pt(111) sample according to the incident angles
0.00001, 0.02, and 0.7°, which show the depth information. The
phase formation of PMO (130)/BTO (111)/CMO (310)/
Pt(111) was identiﬁed with the depth direction from the
diﬀraction peak of the reference ﬁlms. The corresponding angle
to the PMO/BTO and BTO/CMO interface region was
measured to investigate the interface condition. As shown in
Figure 2f,g, the dead layer of the BTO ferroelectric ﬁlm was
observed at the BTO/CMO interface, while PMO/BTO has a
clean interface. The diﬀraction peaks and the 2D image of
Figure 2f,g show the BTO/CMO interface using angle variation
from 0.26 to 0.04°. At the CMO top side, the beginning of the
BTO ﬁlm was observed with the end of the CMO ﬁlm. BTO
(111) (d-spacing 2.314 Å) appears with peak ‘A’, which has a
smaller d spacing of 2.248 Å. The d spacing 2.248 Å of peak ‘A’
increased with a decrease (from bottom to top in the BTO
ﬁlm) of the incident angle and joined with the BTO (111) (dspacing 2.314 Å) peak. Therefore, a dead layer exists on the
bottom of the BTO ﬁlm (BTO/CMO interface), which was
generally induced by interdiﬀusion, lattice mismatch, and
interface defect at the initial ﬁlm growth.17,31−34

3.2. Band Structure of Au/PMO (130)/ BTO (111)/ CMO
(310)/ Pt(111). As shown in Figure 3 a−c, the secondary
cutoﬀ, valence band, and O 1s near edge absorption ﬁne
structure (NEXAFS) of PMO/Pt(111), BTO/Pt(111), and
CMO/Pt(111) reference ﬁlms were measured to investigate the
band structure of the Au/PMO/BTO/CMO/Pt(111) multilayer ﬁlm. Au foil was used as a reference for the energy
calibration and work function. Figure 3a,b show the spectrum
of the secondary cutoﬀ (ESE) and Fermi energy (EF) region
using 95.1 eV photon energy. The ESE spectrum was taken with
a −5.0 V sample bias such that the sample inelastic cutoﬀ could
be distinguished, and the incident beam energy and Fermi edge
were deﬁned by Au. From WF = hv − (EF − ESE), when the Au
work function was set to 5.2 eV, the work function values of
PMO, BTO, and CMO ﬁlms were 4.40, 4.46, and 5.16 eV,
respectively. The PMO shows a smaller work function value
(approximately 0.76 eV) than CMO due to the occupation of
the Mn 3d e1g band. From the valence band spectrum of Figure
3b, the distances of the valence band maximum (VBM) of
PMO, BTO, and CMO from the Fermi level were 0.12, 2.26,
and 1.18 eV, respectively. Figure 3c is the ﬁrst derivation value
of O 1s NEXAFS (the absorption calibrated by binding energy
of O 1s core electron) that shows the conduction band
minimum (CBM) from Fermi level. The distance from the
Fermi level to CBM of BTO was approximately 1.28 eV.
Therefore, in case of an ideal condition, a simpliﬁed schematic
band diagram of the PMO/BTO/CMO structure could be
depicted as Figure 3d from panels a−c. As shown in Figure 3d,
a trapezoidal barrier was formed by the potential diﬀerence of
approximately 0.76 eV for both sides (PMO, 4.40 eV; CMO,
5.16 eV), and the potential barrier heights of φ1 and φ2 were
1.22 and 1.98 eV, respectively. If interfacial bonding states of
PMO/BTO and BTO/CMO were considered as Mn3+−O2−−
Ti3+ and Ti3+−O2−−Mn4+ (electronegativity of Ti and Mn as
1.54 and 1.55), larger dipole could be formed at the BTO/
CMO interface than the PMO/BTO interface. The interfacial
bond could reduce a potential barrier height and the
displacement of Ti3+ ion in BTO lattice could also change
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Figure 4. Memristive eﬀect of the Au/PMO (4 nm)/BTO (4.3 nm)/CMO (3 nm)/Pt(111) structure. I−V characteristics using (a) 1.5, (b) 2, and
(c) 2.5 V sweeps. (d) Fitted I−V curve with JFNT based on eq (2) of Supporting Information (The parameters were d = 4.3 nm, me,ox = me, εifl = 10,
A** = 106 Am2−K−2, and T = 300 K). (e) The variation of I−V characteristics due to thickness variation in a sample. (f) Readout margin as a
function of N, the linear size of the simulated CPA, using the observed nonlinearity parameters.

eﬀective electric ﬁeld that received the BTO layer in the Au/
PMO/BTO/CMO/Pt(111) structure. The simulated curve
based on the equation was designed for metal/insulator/metal
condition while PMO and CMO layers have also resistance in
the Au/PMO/BTO/CMO/Pt multilayer system as shown in
Figure S2 (Supporting Information). Therefore, measured I−V
characteristic of Au/PMO/BTO/CMO/Pt(111) structure
showed lower current level than the calculated I−V curve
while the shape and slope of measured I−V curve were ﬁtted
well with the calculated I−V curve. Therefore, Au/PMO/BTO/
CMO/Pt was assumed to be a serial contact resistor and
arbitrary resistance (d value set to 4.3 nm) was applied. As
shown in Figure 4d, the measured I−V curve ﬁt well with a JFNT
curve and it showed asymmetric I−V curve. When the current
passed from top to bottom, the ϕL (barrier height in LRS) and
ϕH (barrier height in HRS) values were ﬁtted to 1.15 and 2.15
eV, respectively. In the reverse case (the current pass from
bottom to top), the barrier height values were ϕL = 1.35 eV and
ϕH = 2.20 eV, and Δϕ was approximately 1 eV. This slightly
asymmetric I−V behavior originated from the trapezoidal
barrier (φ1 < φ2) with asymmetric semiconductor electrodes as
shown in Figure 3e,f. As shown in the I−V curves of Figure 4a−
c, the asymmetry of LRS larger than HRS which could be
conﬁrmed from the I−V curve ﬁtting such as ϕL = 1.35 eV
(under positive), 1.15 eV (under negative) and ϕH = 2.20 eV
(under positive), 2.15 eV (under negative). The ferroelectric
ﬁlm was investigated using by piezoresponse force microscopy
measurement with BTO/CMO/Pt reference sample (Figure
S5, Supporting Information). Figure 4e shows three diﬀerent
I−V characteristics that were taken from the number of Au
dots, which show a decrease in the curve slope. The sample had
thickness variation from oﬀ-axis sputtering deposition (the side
region was thicker than the center region in one sample). The
decrease of the curve slope was induced by the reduced
eﬀective electric ﬁeld in the thicker barrier. Therefore, a thicker
barrier was advantageous for the CPA structure that shows the
possibility of higher nonlinearity. From the observed values of
nonlinearity in Figure 4d, using Kirchhoﬀ circuit analysis, the
readout margin of a CPA was simulated with N word lines, as

the potential barrier from an ideal condition.35−39 Therefore,
the mean potential barrier height ϕ ((φ1 + φ2)/2) was 1.6 eV.
In the PMO side, a larger Thomas−Fermi screening length
than the CMO side was expected via a strongly localized carrier.
In addition, the Thomas−Fermi screening length with Δφ2 in
the CMO side could be reduced due to the screen eﬀect of the
dead layer at the bottom side of BTO. As observed in Figure 2,
the dead layer has been widely observed in thin ﬁlm capacitors
of perovskite structure which degrades capacitance including
ferroelectricity.33,34 The ferroelectrically dead region of the
bottom side of BTO could degrade the polarization at the
bottom side of BTO which reduces the Thomas−Fermi
screening length in CMO.33,34,40−42 Therefore, in this case,
the applied negative bias to the Au top electrode induces the
polarization up state with a low mean barrier height as shown in
Figure 3e and a positive bias induces the polarization down
state with a high mean barrier height. On the basis of eq S3
(Supporting Information), when we consider the diameter (50
μm) of the Au electrode, the mean barrier height should be
larger than 1 eV to minimize the sneak current in the low
voltage region. Therefore, the FTJ as Au/PMO/BTO/CMO/
Pt(111) of Figure 3d could be expected to show a suitable
mean barrier height with an I−V curve for the CPA structure.
In addition, the applied electric ﬁeld to the BTO layer will be
smaller due to their serial contact with a high resistance oxide
electrode as the PMO/BTO/CMO structure rather than direct
contact with a metal electrode that would increase the starting
voltage of FNT.
3.3. Memristive Characteristic and Application for
CPA Structure. Figure 4a−c shows the I−V curve of the 1.5, 2,
and 2.5 V sweeps that was started at the LRS. The Au/PMO/
BTO/CMO/Pt(111) structure shows resistive switching with a
very high resistance. As shown in the I−V curves, the current of
the low voltage region, which induces a sneak current in the
CPA structure, was eﬀectively blocked and it could achieve
resistive switching at a low current level. For a mean potential
barrier height ϕ, the I−V curve was ﬁtted based on eq S2
(Supporting Information), in which JFNT was a function of the
barrier height and electric ﬁeld. We could not determine the
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shown in Figure 4f. Figure 1a shows the worst condition in the
cross-point array circuit (N × N) with the selected HRS cell
surrounded by unselected LRS cells. In this case, the sneak
current was maximized and the readout margin was minimized.
When we read the selected cell (red cell), the sneak current was
induced through unselected LRS cells (green cell). The selected
resistor and sneak path resistors were connected as a parallel
series and increasing the number of the N increases the sneak
current. The number of word lines N in a cross-point array
circuit can be simulated by the Kirchhoﬀ equation (for more
details see Section D in Supporting Information).8,43,44 The
simulated results based on the nonlinear I−V curve in Figure
4d are shown in Figure 4f. At a readout margin of 10%, the
possible number of word lines was 63 which value can fabricate
496 byte in one unit CPA cell. Consequently, the FTJ of the
Au/PMO/BTO/CMO/Pt(111) structure achieved reduced
sneak current in the reading process and minimized the voltage
drop from operating in the low current level.
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D.; Bibes, M.; Barthélémy, A.; Grollier, J. A Ferroelectric Memristor.
Nat. Mater. 2012, 11, 860−864.
(21) Soni, R.; Petraru, A.; Meuffels, P.; Vavra, O.; Ziegler, M.; Kim, S.
K.; Jeong, D. S.; Pertsev, N. A.; Kohlstedt, H. Giant Electrode Effect
on Tunneling Electroresistance in Ferroelectric Tunnel Junctions. Nat.
Commun. 2014, 5, 5414.
(22) Pantel, D.; Goetze, S.; Hesse, D.; Alexe, M. Room-Temperature
Ferroelectric Resistive Switching in Ultrathin Pb(Zr0.2Ti0.8)O3 Films.
ACS Nano 2011, 5, 6032−6038.
(23) Dagotto, E. Nanoscale Phase Separation and Colossal Magnetoresistance; Springer-Verlag: Berlin Heidelberg, 2003.
(24) Salamon, M. B.; Jaime, M. The Physics of Manganites: Structure
and Transport. Rev. Mod. Phys. 2001, 73, 583−628.
(25) Wadati, H.; Maniwa, A.; Chikamatsu, A.; Ohkubo, I.;
Kumigashira, H.; Oshima, M.; Fujimori, A.; Lippmaa, M.; Kawasaki,
M.; Koinuma, H. In Situ Photoemission Study of Pr1‑xCaxMnO3
Epitaxial Thin Films with Suppressed Charge Fluctuations. Phys. Rev.
Lett. 2008, 100, 026402.
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