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ABSTRACT: Integration of resistive switching and rectification
functions in a single memory device is promising for high writing/
readout accuracy with a simplified device architecture, but the
realization remains challenging, especially with a low voltage operation.
Herein, we developed self-rectifying resistive memory with a single
memristive layer that can be operated at ultralow voltages with an
excellent rectification ratio. The memristive layer consisted of a phase-
separated lateral heterostructure of a ferroelectric polymer, poly-
(vinylidene fluoride-co-trifluoroethylene) [P(VDE-TrFE)], and a 2D
halide perovskite, butylammonium lead iodide (BA,Pbl,), which could
be readily fabricated by spin-casting. Systematic characterization
revealed that a lateral ferroelectric polarization from self-poled
P(VDF-TrFE) could rectify the current flow into the BA,Pbl, channel.
The resistive memory consisting of Ag/P(VDF-TrFE):BA,Pbl,/indium
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tin oxide exhibited a high resistance switching ratio of >10° programmable at +0.4 V and an excellent rectification ratio of
>10° at +0.1 V, along with a long data retention and stable endurance cycles.
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INTRODUCTION

Two-terminal memristive switching devices, such as resistive
random access memories (RRAM) ,1_3 are gaining attention as
emerging nonvolatile memory that can be implemented as a
crossbar array structure. In a unit RRAM cell, data are stored as
a high resistance state (HRS) or a low resistance state (LRS) in
the memristive material. In the crossbar array, the memory cell
is accessed to write or read the stored data. However, accurate
writing and reading are hampered by a sneak current from
neighboring cells. To suppress the sneak current, selectors have
been integrated with the RRAM cells at the crosspoints.*™” For
example, in the one diode and one resistor (1D-1R) structure,
rectifying devices such as a PN junction or Schottky diode are
stacked on the unit RRAM cell to use only one bias polarity
and suppress current flow at the opposite bias polarity.
However, the selector-integrated structures limit device
architectures, increase circuit complexity, and require addi-
tional fabrication steps.”

Self-rectifying memristors (SRMs) have been thus actively
pursued wherein a single device can simultaneously function as
a memory and diode.” The SRMs resolve the sneak current
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issue without introducing additional device components, thus
alleviating the aforementioned issues. Various memristive
. 1. 10-28 . 20-31 .32
materials such as metal oxides, silicon, organic,
and ferroelectrics**~** have been applied as a switching layer in
SRMs (Table S1, Supporting Information). Formation of a
Schottky barrier at the interface between a memristive layer
and an electrode is the representative method to render
rectifying function to memristors (Table
§1),1072224728,3L35,37,38 Bor SRMs with metal oxides, which
are the most popular memristive materials, a simple method
for self-rectification is to insert an additional oxide layer to
build a high Schottky barrier between the oxide and the metal
. 15-22,24-28
electrode, which can suppress a reverse current.
However, the switching voltages inevitably drop on the
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Figure 1. (a) Schematics of molecular structures of the ferroelectric P(VDF-TrFE) polymer and BA,Pbl, 2D perovskite. (b) Schematic of a
resistive memory device structure and (c) cross section of the device that represents a phase-separated lateral heterostructure with the
BA,Pbl, crystal in the P(VDF-TrFE) matrix sandwiched between top Ag and bottom ITO electrodes. (d) Schematic of the P(VDF-TtFE)
and BA,Pbl, interface, wherein the P(VDF-TrFE) chains are self-oriented by strong intermolecular interaction between P(VDF-TrFE) and

BA,Pbl,, leading to lateral ferroelectric polarization.

additional oxide layers, leading to a large voltage consumption.
As a result, metal oxide SRMs that can be switched at sub-1 V
have rarely been developed, and most of SRMs show the
switching voltages around 3—12 V."*7** Single-layer metal
oxide SRMs have also been reported, but most of the SRMs
show switching voltages of 3—4 V, which are inherent to
resistive switching mechanism of the metal oxides.'’~"* Other
mechanisms for self-rectification have been suggested, such as
the P—N junction in metal oxide or silicon oxide memristors,
but exhibited switching voltages of a few volts.””*° Ferro-
electric tunnel junctions or diodes have also been attempted
for SRMs.”>*" Resistive switching in ferroelectric SRMs
occurs with the reversal of ferroelectric polarization, and self-
rectification is induced by the formation of asymmetric
potential barriers inside the ferroelectric switching layer or
interfaces with electrodes (e.g, a metal-ferroelectric-semi-
conductor junction®” or ionic defects generated during
deposition®**°). Ferroelectric-semiconductor heterostructures,
such as ferroelectric-semiconducting polymer blends® " or
lateral heterojunctions,Aro have also been reported to exhibit
self-rectifying function. However, resistive switching of ferro-
electric SRMs generally requires high switching voltages to
overcome coercive fields for the electrical poling process.
Further reduction in switching voltages may be pursued with
development of novel resistive switching materials.”

In this regard, metal halide perovskites (MHPs) are
promising as the resistive switching materials at low voltages
thanks to their low energetic barrier for ion (or vacancy)
migration.”’ Various kinds of MHPs have been applied to
memristors with a simple metal/MHP/metal structure. For
instance, Choi et al. demonstrated MHP memristors with Ag/
MAPDI,/Pt (MA = methylammonium) exhibiting ultralow set
and reset voltages of +0.18 and —0.1 V, respectively.*” Seo et
al. developed two-dimensional (2D) MHP memristors with a
device structure of Ag/BA,Pbl,/Pt (BA = butylammonium)
exhibiting set and reset voltages of +0.5 and —0.6 V,
respectively.”’ However, these MHP memristors, including
other cases reported in the literature,*' are nonrectifying.
Insertion of a rectifying oxide layer might be a viable route for
developing MHP-based SRMs as demonstrated in metal oxide
memristors. However, the voltage drop on the rectifying oxide
is unavoidable. Moreover, fabrication of a multistack with
MHPs is challenging because the oxides are generally
processed at high-temperature processes, such as atomic
layer deposition (e.g., Ta,Os at 200 °C'> or HfO, at 280
°C'®), at which MHPs can be damaged or decomposed.** A
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single-layer SRM that can function as a memory and diode
might offer a route for realization of a RRAM cell with low
voltage operation in a simple device structure and a less
complicated and nondestructive fabrication process. The single
memristive layer for MHP-based SRMs may be achieved by a
ferroelectric-semiconductor heterostructure, as previously
demonstrated in phase-separated ferroelectric-semiconducting
polymer blends (Table S1, refs 37—39). Several groups
attempted mixing MHPs and ferroelectric polymers, such as
poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-TrFE)],
for assisting charge separation/transport and eventually
enhancing device performance of solar cells and photo-
detectors.” ™" These works suggest that compatibility of
ferroelectric polymers with MHPs is excellent and beneficial
for developing the ferroelectric-MHP heterostructure. Never-
theless, MHP-based SRMs with the ferroelectric-cMHP
heterostructure have yet to be attempted. Moreover, high
voltage switching for polarization reversal in ferroelectric-
semiconductor blends should be resolved.*

Herein, we developed a self-rectifying resistive memory with
a single memristive layer, consisting of a phase-separated lateral
heterostructure with ferroelectric P(VDF-TrFE) polymer and
2D MHP of BA,Pbl,. The thin P(VDE-TrFE):BA,Pbl,
blended film was readily fabricated by spin-casting. The
memory device consisting of Ag/P(VDF-TrFE):BA,PbL,/ITO
(ITO = indium tin oxide) exhibited excellent performance
such as a high HRS/LRS ratio of >10° (at a read voltage of 0.1
V), a high rectification ratio of >10° (at +0.1 V), programming
and erasing voltages at +0.4 V, a long data retention of >10%s,
and switching endurance cycles of 200 times. It is revealed that
the transition of the resistance states occurred from resistive
switching inherent to BA,Pbl,, while P(VDF-TtFE) endowed
the rectifying function to the memory device. Systematic
characterization of the P(VDF-TrFE):BA,Pbl, film revealed
that the rectifying behavior originated from the self-polar-
ization of P(VDF-TrFE) induced by intermolecular interaction
with BA,Pbl, upon film processing. The self-established
ferroelectric polarization suppressed the injection of charge
carriers from Ag into BA,Pbl, at the negative voltage polarity,
rendering BA,Pbl, resistive switching to occur in a self-
rectifying manner with the high rectification ratio.

RESULTS AND DISCUSSION

A thin memristive film of P(VDF-TrFE) blended with BA,Pbl,
was prepared by codissolution of the P(VDF-TtFE) polymer
and BA,Pbl, precursors in a cosolvent at an optimized weight
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Figure 2. AFM height images of (a) pristine P(VDF-TtFE) and (b) P(VDF-TrFE):BA,Pbl, films (weight ratio = 1:0.37). (c) Magnified top-
view SEM image to display BA,Pbl, crystals phase-separated in the P(VDF-TrFE) matrix and corresponding EDS mapping images of (d) I

and (e) Pb elements.
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Figure 3. GIWAXS patterns of the (a) pristine P(VDF-TrFE) and (b) P(VDF-TtFE):BA,Pbl, (weight ratio = 1:0.37) films. (c) Line-cut
profiles along the g, direction and (d) azimuthal intensity profiles obtained from GIWAXS patterns in (a) and (b). In (c) and (d), black
curves represent the data from the pristine P(VDF-TtFE) film, and red ones are for the P(VDF-TrFE):BA,Pbl, film (weight ratio = 1:0.37).

ratio of 1:0.37, followed by spin-coating on a bottom ITO/
glass substrate and thermal annealing. The molecular structure
of the P(VDF-TrFE) and BA,Pbl, is shown in Figure la. Ag
was deposited as the top electrode on the P(VDE-
TrFE):BA,Pbl, film. We used 2D BA,Pbl, perovskite as the

resistive switching component thanks to its facile ion migration
in a confined channel® and the P(VDE-TrFE) copolymer as a
matrix because ferroelectric -phase is readily formed upon
spin-casting.” ™' The P(VDE-TrFE):BA,Pbl, film is con-
stituted of BA,Pbl, that is phase-separated in the P(VDEF-
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Figure 4. XPS spectra of (a) Pb 4f, (b) I 3d, and (c) F 1s binding energy from pristine P(VDF-TrFE) and P(VDF-TrFE):BA,Pbl, films
(weight ratio = 1:0.37). Red arrows show the redshift, and blue ones show the blueshift in the binding energy of each core electron, when
P(VDF-TrFE) was blended with BA,Pbl,. (d) FT-IR spectra of pristine P(VDF-TrFE) and P(VDF-TtFE):BA,Pbl, (weight ratio = 1:0.37)
films. IR peaks from f-phase signals of P(VDF-TrFE) are highlighted. (e, f) Magnified FT-IR spectra to examine the CF, vibration of
P(VDF-TrFE). Red marks represent the characteristic IR absorption peaks from the CF, bonds.

TrFE) film, as schematically depicted in Figure 1b,c. As we will
discuss later, the P(VDF-TrFE) polymer chains are self-aligned
by strong intermolecular interactions with BA,Pbl, upon phase
separation, as briefly illustrated in Figure 1d (the detailed
crystal structure will be discussed later with structural
characterization). The self-alignment gives rise to a polar b-
axis of P(VDF-TrFE) oriented parallel to the substrate,
resulting in spontaneous polarization of the P(VDF-TrFE)
perpendicularly formed on the BA,Pbl, crystal surface. The
self-established ferroelectric polarization allowed charge
injection/transport through BA,Pbl, only at a positive voltage
polarity while suppressing it at a negative polarity, leading to
diode-like rectifying operation.

The phase-separated morphology of the P(VDE-TrFE):-
BA,Pbl, film was examined by atomic force microscopy
(AFM) and field emission scanning electron microscopy (FE-
SEM), as shown in Figure 2. A pristine P(VDF-TrFE) film
without BA,Pbl, displayed a typical f-phase morphology,™ as
shown in Figure 2a. In contrast, the P(VDF-TrFE):BA,Pbl,
film exhibited a morphology with an island structure, as shown
in Figure 2b. The island-like BA,Pbl, crystals with a diameter
of ~1 ym were formed within the P(VDF-TtFE) film. When
the content of the BA,Pbl, increased, the number of the
BA,Pbl, crystals increased accordingly (Figure S1, Supporting
Information), along with the expansion of the BA,Pbl, area
(Figure S2, Supporting Information). The FE-SEM image of
the P(VDF-TrFE):BA,Pbl, film revealed the polycrystalline
morphology of the BA,Pbl,, as shown in Figure 2c. The
composition of BA,Pbl, was confirmed by energy-dispersive X-
ray spectroscopy (EDS) mapping of I and Pb elements, as
shown in Figures 2d and 2e, respectively. Strong elemental
signals from the island-like crystals clarify successful formation
of the BA,Pbl, crystals in the P(VDF-TrFE) film.

Microstructures of the P(VDF-TrFE):BA,Pbl, film were
further characterized by using grazing-incidence wide-angle X-
ray scattering (GIWAXS), as shown in Figure 3. The GIWAXS
pattern of a pristine P(VDF-TrFE) film exhibited a strong
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arched reflection on the meridian (g = 1.39 A™") with partial
angular broadening, which corresponds to either (110) or
(200) planes of ferroelectric f-phase crystals, as shown in
Figure 3a.°>>” Although the interplanar spacing of (110) and
(200) is hard to decouple on the meridian due to the
pseudohexagonal crystal structure of P(VDE-TrFE), we assign
the reflection to the (110) plane in that the P(VDF-TtFE) film
was deposited on a highly polar ITO/glass substrate.”> This
indicates that the chain axis of P(VDF-TrFE) (c-axis) is
preferentially aligned parallel to the substrate. The P(VDF-
TrFE):BA,Pbl, film exhibited mixed phases of the P(VDEF-
TrFE) and BA,Pbl, crystals with additional reflection peaks
specified at g = 0.43 and 0.88 A™" corresponding to the (002)
and (004) planes of BA,Pbl,, respectively, as shown in Figure
3b,c.”* The strong reflections of the (00I) planes along the
meridian indicate that the BA,Pbl, sheets are stacked in an
edge-on manner, as illustrated in Figure 1d. In contrast, the
(001) reflections along the meridian were less observed in a
pure BA,Pbl, film (Figure S3, Supporting Information).
Particularly noteworthy is that the reflection at ¢ = 1.39 A™
on the meridian is slightly separated to azimuthal angles at y =
+ 60° as shown in Figure 3d. This implies that the crystal
orientation of P(VDF-TrFE) is altered when blended with
BA,Pbl,. Previous studies suggested that the azimuthal
separation could be attributed to the preferential orientation
of a polar b-axis of P(VDF-TrFE) parallel to the substrate.”*>’
The preferential orientation arises from the strong intermo-
lecular interaction at the P(VDE-TrFE) and BA,PbI,
interfaces, as discussed next.

The intermolecular interaction between P(VDF-TrFE) and
BA,Pbl, was investigated by X-ray photoelectron spectroscopy
(XPS) and Fourier-transform infrared spectroscopy (FT-IR),
as shown in Figure 4. The binding energy of Pb 4f electrons
exhibited a redshift from 143.0 and 138.1 eV to 142.1 and
137.4 eV, respectively, as shown in Figure 4a. The binding
energy of I 3d electrons of BA,Pbl, in the P(VDF-
TrFE):BA,Pbl, film was also redshifted from 630.5 and
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Figure 5. (a) Resistive switching I-V curves of the Ag/P(VDF-TrFE):BA,Pbl, (weight ratio = 1:0.37)/ITO device. Red arrows represent the
scan direction. I-V curves from 20 devices are plotted together with the gray scale. (b) Statistics for a current ratio between LRS and HRS.
(c) Cumulative probability of the current levels at the LRS and HRS. (d) Retention data and (e) switching cycle endurance of LRS and HRS.
The HRS was programmed by sweeping from V = 0 to V = 0.4 V (represented by “ON”), whereas the LRS was achieved by sweeping to V =
—0.4 V (represented by “OFF”). In all of the measurements, the read voltage was +0.1 V.

619.1 eV of the pristine BA,Pbl, film to 629.5 and 617.9 €V,
respectively, as shown in Figure 4b. The XPS peak shift
indicates the favorable intermolecular interaction between Pbl
octahedral frameworks and H—C—F dipoles on polymer
chains.”> We note that metallic Pb° signals were only observed
in the pristine BA,Pbl, film while they were absent in the
P(VDF-TtFE):BA,Pbl, film, indicating that P(VDF-TrFE)
retarded the decomposition of BA,Pbl,. The blueshift in the
binding energy of F 1s electrons of P(VDF-TtFE) in the
P(VDE-TrFE):BA,Pbl, film, compared to a pristine P(VDF-
TrFE) film, further supports the intermolecular interaction by
H—C-F dipoles (Figure 4c). FT-IR spectra indicate that the
ferroelectric f-phase was successfully formed in the P(VDF-
TrFE):BA,Pbl, film, as strong IR absorption was observed at
the peaks of 1400, 1290, 1187, and 840 cm™}, as shown in
Figure 4d.°**” The absorption profile of the -phase peaks was
almost the same as that of the pristine P(VDEF-TrFE) film,
implying that the crystallization of P(VDF-TrFE) was not
hindered by the inclusion of BA,Pbl,. In particular, the IR
peaks at 1171, 879, and 841 cm™! associated with stretching of
the C—F bond exhibited blueshift, possibly due to the
suppressed mechanical motion of the dipolar H-C—F bond
by the electrostatic interaction with BA,Pbl,.

Combined with the structural analysis with GIWAXS, the
XPS and FT-IR results suggest that a polar b-axis of chain-
folded P(VDF-TrFE) lamellar crystals is perpendicularly
oriented from the surface of the BA,Pbl, channel into the
P(VDF-TrFE) matrix, as schematically illustrated in Figure 1d
(detailed structures are illustrated in Figure S11, Supporting
Information). Previous reports indicate that MHPs possess lots
of ionic defects on the crystallite surface such as abundant Pb**
ionic defects, which can make Lewis acid—base interaction
with negatively charged molecules.”®” In a similar way,
electronegative F atoms can interact with Pb** on the surface
of BA,Pbl, crystals, leading to preferential orientation of C—F
bonds to BA,Pbl, through Pb**—F coordination, giving rise to
the in-plane self-polarization. The preferential polar orientation
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leads to the formation of the lateral ferroelectric polarization
that is self-established without external electrical poling (i.e.,
self-poling). We note that the self-poling effect induced by
intermolecular interaction with low-dimensional nanomaterials
is generally observed in various PVDF or P(VDF-TrFE)
nanocomposites with Ti;C,T,,°”®" MoS, nanosheets,”* carbon
nanotubes,”® and BaTiO; nanoparticles,(’”r which further
supports the proposed mechanism of self-polarization of
P(VDF-TrFE) by BA,Pbl,. The self-polarized P(VDF-TtFE)
allows an electrical current only at a positive voltage polarity
into BA,Pbl,, while suppressing the current at a negative
polarity, and thus endows rectifying function to the device, as
discussed next.

The resistive switching behavior of the Ag/P(VDF-
TrFE):BA,Pbl,/ITO device was measured under a direct
current (DC) voltage sweep in the range between +0.4 and
—0.4V, as shown in Figure Sa. The voltage was applied on the
top Ag electrode, while the bottom ITO electrode was
grounded, as shown in Figure 1b. Upon positive voltage
sweeping from 0 to +0.4 V, abrupt resistance switching to LRS
occurred at +0.32 V with an on current of ~107° A (or 15.5 A/
m?, “set” process). Upon back-sweeping from +0.4 to —0.4 V,
the device switched to HRS with an off current below ~107"!
A (or 3.6 X 107° A/m?, “reset” process), giving rise to an LRS/
HRS (on/off) ratio of ~10° (read at +0.1 V). Notably, the
device exhibited rectifying behavior with a diode-like I-V
curve with a high rectification ratio of 10° at +0.1 V, wherein
the current flowed only at the positive voltage range, while the
current was significantly suppressed at the negative voltage
range. The rectified state of the device in LRS was maintained
unless the externally applied voltage decreased below —0.15 V;
otherwise, the LRS transitioned to HRS, implying that the
estimated “reset” voltage is around —0.15 V (Figure S4,
Supporting Information). In striking contrast, the I-V curve of
a pristine BA,Pbl, device represented bipolar conduction
(Figure SS, Supporting Information). The rectification
behavior was most clearly observed at an optimized ratio of
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P(VDF-TtFE):BA,Pbl, of 1:0.37 (Figure SS). The resistive
switching behavior was optimized with the 105 nm-thick
P(VDE-TrFE):BA,Pbl, layer (Figure S6, Supporting Informa-
tion). The absence of ferroelectric switching peaks on the I-V/
curves indicates that the resistive switching does not originate
from the reversal of ferroelectric polarization but from the
formation or rupture of conductive filaments (CFs), as
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discussed later. The I—V measurement of 20 different cells
revealed analogous RS behavior with excellent rectification, as
shown in the I-V curves in Figure Sa and LRS/HRS current
ratios in Figure Sb. The average LRS/HRS current ratio from
the 20 cells was 1.34 X 10° as shown in Figure Sc. The
resistive switching behavior could be maintained for an
extended period after 1-month storage at ambient conditions
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with moderate variation in an LRS current and a set voltage,
and stably operated at high temperatures up to 85 °C (Figure
S7, Supporting Information). The device exhibited a long data
retention of LRS and HRS for >10* s and endurance cycles of
200 times (read voltage = +0.1 V, programming = +0.4 V DC
sweep, and erasing = —0.4 V DC sweep), as shown in Figure
Sd,e. The device could also be operated by electrical pulses.
However, the programming time is far longer than that of
other memristive materials (Figure S8, Supporting Informa-
tion). The relatively poor stability against electrical bias cycles
is mainly attributed to the weak structural stability of MHPs
against Joule heating""** or a rough film surface that may lead
to electrical short (Figure S1). Further studies are necessary for
improving switching time and cyclic stability, such as structural
engineering or modification of fabrication process.”®

We propose the plausible mechanism of resistive switching
behavior as electrochemical doping of BA,PbI, by Ag" ions, as
schematically depicted in Figure 6a. The abrupt change from
HRS to LRS upon the set process indicates that the RS
mechanism is likely to arise from the CF formation associated
with Ag" ions, consistent with a previous study.®” No resistive
switching behavior was observed when the top electrode was
replaced with an inert metal such as Au even at large voltages
(Figure S9, Supporting Information). Doping-mediated
resistive switching phenomena have recently been suggested
as an alternative switching mechanism for MHP memris-
tors.*""*® Previous works demonstrated that Ag* ions can act as
a p-type dopant for MHPs as shallow acceptors.””””" In our
case, at the initial state, BA,Pbl, is a p-type semiconductor that
exhibits high resistance. As shown in Figure 6b, a semi-
logarithmic plot of the resistive switching I—V curve in an HRS
before SET (0 V ~ +0.32 V) is fit linearly, which is indicative
of hopping transport of charge carriers in BA,Pbl, and in
accord with the previous result by Kim et al. (Supplementary
Note 1).”* Upon application of a positive voltage on top, Ag is
expected to be electrochemically active and migrate as Ag"
ions, by which BA,Pbl, is p-doped. The device switches from
HRS to LRS because the hole injection barrier at Ag/Ag'-
doped BA,PbI, is negligible as well as a large number of hole
charges are accumulated (Figure S10, Supporting Informa-
tion). The formation of Ag*-doped CFs is likely to be localized
near the P(VDF-TrFE):BA,Pbl, interface because of electro-
static attraction of Ag" ions by the lateral negative ferroelectric
polarization,”® as shown in Figure 6a. The LRS current follows
ohmic conduction with space-charge-limited current (SCLC)
behavior, as shown in Figure 6c. Detailed discussion on the
device operation principle for set and reset processes is
provided in Supplementary Note 1.

To clarify the proposed switching mechanism, we performed
density functional theory (DFT) calculations to study the
electronic properties of undoped and Ag-doped BA,Pbl,. We
found that both the valence band maximum (VBM) and
conduction band minimum (CBM) of BA,Pbl, were located at
the gamma (I") and Z points of the band structure, as shown in
Figure 7a. This suggested that BA,Pbl, was a direct bandgap
semiconductor with a calculated bandgap of 2.247 eV. We
examined the density of states (DOS) of the BA,Pbl, to
comprehend the electronic structures further. As shown in
Figure 7b, the I ions comprised the majority of the VBM of
BA,Pbl,, while the Pb ions comprised the majority of the
CBM. In addition, the VBM and CBM were slightly
constituted of the Pb and I ions, respectively. Additionally,
we computed the band decomposed partial charge density of

the VBM and CBM. As seen in Figure 7c, the charges were
primarily accumulated around the I and Pb ions in the VBM
and CBM, respectively, corroborating the DOS analysis. The
position of the CBM in the band structure did not significantly
alter with Ag doping; however, as shown in Figure 7d, the
VBM crossed the Fermi level, signifying the p-type doping of
the Ag dopant. As shown in the DOS of Ag-doped BA,Pbl, in
Figure 7e, the Ag dopant provided an additional band on top
of the valence band, confirming the p-type doping. The I and
Ag ions primarily constituted the VBM, with the Pb ions
contributing only slightly. In the meantime, the Pb and Ag ions
comprised the majority of the CBM, with the I ions
contributing only slightly. As illustrated in Figure 7f, the I
and Ag ions were the primary sites of charge accumulation in
the VBM, while the Pb and Ag ions were the primary sites of
charge accumulation in the CBM. These results support our
claim that resistive switching is driven by the dynamic p-
doping of BA,Pbl, by Ag” ions.

Rectification behavior is ascribed to a stray field developed
by a lateral ferroelectric polarization (LFP), as illustrated in
Figure S11 (Supporting Information).”* According to Ghittor-
elli et al’s work,”* the stray field can be developed from an
electrode to a ferroelectric-semiconductor interface (or vice
versa) when a negative (or positive) LEP is established (Figure
S1la). Similarly, the stray field is created from a Ag electrode
to the P(VDF-TrFE):BA,Pbl, interface because a negative
LFP is self-developed in our device (Figure S11b). When a
positive voltage is applied on top, hole carriers are readily
injected from Ag into the Ag'-doped CFs. The stray field does
not hamper the hole injection. When the voltage is reversed
(negative on top), hole injection is expected to occur from the
bottom ITO electrode. However, the hole injection is
suppressed because the direction of the stray field is opposite
at the bottom of the P(VDF-TrFE):BA,Pbl, interface (Figure
S11b,c). Therefore, the hole charge carriers can transport in
only one direction. It should be noted that typical ferroelectric
diodes should be electrically poled at high voltages (normally,
a few to tens of volts).”’~**”> On the contrary, the electrical
poling process is unnecessary in our device thanks to the self-
poled P(VDF-TtFE), allowing the rectification at extremely
low voltages. Detailed discussion on the rectification
mechanism is provided in Supporting Information Note 1.

CONCLUSIONS

In summary, we developed self-rectifying resistive memory
with a single memristive layer, consisting of the phase-
separated lateral heterostructure with a ferroelectric polymer,
P(VDFE-TrFE), and 2D perovskite, BA,Pbl,. The combination
of facile ion migration characteristics of BA,Pbl, with self-
poled P(VDF-TrFE) rendered the memristor operating at
significantly low voltages with excellent memory and
rectification performance, such as a high LRS/HRS ratio of
>10° at a read voltage of +0.1 V, a high rectification ratio of
>10° at +0.1 V, PGM and ERS voltages at +0.4 V, a long data
retention of >10* s, and endurance switching cycles of >200
times. It should be noted that although thermal budget for the
whole process for fabricating the Ag/P(VDF-TrFE):BA,Pbl,/
ITO device is small, which only requires thermal annealing of
the as-deposited P(VDF-TrFE):BA,Pbl, film at 70 °C for 30
min, CMOS process compatibility remains a critical issue of
this work, arising from the contamination issues from the
organic components of the memristive layer during back-end-
ofline (BEOL) steps. Nonetheless, our strategy provides a
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simple but robust route to integrate memory and rectification
function in a simplified structure with excellent device
performance, potentially applicable for various combination
of CMOS process—comg)atible materials such as ferroelectric
HZO”® and AIScN*®’° and structurally robust memristive
MHPs.”’

EXPERIMENTAL SECTION

Materials. The P(VDF-TtFE) copolymer (VDF:TrFE = 70:30)
was purchased from Solvay. BAI (99.9%), Pbl, (99.9%), and DMF
(anhydrous, 99.8%) were purchased from Sigma-Aldrich.

Device Fabrication. The P(VDF-TrFE):BA,Pbl, resistive mem-
ory with an architecture shown in Figure la was fabricated as follows:
An ITO-coated glass substrate was sequentially cleaned in acetone
and 2-propanol and treated with UV—0; (1S min for each process)
before spin-coating the precursor solution. The precursor powders
were dissolved in DMF at various weight ratios of P(VDF-TtFE) to
BA,PbI, (without BA,Pbl,, 1:0.23, 1:0.3, 1:0.37, and 1:0.43) by
vigorous stirring at 70 °C. In all the conditions, the ratio of BAI:PbI,
was fixed to a 2:1 molar ratio. The precursor solution was spin-coated
at 1500 rpm for 60 s. The as-spun film was dried at 70 °C for 60 min
to remove the residual solvent. The thickness of the P(VDE-
TrFE):BA,Pbl, films was around 350 nm. The fabrication was
finished with the thermal evaporation of the top 100 nm-thick Ag top
electrode using a shadow mask. The size of the device was estimated
to be ~380 pm?.

Characterization and Electrical Measurements. The surface
morphology was examined by noncontact-mode AFM (NX10, Park
Systems, Korea) and FE-SEM (GEMINIS00, Carl ZEISS, Germany).
GIWAXS characterization was performed on a 6D UNIST-PAL line
at the Pohang Accelerator Laboratory (Pohang, Korea). Mono-
chromatized X-rays (1 = 1.0722 A) were used to irradiate the films at
grazing-incidence angles ranging from 0.14 to 0.16°. The GIWAXS
samples were fabricated on Si substrates. The FT-IR spectra were
acquired from an attenuated total reflectance mode IS50 instrument
(Thermo Fisher Scientific, USA). The XPS spectra were obtained by
an AXIS Supra instrument (Shimadzu, Japan). Electrical measure-
ments of the resistive memory devices were carried out using a
Keithley 4200-SCS analyzer at ambient conditions. The yield of
functional devices was about 30% for I—V measurements. Care should
be taken for stable probe tip contact with the top Ag electrode.

Computational Methods. We performed density functional
theory (DFT) calculations to study the electronic properties of
undoped and Ag-doped BA,Pbl,. We first constructed a 2 X 2
supercell of BA,Pbl, from the orthorhombic crystal structure of the
Pnma space group. Next, we substituted one of the Pb ions with a Ag
ion to model the Ag-doped BA,Pbl,. The Vienna ab initio simulation
package (VASP) was used for all the DFT calculations.”®”® The
projector-augmented wave (PAW) apgroach described the inter-
actions between electrons and ions.”® The generalized gradient
approximation (GGA) with Perdew—Burke—Ernzerhof (PBE)
represented the exchange—correlation energy.”" The Pb 5d'°6s%6p?,
Ag 4d'%5s', 1 55?5p*, N 252p>, and C 2s*2p* electrons were defined as
valence electrons. The cutoff energy for the plane wave basis set was
chosen to be 520 eV. The Grimme (DFT+D3) approach was used to
incorporate the dispersion correction.®> The materials were optimized
until the maximum force was <0.01 eV A™". A gamma-centered 3 X 3
X 1 mesh was employed to sample the Brillouin zone.
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