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ABSTRACT We introduce an adsorption mechanism for a layer-by-layer (LbL)
assembly (i.e., a ligand addition-induced LbL assembly) and demonstrate that
the (polymer/perovskite nanoparticle (NP)), nanocomposite films based on the
ligand addition LbL exhibit ferroelectric and resistive switching properties. Oleic
acid (OA)-stabilized BaTiO; NPs (OA-BTO NPs) with a size of approximately 8 nm
were LbL-assembled with amine-functionalized dendrimers (NH,-dendrimers)
using the high affinity between NH, moieties and Ti ions. The ferroelectric
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properties of the (NH,-dendrimer/OA-BTO NP), multilayers were generated by the Ti disorder in the OA-BTO NP unit cell despite the use of sub-10 nm
OA-BTO NPs (i.e., 0A-BTO NPs), which are near the critical size for ferroelectric properties. Additionally, the (NH,-dendrimer/OA-BTO NP), multilayers
sandwiched between the bottom (platinum) and top (silver or tungsten) electrodes exhibited a resistive switching memory at a relatively low operating

voltage below 2 V with a switching speed of approximately 100 ns and an ON/OFF current ratio of approximately 10°. Furthermore, the ferroelectric and

resistive switching properties could be further improved by controlling the bilayer number (n). We believe that our approach can provide a basis for

designing and exploiting multifunctional memory electronics based on a variety of perovskite NPs with ferroelectric properties.
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electronic properties have attracted
significant attention due to their
scientific importance and widespread appli-
cations in microelectronics and electro- and
nonlinear optics.' 8 Barium titanate (BaTiO;)
(BTO), which is composed of BaO,, cuboc-
tahedra and TiOg octahedra, is among the
most technologically promising perovskite-
type ceramics due to its ferroelectric, pyro-
electric, piezoelectric, dielectric, and resis-
tive switching properties, which are useful
in a variety of potential applications such
as ceramic capacitors, piezoelectric transdu-
cers, thermistors, waveguide modulators,
pressure transducers, and nonvolatile mem-
ory devices.” "¢
Recently, the increased interest in nano-
scale phenomena and nanoelectronics has
given rise to a great deal of research into
BTO nanoparticles (NPs) prepared using a
variety of solution-based methodologies.

Perovskite-type materials with unique
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Although many attempts have been made at
synthesizing monodisperse BTO NPs with
size-dependent ferroelectric properties,'” %2
the development of high-quality (i.e., uni-
form size and high crystallinity) BTO NPs
below 50 nm has met with limited success,
resulting in no experimental consensus
on the critical size at which ferroelectricity
is suppressed. Recently, aided by the suc-
cessful synthesis of well-defined BTO NPs
with controlled size and highly crystalline
structures,>** a sub-10 nm BTO as an in-
dividual NP has reportedly displayed ferro-
electric behavior.>* However, these BTO NPs
cannot be directly applied to the aforemen-
tioned practical devices due to their poor
processability.

Toresolve these issues, BTO NPs have been
blended with polymer matrixes via mechan-
ical blending, solution mixing, in situ polym-
erization, and in situ NP synthesis.'?~ 152526
These NPs have been used as a form of
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organic—inorganic nanocomposite films with a single-
layer structure. For example, Kim et al. reported that
combining high-permittivity BTO NPs and a polymer
host could provide nanocomposite films with high
permittivity and high dielectric strength to allow for
solution processing.'> However, in most cases, the
perovskite-type NPs dispersed within polymer ma-
trixes lead to aggregation and phase segregation over
large distances to the detriment of the electrical
properties of the nanocomposites. Additionally, rela-
tively large sized (>100 nm) BTO NPs have been used
to prepare polymer—BTO NP nanocomposite films.
However, the use of these materials as an ultrathin
electrically active layer (<100 nm thick), such as a
nonvolatile memory layer or high-dielectric-constant
layer in organic thin-film transistors, is restricted.
Furthermore, to our knowledge, organic—inorganic
nanocomposite films based on sub-10 nm BTO NPs
have not been reported to date.

To fabricate nanocomposite films, the layer-by-layer
(LbL) assembly method based on the dipping process
demonstrates potential as the most versatile and offers
the possibility of preparing nanocomposite films with
tailored electrical, mechanical, or optical properties.?” ~>°
Although a variety of materials ranging from bioma-
terials to inorganic NPs such as metal and binary metal
oxide NPs have been successfully utilized in the LbL-
assembled nanocomposite films via complementary
interactions (electrostatic interactions,?’?33°732 hy-
drogen-bonding,®' click chemistry,®® silanization,®*
oxime bonding,® thiol—metal interactions,® nucleo-
philic substitution reactions,>” 3 ligand exchange
reactions,*"*? photo-cross-linking,** multivalent coor-
dination bonding,** etc.), the well-defined perovskite-
type NPs dispersed in nonpolar solvents have not been
directly applied in LbL-assembled nanocomposite
films. Therefore, preparing BTO NPs from fatty acid
stabilizers that are homogeneously and uniformly
embedded within ultrathin LbL-assembled films re-
mains a major challenge; furthermore, their inherent
properties such as their ferroelectric and/or resistive
bipolar switching should be enhanced and adjusted
through the facile control of the quantity adsorbed in
the lateral and vertical dimensions.

Herein, we demonstrate that the nanocomposite
multilayer films based on highly monodisperse cube-
like BTO NPs of approximately 8 nm can be successfully
generated through a unique LbL-assembly adsorption
mechanism (i.e., ligand addition-induced LbL assembly)
in an organic solvent. These LbL films display ferro-
electric switching properties with reversible sponta-
neous polarization and oxygen-deficiency-induced
resistive switching memory. In addition, these film
devices were prepared and operated at room tempera-
ture. For this study, the synthetic procedure reported
by Dang et al. (for the synthesis of BTO NPs ranging
from 20 to 30 nm) was modified to prepare the oleic
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acid (OA)-BTO NPs through a hydrothermal process.”’
The OA-BTO NPs dispersed in toluene were LbL-
assembled with NH,-dendrimers in ethanol using the
additional covalent bonding between NH, groups and
Ti** ions without any OA ligand exchange. The con-
ventional adsorption behavior reported to date for
LbL-assembled polymer/inorganic NP multilayers is
induced by the high affinity (i.e., electrostatic, covalent,
or hydrogen bonding) or ligand exchange** between
the polymer and the stabilizers of the inorganic NPs as
previously described. However, to our knowledge, the
adsorption behavior based on ligand addition in the
LbL assembly for hydrophobic perovskite NPs with
well-defined crystallinity has not yet been reported.

Our approach has another important advantage in
that multilayer structures can significantly increase the
number density of ferroelectric elements in the lateral
and vertical dimensions, allowing tailored nanostruc-
tures that can enhance the ferroelectric properties by
increasing the bilayer number. Furthermore, the (NH,-
dendrimer/OA-BTO NP),, films exhibited a nonvolatile
resistive switching memory with a high ON/OFF cur-
rent ratio of ~10% a low operating voltage (<2 V), and
good retention stability comparable to that of a con-
ventional transition metal oxide device fabricated via
vacuum deposition with subsequent temperature an-
nealing (>200 °C). Recently, the Advincula group re-
ported that nanometer-scale charging in LbL films
based on conjugated polymers can provide a write—
read device using current-sensing atomic force
microscopy.>* More recently, the Pal group reported that
the electrostatic assembled multilayers composed of
CdSe quantum dots can display electrical bistability with
the ON/OFF current ratio of ~10'.>® As another example,
we reported that LbL multilayers containing Fes0, NPs
exhibit a resistive switching memory performance of
~10%38% It should be here noted that the previously
reported results have been obtained from the traditional
electrostatic, nucleophilic substitution reaction-induced,
and the ligand exchange-induced LbL assembly, which
are totally different from ligand addition-induced LbL
assembly shown in our study. Furthermore, to our knowl-
edge, the LbL-assembled films with ferroelectric proper-
ties have been never reported to date.

This study reports the first successful preparation of
ferroelectric and resistive switching films based on
sub-10 nm BTO NPs (i.e., OA-BTO NPs) via ligand
addition-induced LbL assembly. We believe that our
strategy can provide a basis for developing and de-
signing a variety of functional nanocomposite films
using other perovskite-type NPs, allowing us to explore
novel technological applications.

RESULTS AND DISCUSSION

Cube-like 8 nm OA-BTO NPs that are highly disper-
sible in nonpolar organic solvents were successfully
synthesized by controlling the molar ratios between
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Figure 1. (A) HR-TEM image of the approximately 8 + 0.7 nm OA-BTO NPs. (B) XRD pattern and (C) Raman spectrum of the

OA-BTO NP powder.

the water-soluble bis(ammonium lactate) titanium
dihydroxide, barium hydroxide, tert-butylamine, and
oleic acid via a hydrothermal process (the detailed
synthetic procedure is provided in the Methods
section). Figure 1A provides an HR-TEM image of highly
monodisperse OA-BTO NPs with sizes of 8.0 + 0.7 nm
and a lattice image of a OA-BTO NP effectively viewed
along the [110] projection. The material appears to
have a single crystal domain. As indicated in the size
distribution histogram, which is evaluated using the
HR-TEM image, the size of the OA-BTO NPs is highly
monodisperse (see Supporting Information, Figure S1).
The crystal structure of the OA-BTO NPs was further
characterized via X-ray diffraction (XRD). As presented
in Figure 1B, the XRD pattern of the OA-BTO NPs ex-
hibited a series of well-defined Bragg reflections that
can be indexed into a pseudocubic lattice, suggesting
that the sample is single-phase and highly crystalline.
Additionally, no XRD patterns originating from a by-
product such as BaCOs; were observed.

Figure 1C presents the Raman spectrum of OA-BTO
NPs recorded at room temperature. The spectrum
exhibits weak peaks at 275 and 302 cm ™', two strong
peaks at 184 and 520 cm™', and a broad peak at
724 cm™". The OA-BTO NPs with a paraelectric cubic
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phase (space group Pm3m) are reportedly Raman
inactive due to the isotropic distribution of electro-
static forces (O, group symmetry) around the Ti*" ions
within each TiOg octahedron. 43¢ However, the
Raman spectrum of the OA-BTO NPs with a tetragonal
ferroelectric phase demonstrates a splitting of the four
degenerate 3F;, + F,, modes into eight Raman-active
transverse (TO) and longitudinal (LO) phonons that
control the anomalous Raman scattering. Therefore,
the five bands at 184, 275, 302, 520, and 724 cm ™" are
assigned to the A,(LO), A,(TO), B; + E(TO + LO), E(TO)
+ A4(TO), and A,(LO) + E(LO) modes, respectively,
suggesting that the OA-BTO NPs exhibit a noncentro-
symmetric tetragonal phase with the characteristics of
titanium disorder in the unit cell at room temperature.

On the basis of these results, NH,-dendrimers and
OA-BTO NPs were alternately deposited onto the
planar substrates to fabricate the OA-BTO NP-based
nanocomposite films. Recently, our group reported
that OA-Ag or OA-Fes04 NPs can be LbL-assembled
with NH,-dendrimers via a direct ligand exchange
reaction between OA and NH, groups during de-
position.***! However, the adsorption behavior between
the OA-BTO NP and the NH,-dendrimer was based on
the additional coordination bonding between the NH,
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Figure 2. (A) ATR-FT-IR spectra of the NH,-dendrimer,
OA-BTO NP, and (NH,-dendrimer/OA-BTO NP); multilayer.
(B) ATR-FT-IR spectra of the (NH,-dendrimer/OA-BTO NP),,-1 5 5
multilayers as a function of the bilayer number (n).

groups and the Ti** ions, not on the replacement of the
OA ligands. This adsorption mechanism was confirmed
using Fourier-transform infrared spectroscopy (FT-IR).

We first examined the FT-IR spectra of pure NH,
dendrimers, OA-BTO NPs, and (NH,-dendrimer/OA-
BTO NP); multilayer (Figure 2A). The N—H stretching
(3200—3600 cm™') and N—H scissor bending (1553
and 1651 cm™') peaks contributed to the primary
amine groups of the NH,-dendrimers. Additionally,
the C—H stretching (2855, 2925, and 2954 cm™') and
C=0 stretching (1711 cm™ ") peaks originate from the
long aliphatic chains and carboxylic acid (i.e,, COOH)
groups of the pure OA ligands, respectively (see
Supporting Information, Figure S2). However, when
the OA ligands are adsorbed onto the surface of the
OA-BTO NPs, the carboxylic acid groups of the OA
ligands are bonded to the OA-BTO NPs in the form
of carboxylate (i.e, COO™) ions. This phenomenon
was confirmed from the COO™ stretching (1446 and
1542 cm™") peaks present in the FT-IR spectrum of the
OA-BTO NPs. The carboxylate group of OA ligands is
reportedly chemically bonded to the alkali metal ions
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on the surface of the BTO NPs.** That is, the OA ligands
are primarily adsorbed onto the crystal face with a high
density of Ba ions because all six-coordinate positions
of the Tiion are occupied by hydroxyl groups in the OA-
BTO NP system.'”

Furthermore, we investigated the absorption peak
traces of the transmission and attenuated total reflec-
tion (ATR)-FT-IR spectra of the (NH,-dendrimer/OA-
BTO NP), multilayers as a function of the bilayer
number (n). As shown in Figure 2B, the COO™ stretch-
ing (1446 and 1542 cm™ ") peaks and C—H stretching
(2855, 2925, and 2954 cm™ ') peaks of the long aliphatic
chain of OA ligands bound to the OA-BTO NPs grew
in intensity as the bilayer number (n) increased from
1 to 3. The N—H absorption peak intensities (i.e.,
stretching in the range 3200—3600 cm ™' and bending
modes at 1651 cm™') of the NH,-dendrimers also
increased gradually with those of the OA ligands.
Therefore, these results indicate that the adsorption
mechanism between the NH,-dendrimer and OA-BTO
NP is based on the ligand addition reaction of the NH,
dendrimer onto the OA-BTO NP.

This ligand addition reaction can be more evidently
confirmed by the comparison of ATR-FT-IR spectra
between NH,-dendrimer/OA-Ag NP/NH,-dendrimer
and NH,-dendrimer/OA-BTO NP/NH,-dendrimer. It was
reported that the LbL assembly of (NH,-dendrimer/
OA-Ag NP),, multilayers is based on the ligand-exchange
reaction.*'*? Therefore, in the case where NH,-dendri-
mers are further adsorbing onto the outermost OA-Ag
NP layer coated film (i.e., NH,-dendrimer/OA-Ag NP/
NH,-dendrimer), the absorption peaks (i.e, the long
aliphatic C—H stretching (2855, 2925, and 2925 and
2954cm ") and COO stretching (1453 and 1400cm™ 1))
originating from the OA ligands bound to the surface
of Ag NPs were almost completely replaced by NH,-
dendrimer after about 30 min (see Supporting Infor-
mation, Figure S3). On the other hand, in the case of a
(NH,-dendrimer/OA-BTO NP/NH,-dendrimer) film, the
absorption peaks and intensities of OA ligands re-
mained unchanged even after 30 min. Therefore, our
results indicate that the adsorption mechanism of LbL-
assembled (NH,-dendrimer/OA-BTO NP),, multilayers is
mainly based on a ligand addition reaction.

The site at which the OA-BTO NPs adsorb onto the
NH,-dendrimer layer and the chemical states of the
OA-BTO NPs were investigated via X-ray photoelec-
tron spectroscopy (XPS) (Figure 3). A Ba 3ds,, binding
energy of 779 eV was measured for the pristine
OA-BTO NPs, which coincided with that of the
OA-BTO NP-based multilayers. The Ti 2p3,, XPS peak
of the pristine OA-BTO NPs was resolved into two
spin—orbit components, which were assigned to Ti*"
(458.4 eV) and Ti*" (457.6 eV). Additionally, the Ti**
spectrum indicated the presence of an oxygen-deficient
state within the NPs that can be used as a positively
charged carrier in resistive switching memory devices
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Figure 3. XPS spectra of (A) Ba 3d and (B) Ti 2p collected
from the OA-BTO NPs and NH,-dendrimer-encapsulated
films [i.e., (NH,-dendrimer/OA-BTO NP/NH,-dendrimer)
multilayer].

(a detailed explanation of which will be provided in a
subsequent section).>® > However, when NH, dendri-
mers were adsorbed onto the OA-BTO NP surfaces, the
Ti 2p3/, peak in the XPS spectrum shifted from 458.3 to
457.7 eV.

These phenomena are supported by previous re-
ports, which indicated that the binding between tita-
nium and nitrogen causes a strong shift in the principle
Ti 2ps/» peak toward lower energy.>*®° Therefore, one
can reasonably conclude that the —NH, groups of the
NH,-dendrimers are chemically bonded to the Ti ions
of the OA-BTO NPs. This adsorption phenomenon
demonstrated in our system clearly differs from the
previously reported adsorption behavior based on the
ligand-exchange reaction in which the initial ligands
bound to metal or metal oxide NPs (e.g., OA-Ag NP,
TOABr-Au NP, or OA-Fe30,) are replaced with ligands
containing higher affinity groups: the formation of
the (NH,-dendrimer/OA-BTO NP), films is based on a
ligand addition-induced LbL assembly.

Given these results, the quantity of NH,-dendrimer
and OA-BTO NP adsorbed onto the multilayer films
was quantified via quartz crystal microgravimetry
(Figure 4A). Measuring the frequency changes (AF)
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Figure 4. (A) Frequency and mass change of the NH,-
dendrimer/OA-BTO NPs multilayers as a function of the
layer number. (B) Total film thicknesses of the (NH,-dendri-
mer/OA-BTO NP),,_s 10,1520 multilayers measured from the
cross-sectional SEM images.

from which the mass changes (Am) were calculated
for the alternating deposition of NH,-dendrimer
and OA-BTO NP yielded —AF values of 20 + 4 Hz
(Am =~ 353 ng-cm?) and 124 + 6 Hz (Am ~ 2191
ng-cm ), respectively. Given that the density and
volume of an 8 nm cube-like OA-BTO NP are approxi-
mately 6.02 g-cm™3 and 5.12 x 107'° cm ™3, respec-
tively, the number density and packing density of
the OA-BTO NP were calculated at approximately
7.1 x 10" cm™2 and 45.5%, respectively. Although
Kim et al. reported the preparation of ferroelectric
islands with an ultra-high-density array using block
copolymer micelles, their number density is below
approximately 1 x 10° cm™ 25" On the other hand,
the successive spin-coated multilayer films using OA-
BTO NP without the aid of NH,-dendrimer layers could
not be formed due to the absence of complementary
interactions between each NP (see Supporting Infor-
mation, Figure S4).

Additionally, we investigated the thickness of the
nanocomposite films as a function of the bilayer num-
ber using cross-sectional scanning electron micro-
scopy (SEM). The total film thicknesses of the (NH,-
dendrimer/OA-BTO NP),_510,1520 Multilayers were
measured to be 50 + 1.9 nm for n =5, 98 &+ 2.1 nm
forn=10,139 £ 2.4 nmforn=15,and 204 £ 2.8 nm for
n =20 (Figure 4B). The surfaces of multilayer films were
highly uniform and smooth with a low root-mean-square
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(B) Topographic, phase, and amplitude images from the dynamic-contact electrostatic force microscopy (DC-EFM) for the

OA-BTO NPs on a Pt-coated substrate.

(RMS) surface roughness. In the case of five-bilayered
film, the RMS surface roughness was measured to be
approximately 1.16 nm in a scan area of T um x 1 um.
Additionally, the surface roughnesses of the (NH,-
dendrimer/OA-BTO NP),_s 10,1520 Mmultilayers in the
larger scan area of 10 um x 10 um did not exceed
3 nm. Furthermore, the AFM image of (NH,-dendrimer/
OA-BTO NP);g measured from a 20 um x 20 um scan
area clearly showed the homogeneity of the film. These
results imply that ligand addition-induced LbL assembly
can successfully generate an extremely smooth surface
and vertical growth in OA-perovskite NP multilayers in
organic media (see Supporting Information, Figure S5).
Considering that perovskite-type materials such as
BTO NPs have unique optical properties such as sec-
ond-harmonic generation®® as well as electro-optical
properties,®® the film transparency is significantly im-
portant for the preparation of potential electronic
and/or optical applications. Therefore, we investigated
the light transmission of OA-BTO NP-based multilayer
films. The 204-nm-thick (NH,-dendrimer/OA-BTO NP),,
nanocomposite films were highly transparent with
light transmission of 92.7% at a wavelength of
600 nm (see Supporting Information, Figure S6). It
should be noted that the conventional BTO nanocom-
posite films reported to date cause a high degree
of light scattering due to the use of BTO NPs larger
than 100 nm and the poor dispersion of BTO NPs with-
in films and, thus, are opaque.®* Therefore, our LbL-
assembled nanocomposite films show a high degree of
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transparency due to the use of OA-BTO NPs and good
dispersion within the film.

Given these results, we investigated the ferroelectric
switching properties of (NH,-dendrimer/OA-BTO NP),,
multilayers at a frequency of 1 kHz. The approximately
98-nm-thick 10-bilayered film displayed typical ferro-
electric polarization—electric field (P—E) hysteresis
loops with a remnant polarization (P,) of approximately
0.19 uC-cm ™2 and a coercive field (E;) of 8.2 kV-cm™'
under a 100 kV-cm™" applied electric field (Figure 5A).
By increasing the bilayer number (n) from 10 to 30,
the P, and E. obtained from the P—E multilayer loop
increased to 0.95 uC-cm 2 and 19 kV-cm™', respec-
tively. Although the P, value of bulk BTO ceramics was
reportedly measured at approximately 8 uC-cm~%%°
the conventional nanocomposite films composed
of nanosized BTO particles (>20 nm) and a polymer
exhibited a low P, of 0.4 4C-cm ™2 despite the use of a
thick film (>100 xm) and a maximized electric field of
600 kV-cm~'.* Additionally, given that the ferroelec-
tricity (i.e., P,) is degraded when the size of the BTO NPs
is reduced due to an increase in the depolarization field
(Eq) within the BTO NPs,>*%¢ the 300-nm-thick nano-
composite multilayers (i.e., the 30-bilayered film) com-
posed of OA-BTO NPs exhibit good ferroelectric
switching behavior. Our results also imply that the
ferroelectric switching behavior can be further en-
hanced by adjusting the bilayer number.®”

For clarification, the fact that the ferroelectric prop-
erties of multilayer films originated from OA-BTO NPs,
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Scheme 1. Schematic diagram of the NH,-dendrimer/OA-
BTO NPs multilayer-based nonvolatile memory devices.

the induced rearrangements of the ferroelectric do-
main in the OA-BTO NPs were investigated via dy-
namic-contact electrostatic force microscopy (DC-EFM)
using a lock-in amplifier.>®"%® First, the OA-BTO NPs
spin-coated onto the Pt-coated substrate without a
NH,-dendrimer layer were poled using a positive dc
bias (5 V) applied to the DC-EFM tip. Following the
poling process, the topography, phase, and amplitude
images were obtained via DC-EFM using 17 kHz ac
voltage with a 1.5 V amplitude in contact mode. As
depicted in Figure 5B, the bright regions of phase
image indicate that the domain of the OA-BTO NPs
confirmed in the topographic image was polarized in a
downward direction on the substrate by the poling
process. In addition, the polarization of the OA-BTO
NPs could be more clearly confirmed by an amplitude
image indicating the polarization strength, irrespective
of the domain direction. Additionally, the blue circles
indicate the same position for each topographic,
phase, and amplitude image. Therefore, these images
demonstrate that the respective OA-BTO NPs have
ferroelectric domains indicated by the distorted Tiions
of OA-BTO NPs as already described for Figure 1C.
We prepared bipolar resistive switching memory
devices*®%°~72 composed of (NH,-dendrimer/OA-BTO
NP),->35 multilayers deposited onto platinum (Pt)-
coated Si substrates and Ag top electrodes with dia-
meters of 50 um as indicated in Scheme 1. The elec-
trical measurements of the nonvolatile memory cells
were performed using an applied dc voltage under
atmospheric conditions. All voltages were applied to

KIM ET AL.

the top electrode, while the bottom electrode was
grounded. In a typical bipolar switching measurement,
which depends on the voltage polarity, the voltage
sweeps from 0V to —2.0 V and back to +2.0 V after an
initial electroforming process (for a conductive path
within the multilayers) at approximately 4.7 V with
limited current compliance up to 100 mA (see Support-
ing Information, Figure S7). The high-current state (the
“ON” state) formed from 0 V to —2.0 V was suddenly
converted to a low-current state (the RESET process for
the “OFF” state) at —1.8 V when the reverse voltage
polarity was applied to the (NH,-dendrimer/OA-BTO
NP),—> 35 multilayered devices. This low-current state
(the “OFF” state) was maintained from —2.0Vto +2.0V
and then converted to the high-current state at +1.5V
(the SET process for the “ON” state). Additionally, an
increase in the bilayer number (i.e., an increased multi-
layer thickness) lowered the OFF current level because
theincreased film thickness decreased the electric field
(Figure 6A). Thus, the ON/OFF current ratio of these
devices increased to approximately 10*. Although the
OA-BTO NP films for the preparation of resistive switch-
ing memory devices could be prepared by the single-
step spin-coating process (or simple-casted coating)
through the control of the concentration of the OA-
BTO NP solution and the spinning speed (see Support-
ing Information, Table S1), these processes have much
difficulty in exactly controlling the thickness of OA-BTO
films. Additionally, the surface of the simple-casted or
single-step spin-coated OA-BTO NP films was highly
porous and rough compared to that of LbL-assembled
nanocomposite films (see Supporting Information,
Figure S8). As aresult, these film devices did not exhibit
the resistive switching memory performance due to an
outbreak of short-circuit current (see Supporting In-
formation, Figure S9).

For examining the stability of the bipolar resistive
switching properties, cycling and retention time tests
were carried out on the five-bilayered NH,-dendrimer/
OA-BTO NP devices to measure their electrical stability
in the ON and OFF states (Figure 6B and C). In these
cases, highly stable ON and OFF states were retained
during the repeated cycling tests of approximately
200 cycles with a fast switching speed of 100 ns and
atime period of 10° s under atmospheric conditions. To
understand the conducting behavior of the NH,-den-
drimer/OA-BTO NP film devices, the /—V relationship
during the positive voltage sweep was further investi-
gated using a log—log scale (Figure 6D). The |-V
characteristics obtained from the ON state displayed
ohmic behavior with a slope of approximately 1.10,
which shows the formation of conductive channels
within the multilayer films during the SET process. On
the other hand, the conduction behavior observed
in the OFF state went after the space-charge-limited
conduction composed of an ohmic region (I ~ V),
a transition region (I ~ V), and a region of sharply
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Figure 6. (A) I-V curves of the (NH,-dendrimer/OA-BTO NP), multilayer devices measured from 50 um Ag electrodes with an
increasing number of bilayers (n) ranging from 2 to 5. (B) Cycling and (C) retention time tests of the (NH,-dendrimer/OA-BTO
NP)s multilayer devices using a reading voltage of +0.1 V. (D) Linear fitting of the /—V curve for a five-bilayered device plotted
on a log—log scale for the SET process during a positive voltage sweep.

increasing current.*®”? These phenomena exactly co-
incided with those of the (NH,-dendrimer/OA-Fes0,),
multilayer-based devices that were previously re-
ported by our group.*®

Although the switching mechanism for ferroelectric
perovskite-type memory devices is reportedly based
on the intrinsic switching of ferroelectric domains,”®
the high-conductivity state—similar to the metallic ON
state under the applied dc voltage sweep—cannot be
explained by the switching mechanism based on ferro-
electric polarization under a poling pulse. A possible
mechanism can be proposed for the (NH,-dendrimer/
OA-BTO NP), multilayer-based devices in our system
based on the memristive model that has primarily
been used to explain the resistive switching properties
of transition metal oxide thin films or nanotubes.>®”°
As indicated by the XPS data in Figure 3, the OA-BTO
NPs embedded in the LbL nanocomposite films con-
tain a large quantity of Ti** with an oxygen vacancy
state. These positively charged oxygen vacancies in the
8 nm OA-BTO lattices are repelled or attracted from the
top electrode according to the electric field and can
drift due to tunneling through a thin residual region
(i.e., organic layers below approximately 1 nm thickness
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per bilayer, including OA stabilizers and NH,-dendrimer
layers). This relationship significantly affects the elec-
tronic barrier to electron transport at the interface be-
tween the electrode and the multilayers. Therefore, a
negative voltage applied to the top electrode attracts the
positively charged carriers in the OA-BTO NP lattices.
These charges drift in the electric field through the most
favorable diffusion paths to form channels with high
electrical conductivity.

These conductive channels can be confirmed using
current-sensing atomic force microscopy (CS-AFM)
(see Supporting Information, Figure S10). For the CS-
AFM measurements, the (NH,-dendrimer/OA-BTO NP);
multilayer film was deposited onto Pt-coated sub-
strates, and an electrochemically inert Pt CS-AFM tip
with a contact area of approximately 30 nm replaced
the 50 um Ag electrode as the top electrode. In this
case, randomly distributed paths formed in the ON
state as measured from the /—V curve of the five-
bilayered NH,-dendrimer/OA-BTO NP films. That is,
once a large amount of conductive paths are formed,
the conductive state of the device is converted to the
ON state. However, when a reverse voltage is applied
to the Pt tip electrode, the positively charged carriers in
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Figure 7. (A) Schematic diagram and (B) /-V curve of one
bare OA-BTO NP measured using Pt.

the conducting paths are repelled from the Pt tip
interface, and the initial electronic barrier is recovered
again.*®’® As a result, the conductive channels rupture
in the OFF state. This switching mechanism is sup-
ported by the previous reports that both the time-
dependent capacitance and the time-dependent re-
sistance in the memristive model could be induced
from the Fe?" and Fe*" with different mobilities in the
7 nm Fe50, NP lattices.3®

For another switching mechanism, solid electrolytes
sandwiched between a Ag (or a Cu) anode and an inert
cathode were recently reported to cause bipolar
switching via an electrochemical redox reaction based
on the high mobility of Ag ions.®*”"”? Furthermore,
metal ion diffusion from the top electrode can form
localized conductive channels that bridge the elec-
trode materials under an electric field. However, our

METHODS

Synthesis of 8-nm-Sized 0A-BTO NPs. The synthetic procedure of
8-nm-sized OA-BTO NPs was modified from that of 20-nm-
sized BTO NPs proposed by Dang et al.®' First, titanium bis-
(ammonium lactate) dihydroxide (1.2 mmol, 0.3534 g) was
added to an aqueous solution (24 mL) containing barium
hydroxide octahydrate (1.2 mmol, 0.3786 g). Then, 5 M NaOH
solution (5 mL), oleic acid (8.4 mmol, 2.3726 g), and tert-
butylamime (14.4 mmol, 1.0532 g) were sequentially added to
the reaction mixture under magnetic stirring. The mixture was
subsequently transferred to 30 mL Teflon-lined stainless steel
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device displayed similar bipolar switching phenomena
with electrochemically inert top electrodes such as Au,
Pt,and W (see Supporting Information, Figure S11), which
suggests that the redox reaction based on the electro-
chemically active Ag electrode is not closely related to the
switching mechanism of the ligand addition-induced LbL
NH,-dendrimer/OA-BTO NP multilayers.

On the basis of these results, we investigated the
possibility that one bare OA-BTO NP without any
coated NH,-dendrimer could operate as a nanoscale
memory device (Figure 7A). For this investigation,
OA-BTO NP-coated substrates were prepared on Pt-
coated Si substrates using an extremely dilute 1.0 x
10~* mg-mL~" OA-BTO NP solution. The nonvolatile
memory properties of one OA-BTONPina 70 x 70 nm?
area were measured using a electrically inert Pt CS-
AFM-tip electrode with a current compliance of 1.0 uA.
As indicated in Figure 7B, one OA-BTO NP exhibited
typical bipolar switching behavior.

CONCLUSION

We have reported for the first time the ability of LbL-
assembled multilayers composed of highly monodis-
perse OA-BTO NPs with sub-10-nm dimensions to
control the ferroelectric and resistive switching proper-
ties depending on the applied electric field. The high
affinity between the amine groups on the NH,-
dendrimer and the Ti ions in the OA-BTO NPs allowed
vertical growth of the (NH,-dendrimer/OA-BTO NP),
multilayers in organic media without replacing the OA
ligands. These results indicate that our approach (i.e.,
ligand addition-induced LbL assembly) can be effec-
tively used to prepare perovskite NP-based nanocom-
posite films. Additionally, the resulting multilayer films
were found to have ferroelectric properties with rever-
sible spontaneous polarization due to the respective
OA-BTO NPs. Furthermore, bipolar resistive switching
memory devices composed of the (NH,-dendrimer/
OA-BTO NP),, multilayers with ferroelectric properties
displayed reliable memory performance (i.e., ON/OFF
current ratio ~10% low operating voltage <2 V and
good endurance). In a future publication, we will focus
on the preparation of LbL-assembled BTO NPs multi-
layers with improved ferroelectric and piezoelectric
properties for high-performance electronics.

autoclave. The sealed autoclave was mechanically stirred at
210 °C for 72 h. The resulting solution was centrifuged
(8000 rpm, 10 min) three times with excess ethanol to remove
the surfactant residuals. The precipitated white product was
then dispersed in toluene or hexane (40 mL). Then, the cen-
trifugation process (1000 rpm, 2 min) was repeated three times
to remove the precipitates.

Build-up of LbL-Assembled Multilayers. The concentrations of
OA-BTO NPs in toluene and NH,-dendrimer in ethanol were
adjusted to 10 and 2 mg-mL~". Quartz or silicon substrates
were washed with an RCA solution (H,O/NHz/H,0; = 5:1:1 v/v/v).
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The substrates were first dipped in an ethanol solution of
NH,-dendrimers for 10 min, followed by washing twice with
ethanol and drying with a gentle stream of nitrogen. The NH,-
dendrimer-coated substrates were then dipped into a toluene
dispersion of OA-BTO NPs for 20 min, followed by washing with
toluene and drying with a gentle stream of nitrogen. This
process was repeated until the desired number of layers was
deposited.

Transmission Measurement of LbL-Assembled Multilayers. Transmis-
sion of five-bilayered NH,-dendrimer/OA-BTO NP multilayers
on quartz glass was measured using a Perkin-Elmer Lambda 35
UV—vis spectrometer.

Fourier Transform Infrared Spectroscopy. Vibrational spectra were
measured by Fourier transform infrared spectroscopy (iIS10 FTIR,
Thermo Fisher) in the absorbance and attenuated total reflec-
tion modes. The sample chamber was purged with N, gas for
2 h to eliminate water and CO, prior to conducting the FT-IR
measurement. An ATR-FT-IR spectrum for the (NH,-dendrimer/
OA-BTO NP),, film deposited onto a Au-coated substrate was
obtained from 300 scans with an incident angle of 80°. The
acquired raw data were plotted after baseline correction, and
the spectrum was smoothed using spectrum analyzing software
(OMNIC, Nicolet).

Raman Spectroscopy. Raman spectra at room temperature
were measured using a LabRam ARAMISS Raman spectroscopy
system (Horiba Jobin-Yvon) using the 633 nm line of a He—Ne
laser.

High-Resolution Transmission Electron Microscope. High-resolution
transmission electron microscopy (HR-TEM, JEOL JEM 3000F
microscope) was carried out on as-synthesized OA-BTO NPs.

Field-Emission Scanning Electron Microscope. The cross-sectional
images of (NH,-dendrimer/OA-BTO NP),, multilayer films were
characterized by a field-emission scanning electron microscope
(Hitachi S-4300).

X-ray Diffraction Measurement. Crystal structures of OA-BTO NP
powder were examined using X-ray diffraction at room tem-
perature. Data collection was performed in the 26 range from
15° to 60° using Cu Ka radiation (1 = 1.54 A, model: Bruker D8
Discover, Germany).

X-ray Photoelectron Spectroscopy Measurement. XPS spectra
for the binding state of Ba and Ti ions were obtained using an
AXIS-His spectrometer with monochromatic Mg Ko radiation
(1253.6 eV). The survey spectra were recorded in the range
0—1200 eV with a constant pass energy of 20 eV; the high-
resolution spectra were recorded with a constant pass energy of
20 eV. The X-ray source was run at a reduced power of 150 W.
The pressure in the analysis chamber was maintained at
5 x 1072 Pa for measurement. The Ar ion milling for NH,-
dendrimer/OA-BTO NP multilayer films was not used for XPS
measurement.

Quartz Crystal Microgravimetry (QCM). A QCM device (QCM200,
SRS) was used to examine the mass of the material deposited
after each adsorption step. The resonance frequency of the
QCM electrodes was approximately 5 MHz. The adsorbed mass
of NH,-dendrimers and OA-BTO NPs, Am, was calculated from
the change in QCM frequency, AF, using the Sauerbrey equation:

AF(Hz) = —56.6Amp

AF (Hz) = —56.6Amp, where Am, is the mass change per quartz
crystal unit area in ug-cm—2

Measurements of Polarization—Electric Field (P—EF) Curve. Ferro-
electric properties of (NH,-dendrimer/OA-BTO NP), multilayers
sandwiched between top Au and bottom Pt electrodes were
evaluated using a ferroelectric test system (Radiant Technolo-
gies, Inc,, P-LC100) at 1 kHz and at room temperature.

Atomic Force Microscopy (AFM) Measurements. Topographic
images for the confirmation of film roughness were acquired
under tapping mode (Park Systems, XE-100) using a noncontact
AFM tip. Additionally, the ferroelectric domain within the
OA-BTO NPs was investigated by dynamic contact electrostatic
force microscopy (Park Systems, XE-100) equipped with a lock-
in amplifier (Park Systems, SR830). Furthermore, the conductive
channels on the scale of nanometers were confirmed using
current-sensing atomic force microscopy (Park Systems, XE-100)
in contact mode with conductive tips.

KIM ET AL.

Fabrication of Resistive Switching Nonvolatile Memory Devices. All
samples were prepared on Si substrates (2 cm x 2 cm) with a
SiO, layer of approximately 100 nm. A 30-nm-thick Ti layer was
then deposited on the substrates, and a bottom electrode (Pt)
was deposited by dc-magnetron sputtering. NH,-dendrimer/
OA-BTO NP multilayer films were then formed on the Pt-coated
Si substrates. The resulting multilayer films were used without
any thermal treatment. Top electrodes (Ag) of 50-um-diameter
thickness were then deposited onto the nanocomposite films.
Pt or tungsten was also used as the top electrode instead of Ag
for comparison. To examine the resistive switching behavior of
the LbL multilayered devices, the current—voltage (/—V) curves
were measured using a semiconductor parametric analyzer
(Agilent 4155B) under ambient conditions. The pulsed voltage
duration dependence of the high and low current states was
examined using a semiconductor parametric analyzer (HP
4155A) and a pulse generator (Agilent 81104A).
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