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We introduce a general and facile method for the preparation of organic/inorganic nanoparticle (NP)
nanocomposite multilayer films that allows vertical growth of various NP layers (i.e., metal or transition
metal oxide NPs) in a densely packed structure. Our approach is based on the successive photo-

crosslinking layer-by-layer (LbL) assembly between hydrophobic ligands onto a NP surface and
photoinitiator (PlI) molecules. Therefore, our approach requires neither the additional surface
modification needed for well-defined NPs synthesized in organic media nor the deposition step that
inserts a polymer layer bridge between adjacent inorganic NP layers in the preparation of traditional

LbL-assembled NP films. We also demonstrate that photo-crosslinking LbL-assembled (metal oxide NP),
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films could be used as a nonvolatile memory layer without a high-temperature thermal treatment,

unlike conventional vacuum-deposition- or sol-gel-derived memory devices, which require thermal
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1. Introduction

Organic/inorganic nanocomposite films based on functional
metal or metal oxide nanoparticles (NPs) have attracted
considerable attention due to their potential applications in
electrochemical sensors, optical display films, supercapacitors,
photovoltaic films, memory devices, gas barrier films,
mechanically reinforced films, etc.”® Although a variety of
approaches to the preparation of nanocomposite films have
been introduced, such as blending,'* sol-gel processes,” the
self-assembly of block copolymers,* and the molecular recog-
nition method,* the layer-by-layer (LbL) assembly method*>* is
potentially the most versatile and offers diverse opportunities
for the preparation of organic/inorganic NP hybrid films.

An important advantage of this method is that it enables the
preparation of nanocomposite films with a tailored film thick-
ness, chemical composition, functionality, and internal struc-
ture on substrates. In addition, a variety of functional materials
can be inserted within LbL films through complementary
interactions (i.e., electrostatic, hydrogen bonding, click chem-
istry, disulfide bonding, silanization, urethane linking, and
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treatments at temperatures greater than 200 °C. This robust method could open a facile route for the
design of functional NP-based electronic devices.

amidation) in polar solvents—mainly aqueous media.'*>*2%2%

Recent progress in LbL assembly has allowed the successive
adsorption of functional components in nonpolar solvents such
as toluene or hexane by covalent bonding between successively
deposited polymer and inorganic materials.>**”***' LbL-
assembly in organic media may increase the number of adsor-
bed inorganic NPs per layer over that of the conventional
electrostatic LbL-assembly, which forms loosely packed NP
layers due to electrostatic repulsion between equally charged
NPs in aqueous media.*>*?

For most applications, functional inorganic NPs should be of
good quality, including a uniform size and high degree of
crystallinity. The synthesis of inorganic NPs in organic media is
more desirable than their synthesis in aqueous media. The
highest-quality inorganic NPs can be easily synthesized using
unsaturated fatty acid stabilizers, such as oleic acid (OA), in
organic media.*** In addition, the inorganic NP-based LbL
films prepared in organic solvents can be effectively applied to
data storage devices such as memory devices, whereas the
diffused or residual moisture within films prepared in aqueous
media can cause the malfunction of electronic devices and/or a
high level of leakage current.

However, despite the previously discussed notable advan-
tages, LbL approaches based on a dipping process in aqueous or
organic media require the adsorption of desired NPs and
polymers via a self-diffusion process, followed by rinsing of
weakly adsorbed NPs and polymers; therefore, they are not
appropriate for the build-up of multilayers composed of only
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one kind of NP layer without the insertion of additional polymer
layers. Furthermore, the inorganic NPs used in traditional LbL
assembly should be stabilized by selective and limited organic
ligands, and the polymers should have functional moieties with
high affinities for the ligands bound to the surface of the
inorganic NPs. Considering that the feasibility of device
construction and applications based on LbL-assembly has been
limited by the chemical complexity of material synthesis and
the thin film processing difficulty, it is critical to develop an
approach by which a variety of hydrophobic NPs synthesized in
organic media can be easily LbL assembled without the
additional ligand exchange and/or polymers while a highly
uniform and homogeneous internal structure is simultaneously
induced.

Herein, we introduce a general and facile approach for the
preparation of LbL-assembled multilayers with a high packing
density of well-defined NPs. Our methodology is based on the
photo-crosslinking LbL assembly between 1-hydroxycyclohexyl
phenyl ketone (HPK) as a photoinitiator (PI) molecule and
OA-stabilized NPs (OA-Ag, OA-FePt, OA-MnO, and OA-Fe;0,).
The repetitive processes of photo-crosslinking and spin-coating
lead to formation of a crosslinked and highly packed NP layer
without the additional surface modification required of pristine
inorganic NPs (i.e., OA-NPs) for complementary interactions.
Although our group has previously reported that fluorescent
quantum dots (QDs) can be encapsulated by hydrophobic
polymers with UV-crosslinkable azide units and thiol moieties
and then deposited by UV-crosslinking and spin-coating, these
photo-crosslinkable polymers were synthesized via relatively
complex steps and could not be used for the surface modifica-
tion of transition metal oxide NPs. Furthermore, the approaches
using a solution mixture of polymers and inorganic NPs
exhibited the segregation phenomenon by which a simple
spin-coating process induces two distinct layers composed of
residual polymers and polymer-coated QD NPs because of their
unfavorable interfacial interaction.®® Therefore, these
approaches are not suitable for the preparation of memory
devices requiring the uniformly distributed charge trap
elements within the films.

However, our current approach, which is based on a photo-
crosslinking reaction between PI molecules and OA ligands, can
form homogeneously distributed NPs within films and can
therefore be effectively used for electronic applications, such as
the fabrication of nonvolatile memory devices. For demon-
strating this possibility, the multilayer films composed of OA-
Fe;O, NPs were prepared on Pt-coated substrates using the
photo-crosslinking and spin-LbL assembly method, and then a
tungsten tip as a top electrode was made to directly come into
contact with the (crosslinked Fe;O, NP), multilayer films to
measure the electrical properties. When an external bias was
applied to the 6-layered devices, a switching phenomenon
depending on the voltage polarity (i.e., bipolar switching) was
observed at low operating voltages (RESET at —1.8 V and SET
voltage at +1.5 V), fast switching speed in the nanosecond level,
and ON/OFF current ratio of ~10>. Particularly, it is demon-
strated that the ON/OFF current ratio of devices increases from
10" to 10* with increasing the film thickness from 20 to 80 nm
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although one Fe;O, NP of about 6 nm size can be operated as a
nanoscale-memory device. Furthermore, it should be noted that
the Fe;0, film with a thickness of above 40 nm and a smooth
surface could not be obtained from single step spin-coating,
and the resultant single layered device was not suitable for high
performance memory devices.

For more evidently demonstrating the effectiveness of photo-
crosslinking LbL-assembly, it is also demonstrated that the
crosslinked OA-Fe;O, NP memory devices with patterned Ag
electrodes can be prepared using the deposition and successive
photo-crosslinking of the OA-Ag NP layer without an aid of
vacuum deposition. Although the vacuum deposition of top
electrodes onto the nanoporous film such as OA-Fe;O, NP films
often gives rise to the short circuit current phenomenon, our
approach based on the crosslinked Ag NP layer can reduce the
short circuit current phenomenon significantly. Therefore, we
believe that our approach can provide a basis for exploiting and
designing a variety of organic/inorganic nanocomposite films
with tailored functionalities as well as nonvolatile memory
devices because inorganic NPs with compositions that range
from metal to transition metal oxide can be easily incorporated
into LbL multilayer films.

2. Experimental section
Synthesis of OA-Fe;0, NPs

OA-stabilized Fe;0, of about 6 nm was synthesized in toluene as
reported previously by Sun et al.** Fe(acac); (2 mmol, Aldrich),
1,2-hexadecanediol (10 mmol, Aldrich), OA (5 mmol, Aldrich),
oleylamine (6 mmol, Aldrich), and benzyl ether (20 mL, Aldrich)
were mixed and stirred under a flow of nitrogen. The mixture
was heated to 200 °C for 2 h and heated to reflux (about 300 °C)
for 1 h under a blanket of nitrogen. The black-colored mixture
was cooled to room temperature by removing the heat source.
Ethanol (40 mL) was added to the mixture under ambient
conditions and a black material was precipitated and separated
via centrifugation. The black product was dissolved in hexane in
the presence of OA (0.05 mL) and oleyamine (0.05 mL).
Centrifugation (6000 rpm, 10 min) was performed to remove
any undispersed residue. A black-brown hexane or toluene
dispersion of 6 nm Fe;O, NPs was produced.

Synthesis of OA-Ag NPs

OA (2.8 g, Aldrich) was dissolved in triethylamine (40 mL,
Aldrich) followed by addition of AgNO; (1.8 g, Aldrich). After 10
min of stirring, the solution turned into white slurry which was
refluxed at 80 °C for 2 h. The synthesized Ag NPs were purified
twice by adding acetone (40 mL) followed by centrifugation at
3500 rpm for 5 min. These Ag NPs were dried under vacuum,
and then dispersed in toluene.*”

Synthesis of OA-MnO NPs

MnO NPs were prepared according to the synthetic procedure
reported by Na et al®*® Manganese chloride tetrahydrate
(MnCl,-4H,0, 40 mmol) and sodium oleate (80 mmol) were
added to a mixture composed of ethanol (30 mL), distilled water
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(40 mL), and n-hexane (70 mL). The solution was heated to 70 °C
and then incubated overnight at this temperature. After that,
the formed Mn-oleate complex (1.24 g, 2 mmol) was dissolved
in 1-octadecene (10 g). The mixture solution was kept at 70 °C
for 1 hour under vacuum to eliminate water and oxygen. Then,
the solution was heated up to 300 °C for 1 hour. After heating,
the mixture solution was cooled to room temperature, and the
formed MnO NPs were redispersed in hexane or toluene.

Synthesis of OA-FePt NPs

FePt NPs with a diameter of about 7 nm were synthesized as
previously reported by Chen et al® Briefly, a mixture of
0.5 mmol of Pt(acac),, 10 mL of benzyl ether, and 5 mL of
octadecene was heated to 60 °C under nitrogen. The mixture
solution was further heated to 120 °C. Fe(CO)s (0.2 mmol) and
oleic acid (5 mmol) were introduced and after 5 minutes,
oleylamine (5 mmol) was added. The mixture solution was then
heated up to 205 °C and incubated at this temperature for
2 hours. After heating, the solution was cooled down to room
temperature.

Build-up of photocrosslinked multilayers

The mixture of OA-inorganic NPs (5 mg mL™ ') and 1-hydrox-
ycyclohexyl phenyl ketone (HPK) (3 wt%, Aldrich) was prepared
in toluene. For spin-assembled multilayer films, the mixture
solution was completely wetted on the amine-functionalized
polymer-coated quartz or silicon substrates. The substrate was
then rotated with a spinner at 3000 rpm for 20 s and the
resulting films were photo-crosslinked under UV irradiation
(A = 254 nm) for about 20 min. After photo-crosslinking, the
weakly adsorbed OA-Fe;0, NPs were removed using a washing
solvent (i.e., pure toluene). The next layers were also sequen-
tially deposited onto the previous films using the same proce-
dure. These processes were repeated up to desired deposition
cycles.

Fourier transform infrared (FTIR) spectroscopy

Vibrational spectra were obtained by FTIR spectroscopy
(iS10 FT-IR, Thermo Fisher) in the transmission and attenuated
total reflection (ATR) modes. The sample chamber was purged
with N, gas for 2 h to eliminate water and CO, prior to
conducting the FTIR measurement. ATR-FTIR spectra for OA,
HPK, and a mixture of OA and HPK deposited onto a Au-coated
substrate were obtained from 200 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).

Quartz crystal microgravimetry (QCM) measurements

A QCM device (QCM200, SRS) was used to examine the mass of
the material deposited after each adsorption step as previously
reported.*® The resonance frequency of the QCM electrodes was
approximately 5 MHz. The adsorbed mass of hydrophobic NPs
and HPK Am was calculated from the change in QCM frequency,
AF, using the Sauerbrey equation:
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AF(Hz) = —ZLAWZ
eV
Here, F, (~5 MHz) is the fundamental resonance frequency of
the crystal, A is the electrode area, and pg, (~2.65 g cm™ %) and
tiq (~2.95 x 10" g em ™2 s7?) are the shear modulus and density
of quartz, respectively. This equation can be simplified as
follows:

AF(Hz) = —56.6 x Amy,

AF(Hz) = —56.6 x Am,, where Am, is the mass change per

quartz crystal unit area in pg cm™>.

Fabrication of resistive switching memory devices

All the samples were prepared on Si substrates (2 cm X 2 cm)
with a SiO, layer. The bottom electrode (Pt) with 100 nm
thickness was deposited onto Si substrates using a DC-magne-
tron sputtering system. The (crosslinked OA-Fe;0,),—24, and 6
multilayer films were then formed on the Pt-coated Si
substrates. The resistive switching memory properties of the
resultant Fe;O, NP multilayer films were investigated using a
tungsten electrode with 50 pm diameter without any additional
thermal treatment. To investigate the resistive switching
behavior of LbL multilayered devices, the current-voltage (I-V)
curves were measured using a semiconductor parametric
analyzer (SPA, Agilent 4155B) in the air environment. The
pulsed voltage duration dependence of high and low current
states was investigated using a semiconductor parametric
analyzer (HP 4155A) and a pulse generator (Agilent 81104A) in
the laboratory environment.

3. Results and discussion

To prepare photo-crosslinkable inorganic NP multilayer films,
we first synthesized 0.5 wt% oleic acid (OA)-stabilized Fe;0, NPs
with a diameter of approximately 6 nm in toluene solution
(Fig. 1a); 3 wt% 1-hydroxycyclohexyl phenyl ketone (HPK),
which could be photo-crosslinked with OA ligands that contain
double bonds under UV irradiation (A = 254 nm), was subse-
quently added to the OA-Fe;O, NP solution. The crosslinking
reaction between HPK and OA ligands was confirmed by
Fourier-transform infrared (FTIR) spectroscopy; specifically, the
crosslinking was confirmed by the disappearance of absorbance
peaks associated with C=C-H stretching (3005 cm™") in the OA
ligands (Fig. 1b). In addition, the intensities of the absorbance
peaks (ie., C=C-C (1577 and 1597 cm ') and C=C-H
stretching (3064 cm™ ")) associated with the benzene ring of
HPK significantly decreased due to the photoinitiation and
propagation of HPK by UV irradiation. UV irradiation of the
reaction mixture for approximately 20 min resulted in the
formation of a stable layer that was not removed when washed
with the same solvent.

On the basis of these results, we investigated the
vertical growth of crosslinked OA-Fe;0, NP multilayers (using a

0.5 wt% OA-Fe;O, NP solution) through consecutive
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Fig. 1 (a) HR-TEM image of 6 nm sized OA-Fe304 NPs. (b) FTIR absorption
spectra of OA ligands, HPK photoinitiator, and the OA-HPK mixture before and
after UV light irradiation (A = 254 nm).
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Scheme 1 Schematic representation of LbL growth of photo-crosslinked
OA-Fe304 NP multilayer films.
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Fig. 2 (a) UV-vis spectra, (b) QCM data, (c) film thickness, and (d) cross-sectional
HR-TEM image of (photo-crosslinked OA-Fe304 NP), multilayers as a function of
number of layers (n). The inset of (c) indicates the tilted SEM image of multilayers.

spin-coating and photo-crosslinking (Scheme 1). The uniform
increase in absorbance implies that the fabrication process can
lead to the regular growth of a multilayer film without the
necessity of complementary interactions (Fig. 2a). Furthermore,
the growth of the (OA-Fe;0, NP),, multilayers was quantitatively
monitored through the use of quartz-crystal microgravimetry
(QCM) (Fig. 2b). The highly regular changes in the QCM
frequency (—AF) or mass (Am) corresponding to the increase in
number of layers (n) clearly demonstrate the LbL growth of a
(OA-Fe;04 NP), multilayer film. Specifically, the deposition of
each layer of OA-Fe;0, NPs resulted in a —AF of approximately
164 Hz per layer, which corresponds to a Am value of approxi-
mately 2.9 ug cm 2, The mass changes were calculated from the
frequency changes using the Sauerbrey equation.

When the QCM electrode spin-coated with a Fe;O4 NP layer
was thermally annealed in nitrogen at 450 °C, the organic
components, including the OA ligands and HPK, were
completely eliminated from the film, and the —AF per pure
Fe;0, layer was measured to be approximately 80 Hz
(Am approximately 1.39 pg cm ?). Given that the adsorbed
mass, density, and diameter of a Fe;0, NP are 1.39 ug cm 2,
5.17 g cm?, and 6 nm, respectively, and the number density of
Fe;0, NPs per layer was approximately 2.38 x 10'> cm™>. These
results imply that OA-Fe;O, NPs are densely packed within the
films. In addition, the thickness of the (OA-Fe;O, NP),, multi-
layer film increased from approximately 22 to 147 nm, which
indicates that the thickness of one layer almost equaled the
diameter of a single OA-Fe;0, NP (approximately 6 nm) when
the number of layers (n) was increased from 2 to 15 (Fig. 2c).
Although the photo-crosslinked Fe;O, NP film of about 81 nm
thickness can be prepared by single-step spin coating using a
low spinning speed of 500 rpm and a high solution concentra-
tion of 30 mg mL ™", the surface of a single-step spin-coated film
was much rougher compared to that of (OA-Fe;0, NP)s films
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prepared using a spinning speed of 3000 rpm and a solution
concentration of 5 mg mL ™. As a result, the root-mean-square
(rms) roughnesses of single-step and multilayered films were
measured to be about 17.0 nm and 2.4 nm, respectively, despite
their similar thicknesses. In the case of the single-step spin-
coated OA-Fe;0, film with 30 mg mL ™" at 3000 rpm, the film
thickness and the root-mean-square roughness were measured
to be about 42 nm and 8.064 nm. However, for the (OA-Fe;0,
NP), multilayer film with 5 mg mL~" and 3000 rpm, those were
45 nm and 2.528 (see ESI, Table S1 and Fig. S11).

The internal structure of the photo-crosslinked (OA-Fe;0,
NP),, multilayered film was examined by cross-sectional high-
resolution transmission electron microscopy (HR-TEM). As
shown in Fig. 2d, OA-Fe;0, NPs are homogeneously but densely
distributed within the films without any NP segregation. These
phenomena contrast sharply with previous reports that organic/
inorganic multilayers based on photo-crosslinkable polymers
exhibited a stratified internal structure due to the segregation of
polymer-encapsulated NPs during spin-coating.**** A variety of
inorganic NPs, such as Ag, MnO, and FePt, as well as Fe;O,4, can
also be easily LbL assembled using a photoinitiator (see ESI,
Fig. S2-S4t). From a practical viewpoint, the uniform distribu-
tion and dense packing of NPs are very important properties
with respect to their use in electronic devices such as NP-based
memory devices because uniformly distributed and densely
packed NPs would possibly allow for a smaller chip size and
electron tunneling between neighboring NPs. More details will
be discussed in the later part of this study. On the other hand,
the spin-coating of the solution mixture containing OA-Fe;O,
NPs, PI and hydrophobic polymer such as polystyrene induced
the two distinct layers (i.e., polymer and OA-Fe;O, NP layer)
because of the segregation phenomenon by their unfavorable
interfacial interaction (see ESI, Fig. S57).¢

First, the magnetic properties of the photo-crosslinked (OA-
Fe;0, NP), (n = 5 and 15) multilayer films were investigated by
superconducting quantum interference device (SQUID)
magnetometry in the field range of —5000 to +5000 Oe. The
magnetization curves of the crosslinked multilayers measured
at T = 300 K were reversible without coercivity, remanence, or
hysteresis, which implies superparamagnetic behavior
(Fig. 3a).*** However, at liquid helium temperature (T = 5 K),
the thermally activated magnetization flipping properties of the
Fe;0, NPs revealed frustrated superparamagnetic properties;
i.e., the magnetization curves assumed a loop shape with
distinct separation of the two sweeping directions, which is
typically observed with ferromagnets (Fig. 3b). In addition, the
saturated magnetization increased regularly with the number of
bilayers (i.e., the total amount of OA-Fe;0, NPs adsorbed within
the multilayer films) (Fig. 3a and b). Fig. 3c shows the tempe-
rature dependence of the magnetization of the resulting photo-
crosslinked (OA-Fe;0, NP), films from 300 to 5 K under an
applied magnetic field of 150 Oe. The blocking temperature,
which began to show some deviation between zero-field-cooled
(zFC) and field-cooled (FC) magnetization,”>** was fixed at
approximately 45 K for 5 and 15 multilayered films. Although it
was reported that the blocking temperature of a Fe;0, NP array
was shifted to significantly higher temperatures in a 3D NP
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array because of the relatively strong dipole interactions
between the magnetic moments of the individual particles,*
our results evidently show that the densely packed iron oxide NP
films can maintain the inherent superparamagnetic properties
of their component NPs.

Other authors have reported that Fe;O, nanoparticles
with sizes less than 10 nm showed relatively high resistivity
(>50 MQ cm) due to the nanosize effect when pressed into
compact pellets.”® Although they suggested that the
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voltage sweep.
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nanoparticle pellets exhibited bipolar switching properties
according to the voltage polarity, their results were strongly
influenced by faulty fluctuations in their instrument. Fig. 4a
shows the nonvolatile memory properties of the (cross-linked
OA-Fe;0, NP),, multilayer films. For measurements of bipolar
switching, the voltage was swept from 0 to 1.8 V and then back
to —1.8 V with limited current compliance up to 100 mA. More
specifically, the low-current state (i.e., the OFF state) [step ‘(1)’]
was suddenly converted to a high-current state (i.e., the ON
state) at +1.5 V. When the polarity of the voltage applied to the
(crosslinked Fe;O, NP),, multilayer film was reversed at +1.8 V
[step ‘(2)’], the ON state was maintained from +1.8 to —1.8 V and
then converted to the low-current state at —1.8 V.

The increase in the number of layers resulted in a notably
lower current level, especially the OFF level, because the electric
field across the (crosslinked Fe;O, NP), multilayer films
decreased when the number of layers was increased from 2 to 6
(Fig. 4a). As a result, the ON/OFF current ratio of these devices
was increased to approximately 10°. It should be noted that this
device performance can be further improved with increasing
number of layers (see ESI, Fig. S6T).

To further investigate the stability of the resistive switching
properties of transition metal oxide NP-based devices, cycling
and retention time tests of (crosslinked Fe;O0, NP)s multilayer
devices were performed to determine their electrical stability in
the ON and OFF states using a reading voltage of +0.1 V. Fig. 4b
and c show that the ON and OFF states remained stable during
the entire test period of 10° s and 100 cycles were performed
under ambient air conditions. The ratio of the current in the ON
state to that in the OFF state was approximately 10°, and these
devices were operated repeatedly at a switching speed of 640 ps.
The memory performance of (crosslinked Fe;O, NP),, multilayer
films was achieved without any thermal treatment of the films
after they were prepared.

To investigate the conduction mechanism of the (cross-
linked Fe;O, NP),, multilayer films, the nonlinear I-V charac-
teristics in the positive voltage sweep region were plotted on a
log-log scale. Fig. 4d shows that the I-V relationship in the ON
state clearly exhibited charge transport behavior, which was
similar to that of space-charge-limited conduction (SCLC).*"*®
The SCLC model is composed of an ohmic current region (I « V)
because of thermally generated charge carriers, a Mott-Gurney
law region (also known as Child's law in solids) (I « V?), and a
region of sharp current increase. In contrast, the ON state
showed ohmic conduction behavior with a slope of 1.00. In this
case, the ON current might flow through a local conduction
path, such as a metallic filament that acts as a resistor with low
resistivity. To confirm the formation of a conduction path
within Fe;0, NP-based films, local current images were moni-
tored by current-sensing atomic force microscopy (CS-AFM).**->*
In these measurements, the CS-AFM tip (i.e., an electrochemi-
cally inert Pt tip) with a contact area of approximately 30 nm was
used as the top electrode.

As shown in Fig. 5, the formation and rupture of filamentary
conductive paths were observed in both the ON and OFF states,
as indicated in the I-V curve of a cross-linked OA-Fe;O, NP film.
These phenomena show that the current densities between the

This journal is © The Royal Society of Chemistry 2013

View Article Online

(a) OFF state

ON state

(b)

ON state OFF state

ks \#‘"'wﬂﬂ‘ww"

“\«\‘

Fig. 5 CS-AFM images of the (crosslinked OA-Fe3Q04); multilayers in (a) OFF
(~+0.2 V) and ON state (~+5 V) during positive voltage sweep, and (b) ON
(~—5 V) and OFF (~—0.2) state during negative voltage sweep. CS-AFM images of
multilayer devices were measured from the respective regions in the /-V curve of
the (crosslinked OA-Fe30,4), multilayers device. The formation of conductive
filamentary paths was confirmed by CS-AFM characterizations. In this case, the
electrochemically inert Pt tip was used as a top electrode instead of Ag electrode.
The formation and rupture of the randomly distributed paths were observed after
“SET" processes (i.e., switching from low current (OFF) to high current (ON) state)
and "RESET” (i.e., switching from high current (ON) to low current (OFF) state).

top and bottom electrodes were not uniform; they were
concentrated in localized conductive paths that were turned on
and off during switching. The relatively low conductivity and
high operating voltages shown in the CS-AFM data compared to
those measured from 50 pm sized top electrodes (see Fig. 4a) are
mainly caused by the decrease in the electrode contact area. A
decrease in electrode contact area has been reported to decrease
the density of conductive filamentary paths formed under a top
electrode and to consequently increase the operating voltage.>
The CS-AFM tip, because of its small contact area (approxi-
mately 30 nm), may also function as an electrical point source,
thereby causing the electric field exerted from the tip
throughout the crosslinked OA-Fe;0, films to be non-uniform.
A non-uniform electric field is known to increase the applied
voltages for resistive switching.*

Furthermore, we investigated the possibility that one bare
OA-Fe;0, NP without any coated PI could be operated as a
nano-scale memory device (Fig. 6). For this investigation, OA-
Fe;0, NP-coated substrates were prepared onto Pt-coated Si
substrates using OA-Fe;O, solution with extremely diluted
concentration (<1 x 10~* mg mL™"). In this case, the nonvola-
tile memory properties of one OA-Fe304 NP in an area of 16 x
16 nm” was measured using a CS-AFM tip electrode with a
current compliance of 1.0 pA. As shown in Fig. 6, one OA-Fe;0,
NP displayed the typical bipolar switching behavior.

Although the switching mechanism in transition metal oxide
NP-based devices is unclear, a possible mechanism of the
resistive switching behavior in our system can be explained on
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Fig.6 (a) Schematic and (b) /-V curve of one bare OA-Fe30,4 NP measured from
CS-AFM with a current compliance of 1.0 pA.

the basis of the memristive model.>»** The positively charged
carriers (i.e., Fe ions) in the Fe;0, NP lattices are repelled by or
attracted to the top electrode according to the electric field and
can drift as a result of tunneling through a thin residual region
(i.e., the undoped charge-carrier region within Fe;O, NP and
organic layers, including OA ligands and PI). As previously
mentioned, photo-crosslinked multilayers are composed of
densely packed Fe;O4 NPs. This charge drift has a significant
effect on the electronic barrier to electron transport at the
interface between the electrode and the multilayers; ie., a
positive voltage applied to the top electrode repels positively
charged carriers in the Fe;O, NP lattices, thereby inducing a
low-conductivity (i.e., OFF) state due to the large energy barrier
between the top electrode and the Fe;O, NPs. This low current
state was suddenly converted into the high current state when
the positively charged carriers were sufficiently accumulated
into the bottom electrode. However, when a voltage with reverse
polarity is applied to the top electrode, the positively charged
carriers are attracted to the top interface, and these charges drift
in the electric field through the most favorable diffusion paths
to form channels with high electrical conductivity.

Solid electrolytes sandwiched between an electrochemically
active (Ag or Cu) anode and an inert cathode have recently been
reported to induce bipolar switching behavior via an electro-
chemical redox reaction based on the high mobility of Ag ions,
which may represent another switching mechanism.****°
Furthermore, metal-ion diffusion from the top electrode can
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result in the formation of localized metal-atom chains that
bridge the electrode materials under an electric field. However,
our device showed bipolar switching behavior from an electro-
chemically inert tungsten top electrode and a Pt electrode.
Furthermore, bipolar switching behavior similar to that shown
in Fig. 4a was observed from a variety of top electrode materials
(see ESI, Fig. S71). These results imply that the redox reaction
based on the metal ions diffused from the top electrode is not
directly related to the resistive switching behavior of photo-
crosslinked (OA-Fe;O, NP), multilayers, even though the
process may be partially assisted.

For more evidently demonstrating the effectiveness of photo-
crosslinking LbL-assembly, we prepared the memory cell
devices with patterned electrodes using photo-crosslinkable Ag
NPs without any aid of vacuum deposition. First, the (cross-
linked OA-Fe;0, NP)s multilayer film was deposited onto a
Pt-coated substrate, and then the solution mixture of 3 wt% OA-
Ag NPs with a diameter of 6.5 nm and PI was successively spin-
coated onto the OA-Fe;0, NP multilayers. After spin-coating of
OA-Ag NPs, the UV light was irradiated onto the films using a
photomask with 100 pm sized dot patterns, and then the
unirradiated OA-Ag NP region was removed using the toluene
washing solvent. These cell devices with patterned OA-Ag NPs
were dried at 120 °C (Fig. 7a and ESI, Scheme S17). In this case,
it was confirmed that the bipolar switching properties of photo-
patterned devices were almost similar to those of devices shown
in Fig. 7b. Although the vacuum deposition of top electrodes
onto the nanoporous thin film such as OA-Fe;0, NP films often
gives rise to the short circuit current phenomenon (see ESI,

(2)
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Fig. 7 (a) Optical image of patterned Ag electrode deposited through photo-
crosslinking LbL-assembly on the (crosslinked OA-Fe304 NP)g multilayer film and
(b) the bipolar switching properties of photo-patterned devices.
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Fig. S8%), our approach significantly reduced the short circuit
current phenomenon causing the electrical malfunction.

4. Conclusion

We have demonstrated that nanocomposite multilayer films
composed of functional inorganic NPs can be easily prepared by
a photo-crosslinking LbL-assembly approach. The present
strategy is that hydrophobic inorganic NPs with desirable
qualities (i.e., uniform size and high crystallinity) synthesized in
organic media can be directly incorporated into LbL-assembled
films without any additional surface modification of the pris-
tine NPs. The crosslinking reaction between OA ligands bound
to the surface of NPs and PI molecules with low M,, (approxi-
mately 204.3 g mol ') induced the formation of homogeneously
and densely packed NP layers within films. We also demon-
strated that our approach could be applied to a variety of NPs
that range from metals to transition metal oxides. Furthermore,
nonvolatile memory devices prepared from photo-crosslinked
Fe;O0, NP multilayers and Ag NP electrodes exhibited reversible
resistive switching properties, with an ON/OFF current ratio of
above 10°, and appreciable device stability despite the use of
room-temperature processes.
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