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ABSTRACT

Resistive switching behavior-based memory devices are considered promising candidates for next-
generation data storage because of their simple structure configuration, low power consumption, and
rapid operating speed. Here, the resistive switching nonvolatile memory properties of Fe;0; nanocom-
posite (NC) films prepared from the thermal calcination of layer-by-layer (LbL) assembled ferritin
multilayers were successfully investigated. For this study, negatively charged ferritin nanoparticles were
alternately deposited onto the Pt-coated Si substrate with positively charged poly(allylamine hydrochlo-
ride) (PAH) by solution-based electrostatic LbL assembly, and the formed multilayers were thermally
calcinated to obtain a homogeneous transition metal oxide NC film through the elimination of organic
components, including the protein shell of ferritin. The formed memory device exhibits a stable ON/OFF
current ratio of approximately 103, with nanosecond switching times under an applied external bias. In
addition, these reversible switching properties were kept stable during the repeated cycling tests of above
200 cycles and a test period of approximately 10° s under atmosphere. These solution-based approaches
can provide a basis for large-area inorganic nanoparticle-based electric devices through the design of

bio-nanomaterials at the molecular level.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ferritin is a ubiquitous, intracellular iron storage protein con-
sisting of 24-mer globular protein of H (heart or heavy) and L (liver
or light) protein subunits that assemble to form a protein shell
with a hollow interior of approximately 8 nm, wherein iron ions
form crystallites together with phosphate and hydroxide. This fer-
ritin can accommodate up to 4500 iron (Fe3*) ions in principle; in
addition, Fe ions within ferritin can be easily replaced by various
types of nanosized transition metal ions using ion exchange [1-6].
As a result, ferritin has been widely employed as a template for
the synthesis of nanoparticles (NPs), such as magnetic, conducting,
and semiconducting nanoparticles, which can be applied in areas
ranging from biomedical chemistry to integration of the struc-
ture into electronic devices [7-10]. Recently, using these unique
properties of ferritin, there have been a few efforts to use ferritin-
induced nanoparticles for preparation of the nonvolatile memory
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cells that have been widely used in a variety of mobile electron-
ics. For example, it was reported that the iron oxide or cobalt
oxide nanoparticles formed from calcinated ferritins could be used
as charge storage nodes for floating-gate-type nonvolatile mem-
ory devices [11,12] composed of the following: silicon substrates,
tunneling oxides, dielectric layers, charge storage nodes, blocking
oxides, and gate electrodes. However, studies on nanoparticle-
based memory devices with the flash memory type have mainly
focused on single-layered charge trap elements. These devices typ-
ically provide a relatively low number density due to the confined
lateral dimension of the single layer and resultantly have difficulty
in enhancing memory performance.

Recently, resistive switching nonvolatile memory (RSNM)
devices have been recognized as notable candidates for the next-
generation nonvolatile memory devices because of their simple
device structure, low operating voltages (<5V), high ON/OFF cur-
rent ratio (>102), and fast nanosecond switching times [13-19].
Notably, the operation system and physics of RSNM devices are
quite different from those of the floating-gate-type nonvolatile
memory devices, with a relatively high operating voltage of greater
than 10V and microsecond switching times. Although traditional
RSNM devices based on transition metal oxides (TMOs), such as
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TiOx [20,21], ZrOx [22,23], and NiO [24,25], have primarily been
prepared using the traditional methods of conventional sputter-
ing or metal organic chemical vapor deposition, such approaches
have much difficulty in producing large-area devices with a simpli-
fied manufacturing process and low cost, in spite of their excellent
thermal stability and operating durability in air environments. In
addition, even though it has been reported that the memory layer
of RSNM devices could also be prepared by TMO NPs synthesized
in organic solvent [26,27], their memory performance (ON/OFF
current ratio<101) was inferior to that of the vacuum-deposited
devices.

Herein, we report the first success in RSNM devices using ferritin
NP nanocomposites (NCs) with multi-structure. Although tradi-
tional RSNM devices based on transition metal oxide films have
been mainly prepared using the conventional methods as men-
tioned above, our approach is based on calcinated ferritin NCs
manufactured using the layer-by-layer (LbL) assembly method.
Using the LbL assembly method as a solution-dipping process
has been demonstrated to be quite useful for preparing organic
and/or inorganic NC films with tailored electrical properties and
layer thicknesses in addition to various functional components on
substrates of different sizes and shapes [28-31]. For this study, pos-
itively charged poly(allylamine hydrochloride) (PAH, My, = 56,000;
Aldrich) was alternately LbL-assembled with negatively charged
ferritin on a platinum (Pt) electrode to prepare the iron oxide NC
(Fe;03 NC) devices via calcinations of PAH/ferritin multilayers. A
top electrode was deposited onto (Fe;03 NC), multilayer films to
complete the device fabrication. These devices exhibited a mem-
ory performance with a high ON/OFF current ratio of greater than
102, arapid switching speed (nanoseconds), low operating voltages
of less than 2V, and good memory stability. In this case, ferritin-
induced NC devices contained no additional components, such as
dopants and metal or metal oxide NPs. Furthermore, considering
that the memory performance of ferritin-induced devices can be
easily adjusted by changing the bilayer number, we believe that
our approach can provide a basis for the fabrication of large-area
RSNM devices that allow for memory modulation with a facile pro-
cess and enables the development of a new field of study related to
ferritin-derived nanomaterials.

2. Experimental details
2.1. Build-up of PAH/ferritin multilayers

The solution pH and concentration of PAH (M, =~ 56,000;
Aldrich) and ferritin (from equine spleen; Aldrich) were adjusted
to 9 and 1mgmL-1, respectively. In this case, PAH was used as
the cationic component, and ferritin was used as the anionic com-
ponent. All substrates were initially cleaned using an ultraviolet
(UV)-ozone cleaner. For layer-by-layer assembly, a cleaned (nega-
tively charged) substrate was first immerged in a PAH solution for
10 min. The PAH-coated substrate was washed in deionized (DI)
water to remove the loosely adsorbed molecules. Sequentially, the
PAH-coated substrate was dipped in ferritin solution for 10 min
and then washed with DI water, resulting in the (PAH/ferritin);
films. These cycles were repeated until multilayers with the desired
bilayer number (n) were obtained.

2.2. Quartz crystal microgravimetry (QCM)

The quantitative growth of the multilayers was monitored via
quartz crystal microgravimetry (QCM200, SRS). The mass changes
(Am) of each layer adsorbed onto the QCM electrode (resonance

frequency is approximately 5 MHz) were obtained from the fre-
quency change (AF) using the Sauerbrey equation:

2F2
AYPaltq

where Fy is the resonant frequency of the fundamental mode
(in Hz). A, pq, and pq represent the electrode area, den-
sity of quartz (2.648gcm—3), and shear modulus of quartz
(2.947 x 1011 gcm~1s-1), respectively. These constant compo-
nents indicate the sensitivity factor for the crystal and can be
calculated by 56.6 Hz pg~! cm? for a 5-MHz QCM quartz crystal at
room temperature. Therefore, this equation can be simplified as
follows:

AF (Hz) = — Am

AF (Hz) = —56.6Amp

where Amy, is the mass change per quartz crystal unit area in
pgcem—2,

2.3. Characterization

X-ray photoelectron spectroscopy (XPS) was conducted using
an AXIS-Hsi (KRATOS) instrument, and the obtained data set was
plotted after calibration based on the C 1s peak at 284.5eV.
The film thickness and the surface morphology were monitored
using scanning electron microscopy (SEM, Hitachi S-4300). The
crystalline nature and structure of the Fe;03 NC films were con-
firmed using cross-sectional high-resolution transmission electron
microscopy (HR-TEM, Tacnai F20). The samples were prepared
using a focused ion beam (FIB; JEOL JIB-4601F). The composition
of the PAH/ferritin multilayers was investigated via thermal gravi-
metric analysis (TGA; TA 50) at a heating rate of 10°Cmin~! under
an N, atmosphere. The magnetism of the Fe,O3; NC was mea-
sured using a superconducting quantum interface device (SQUID;
MPMS5) magnetometer with a magnetic field strength of —4000
to +4000Oe. The atomic force microscope (AFM) measurement
was performed using an XE-100 (Park Systems) instrument. Topo-
graphic images of the Fe;03 NC films were obtained under the
tapping mode. The conducting filamentary paths were monitored
in contact current-sensing AFM (CS-AFM) mode with Pt tips.

2.4. Preparation of iron oxide nanocomposite RSNM devices

An iron oxide (Fe;03) NC film electrode was prepared via ther-
mal annealing of the PAH/ferritin multilayers deposited onto a
Pt-coated silicon substrate (2 x 2cm?) at 450°C for 2 h under an
N, atmosphere. The resistive switching behavior was measured
using a semiconductor parametric analyzer (Agilent 4155B) under a
compliance current of 100 mA at room temperature, and an electro-
chemical non-active tungsten electrode (diameter of 50 um) was
used as the top electrode. The pulsed-voltage dependence of the
high and low current level was monitored by a semiconductor para-
metric analyzer (HP 4155A) and a pulse generator (Agilent 81104A)
at room temperature.

3. Results and discussion

The isoelectric point (pl) of ferritin is in the pH range of 4.5-4.8.
Therefore, ferritin has an overall positive charge at pH<4.5 and
a negative charge at pH>5. Fig. 1a shows an HR-TEM image of
12-nm-sized ferritin with a protein shell. In addition, it is well
known that the pK; (i.e., the pH value at which 50% of polymer’s
functional groups are ionized) of PAH in bulk solution is approx-
imately 9. These phenomena indicate that ferritin and PAH can
be used as negatively and positively charged species at a pH of
9, respectively. The deposition of successive PAH/ferritin layers
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Fig. 1. (a) HR-TEM image of the approximately 12-nm ferritin nanoparticles. (b) UV-vis spectra of (PAH/ferritin), multilayers as a function of bilayer number. The inset
indicates the linear growth of the UV-vis absorbance measured at 280 nm. (¢) The film thicknesses measured from cross-sectional SEM images of (PAH/ferritin), multilayers
with n increasing from 5 to 20. (d) QCM data regarding a (PAH/ferritin), multilayer film.

based on this pH-dependent electrostatic property was character-
ized viaUV-vis spectroscopy. The broad absorbance peak at 280 nm
originates from the organic components of ferritin [32]. As shown
in Fig. 1b, the uniform growth of the absorbance at 280 nm indi-
cates that the adsorbed amount of ferritin per bilayer is regular,
thus demonstrating the growth of PAH/ferritin multilayers. The
absorbance measured from 280 nm grows linearly with increas-
ing number of bilayer of PAH/ferritin (the inset of Fig. 1b). The total
film thickness increased from 26 to 143 nm as the bilayer num-
ber (n) was increased from 5 to 20, as confirmed by cross-sectional
SEM images of the multilayers (Fig. 1c). The quantitative growth of
multilayers was monitored via the frequency changes (—AF) in the
quartz crystal microbalance (QCM) (Fig. 1d). Furthermore, the mass
changes were calculated from the QCM frequency changes using
the Sauerbrey equation (see Section 2). In this case, the alternat-
ing deposition of PAH and ferritin resulted in —AFof 21 4+5 (Am of
~390ngcm—2)and 63 +4 Hz (Am of ~1064 ng cm~—2), respectively,
per layer.

The PAH/ferritin multilayers were easily converted into iron
oxide films when annealed at 450 °C for 2 h, whereas the PAH (the
thermal degradation temperature of PAH is ~240°C) and protein
layers of ferritin underwent thermal degradation. As confirmed
from the XPS pattern of the calcinated PAH/ferritin multilayers
(Fig. 2a), the spectral shape and binding energies of the signifi-
cant peaks of Fe 2p3p, (711.0eV), Fe 2p; ), (724.4eV), and satellite
band approximately 8 eV above the Fe 2p3,; (719.0eV), which is
characteristic for Fe3* ion in Fe,03 [33-37], exhibited good agree-
ment with previously reported data for Fe, O3 nanoparticles [38,39]
and nanotubes [40,41]. Furthermore, the HR-TEM lattice image of
the calcinated PAH/ferritin film also confirmed the formation of
(104) Fe,05 nanoparticles (lattice spacing: 2.70 A) (Fig. 2b). Based
on these results, the thermal decomposition of PAH/ferritin mul-
tilayers was quantitatively investigated using thermogravimetric
analysis (TGA). For this investigation, electrostatically aggregated

PAH-ferritin NC was first prepared at a mass ratio of the NC deter-
mined from the amount of PAH (i.e., Am of ~390ngcm~2) and
ferritin (i.e., Am of ~1064 ng cm~2) adsorbed in the LbL multilayers,
as mentioned above. As shown in Fig. 2c, the PAH/ferritin multilay-
ers with the isothermal treatment at 450°C for 2 h exhibited an
almost negligible decrease in the residual mass between 450 and
600 °C. In this case, the total mass of the Fe, O3 NC was decreased to
approximately 8.47% of the initial mass of PAH/ferritin NCs. In con-
trast, the total film thickness of the calcinated (PAH/ferritin);5 films
was decreased to approximately 27% of the initial film thickness
(Fig. 2d), thus indicating the presence of vacancy among a-Fe;03
(hematite) nanoparticles with a diameter of approximately 8 nm
formed after calcinations. This phenomenon was also confirmed by
the tilted SEM images of the calcinated films (Fig. 2e). In this case,
the root-mean-square (RMS) surface roughness of the calcinated
multilayer films quantified from AFM topographic images was mea-
sured to be approximately 1.72 nm in the area of 1 x 1 um? (Fig. 2f).
The RMS surface roughness of this uniform and smooth surface of
the calcinated films was slightly increased from 2.03 to 2.13 nm in
an area of 5 x 5 um? with the bilayer number was increased from
20 to 50 (Fig. S1). However, the surface roughness in the measured
area did not exceed 3 nm, which indicates the homogeneity of the
calcinated films.

The magnetization of the Fe,03 NC film prepared from
calcinated (PAH/ferritin);5 multilayers was examined via super-
conducting quantum interference device magnetometry (SQUID).
The magnetization curves of the multilayered films measured at
room temperature (T=300K) were reversible without coercivity,
remanence, or hysteresis, thus suggesting typical superparamag-
netic behavior, as shown in Fig. 3a. At liquid helium temperature
(T=5K), the thermally activated magnetization flipping properties
of the Fe, 03 nanoparticles revealed frustrated superparamagnetic
properties. The magnetization curves acquired a loop shape with
distinct separation of the two sweeping directions, as typically
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Fig. 2. (a) XPS and (b) HR-TEM lattice images of a Fe, O3 NC film prepared from calcinated PAH/ferritin multilayers. (c) Thermogravimetric analysis of aggregated PAH-ferritin
powder with a mass ratio of approximately 1:2.7. The inset indicates the change in residual mass of aggregated powder during the isothermal process (at 450°C for 2 h). The
heating rate of TGA was 10°Cmin~'. (d) Film thicknesses measured from cross-sectional SEM images of calcinated (PAH/ferritin), multilayers with n increasing from 5 to
20. (e) Tilted SEM image of calcinated (PAH/ferritin);5 multilayers. (f) AFM topographic image of calcinated (PAH/ferritin);s multilayers.
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Fig. 3. The magnetization curves of calcinated PAH/ferritin multilayer films measured at (a) 300K and (b) 5K.

observed with ferromagnets (Fig. 3b). These results evidently imply from (PAH/ferritin), multilayers. It was reported that iron oxide
that the calcinated films preserve the intrinsic magnetic properties nanoparticles <10nm in size without any organic components,
(i.e., superparamagnetic properties) of isolated nanoparticles. including surface stabilizers, were pressed into compact pellets,

Based on these results, we investigated the resistive switch- and the resulting nanoparticle pellets exhibited relatively high
ing nonvolatile memory properties of Fe;O3 NC films prepared resistivity (>50 M2 cm) due to the nanosize effect. Considering that
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(b) 2

(d)

Fig. 5. CS-AFM images of Fe,03 NC films with applied voltages of (a) —0.1V (OFF state), (b) —2.0V (ON state), (c) +1.5V (ON state), and (d) +0.1 V (OFF state).

Fe,03 films prepared from calcinations exhibited the superpara-
magnetic properties of ~8 nm nanoparticles, it was expected that
these films would exhibit the nonvolatile memory performance
exhibited by conventional resistive switching memory devices with
a structure of metal bottom electrode/highly resistive transition
metal oxide film/metal top electrode. For this investigation, we
prepared resistive switching memory devices based on Fe,03 NC
films deposited onto Pt-coated substrates (Scheme 1). To complete
the device fabrication, we employed an electrochemically inert
tungsten tip (~10 wm) as the top electrode instead of a vacuum-
deposited metal electrode. The tungsten tip electrode allows for
physical contact with the film while eliminating the possibilities
of metal ion diffusion into the porous Fe,03 NC films and the
switching behavior induced by an electrochemical redox reaction
exhibited in electrochemically active Ag electrodes.

For the measurement of typical bipolar switching (i.e., switch-
ing behavior that depends on the polarity of the applied voltage),
voltage sweeps from 0 to —2 V and back to +2 V were applied, with
the current compliance limited to be less than 100 mA. As shown
in Fig. 4a, the low-current state, i.e., the ‘OFF’ state (step (1)), was
suddenly converted to a high-current state (SET process for ‘ON’
state) at —1.2 V. This ON state after the SET process was maintained
from —2.0 to +2.0V (steps (2) and (3)) when the polarity of the
voltage applied to the Fe;03 NC films was reversed at +2.0 V. How-
ever, the high-current state was abruptly switched to a low-current
state (RESET process for ‘OFF state) at +1.6V. The increase in the
layer number largely decreased the current level, mainly the OFF
current level, because the strength of the electric field across the
Fe,03 NC films decreased with increasing film thickness (Fig. 4b).
Fig. 4c and d shows that the ON and OFF states remained stable
during the entire test period of 10°s and the cycling test of 270
times under ambient conditions, respectively. The ratio of the cur-
rent in the ON state to that in the OFF state was approximately 103,
and these devices were operated repeatedly with switching times
ranging from 100ns to 100 s (Fig. 4e). These reversible switch-
ing properties were maintained for longer than 1 month (Fig. S2),

thus demonstrating electrical stability with a rapid switching
speed.

To understand the conducting behavior of the Fe,03 NC films,
the nonlinear I-V characteristics in the negative voltage sweep
region were plotted on a log-log scale. Fig. 4f shows that the [-V
relationship in the ON state clearly exhibited Ohmic conduction
behavior with a slope of 1.00, which was attributed to the formation
of conducting paths in the device during the SET process. However,
the conducting behavior in the OFF state was much more compli-
cated. The fitting results for the OFF state exhibited charge transport
behavior similar to that of space charge-limited conduction (SCLC),
which consists of three different regions: an Ohmic region (I x V), a
Child’s law region (I < V2), and a sharp current increase region (i.e.,
the traps-filled limit). The totally different conduction behavior in
the ON and OFF states also suggests that the high conductivity in
the ON-state device was a localized conducting effect rather than
a homogeneously distributed one. To clearly confirm the resistive
switching feature of the Fe,03 NC film devices mentioned above,
the formation and rupture of the local filamentary conducting chan-
nels within the Fe; 03 NC film were optically monitored via CS-AFM
over a 0.5 x 0.5 wm? area under applied voltage at room tempera-
ture (Fig. 5). In this case, an electrochemically non-active CS-AFM
Pt tip with a size of approximately 50 nm (contact area) was used
as the top electrode. By applying a negative voltage (0 to —2V) to
the initial ‘OFF’ state of the Fe;03 NC film, randomly formed con-
ducting paths (bright regions) were observed; these paths result
in the high-current state through the ‘SET’ process (i.e., region (1)
— (2) in Fig. 4a). However, the conducting paths within the Fe,03
NC film were degraded because of the heating effect (i.e., ‘RESET’
process) [42], which lead to the low-current state (i.e., ‘OFF state,
region (4) in Fig. 4a).

Although the switching mechanism in resistive switching mem-
ory devices is still controversial, a possible mechanism for the
resistive switching behavior in our system can be proposed on the
basis of the memristive model [ 14,15]. The positively charged carri-
ers (i.e., Fe ions) in the Fe, 03 lattices are repelled or attracted from
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the top electrode according to the electric field and can drift as a
result of tunneling through a thin residual region (i.e., an undoped
charge carrier region within Fe,03). Therefore, a negative voltage
applied to the top electrode attracts positively charged carriers in
the Fe, 03 lattices. These charges drift in the electric field through
the most favorable diffusion paths to form channels with high elec-
trical conductivity. After more conductance channels penetrate the
electronic barrier, the device is switched ON, thereby producing a
symmetric -V curve that is the result of tunneling through a thin
insulating barrier. However, when a voltage with a reverse polar-
ity is applied to the top electrode, the positively charged carriers
in the conducting channel are repelled from the top interface, and
the original electronic barrier is recovered. Recently, Kim et al. [43]
suggested that both the time-dependent capacitance and the time-
dependent resistance in the memristive model arose from Fe2* and
Fe3* having different mobilities in the nanoparticle lattices. When a
voltage with a reverse polarity was applied to the top electrode, the
charged carriers were repelled from the top interface (low-current
state).

The following alternate switching mechanism was recently
reported: solid electrolytes sandwiched between an Ag (or a Cu)
anode and aninert cathode can cause bipolar switching behavior via
an electrochemical redox reaction based on the high mobility of Ag
ions [16]. Furthermore, metal ion diffusion from the top electrode
can form localized metal atom chains that bridge the electrode
materials under an electric field. However, our device exhibited
bipolar switching behavior with an electrochemically inert tung-
sten top electrode, as mentioned earlier. These results imply that
the redox reaction based on the high mobility of Ag ions (from the
Ag top electrode) is not directly related to the resistive switching
behavior of Fe, 03 NC films.

4. Conclusion

We demonstrated for the first time that superparamagnetic
Fe,03 nanoparticle films prepared from calcinated PAH/ferritin
multilayers have resistive switching memory properties under
externally applied voltage. The resulting film devices exhibited low
operating voltages (i.e., Vggsgr ~+1.6 £ 0.2 Vand Vggr ~-1.2 £ 0.2 V)
with an ON/OFF ratio of approximately 103, an excellent cycling
endurance of up to 10° s and a short switching speed of approxi-
mately 100 ns. This approach is important because it is based on an
LbL assembly method using solution-processible proteins instead
of synthesized inorganic or organic materials, which enables pro-
duction of large-area inorganic oxide-based devices with excellent
device performance and memory modulation.
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