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Abstract

It is demonstrated that notable resistive switching memory properties depending on voltage
polarity (i.e. bipolar switching properties) can be obtained from the layer-by-layer (LbL)
assembled multilayers based on transition metal oxides and metal nanoparticles. Cationic
poly(allylamine hydrochloride) and anionic titania precursor layers were deposited alternately
onto Pt-coated Si substrates using an electrostatic LbL assembly process. Anionic Pt
nanoparticles (Ptyp) with about 5.8 nm diameter size were also inserted within the multilayers
using the same interactions mentioned above. These multilayers were converted to
Ptxp-embedded TiO; films by thermal annealing and the films were then coated with a top
electrode. When external bias was applied to the devices, bipolar switching properties were
observed at low operating voltages showing the high ON/OFF ratio (>10*) and the stable
device performance. These phenomena were caused by the presence of Ptyp inserted within

TMO films.

Online supplementary data available from stacks.iop.org/Nano/21/185704/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Resistive switching nonvolatile memory (RSM) devices with
capacitor type in the metal-insulator-metal structure have
attracted considerable interest due to the widespread use of
mobile electronics such as MP3 players, digital cameras
and mobile phones [1-16]. In particular, it has been
reported that RSM devices based on transition metal oxides
(TMOs) have excellent memory performance, such as large
ON/OFF ratio >103, fast switching speed and low operating
voltage in spite of the simple device structure and chemical
composition.  Generally, binary TMOs [1-4, 8, 9] such
as TiO, or NiO are used as resistance switching materials

0957-4484/10/185704+07$30.00

exhibiting a significant change in resistance between the high
resistance state and low resistance state under applied voltage
sweep. Recently, many efforts have been made to modify or
improve the electrical properties of RSM devices through the
insertion of electrically functional components within TMO
matrices [12-15]. However, the vacuum deposition process
used for preparation of TMO has great difficulty in building
large-area devices at low cost with a simplified manufacturing
process and easily inserting a variety of electrically active
components (i.e. metal or inorganic nanoparticles) within
TMO matrices, although TMO materials have excellent
thermal stability and operating durability in air environment.
As an alternative, soluble polymers may be considered to be

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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promising candidates for the active layers in future nonvolatile
memory devices because they can be deposited by facile
solution processes such as spin-coating [17-20].

One of the proposed models for resistive switching is that
electronic charges are injected by Fowler—Nordheim tunneling
at high electric fields and subsequently trapped at sites such
as defects (i.e. grain boundaries, residual carbons or oxygen
deficiency states) in the insulators. Therefore, the memory
effect with the high and low current states can occur from
charge storage (high resistance) and release (low resistance)
within the charge trap sites, and furthermore a degree of
charge storage and release can have a significant effect on
current ON/OFF ratio and device stability. This model
suggested to us intriguing new possibilities for designing
RSM devices with improved memory properties.  The
key to these design schemes is based on an electrostatic
layer-by-layer (LbL) assembly process [21-33], which is
quite useful for preparing nanocomposite multilayer films
with tailored nanostructures as well as the insertion of
various functional components. This approach is achieved
by tuning the electrostatic interactions between oppositely
charged components. More specifically, anionic titanium(IV)
bis(ammonium lactato)dihydroxide (TALH) as a titania
precursor can be electrostatically assembled with cationic
poly(allylamine hydrochloride) (PAH), allowing the formation
of multilayers [30-32], and furthermore negatively charged Pt
nanoparticles (Ptxps) can be easily inserted within TALH/PAH
multilayers using the same LbL solution process.  The
subsequent thermal treatment of the resulting multilayers can
yield the TiO, nanocomposite films with Ptyp layers at defined
placement via thermal decomposition of organic components.

Herein, we demonstrate that RSM devices based on Ptyp-
embedded TiO,NC has a bipolar switching property depending
on the polarity of the applied voltage with low operating
voltages, large ON/OFF ratios (~10%), long retention times
and excellent environmental stability. On the other hand,
TiO,NC devices without Ptyps exhibited unstable bipolar
switching behavior with a relatively low ON/OFF ratio (<10).
These evident differences in electrical performance between
TiO,NC-and Ptyp-embedded TiO,NC were caused by the
presence of metal nanoparticles operating as deep charge trap
sites, which were confirmed from the changes in real-space
imaging of the charge trap and release state as a function of
time. This work is significant because it provides a tool for
easily constructing RSM devices based on solution-processible
inorganic multilayers with flexible switching properties. We
also believe that our approach can be effectively used for many
potential electronic applications requiring high performance,
long durability, large-area scale and low fabrication cost in air
environment.

2. Experimental part

2.1. Preparation of TiO, nanocomposite films from
Ptyp-embedded (PAH/TALH), multilayers

The concentration of PAH (M,, = 70000, Aldrich) and TALH
(Aldrich) solutions used for all the experiments was 1 and

50 mg ml~' [32]. Pt-coated Si substrates had an anionic
surface by irradiating UV light. These substrates were first
dipped for 10 min in the cationic PAH solution (containing
0.5 M NaCl), washed twice by dipping in water for 1 min
and air-dried with a gentle stream of nitrogen. Anionic TALH
was subsequently deposited onto the PAH-coated substrates
by using the same adsorption, washing and drying procedures
as described above. In addition, the anionic Ptyp stabilized
by citrate ions was inserted within (PAH/TALH),, multilayers.
The resultant multilayer films were thermally annealed at
450 °C for 2 h under nitrogen and additionally annealed at the
same temperature for 2 h under oxygen conditions.

2.2. QCM measurements

A QCM device (QCM200, SRS) was used to investigate
the mass of material deposited after each adsorption step.
The resonance frequency of the QCM electrodes was
approx. 5 MHz. The adsorbed mass of PAH and TALH, Am,
can be calculated from the change in QCM frequency, AF,
according to the Sauerbrey equation: AF (Hz) = —56.6Am 4,

where Am 4 is the mass change per quartz crystal unit area in

ugcm™2,

2.3. Surface morphology

The surface morphology and roughness of thermally annealed
TiO,NC onto Si substrates were measured with an atomic force
microscope (AFM) in tapping mode (SPA400, SEIKO).

2.4. Crystal structure

The crystal structure of LbL TiO, NC was investigated using
x-ray diffraction (XRD) at room temperature. Data collection
was performed in the 26 range from 15° to 60° using Cu Ko
radiation (A = 1.54 A, Model: Bruker D8 Discover, Germany).
Cross-sectional TEM (Model: JEOL 300kV) was also used to
investigate the TiO, crystal structure and the internal structure
of nanocomposite multilayers.

2.5. Fabrication of resistive switching memory devices

All the samples were prepared on Si substrates (2 cm x 2 cm)
with an SiO, layer of about 100 nm thickness. A Ti layer
of 20 nm thickness was then deposited on the substrates and
a bottom electrode (Pt) was subsequently deposited using
a DC-magnetron sputtering system. The (PAH/TALH),
multilayer films were then formed on the Pt-coated Si
substrates. The resultant multilayer films were thermally
annealed at 450°C for 2 h under nitrogen and additionally
annealed at the same temperature for 4.5 h under oxygen
conditions. After thermal conversion, top electrodes (Ag)
with 100 um diameter were deposited onto the nanocomposite
films. To investigate the resistive switching behavior of
LbL multilayered devices, the current—voltage (/-V') curves
were measured by a semiconductor parametric analyzer (SPA,
Agilent 4155B) in air environment. The pulsed voltage
duration dependence of high and low current states was
investigated using a semiconductor parametric analyzer (HP
4155A) and pulse generator (Agilent 81104A).
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Figure 1. (a) UV-vis spectra of (PAH/TALH), multilayers measured with increasing bilayer number (n). The inset of (a) shows the
absorbance of TALH measured at 241 nm as a function of bilayer number. (b) XRD patterns of (PAH/TALH), multilayers (A) before and (B)

after thermal annealing at 450 °C.

3. Results and discussion

For the preparation of Ptyp-embedded nanocomposite multi-
layers, a cationic PAH, anionic titanium(IV) bis(ammonium
lactato)dihydroxide (TALH) and citrate ion-stabilized Ptxp
of approximately 6 nm size were used (see supporting
information, figure S1, available at stacks.iop.org/Nano/
21/185704/mmedia). Anionic Pt nanoparticles (Ptnp)
were synthesized as follows [34]: 250 ml of 1.79 mM
H,ClgPt - 6H,O was maintained at room temperature with
vigorous stirring. Rapid addition of 20 ml of 68 mM sodium
citrate to the vortex of the solution and successive addition
(1 ml) of 70 mM NaBH, resulted in a color change from dark
yellow to dark brown. The diameter of synthesized Ptyp was
about 5.8 &= 1 nm (100 particles sampled) as confirmed by
transmission electron microscopy (TEM) images.

First, the LbL assembly of PAH and TALH was performed
on quartz substrates, and the growth of the multilayers was
monitored by UV-vis spectroscopy. The uniform increase
in the intensity of the absorbance peak at 241 nm (due
to TALH) suggests that a regular amount of TALH was
adsorbed per bilayer, demonstrating PAH/TALH multilayer
growth (figure 1(a)). The inset in figure 1(a) shows that
the absorbance at 241 nm increased linearly with increasing
bilayer number of PAH/TALH. Based on this electrostatic LbL.
assembly, anionic Ptxp were inserted within the PAH/TALH
multilayers. In particular, electrostatic repulsion between the
same charged Ptyps could induce the adsorption of dispersed
Ptxps onto the positively charged PAH-coated substrate,
allowing these nanoparticles to be used as isolated charge
trap elements. These multilayers could be converted easily
to Ptxp—TiO, multilayer films by thermal degradation of the
organic components when annealed at 450°C. The fully
thermal decomposition of organic compounds in the films was
confirmed from thermogravimetric analysis (see supporting
information, figure S2, available at stacks.iop.org/Nano/21/
185704/mmedia). In this case, the total film thickness of the

multilayers was reduced to approximately 53% of the initial
film thickness and the formed TiO, nanocomposites showed
a strong growth of a typical anatase (004) plane peak and
relatively weak rutile crystal (210) plane peak, as confirmed
by x-ray diffraction (XRD) patterns (figure 1(b)) [32].

Based on these results, three types of TiO, nanocomposite
(TiO,NC) devices were prepared with increasing amounts of
Ptnp inserted within the nanocomposite, as shown in figure 2.
The total thicknesses of these multilayers were approximately
40 nm for (TiOQNC)3Q and [(TiOQNC)]z(Pth)1]2/(Ti02NC)4,
and 50 nm for [(TiO,NC)3/(Ptxp)1]7/(TiO,NC), films. In this
case, the total Ptyp number densities of [ (TiO,NC) 1, (Ptap)1 1o/
(TiO;NC)4 and [(TiO,NC)3/(Ptxp)117/(TiO,NC), films were
measured to be 3.7 x 102 cm™2 and 1.3 x 10" cm™2,
respectively. (The density, volume and mass per one Ptyp were
21.5gem™3, 1.0 x 107" cm? and 2.2 x 10~'® g, respectively.
In addition, the frequency and mass change per Ptyp layer were
about 230 Hz and 4.1 ug cm™2.)

For measurements of typical bipolar switching, a top
Ag electrode was deposited onto the resulting multilayers
and a voltage sweep from —2 to +2 V and back to —2 V
was applied after an electroforming process at approximately
2.5 V with limited current compliance up to 100 mA. When
the voltage polarity applied to the nanocomposite devices
was reversed, the high current state (scan range > £2 V)
that had formed after electroforming was converted suddenly
to a low current state at +1.5 V (i.e. RESET voltage)
(figure 3). When the applied voltage was increased from
+2 to —2 V (e.g. regions (3) and (4)), the device with the
low current state (‘OFF’ state) showed an abrupt increase in
current of approximately —1.9 V (i.e. SET voltage). It should
be noted that the [(TiO,NC),/(Ptnp)112/(TiO,NC)y4 devices
exhibited significant bipolar switching behavior with high
ON/OFF ratio >10* compared to the (TiO,NC)3, devices,
which showed poor and unstable nonvolatile characteristics
with relatively low ON/OFF current ratio <10. This bipolar
switching phenomenon was also observed in the voltage
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Figure 2. Schematic and TEM images for Ptyp-embedded TiO,NC multilayers with three different structures. (A) (TiO,NC);,
(B) [(TiO;NC) 12(Ptxp) 1 12/(TiO,NC)y4 and (C) [(TiO2NC)3/(Ptnp)117/(TiO,NC)s.

sweep from 42 to —2 V and back to +2 V. In view
of the practical device applications, the electrical stability
of the [(TiO,NC),/(Ptyp)1]2/(TiO,NC)4 device was also
comparable to that of the conventional vacuum-deposited
devices. The ON and OFF states of the device at two
different reading voltages of £0.1 V were kept continuously
stable during the entire test period of 10* s under atmospheric
conditions (figure 3(b)). This device was operated at an applied
voltage pulse (+4 V for SET and —1 V for RESET) with
a 100 ns pulse width (figure 3(c)). The slight increase in
the ON/OFF current ratio was caused by the increase pulsed
voltage duration from 100 ns to 1 ms. However, the stable
bipolar switching behavior of the Ptyp-inserted devices was
strongly dependent on the amount of Ptyp inserted within
the nanocomposite multilayers. The further insertion of Ptnp
layers (more than three Ptyp layers) yielded electrically shorted
devices. In other words, the [(TiO,NC)3/(Ptyp)117/(TiO,NC),
multilayer structure with a particle number density of 1.3 x
10"* cm™2 showed metallic properties without resistive
switching. (The particle number density was calculated from
the particle size, density and adsorbed mass per unit area
measured from a quartz crystal microbalance.)

According to the Simmons—Verderber model [34], the
memory effect with the high and low current states was due
to charge storage (high resistance) and release (low resistance)
within the charge trap sites. In this system, the Ptyp within
the TiO,NC matrix can be used as charge trap elements, which
can affect the switching mechanism considerably. First, after
initial electroforming, the negative voltage sweep of devices
from —2 to 0 V releases the electrons from Ptyps (e.g. (1)).
When electrons are partially injected in Ptyp (e.g. (2)) and
trapped in Ptxp by reversing the voltage polarity (e.g. (2) —
(3)), the conductive filament paths for electrons in the TiO,NC

matrix are broken down, resulting in a decrease in conductivity,
corresponding to the RESET process. This state is maintained
up to about —1.9 V (e.g. region (4)). However, an increase
of external electric field for releasing the trapped electrons
within Ptyps (e.g. region (4)) is thought to sharply increase the
conductivity at SET voltage (i.e. Vsgr & —1.9 V) enhancing
tunneling probability (i.e. SET process). These processes are
repeated reversibly. However, the proposed mechanism has
a difficulty in understanding electron transport in the TiO,
matrix. Recently, a memristive mechanism of TiO, has been
reported extensively from mainly Hewlett-Packard labs [8, 9].
That is, the oxygen vacancies repelled or attracted from the top
electrode according to the electric field can be drifted, and as
a result may have a significant effect on the electronic barrier
for electron transport at the interface between electrode and
TiO,. In this view, the bipolar switching behavior of TiO,NC
without Ptyps can be understood by a memristor model. On
the other hand, in the case of Ptyp-embedded TiO,NC showing
relatively high ON/OFF current ratio, their switching behavior
can be influenced by the electron trap within Ptxps as well as
the electron transport in the TiO, matrix, as mentioned above.

Considering that a variety of defects, such as oxygen
vacancies, dislocations and grain boundaries, can be used
as charge trap sites, the Ptyp in the TiO,NC matrix can
operate as a relatively deep charge trap site. In order to test
this possibility, Kelvin force microscopy (KFM) was used to
examine the changes in real-space imaging of the charge trap
and release state as a function of time as previously reported
by our group [35]. The charges stored within each Ptyps could
be detected from the change in surface potential when the tip
(i.e. Au-coated tip with 20 nm diameter) of the KFM scans
the surface of the TiO, layer covering the Ptnps. First, a
1.5 x 1.5 um? area of TiO, and Ptyp-inserted TiO, films was
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Figure 3. (a) /-V curves of TiO,NC multilayers with different Ptxp layer number and without Ptyp. After initial electroforming process
(current compliance of 100 mA), the applied voltage was scanned from —2 to 2 V and then reversed from 2 to —2 V. (b) Retention time test of
[(TiO,NC),/(Ptnp)2 13/ (TiO,NC)4 multilayer device. The high and low conductive states were induced using reading voltages of +-0.1 V
(positive sweep) and —0.1 V (negative voltage sweep). (c) The ON current values at 4 V and OFF current values at —1 V for different pulse
widths (100 ns, 1 s, 10 us and 100 ws) using reading voltages of £0.1 V.

scanned at —8 V and —4 V for the charge trap, respectively.
After that, the charge release operation was successively
performed by scanning a 500 x 500 nm? area with a +8 V
(for the TiO, device) and +4 V bias (for the Ptyp-inserted TiO,
device) applied to the bottom contact. As shown in figure 4, the
yellow region indicates a charge trap state and the dark region
corresponds to the charge release state. Although the TiO, and
Ptxp—TiO; films had charge trap sites, as shown by the color
contrast (i.e. potential difference between the charge trap and
charge release state), there was a clear difference in charge trap
depth between the diffuse (for TiO,NC) and charge trap images
(for Ptyp-inserted TiO,NC), according to the presence of Ptp.
If —4 V and +4 V were applied to the TiO, device for charge
trap and release, respectively, the diffuse images of KFM
would have considerable difficulty in distinguishing between
the charge trap and release state due to their shallow trap sites.
In addition, the charge stored state of the TiO, film device
decayed rapidly (70% decrease in color contrast after 30 min)
compared to that of the Ptyp-inserted TiO, film device (50%
decrease in color contrast after 90 min). On the other hand,
we did not observe any notable change in topographic images
with increasing time. This suggests that the Ptyp in TiO,
films can operate effectively as deep charge trap elements. It

should be noted here that the retention test shown in figure 3(b)
cannot be directly made a comparison with charge trap decay
in KFM analysis because the surface environment of the TiO,
nanocomposite is totally different. More specifically, the
oxide surface for the retention test was sandwiched between
two metal electrodes, which can block the formation of a
contaminant layer (i.e. surface water layer or surface hydroxyl
group) onto the oxide surface. On the other hand, the oxide
surface for KFM analysis was exposed to the air. Sugimura
et al reported that the increase of surface hydroxyl groups
on the oxide layer decreases the potential contrast in KFM
images [36]. Therefore, charge trap decay analysis of Ptyp-
embedded TIO,NC cannot be quantitatively compared with the
retention test of Ptyp-embedded TiO,NC sandwiched between
metal electrodes, and the relative comparison in KFM images
of the two different devices can be allowed.

Even if it was reported that solid electrolytes sandwiched
between an Ag (or Cu) anode and an inert cathode can
cause bipolar switching behavior via an electrochemical redox
reaction based on the high mobility of Ag ions [37], and
furthermore metal ion diffusion from the top electrode can
form localized metal atom chains that bridge the electrode
materials under an electric field [38-40], our device also
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Figure 4. KFM images of (a) TiO,NC-and (b) Ptyp-inserted TiO,NC devices as a function of time. (c) Degree of charge trap decay in
TiO,NC-and Ptyp-inserted TiO,NC devices. In this case, the degree of charge trap decay was measured by the color contrast between charge
trap and charge release states.

showed bipolar switching behavior from the tungsten top 4. Conclusions

electrode. This phenomenon suggests that the Ag electrode

itself has no significant effect on the resistive switching We demonstrated that RSM devices based on TMO and metal
behavior of LbL TiO,NC with Ptyp. nanoparticles could be easily prepared from the LbL assembly
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process and the selective insertion of Ptxp in the center of TMO
matrices could significantly improve the ON/OFF ratio and
device stability. The notable switching property in our system
can be explained by the presence of isolated but homogeneous
Ptxp operating as deep charge trap sites. In particular, the
changes in real-space imaging of the charge trap and release
state as a function of time evidently indicated the difference of
charge trap decay between the shallow trap state in TiO,NC-
and the deep charge trap states in Ptyp-embedded TiO,NC, and
as a result support our switching mechanism. We also highlight
the fact that our approach allows the production of resistive
switching active films with large-area and hybrid structures
using a simplified solution process.
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