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Control over electrically bistable properties of layer-by-
layer-assembled polymer/organometal multilayers

Sanghyuk Cheong!?, Younghoon Kim"3, Sook Won Ryu? and Jinhan Cho!

We demonstrate that nonvolatile memory devices can be prepared using electrostatic layer-by-layer (LbL)-assembled
nanocomposite films, and additionally that their performance can be easily enhanced by an additional insertion of charge trap
elements within the films. For this study, cationic poly(allylamine hydrochloride) (PAH) and anionic titania precursors (titanium
(IV) bis(ammonium lactato) dihydroxide, TALH) were used for the preparation of electrostatic LbL-assembled nanocomposite
films on a Pt-coated silicon wafer. The formed multilayer nanocomposites were converted into the transition metal oxide films
(that is, TiO, nanocomposites) after thermal annealing at 450 °C, and then, the top electrodes were deposited onto the TiO,
films to complete the device fabrication. When external bias was applied to the devices, these TiO,-based devices displayed
bipolar resistive switching property with an ON/OFF current ratio of ~ 10. However, the insertion of anionic graphene oxide (GO)
nanosheets into the PAH/TALH multilayers produced GO-incorporated TiO, films after thermal annealing, which exhibited
memory performance with a high ON/OFF current ratio of ~ 104. Furthermore, we demonstrate that the switching mechanism of
GO-incorporated TiO, devices can be explained by the charge trap model.
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INTRODUCTION

Nonvolatile memory devices such as charge trap flash, phase change,
ferroelectric and resistive switching nonvolatile memory (RSNM)
devices have attracted considerable attention due to the rapid
expansion and evolution of mobile electronics.!~!? Particularly, RSNM
devices based on resistive switching materials that exhibit good
memory performance, such as high ON/OFF current ratio > 102, fast
switching speed and low operating voltage with a simple device
structure, have been recognized as being among the most promising
candidates in a variety of next-generation nonvolatile memory
devices.® In general, binary transition metal oxides (TMOs)
(that is, TiO,, NiO or ZrO, or SrTiOs) prepared through a vacuum
deposition process have been used as resistive switching-active
materials and have demonstrated a significant change in resistance
states under applied voltage sweep. Recently, many efforts have been
made to modify the electrical properties or improve the memory
performance of RSNM devices through the insertion of additional
electrically active components such as Au, Pt, Gd or IrO, within TMO
layers.!*>-1¢ Furthermore, the simple solution process rather than the
vacuum process is needed for the preparation of low-cost and
large-area RSNM devices. In connection with such a necessity, it
has been reported that a variety of resistive switching-active films
for high-performance RSNM devices can be prepared from the

spin-coating of polymers containing charge trap elements (that is,
graphene oxide (GO), carbon nanotube, metal nanoparticles and so
on); in addition, the presence and uniformity of such charge trap sites
have a significant effect on ON/OFF current ratio and device
stability.”"1° Although the deposition of an electrically active nano-
composite layer through a facile solution process such as spin-coating
has an advantage in terms of easily preparing the RSNM devices, the
devices prepared from such an approach still have much difficulty in
securing high memory performance and long-term electric stability
comparable to those of TMO-based devices. For example, if the charge
trap elements such as inorganic nanoparticles are simply blended with
the polymer binders without serious consideration of their reciprocal
interactions, the spin-coating approach causes aggregates with dimen-
sions of several hundreds of nanometers due to thermodynamically
unfavorable interactions.?” It should also be noted that aggregation or
segregation phenomena have a detrimental effect on the memory
performance of RSNM devices. Therefore, one of the most challenge-
able attempts in the field of RSNM devices is the development and
design of resistive switching nanocomposite films with excellent
memory performance, allowing a nanoscale-blending structure via a
solution process.

Among the various deposition methods, it has been demon-
strated that the layer-by-layer (LbL) assembly method based on a
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Figure 1 (a) UV-Vis spectra of (PAH/TALH), multilayers measured with increasing the bilayer number (n). The inset of a shows the absorbance of TALH
measured at 250 nm as a function of bilayer number. (b) Film thicknesses and s.e.m. images of (PAH and TALH), multilayers before and after thermal
treatment at 450 °C for 6 h (that is, 2 h under nitrogen and 4 h under oxygen). UV-Vis, ultraviolet-visible. A full color version of this figure is available at

Polymer Journal online.

solution dipping, spin-coating or spray process is quite useful for
preparing organic and/or inorganic nanocomposite films with
tailored thickness, composition and functionalities on substrates
of different sizes and shapes.?!=2° This approach is achieved by
tuning the complementary interactions (that is, electrostatic,
hydrogen-bonding or covalent interaction). In addition, the LbL
assembly technique allows the electrical properties of nanocompo-
site film devices to be adjusted through a facile insertion of various
functional components within films.?” Therefore, our motivation
was to fabricate the high-performance RSNM devices using LbL
assembly. A main aim was to improve the memory performance
(particularly, ON/OFF current ratio and performance stability) of
nanocomposite films through the use of electrostatically charged
inorganic precursor and charge trap elements, allowing electrostatic
LbL assembly.

Herein, we introduce an LbL-assembled RSNM device with
voltage-polarity-dependent bipolar switching behavior, high ON/
OFF current ratio >10* and long-term stability. In addition, we
demonstrate that the memory performance of nanocomposite films
is significantly enhanced by the additional insertion of charge trap
elements within TMO matrices. First, for this study, the nanocom-
posite films composed of anionic GO sheet, cationic poly(allyla-
mine hydrochloride) (PAH) and anionic titanium(IV) bis
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(ammonium lactato) dihydroxide (TALH) were deposited onto
the bottom electrode using electrostatic LbL assembly. After
deposition of the nanocomposite film, thermal annealing and the
subsequent deposition of top electrodes on films were performed to
complete the device fabrication. The resultant nanocomposite films
were composed of TiO, films containing conductive carbon
components (that is, charge trap sites resulting from thermally
annealed GO). Although GO sheets as charge trap sites were used in
our study, it should be noted that they could be replaced by other
charge trap components such as metal nanoparticles. This strategy
may be useful for preparing a variety of functional metal oxide films
requiring the desired electronic structure or properties as well as
resistive switching memory oxide films for RSNM devices.

EXPERIMENTAL PROCEDURE

Preparation of TiO, films

The concentration of cationic PAH (M,,=120000, Alfa Aesar, Jung-gu,
Incheon-si, Korea) and anionic TALH (Aldrich, Cheoin-gu, Yongin-si,
Gyeonggi-do, Korea) solutions was adjusted to 1 mgml~! and 50 mg ml~!,
respectively. Quartz glasses or Pt-coated Si substrates were given anionic
surfaces by irradiation of ultravolet (UV) light. First, these substrates were
dipped for 10 min in the PAH solution, 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. The resultant
multilayer films were thermally annealed at 450 °C for 2 h under nitrogen
condition, and additionally annealed at the same temperature for 4 h under
oxygen environment.

Preparation of GO-incorporated TiO, films

The concentration of anionic GO nanosheets with carboxylic acid groups was
adjusted to 1 mg ml~L. These GO sheets were electrostatically LbL-assembled
with cationic PAH for the preparation of [(PAH/TALH);/(PAH/GO),]s/(PAH/
TALH); multilayer films onto Pt-coated Si substrates. After the multilayer
deposition, the formed films were thermally annealed under the same
conditions as mentioned above.

Crystal structure and chemical compositions

The crystal structure of LbL-assembled TiO,, films was investigated using X-ray
diffraction at room temperature. Data collection was performed in the 20 range
from 25 to 50° using Cu Ko radiation (4 =1.54 A, Model: Bruker D8 Discover
(Bruker Corporation, Billerica, MA, USA). X-ray photoelectron spectroscopy
(Kratos, Wharfside, Manchester, UK) was performed to determine the binding
state of Ti ions and the presence of residual carbons.

UV-Vis spectroscopy
UV-visible (UV-Vis) spectra of multilayers on quartz glass were collected with
a Perkin Elmer (Waltham, MA, USA) Lambda 35 UV-Vis spectrometer.

Kelvin force microscopy

Real-space images of charge trap and release states were measured using kelvin
force microscopy (KFM) (XE-100, Park Systems, Yeongtong-gu, Suwon-si,
Gyeonggi-do, Korea) in contact mode with conducting tips.

Fabrication of resistive switching memory devices

The TiO,, or GO-incorporated films were formed on the Pt-coated Si substrates
as described above. The resistive switching memory properties of the resultant
nanocomposite films were measured after deposition of Ag electrodes with a
100 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 with a semiconductor parametric analyzer (Agilent
4155B, Agilent Technologies, Santa Clara, CA, USA) in air environment. The
pulsed voltage duration dependence of high and low current states was
investigated using a semiconductor parametric analyzer (HP 4155A, Hewlett
Packard, Palo Alto, CA, USA).

RESULTS AND DISCUSSION

First, the electrostatic LbL assembly of cationic PAH and anionic
TALH was performed on quartz substrates for UV-Vis spectroscopy as
shown in Figure la. A pronounced and broad peak at 250 nm, which
corresponds to TALH absorption, is shown in the spectra. The
uniform increase in the intensity of the absorbance peak at 250 nm
suggests that a regular amount of TALH was deposited per bilayer,
indicating PAH/TALH multilayer growth. The inset in Figure 1a shows
that the absorbance at 250 nm increases linearly with increasing bilayer
number of PAH/TALH. These multilayers could be easily converted to
TiO, nanocomposite films by thermal degradation of organic compo-
nents when annealed at 450 °C for 6 h (that is, 2 h under nitrogen and
then for 4 h under oxygen). Total film thickness of the LbL-assembled
multilayers was reduced by up to ~51% of the initial film thickness as
confirmed by cross-sectional field-emission scanning electron micro-
scopy (Figure 1b).

The resultant TiO, nanocomposites showed a strong growth of
typical anatase (004) plane peak as confirmed by X-ray diffraction
patterns (Figure 2a). Given that conventional TiO, films prepared
from atomic layer deposition have an evident (101) plane peak with a
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Figure 2 (a) X-ray diffraction patterns (XRD) and (b) X-ray photoelectron
spectroscopy (XPS) of LbL-assembled TiO, nanocomposite films. LbL, layer-
by-layer. A full color version of this figure is available at Polymer Journal
online.

relatively weak (004) plane peak of typical anatase crystals, the
structure shown in the LbL-assembled TiO, films is closely related
to the lateral-directed crystalline growth of TALH layers sandwiched
between the adjacent PAH layers. Furthermore, the chemical compo-
sitions within the LbL-assembled TiO, films were investigated by
X-ray photoelectron spectroscopy (Figure 2b). The thermal annealing
process under nitrogen and oxygen induced oxygen deficiencies
accompanied by an increase in the local electron concentration. This
oxygen-deficient state can be confirmed by the Ti 2ps/, peak shifts to a
lower binding energy because of the presence of Ti*" ions (that is,
oxygen deficiency state). The measured spectrum can be deconvoluted
into the two spin-orbit components, which are identified as Ti*"
(458.8 eV) and Ti** (458.3 eV). The Ti** in the oxygen-deficient state
acts as n-type dopants, transforming insulating oxide into semicon-
ducting oxide. Recently, it was reported that an applied electric field
could cause the injection of electrons into the conduction band of
TiO,, followed by reduction to metastable Ti*".* This suggests that
TiO, films prepared by LbL assembly can be used as efficient active
layers in RSNM devices. On the other hand, in the case of the TiO,
nanocomposite film thermally annealed only under oxygen, the peak
intensity ratio of Ti** to Ti*' ions was significantly increased
compared with that of nanocomposite films annealed under nitrogen
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Figure 3 (a) Schematic diagram for resistive switching memory devices composed of TiO, nanocomposite films, (TiO,)1g nanocomposite films. (b) /-V curves
of (TiOx NC);g multilayer device showing repetitive switching cycles after initial electroforming process. (c) Schematic diagram for resistive switching memory
devices based on GO-incorporated TiO, nanocomposite films. (d) /-V curves of thermally annealed [(PAH/TALH)3/(PAH/GO),15/(PAH/TALH)3 multilayer device

showing bipolar switching behavior.

and oxygen (Supplementary Information, Supplementary Figure S2),
and therefore the resultant film was unsuitable for resistive switching
memory layer due to the possibility of a high leakage current.

Based on these results, we investigated the resistive switching
properties of thermally annealed (PAH/TALH),g multilayers (that is,
the (TiO,);3 film with a thickness of 46+2nm) onto Pt-coated
substrates in air condition (Figure 3a). For measurements of typical
bipolar switching that depend on the polarity and direction of the
applied voltage to form the high and low current states, top Ag
electrodes with a diameter of ~100 pm were deposited onto the
resulting multilayers, and a voltage sweep from 0V to —1.8V and
back to +1.8 V was applied after an electroforming process (an initial
electric field to generate highly defective components and to create
conducting filamentary paths connecting the two electrodes) at ~2.5V
with limited current compliance up to 100 mA. When the voltage
polarity applied to the (TiO,);3 nanocomposite devices was reversed,
the high current state (‘ON’ state) that formed after initial electro-
forming process was converted suddenly to a low current state (RESET
process for ‘OFF state) at — 1.8 V when the reverse voltage polarity
was applied to the nanocomposite film devices (Figure 3b). This low
current state (‘OFF state) was maintained from — 1.8 V to +1.8 V and
converted to the high current state at +1.8 V (SET process for ‘ON’
state). This electrical bistable property was not observed from the
(TiOy)1s film thermally annealed only under oxygen environment
(Supplementary Information, Supplementary Figure S3).

Polymer Journal

Although various switching mechanisms have been proposed for the
electrically bistable properties of resistive switching memory devices,
the switching behavior shown in our study can be explained by the
charge trap model. According to the Simmons—Verderber model,?® 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 our system, many material-based defects such as oxygen
deficiencies, dislocations, grain boundaries and residual carbons can be
used as charge trap sites,” which can affect the switching mechanism
considerably. When electrons released from charge trap sites during
positive voltage sweep from 0V to —1.8V (step 1) are trapped in
charge trap sites by reversing the voltage polarity (step (1) — (2)), an
interior electric field is constructed in the LbL-assembled TiO,, matrix,
causing a sudden decrease of electrical conductivity. This transition
state corresponds to the RESET process (that is, Vggsgr ~ —1V).
When the voltage polarity is reversed again (step (3) — (4)), the
electrons are released from the charge trap sites, which results in an
increase in conductivity, corresponding to the SET process (that is,
Vsgr ~ +1 V). However, considering that the LbL-assembled (TiO,);g
film devices exhibited a relatively low ON/OFF current ratio of
approximately 10!, we could not exclude the possibility that the
charge trap sites within LbL-assembled TiO, films would be insuffi-
cient and resultantly be operated as shallow charge trap sites. That is,
when the injected electrons are sufficiently trapped in the charge trap
sites by the reverse of voltage polarity, the electrical conductivity can
be notably decreased, inducing the high ON/OFF current ratio.
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Figure 4 (a) Cycling and (b) retention time test of GO-incorporated TiO, multilayer devices. The high and low conductive states were induced using a reading
voltage of 0.1 V. The structure of GO-incorporated TiO, nanocomposite films was identical to that of Figure 3d. (c) The linear fitting for the /-V curve of GO-
incorporated TiO, devices plotted on a log—log scale during a positive voltage sweep. (d) KFM image of GO-incorporated TiO, nanocomposite films.
KFM, kelvin force microscopy. A full color version of this figure is available at Polymer Journal online.

To demonstrate these possibilities, the anionic GO sheets containing
carboxylic acid moieties were incorporated into the 18 bilayered
PAH/TALH multilayers with the aid of cationic PAH, and the formed
multilayers (that is, [(PAH/TALH);/(PAH/GO),]s/(PAH/TALH);)
were thermally annealed at the same conditions. In this case, the
thicknesses of thermally annealed films were increased from 46 +2
(without PAH/GO) to 54+3nm (with five bilayered PAH/GO).
Although these film thicknesses could be obtained from single spin-
coating of aqueous mixture solution containing GO, TALH and
polymer binder such as a poly(vinylpyrrolidone) instead of LbL
assembly approach (Supplementary Information, Supplementary
Table S1), their surface roughnesses were significantly increased
compared with those of LbL-assembled nanocomposite films
(Supplementary Information, Supplementary Figure S1). As a result,
mixture-blended films were unsuitable for the preparation of TiO,
nanocomposite-based RSNM devices.

Although the GO sheets inserted within TiO, nanocomposites are
thermally decomposed at 450 °C, they can produce a large amount of
residual carbons as charge trap sites within TiO, films. Figure 3c
shows the schematic diagram of RSNM devices composed of
bottom Pt electrode, [(PAH/TALH)s/(PAH/GO),]s/(PAH/TALH);
multilayers and top Ag electrode. Although these GO-incorporated
TiO, devices exhibited the bipolar resistive switching behavior
similar to that of (TiO,);g film device without GO sheets, the

ON/OFF current ratio was significantly increased to ~10° (at a
reading voltage of +0.1 V) as shown in Figure 3d. These results
support the possibilities that the presence of thermally annealed
GO can be effectively used as charge trap sites within TiO, matrices
(the more detailed explanation will be shown in the latter part). We
also investigated the memory stability of GO-incorporated TiO,
multilayer devices. For this investigation, cycling and retention time
tests were performed to determine their electrical stability in the ON
and OFF states using a reading voltage of +-0.1 V (Figures 4a and b). In
this case, it was observed that stable ON and OFF states were
maintained during repeated tests of ~100 cycles and a test period
of 10*s in air. These results show that RSNM devices composed of
GO-incorporated TiO, multilayers exhibit good electrical stability.
Furthermore, to understand the conducting behavior of the GO-
incorporated TiO, multilayer devices, the I-V characteristics during
positive voltage sweep were plotted on a log—log scale (Figure 4c). The
I-V relationship in the ON state exhibited ohmic conduction behavior
with a slope of ~1.00, which indicated the formation of conductive
paths in the device during the SET process. In contrast, the
conduction behavior in the OFF state followed the trap-controlled
space-charge-limited conduction (SCLC) consisting of an ohmic
region (Iox V%) at a low negative voltage, a transition region
(I V!%?) from ohmic to SCLC transport and a region of sharp
current increase (Iox V*02)29
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To further confirm the fact that the switching mechanism of
GO-incorporated TiO, devices is mainly based on the charge trap
model, we examined real-space imaging of the charge trap and release
state using KFM.>® The charges stored within thermally annealed
GO are detected from the change in the surface potential when the tip
of the KFM scans the surface of the GO-incorporated TiO, layer. First,
an 8.0 x 8.0 um? area of GO-incorporated TiO, films was scanned at
9V for the charge trap state (that is, RESET process). The charge
release operation (that is, SET process) was performed by scanning an
area of 6.0 x 6.0 um? with —9V applied to the bottom contact. As
shown in Figure 4d, the yellow region indicates the charge trap state,
and the dark region corresponds to the charge release state. The
increased voltage thresholds of the charge trap and release processes
may result from an additional energy barrier from interfacial
surface contamination on conducting KFM tip surfaces. It is also
possible that the KFM tip, because of its small contact area
(~50 nm), can operate as an electrical point source, thereby causing
the electric field exerted from the tip throughout the nanocompo-
site films to be non-uniform. A non-uniform electric field is known
to increase the applied voltages for resistive switching.>! However,
an obvious fact was that the bipolar switching behavior of GO-
incorporated TiO, devices could be explained by the charge trap
mechanism, which was confirmed by the color contrast resulting
from the potential difference between the charge trap and charge
release states.

CONCLUSIONS

We demonstrated that RSNM devices based on TiO, nanocompo-
sites could be easily prepared from an electrostatic LbL assembly
process, and the insertion of GO nanosheets within TiO, matrices
could significantly improve the ON/OFF current ratio (~10%). The
notable switching property in our system could be explained by the
presence of thermally annealed GO sheets operating as charge trap
sites, which was confirmed by the changes in real-space imaging of
the charge trap and release state using KFM. We also highlight
the fact that our approach allows the production of resistive
switching-active films with modified electrical properties using
the electrostatic LbL assembly.
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