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Resistive switching phenomena are of paramount importance in the area of memory devices. In the present
study, we have fabricated a simple resistive switching device using a solution processable nanocomposite
based on silver nitrate and poly(vinylidene fluoride-hexafluoropropylene). The change in resistance is
ascribed to an initial ionic conduction, followed by a non-continuous field induced filament formation.
The switching device fabricated with the above-mentioned active matrix displayed a volatile switching
behavior. The addition of room temperature ionic liquid plays a fundamental role in triggering permanent
memory and reducing the set voltage range up to ten-fold. The change in switching behavior with
respect to the applied voltage bias and compliance level set during electrical characterization was
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1. Introduction

Nowadays, Resistive Switching Devices (RSDs) are gaining
significance mainly for their prospective application in the field
of digital memories."* RSD is a brand new technological device,
which can vertically change the concept of computing archi-
tecture. It can be used to perform analog computing at digital
speeds, which could be a fundamental turning point in the field
of electronics. It was in 1971 when Chua mathematically came
up with the missing memristor.® At that time it was considered
a mere mathematical model, until HP disclosed the first
example of a physical memristor in 2008.° A Pt/TiO,/Pt structure
was claimed to be completely in agreement with Chua's mem-
ristor model. Since then, this topic has been intensively studied
and a lot of similar’® and contradictory results'® were pre-
sented. RSDs are classified into organic, inorganic and hybrid,
according to the nature of the active layer that is present
between the two electrodes or leads. Inorganic RSDs represent
the most widely studied case due to their simpler switching
matrix compared to organic and hybrid RSDs."" Thin film based
RSDs are good examples of inorganic RSDs, where a careful
control of the active material thickness allows to electrically
tune certain properties and to modulate the current flowing
perpendicularly to the same film.*»** Nanocomposite (NC)
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RSDs, alternatively known as hybrid, feature a matrix and an
active filler that do not share the same electronic behavior. NC
RSDs are normally characterized by a passive matrix containing
dispersion of active fillers in the form of clusters or nano-
particles (NPs), which can be electrically activated and can also
produce current modulation.***® Extensive research and studies
were conducted on RSDs based on different switching
matrices,'**® each of which has its unique properties. Organic
RSDs exploit the intrinsic properties of organic materials,
including processability, low cost, good retention time, high
endurance and mechanical flexibility, when coupled with
polymeric or natural flexible substrates.

In RSDs, the Resistive Switching (RS) effect in most cases is
caused by the formation of conducting filaments;"** in
particular, electrochemical metallization (ECM) memories
feature a filament composed of reduced metal (produced by
migration of the metallic electrodes) through the polymeric
matrix. ECM memories can be regarded as the next generation
memory devices, due to the possibility of scaling down almost
to the atomic level, while taking advantage of a fast read/write/
erase process and a long retention period.*>** Usually, the layout
of RSDs consists of a stacked structure in which the interme-
diate layer is composed of a very thin film (=100 nm or less) of
polymeric material. Active electrodes or polymers containing
metal ions that can be reduced by an applied voltage are used in
order to create the conductive filament across the polymer. The
presence of polar atoms (e.g. oxygen or fluorine) in the poly-
meric chain that can coordinate metal ions, regardless of their
position (side or principal chain), is essential for the production
of metal filaments.”” Adding an ionic liquid (IL) increases ionic

This journal is © The Royal Society of Chemistry 2016
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conductivity by enhancing the metal ions mobility, which finally
decreases the voltage necessary for the device switching. These
IL incorporated RSDs fall under the category of redox-based RS
memories. In such cases, RS takes place by the dissolution of
a conducting filament in a metal/ionic conductor/metal struc-
ture under the influence of an electric field. Krishnan et al.
explained the mechanism of RS by giving direct evidence of the
metallic conductive filament formation, occurring between the
electrodes as a result of an applied electric field.”® A great deal of
research was carried out to clarify the effects of ILs in enhancing
the ionic transport in crystalline polymer matrices.*"** Such
compounds are normally used as non-volatile liquid electrolytes
(IL with low vapour pressure) in electrochemical applications,
as they assure a wide electrochemical stability window and high
ionic conductivity, which are considered as key factors for
a good electrolyte.*>*® In the present work, poly vinylidene
fluoride-hexafluoropropylene (PVDF-HFP) was used as the
polymer matrix due to its high dielectric constant, good
mechanical strength and also due to its chemical stability.***
The presence of HFP in PVDF reduces its crystallinity, thus
making it soluble in a wide range of solvents. The PVDF-HFP
matrix acts as a quasi-solid medium for the silver ions, sup-
porting their movements when an electric field is applied.
Furthermore, it was also observed that the addition of a room
temperature IL 1-butyl-3-methyl imidazolium bis(trifluoro
methylsulfonyl)imide (BMI-TFSI) to PVDF matrix drastically
influenced its electrical characteristics.>® It is important to
underline that the proposed matrix is totally compatible with
flexible substrates, a fact that widens its range of applications;
in fact, there is a great deal of microelectronic thrust that is
focusing on the development of new materials, which can be
easily and cost effectively deposited on a variety of substrates
like paper, fabrics and plastics,” making them an attractive
component for printed electronics. Moreover, the formulation
is processed at room temperature, which is one of the foremost
properties that allows the material to be deposited on the
cheapest flexible substrates, including paper. The achievable
device uniformity,*® the cheaper production method and the
easy deposition technique along with the advantage of room
temperature processing make these NCs very promising in the
field of disposable devices.

2. Experimental section

2.1. Materials

Poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) Kynar-
Superflex 2500 (pellets) with a 20 wt% of hexafluoropropylene and
a density of 1.79 g cm™> was purchased from Arkema, 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (BMIM
TFSI) (98%), silver nitrate (AgNO;) (99%), dimethylformamide
(99.5%) (DMF) were purchased from Sigma Aldrich.

2.2. Device fabrication

The active switching matrix was prepared as follows: a solution
of PVDF-HFP (10 wt%) in DMF was prepared by vigorous stirring
for 45 minutes. AgNO; was then added to the above polymer

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

solution and sonicated for 20 minutes obtaining a clear solu-
tion. BMIM-TFSI was added directly to the above solution and
sonicated for 20 minutes [Fig. 1(b)]. The solutions were spin
coated at room temperature onto the substrates at 3000 rpm for
20 seconds. In the present case, the thickness of the spin coated
matrix was found to be around 1 pm. The exact composition of
PVDF/AgNO; (further in the text: PAG) was 95/5 while the
sample containing IL (PAG-IL) had a ratio PVDF/AgNO;/IL of
65/5/30.

In order to investigate the effect of the electrodes and the
device architecture, two different structures have been studied.
In the first case, we adopted a planar design, unlike other cases,
where RSDs feature a layered structure.***> This approach was
chosen in order to decouple the problem of fabricating
controlled electrode gaps and NC deposition through the gap.
In planar configuration, the device has identical gold electrodes
deposited on substrates obtained from a (100) oriented silicon
wafer. The electrodes fabrication process started with the
growth of a SiO, layer (200 nm thick) on both wafer sides, by
using a dry oxidation process in a quartz tube furnace. Then,
gold electrodes were deposited using an electron beam evapo-
rator (ULVAC EBX-14D). A Ti layer (10 nm thick) was used in
order to promote the adhesion of the Au layer (100 nm thick) to
the substrate. Both layers were grown using a deposition rate of
0.3 nm s~ . Electrodes were patterned using AZ5214E photore-
sist (Microchemicals) in a standard UV photolithographic
process with the aid of a Neutronix Quintel NXQ 4006 mask
aligner. After photolithography, the Au layer was selectively
etched using a solution made by iodine (I,) and potassium
iodide (KI) in water, with an estimated etch rate of 0.2 nm s~ .
The underlying Ti layer was etched using a solution of hydro-
fluoric acid (HF) and hydrogen peroxide (H,O,) in water.
Finally, the substrates were diced using a diamond dicing saw,
in order to obtain samples with an area of 5 mm x 7 mm, each

Spin coated Polymer
nanocomposite

10um

Au electrodes

Si wafer

a)

Spin coated active
switching matrix

QOO
XX X
QOO0

ITO coated
glass

[ o

Fig. 1 (a) Schematic representation of the planar device with spin
coated polymer NC, inset: physical device after polymer NC deposi-
tion. (b) Polymer NC solution before deposition. (c) Schematic
representation of the stacked device, inset: physical device under
electrical characterization.

Gold electrodes
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with three identical Ti/Au electrodes. The electrodes have
a width of 300 um, and they are separated by a 10 pm gap.
Fig. 1(a) shows the schematic representation of the planar
device with symmetrical Au electrodes and the inset shows the
final spin coated device. The RS is attributed to the chemical
and physical transformation occurring in the 10 pm gap
between the Au electrodes. In the second case, we developed
a stacked structure, which is the most commonly used RSD
design due to its thinner active layer and its enhanced scal-
ability. This structure comprises a glass substrate with an
Indium Tin Oxide (ITO) coating as bottom electrode (BE). Once
the active NC is spin-coated (=400 nm) onto the ITO-coated
glass substrate, Au electrodes of 100 nm thickness were
deposited as top electrodes (TE), using a shadow mask

[Fig. 1(c)].

2.3. Materials characterization

FT-IR transmittance spectra were collected on a Tensor 27 FTIR
spectrometer (Bruker). The samples were prepared by spin-
coating the two formulations on a Si wafer using the same
conditions of RSDs. The averaged signal was collected with
a resolution of 2 cm ™' from 4000 to 600 cm ™.

Field Emission Scanning Electron Microscopy (FESEM,
ZEISS Dual Beam Auriga) was used for morphological analysis
of nanocomposite on the planar structure.

Differential Scanning Calorimetry (DSC) was carried out on
PVDF-HFP, PAG and PAG-IL films. The results were acquired
using DSC 204 F1 Phoenix® (Netzsch) instrument under
a continuous nitrogen flow of 50 ml per minute. The samples
were cooled from room temperature to —50 °C and heated to
250 °C at the rate of 10 °C per minute.

X-ray photoelectron spectroscopy (XPS) studies were
carried out by a PHI 5000 Versaprobe scanning X-ray photo-
electron spectrometer (monochromatic Al K-alpha X-ray
source with 1486.6 eV energy, 15 kV voltage, and 1 mA
anode current) in order to investigate surface chemical
composition. A spot size of 50 pm was used to collect the
photoelectron signal for both the high resolution (HR) and the
survey spectra. The X-ray spot was placed between the gold
electrodes to collect signals all around the gap. Different pass
energy values were employed: 187.85 eV for survey spectra and
23.5 eV for HR peaks. All samples were analyzed using
a combined electron and argon ion gun neutralizer system to
reduce the charging effect during the measurements. Spectra
were analyzed using Multipak 9.6 software. All core-level peak
energies were referenced to C1s peak at 284.5 eV (C-C/C-H sp”
bonds), the background contribution in HR scans has been
subtracted by means of a Shirley function and the deconvo-
lution procedure has been done using Gaussian-Lorentzian
mixed functions.

Electrical characterizations were performed by using Keith-
ley 4200-SCS semiconductor characterization system. The
characterization of the device with a planar configuration was
carried out using tungsten (W) micro probes, which were
directly placed in contact with the gold electrodes in order to
maintain electrical connection. On the other hand, the stacked
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configuration with asymmetrical electrodes were probed using
a cylindrical structure (both diameter and height were 2 mm),
which was kept in contact with the gold TE, and then the W
needle was kept on the cylinder thus achieving connection with
the system (inset Fig. 1(c)). The connection to the ITO BE was
made directly through the W needle. In the stacked asymmet-
rical electrode configuration, the active bias was provided to
ITO, while Au electrode was kept as the reference electrode (0 V).
The electrical characterization was carried out in air at room
temperature.

Viscosity of the polymer-silver nitrate solution was
measured using an Anton Paar MCR 302 Modulator Compact
Rheometer. The solution exhibited a newtonian fluid
characteristic.

3. Results and discussion

3.1. FT-IR analyses

The spectrum of PAG [Fig. 2(a)] is mainly related to PVDF-HFP;
the band at 1398 cm™ ' is composed of CH, wagging and CH,
scissoring vibration of vinylidene; the band at 1313 cm ™" is the
symmetrical stretching of CF; the band at 1177 em™ " corre-
sponds to CF, stretching; 1072 cm ™' band is the symmetric C-F
stretching; the bands at 872 and 850 cm™ " are the wagging and
rocking of the vinylidene.* The peaks at 509-485 cm ™" arise due
to Ag-O bond,** while no signature of residual silver nitrate is
observed. It can be supposed that during deposition of AgNO,
the salt once dissolved in the PVDF-HFP tends to degrade to
AgO and the corresponding nitrogen oxide/oxides.

In the PAG-IL spectrum [Fig. 2(b)], the main absorbance
due to PVDF-HFP are still present: the band at 1406 cm™'
corresponds to vinylidene CH, wagging and CH, scissoring
vibration, while the wagging and rocking of the vinylidene
bands are still present at 880 and 837 cm™*.** The other bands
are partially superimposed with the C-F vibrations of IL. The
bands 1354 cm ™', 1204 cm ™%, and 1060 cm ™' are associated
with the presence of C-F and SO, stretching of bis(tri-
fluoromethanesulfonyl)imide.** The absorbance in 2800 to
3200 cm™ ' region is mainly due to the 1-butyl-3-methyl imi-
dazolium cation (BMIM). The butyl chain attached to the
imidazolium ring exhibits peaks at 2968 and 2877 cm ™. The
CH; symmetric and antisymmetric stretching, and the CH,
antisymmetric stretching are located at 2938 cm™'.***’ Other
peaks in the 3050-2800 cm™ " region are difficult to recognize
unless the 3019 cm ™' peak that is arising from the CH, anti-
symmetric stretching of PVDF-HFP.** Bands above 3050 cm ™"
are from the C-H vibrational modes of the imidazolium ring,
peaks at 3120 and 3157 em™ ' are for antisymmetric and
symmetric stretch vibrational modes of HC(4)-C(5)H of BMIM
and the peak shown as the shoulder around 3100 cm™ ' is
assigned to the stretch vibrational mode of C(2)-H(3).***°
Finally, in the 2000-1500 cm ™" region, two peaks are present.
The first at 1570 cm ™" is due to the C-C stretching of the BMIM
ring and the second at 1724 cm™ ' is probably due to the
presence of DMF solvent residues that are difficult to eliminate
being miscible with the IL.** In this case, no bands corre-
sponding to silver oxide were present.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 ATR FTIR spectra (a) PAG (b) PAG-IL.

3.2. Electrical characterization

We studied the switching characteristics of planar structured
AgNO; based RSD with symmetrical Au electrodes. The
switching matrix PAG was spin-coated onto the device. The
pristine device was found in the high resistance state (HRS) as it
can be seen from Fig. 3(a). The RSD had its initial transition
from HRS to low resistance state (LRS) at a negative voltage of
around —25 V, which corresponds to an electric field of about 25
kv em ™. Thus, the forming voltage in this particular case is
—25 V. The current limit was clamped to 100 pA in both
polarities to ensure that the device doesn't get damaged. The
initial set process occurring in our experiments can be easily
explained by a simple reaction where the Ag" ions are being
reduced to Ag’ atoms, which relates to the change in the
resistance state of the device from high to low.

Agh+e = Ag

The most probable reaction associated with silver reduction
is the direct oxidation of oxygen that replaced nitrate in the
dissolution of AgNO; in PVDF-HFP. Thus, the total conduction
current can be attributed to the contribution of (1) ionic
conduction before switching and (2) non-continuous filamen-
tary conduction after switching.

The application of an initial high electric field is usually
common in planar devices where the active distance between

This journal is © The Royal Society of Chemistry 2016

the electrodes is relatively high. Once the initial path is set in
the polymer matrix, subsequent filament formation is much
easier. Cyclic IV characterizations at room temperature were
performed on the planar devices, as reported in Fig. 3(b). The
device exhibits a behavior similar to a random access memory
(RAM). The initial voltage sweep was provided in negative
polarity and the device was in its HRS. As the voltage reached
—25V, it switched to LRS. This state underwent a transition as
soon as the voltage level approached 0 V. Focusing on the
positive voltage sweep, the device was again in its HRS, and it
moved to LRS at a voltage around 20 V. Thus in the case of
planar RSD with PAG, memory was volatile. Fig. 3(c) shows the
FESEM image of the characterized RSD with planar structure
with PAG as the active switching matrix. It can be seen that
silver NPs are homogeneously distributed within the matrix,
between the gold electrodes, and that there is no evidence of
filament formation between the electrodes after cyclic I-V
characterization. The ON resistance observed in Fig. 3(b)
exceeds 100 kQ that is much higher than the resistance of
a single atomic point (12.9 kQ),** leading to the assumption that
the volatile behavior observed is due to a dominant electron
tunneling process. A similar reason for volatile behavior has
been provided by Krishnan et al.>* Therefore, the switching of
the device from HRS to LRS should be due to the formation of
a discontinuous metallic filament, where electrons experience
hopping between Ag NPs that are not in direct contact,

RSC Adv., 2016, 6, 94128-94138 | 94131
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Fig. 3 (a) Initial set process, taking place at —25 V. (b) Cyclic -V
measured in the Au/PAG/Au system (c) FESEM image of the device
with active switching matrix (AgNOz and PVDF-HFP) spin coated
between the gold electrodes, after electrical characterization.

explaining the relatively high resistance of the device in the LRS.
As the voltage approached lower values, the electric field
ordering effect was overcome by thermal disorder occurring to
the silver NPs.*® This caused a complete isolation, thus
switching the device back to its HRS. Similar results were shown
using analogous NCs containing in situ generated Ag NPs at
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a time when hybrid/organic RSDs were not yet known and
studied.** It was also shown how to control the density and
distribution of particles within the polymer matrix by taking
advantage of the ion diffusion.”® However, the working voltage
range was quite high in PAG coated RSDs [Fig. 3(b)]. After
further studies, it was observed that the addition of 30% IL to
the polymer and AgNO; solution (referred to as PAG-IL) made
the electrical response more suitable for low-power electronic
devices, leading to a sharp reduction in the forming and set
voltage range which is fundamental for a better energy
management.

Fig. 4(a) shows the initial cyclic I-V curve of the planar RSD
using PAG-IL matrix. The device showed a volatile switching
behavior. The maximum level of current was set to 100 pA in
both polarities. It is interesting to note that the initial switching
took place at —2.2 V (forming voltage), which corresponds to
a forming field of 2.2 kV cm ™" [Fig. 4(b)] and then the switching
voltage decreased to lower values, which is usually common in
RSDs. This reduction, happening in the initial set voltage range,
may be mainly due to the action of IL in the polymer NC. The
presence of IL increases the mobility of ions and thus, Ag ions
attain a much higher mobility than in the PAG matrix. The effect
of IL in the PAG matrix can be studied in a detailed manner by
means of DSC and impedance spectroscopy measurements.
Fig. 5(a) provides the DSC curves corresponding to PVDF-HFP,
PAG and PAG-IL films. It can be seen that the addition of
AgNO; and further addition of IL to PVDF-HFP matrix reduced
the depth of the melting peak as well as a shift in the melting
peak from 128 °C to 114.5 °C. It's worth mentioning that the
melting peak of PAG-IL was broadened when compared to PAG
and PVDF-HFP. In other words, there was a plasticizing effect of
IL on the polymer matrix. The plasticizing effect reduced
dipole-dipole interactions, thus disrupting the transient cross-
linkage bonds among the polymer matrix.>® By integrating the
melting peaks of PVDF-HFP, PAG and PAG-IL, it was observed
that the area corresponding to the three matrices were 10.5 J
g ',4.935] ¢ " and 1.83 ] g~ respectively. This reduction in the
area corresponding to PAG-IL indicates that presence of BMI-
TFSI facilitates the polymer backbone softening, thus
enhancing the segmental motion of the polymer chain thus
making it less crystalline. Fig. 5(b) provides the Nyquist plot
obtained from the impedance spectra analyzed in the frequency
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(a) Initial cyclic I-V measured in the Au/PAG—IL/Au system. (b) Zoom on the initial set process taking place at —2.2 V.
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range [1 kHz, 10 MHz]. The figure provides a limited range of
the impedance spectra in order to understand the difference in
behavior of PAG and PAG-IL. Data points corresponding to PAG
showed an impedance behavior that was dominated by simple
diffusion processes. PAG-IL behavior, on the contrary, was
much more complex: in the low-frequency regime, we observed
a negative differential resistance, taking place from 10 down to
1 kHz, while in the high-frequency regime the behavior recov-
ered the same features of the PAG device. Thus, the data cor-
responding to PAG-IL was in support of a higher ionic
conduction.

In the case with IL, at negative voltages, the silver ion was
reduced to silver metal and caused an increase in conduction,
as mentioned earlier. On the basis of previous work on elec-
trochemical stability of PAG-based RSDs, the oxidation can be
mainly ascribed to the oxidation of 1-butyl-3-methylimidazol-2-
ylidene formed by protic dissociation of IL cation [Fig. 6] or the
residual DMF.>”>®

Once the initial forming was observed in the device, the
optimal voltage range was investigated, allowing to have a stable
and repeatable RS. I-V characterization was performed between
the voltage range of +0.2 V and —0.2 V. Fig. 7(a) displays the
non-volatile switching behavior of the device. The set states
were always stable and the threshold voltage corresponding to
set was near 0.1 V; while the reset states had slight variations,
the reset threshold was in the range of —0.05 V. The different
reset compliance, coupled with the optimised voltage bias range
and the pre-electrical treatment, changed the memory state of
the RSD from volatile to non-volatile [Fig. 7(a)]. After a set of
repeated electrical pre-treatment [ESI Fig. S11] by maintaining
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100 pA reset compliance, a non-continuous filament was
formed. The stability of the filament can be substantiated by the
resistance level observed. The high resistance level (=2 kQ) in
Fig. 7(b) was lower than the low resistance level (=10 kQ) in
Fig. 4(b). The formation of a stable filament now enabled the
device to set at a much smaller threshold voltage (0.1 V). The
reduction in voltage range along with an increase of reset
compliance led to the destruction of the formed filament when
it reached a negative threshold voltage of —0.05 V. Since the
voltage was swept only till —0.2 V, there was no further filament
formation, which made the device remain in its HRS until it
reached its positive set threshold. Thus, the HRS was main-
tained until the device reached a positive set threshold where
a filament formation took place, which led to a bipolar
nonvolatile switching. Thus, it can be stated that a low reset
compliance led to a filament in which a spatial gap exists.>* The
increase in conduction in this case can be ascribed to tunneling,
and the decrease in conduction can be due to a faster erase
process of the thin and unstable filaments leading to
a symmetric electrical behavior in the opposite polarity
[Fig. 4(a)]. The studies conducted so far on RSDs give more
importance to the set compliance, while the reset one is nor-
mally less important or not even mentioned.®® As a matter of
fact, compliance-dependent events can be connected to fila-
mentary conduction model. The switching from LRS to HRS can
be explained by the breaking of the stable filament (which is not
a complete destruction but rather the dissolution of a small
portion of it), once the voltage approaches the reset voltage.
This breakage happens due to the movement of the silver NPs
from the formed filament activated by thermal disordering.
Fig. 7(c) shows the corresponding FESEM image of the
device. It was evident that the characterized sample had a non-
uniform morphology, where a self-established network was
found between the gold electrodes, suggesting the potentiality
of our system to realize artificial neuron networks. This irreg-
ular peculiar morphology was due to the shrinkage during
drying and the partial demixing of the polymer and silver salt.
Fig. 7(d) clearly displays the dendritic growth of silver NP fila-
ments (evidenced manually in green to appear from the
substrate grey background) between the gold electrodes, three
of which are percolating and connecting opposite electrodes
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with active switching matrix (AgNO=, PVDF-HFP and IL) spin coated

between the gold electrodes, after electrical characterization. (d) Magnified portion between the electrodes with percolation paths (evidenced by
orange hand drawn lines) and Ag NPs (coloured in green) that bridge the two electrodes.

Table 1 Summary of planar RSD with Au electrodes using PAG and PAG-IL

Forming voltage

Set voltage  Reset voltage

Switching matrix Switching behavior (\%] \%) (\%] Ion/Toge

PAG Volatile -25 20 0.5 Rectifying ratio of 10*

PAG-IL 100 pA reset current compliance  Volatile —2.2 1.75 0.2 Rectifying ratio of 2400
1 mA reset current compliance Bipolar, non-volatile ~ —2.2 0.1 —0.05 15 (from retention tests)

(orange lines manually drawn close to those NPs which were
seen in contact from highly magnified FESEM images). The
formation of dendritic filaments can be related to diffusion-
limited aggregation of the silver ions. As it can be seen, there
are multiple possible paths between the electrodes. This is
similar to the work carried out by Krishnan et al,*® where
a similar planar device was fabricated with symmetric platinum
electrodes and Ag-PEO as the polymer composite. Table 1
summarizes the effect of PAG and PAG-IL on the planar resis-
tive switching device with symmetrical Au electrodes. As it can
be seen, PAG matrix displayed a nonlinear diode-like behavior.
The use of PAG-IL led to the reduction of forming voltage.
Furthermore, with the change in the reset compliance level, the
device started memorizing its past state. While performing
retention tests (see further in the text), it was observed that the
I,n/Iog ratio of PAG-IL coated device with non-volatile state was
700.

Fundamental property of any RSD is its retention. The higher
the retention, the better the device. A voltage bias test was
carried out on the device in order to check its retention time

94134 | RSC Adv., 2016, 6, 94128-94138

[Fig. 8]. The test was performed on the planar PAG-IL device at
room temperature. The device was read at a voltage of 0.05 V in
the set and reset cases. It was seen that the device was

| Resistance read @ 0.05V

Reset

S M
(3
o
8 Y
2
3
© Set
10° : : ; ; ;

0 1000 2000 3000 4000 5000 6000

Time (s)

Fig. 8 Retention characteristic of the planar sample with PAG-IL. The
sample was read at 0.05 V.
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maintained constant set resistance level for more than 6 ks. The
set resistance was maintained at 500 Q. The reset state was fairly
unstable for the first 1.5 ks. Later it turned stable and the device
maintained this level till 6 ks. The average reset resistance
measured by the device during the retention test was about 7
kQ. The test was interrupted and restarted in order to further
confirm non-volatility. It is worth noting that the resistance
values before and after the interruption (at 3.6 ks for the set
state, red ellipse in Fig. 8 and 3.2 ks for the reset state, black
ellipse in Fig. 8) recovered the previous resistance value. This
confirmed the non-volatility of the device.

In order to investigate the surface chemistry, especially to
understand the oxidation state of Ag on the surface of the device,
XPS was conducted on different samples: (1) fresh planar device
with deposited PAG-IL, (2) electrically characterized planar
device (not aged), (3) one month old characterized planar device
(aged) and (4) AgNO; commercial powder as a reference. Fig. 9
reports the XPS data. From the survey spectra [Fig. 9(a)] we can
infer the presence of C, O, N, Ag, F and some impurities due to
precursor residues (Si and Cl). To validate what has been previ-
ously observed with FT-IR analysis, the N1s peak was checked
[Fig. 9(b)], in order to see if nitrogen was still bonded with Ag. The
three devices showed signals made up by two bands at ~399 and
~401 eV respectively due to C-NH, and C-NHj3;, found in IL. No
peaks were detected for typical nitrate chemical shift, which
should be located at binding energy higher than 403 eV. On the
contrary, the AgNO; commercial powder N1s signal features two
separated peaks at 403 and 406.4 eV, which are due to nitrates.””
Therefore, we can conclude that the Ag nitrate is no longer
present inside the polymer matrix (according to FT-IR and XPS
techniques sensitivities). Fig. 9(c) shows the Ag3d doublet core-
level emission collected from the three devices. For the sake of
simplicity, we will comment hereafter only the Ag3ds, peak
deconvolution, while omitting the same information obtained
from the Ag3d;),, which is 6.0 eV apart from the previous one.
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Each peak was deconvoluted by using two components with
FWHM values according to what reported in ref. 61-63. As it can
be seen in the fresh sample, that has not been electrically char-
acterized, the peak is made up of two bands: the first one at 367.8
€V (40.4%) and the second one at 368.5 €V (59.6%). The first value
is typical of Ag,0,** while the second one, which is shifted
towards higher binding energies respect to reference value for
metallic Ag (368.2 eV), has been assigned to Ag metal NPs;* this
means that during the deposition the Ag undergo partial reduc-
tion, forming metal NPs with a thin layer of silver oxide on the
surface. The sample after electrical characterization (not aged)
presents the same peak for the Ag,0O (44.2%) chemical shift,
while the peak at higher energy is located at 368.2 eV (55.8%),
which is the Ag metal foil reference value. So we can state that the
measurement changed the state of the Ag filler. The latter graph
in Fig. 9(c) is related to the one-month-old tested sample (aged).
In this case, the Ag3ds/, peak is composed of two curves which
are at 366.5 eV (8.3%) and 367.4 eV (91.7%). The first value is
quite unusual for Ag, since it is at very low binding energy.
Thomas et al.® explained this chemical shift with the exposure of
the composites to the ambient air, taking origin from Ag,0. The
peak at higher energy, in this case, is due to AgO.*® So, we can
state that the sample which left for one month at ambient
conditions (aged) had gone through an ageing process which
thickened the oxide layer, since no Ag metal component is
present in the peak deconvolution. Moreover, we should keep in
mind the surface sensitivity of XPS: for the Ag3ds/, orbital, the
attenuation length is such that the signal comes from the top 4
nm of the surface, with most of the signal being from the
outermost 1.5 nm.” Considering the mean dimension of the Ag
NPs (10 to 30 nm), it is clear that XPS gives only information
corresponding to the outer surface of particles.

To understand the dependence of device structure on the
switching behavior, a stacked structure was realized with PAG-
IL switching matrix. As mentioned earlier, the BE was ITO-made
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Fig.9 X-ray photoelectron spectra of NC based RSD prepared with PAG—IL on planar device. (a) Survey spectra. (b) High Resolution (HR) spectra
for N1s. (c) HR spectra for Ag3d peaks (black line for experimental data, dashed black line for fitting curves and red line for reconstructed signal).
The analyses are made on fresh untested sample (fresh not tested), sample after electrical characterization (not aged), on a one-month-aged
sample submitted to electrical characterization (aged), which was kept at ambient conditions, and finally on commercial AQNOz powder (a and

b graphs only).
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and the TE was fabricated in gold (4 mm diameter). The device
was electrically characterized under ambient temperature, and
it was seen that the RSD was exhibiting a bipolar nonvolatile
switching behavior. The on resistance and off resistance at
a read voltage of —1 V were found to be 50 kQ and 7 MQ
respectively, thus exhibiting an I,,/I¢ of 150. As in the previous
case, in the initial testing conditions, a compliance current level
of 1 mA and 100 pA was set in the negative and positive polar-
ities respectively. The active thickness of the PAG-IL matrix was
in the range of few hundreds of nm, which was quite thinner
than in the planar design. Fig. 10(a) displays the I-V plot, and it
can be seen that the set process took place in the negative
polarity, while the reset took place in the positive polarity. In the
earlier case, where PAG-IL was coated onto the planar device
with symmetrical gold electrodes, different switching mecha-
nisms were observed according to the electrical parameters set,
especially, the compliance current. In the stacked device,
different compliance levels were applied for positive and
negative polarities, but the system always displayed a non-
volatility. In planar devices featuring symmetrical electrodes,
the switching behavior depends on the electrical parameters
set, while in stacked devices depends mainly on the electrode's
materials and on the active switching matrix thickness. As re-
ported previously, the pristine device was found to be at HRS,
and as the voltage reached around —1.7 V, the device took
a transition from its high to low resistance state [Fig. 10(b)].
This LRS was continued until the voltage reached +1.6 V at
which point the device moved back to its HRS. It was also noted
that unlike other cases, where the set potential is reduced after
the electroforming, here there was no notable reduction in set
voltage. This could be explained by charge confinement within
the NPs: initially, the charge gets trapped in the NPs and as the
applied field is increased and reaches a certain set threshold
(1.7 kV em™ "), the conductivity of the polymer NC is dramat-
ically increased due to the easy movement of the charge through
the polymer matrix which leads to the on state of the device.
This state is maintained, until the applied field reaches a critical
reset threshold (1.6 kV ecm ™), at which point the charges get de-
trapped thus making the device move back to its initial state.®®
In order to check the stability of the device throughout the
working cycles, a pulse test was also performed, where the
device was probed at 1 V by setting and resetting at —5Vand 2 V
for 500 ps respectively. It was found that the device read almost
constant values for about 70 cycles [Fig. 10(c)]. An average set
current of about 250 pA and average reset current of about 2 pA
was read at 1V, thus maintaining an I,,,/Io¢ current ratio of 100.
The HRS showed a slight drift in the current with an increase in
cycles: this is because the device had a tendency to move to
a permanent on state as the cycles proceeded, and thus the
current in HRS was slightly increasing. This case, where
a stacked structure is considered, is a clear example which
explains that device engineering controls the device
properties.*®

It was also observed that the viscosity of PAG-IL was 30 cP,
which is an acceptable viscosity for inkjet printing in the case of
heated print head, making this switching matrix suitable for
flexible printed electronics.
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resetting the device at —5 V and 2 V for 500 ps.

4. Conclusions

In this work, the resistive switching behavior of Au/AgNO;-
PVDF-(with and without) IL/Au based planar structure and Au/
AgNO;-PVDF-IL/ITO based stacked structure has been studied.
In the initial setup, where the active matrix with no IL was used
to build a planar device, the working voltage range was quite
high as the effective distance between the electrodes was 10 um,

This journal is © The Royal Society of Chemistry 2016
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and thus, a high electric field was required for the resistive
transitions. Moreover, the device exhibited a volatile switching
behavior. It was clearly noted that the addition of RTIL to the
switching matrix helped in triggering non-volatile memory to
the device and also helped in the reduction of the set voltage
range, which can be ideally related to improved ionic mobility,
facile path for ionic movement and reduced crystallinity and
viscosity of the switching matrix. A dendritic filament growth
was observed by FESEM imaging in between the electrodes,
proving the formation of a silver NP conducting filament which
led to the change in the state of the device from HRS to LRS. The
compliance current used in the reset condition along with the
optimized voltage bias range led to a change in the switching
behavior of the device, which can be related to the stability in
the formed filament. The electrical behavior was quite stable
throughout the working cycles and also showed a retention of
more than 6000 seconds with an I,,/I ¢ ratio of about 15. The
device dependence on the switching matrix (PAG-IL) was also
addressed by preparing a stacked structure with asymmetrical
electrodes. This configuration revealed a bipolar switching
behavior, with an I,,/Ig ratio of about 102 The pulsed charac-
terization showed a stable behavior up to 70 cycles. One of the
major advantages guaranteed by the PVDF-HFP matrix is that it
can be printed onto flexible substrates, thus widening its scope in
the field of printed flexible switching devices. By further tailoring
the active switching matrix, the device could be utilized as
a building block in future neuromorphic applications.
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