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Abstract

It is widely accepted that resistive switching devices (RSDs) are extremely appealing as active
components in computer memories and logic gates in electronics, directly enabling neuromorphic
functionalities. The aim of this study is to investigate the chemical and electrical properties of a
nanocomposite polymer, the active component of the device, in order to characterise its
composition and behaviour under electric field. This paper presents the morphological and chemical
characterization of an in-situ generated silver — Polyvinylidene fluoride-hexafluoropropylene
PVDF-HFP nanocomposite (NC) material. A silver salt is added as precursor to the polymer
solution and then, after a film casting step, the nanoparticles generation and growth processes are
carried out by way of UV irradiation; the growth and the distribution of in-situ generated silver
nanoparticles (NPs) in the polymer matrix are described. The devices, built on a planar electrode
structure, undergo an 1/V test to explore their resistance states at different switching voltages.
Furthermore, after electrical analysis a remarkable Roff / Ron ratio and a relatively low switching
voltage (3 V) are achieved, demonstrating the suitability of the developed material for the next

generation of soft, wearable, RSDs.
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1. Introduction

The existence of memristors was firstly hypothesized in the early ‘70s by Leon Chua who
described, through a mathematical equation, a device that can provide a relationship between flux

and charge as a nonlinear resistor can do between voltage and current.?
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The ideal memristor, in a broader sense known as resistive switching device (RSD), is typically a
stacked structure in which the resistance varies when a certain positive current flows through it and
remains frozen until a ’reset’ negative current flows when a negative voltage is applied.? Thus the
device will be characterized by its Ron and Rofr resistance states.®

The intriguing ability of freezing two resistance states makes RSDs suitable for computer memories
and useful as logic gates also in neuromorphic computing, mainly because of the innate capability
of showing plasticity, or programmable states on the basis of stimulus strength or stimuli timing.*®
RSDs nowadays studied and reported in literature are fabricated involving three different families
of materials. In the majority of published works, inorganic RSDs are reported, probably because of
their highly controllable structure, their easy deposition in the form of thin films and their good
compatibility with complementary metal oxide semiconductor (CMOS) processes. * ° In this
typology of devices the active layer is typically composed of oxides (e.g. TiO2'°, Gd203™, SiO28,
etc.) sandwiched between two metal electrodes and the resistive switching mechanism is more
commonly attributed to the drift of oxygen vacancies with an applied electric field.'*"®® For what
concerns organic RSDs, they are rather different systems and their functioning mechanism is still
under debate.!* Nevertheless, polymer materials are seen as promising candidates for the
development of high performing RSDs thanks to their low cost, easy processability, mechanical
flexibility and easy tuning of the electronic performance through innovative molecular design. 1>
The third class of resistive switching devices is based on nanocomposite (NC) materials; in this case

an insulating polymer is used as matrix for active fillers or nanoparticles (NPs).1%-2?

The RSDs that fully respond to the requirements of memristors are usually used for creating large
crossbar arrays for various applications, and in this case sneak path current becomes a major issue.
Selector devices, that can be seen as another kind of RSDs, play an important role in the mitigation
of this unwanted current. Nowadays many research teams are also working on mitigating this
sneakpath current issue by using selector devices?® without compromising the scalability of
memristors. The key requirement for a selector device is that it should have a large On/Off ratio, a
steep turn on slope, high current density, fast turn On and Off .2* Several kinds of selectors have
been recently presented. 24?7 Silver-based polymer NCs RSD reported in literature seem to present

some of the required features for selectors.?2 282

The careful study of the material can help in controlling and understanding its behaviour when
submitted to electrical stresses. Nanometric materials present amazing electronic properties which
enable their use for the development of innovative RSDs and, in particular, selectors. Furthermore,
polymer NCs usually require much easier production processes with respect to inorganic structures

and give, at the same time, high throughput processing, light-weight and mechanical flexibility.??



Furthermore, the typical low operational voltages encourage their use in direct connection with

living biological neurons.®

Two different approaches can be followed for the production of NC materials: the nanometric fillers
can be directly added into the polymer matrix (ex-situ method) or, alternatively, some precursors of
the nanophase can be mixed into the polymer matrix and NPs are generated in-situ during the

polymerization or through a dedicated post processing (in-situ method).3+-33

Ex-situ synthesis is commonly more appropriate for large-scale industrial applications than in-situ
synthesis even if problems linked to the uniform dispersion and aggregation of NPs must be
tackled. On the other hand, the in-situ synthesis approach is simple and effective in preventing
particle agglomeration while maintaining a good spatial distribution in the polymer matrix; these
advantages of the in-situ NCs result extremely appealing when the application in electronic devices

is envisaged.3*

In this paper in-situ NC materials are studied. Silver salts are added to a solution of Polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP) and the NPs in-situ generation is then UV-induced in
spin-coated films. PVDF as well as its copolymer PVDF-HFP can be chosen as polymer matrix for
such application being known its high dielectric constant, chemical stability and good mechanical
strength; this polymer can act as a quasi-solid medium for metal ions during the photoreduction of
the silver salt and during the functioning of the device supporting the ionic movements when an
electric field is applied. %

UV-VIS and XPS analyses are provided in order to investigate the effective presence of the NPs
and their growth in the polymer matrix by photochemical reduction; FESEM analysis are performed
in order to directly see the morphology of the NC polymer structure and geometrical distributions
are extracted using a numerical algorithm. Electrical characterizations are carried out on chips
where the NC material is coated in order to qualify its resistive switching under applied variable

voltage.
2. Methodology

2.1 Materials

Poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) KynarSuperflex 2500 (pellets) with 20
wt% of hexafluoropropylene and a density 1.79 g cm— was purchased from Arkema. Silver nitrate
(AgNO3) (99%), dimethylformamide (99.5%) (DMF) were purchased from Sigma Aldrich.

2.2 Sample preparation



The NC polymer acting as resistive switching material was prepared as follow: a solution of PVDF-
HFP in DMF (10wt%) was obtained by vigorous mechanical stirring for 15 minutes to obtain the
complete dissolution of the polymer in the solvent. Different amounts of AgNOs (5, 20 and 50 phr,
per hundred resin) were then added to the solution and carefully mixed in ultrasound bath for 30
minutes; lower concentrations are not presented since they gave open circuit devices. The obtained
formulations were uniformly poured on a silicon chips and spin coated at 1000 rpm for 10 seconds
and at 2000 rpm for other 10 seconds. At the end of the process, a uniform and thin (400 to 500 nm
) layer was formed on the chip’s surface. The chip used in the experiments was composed by a
silicon substrate with gold patterns deposited on it.?? The electrodes were separated by a 10 um gap
filled with the active NC material. In a final step, the chip with the NC polymer deposited on it was
individually irradiated with UV light using an ultraviolet lamp with light intensity of 10 mW/cm?
for one hour. This process was necessary for the reduction of AgNO3z and the formation of the silver
NPs. The samples corresponding to the different formulations are referred to as 5 AgNQO3, 20
AgNO3z and 50 AgNOs.

2.3 Characterization methods

The UV-Visible spectra were recorded with of a double beam Lambda 40 instrument (Perkin-
Elmer). The range of the wavelength between 280 and 800 nm was monitored with a scan step of 1
nm.

The solution of polymer and silver salts was gently deposited and spin coated on a glass slide. After
that, the UV-vis spectra were collected at different exposure times of UV radiation.

XPS spectra were obtained using a PHI 5000 Versaprobe Scanning X-ray Photoelectron
Spectrometer (monochromatic Al K-a X-ray source with 1486.6 eV energy). The surface chemical
composition and Ag NPs distribution in depth were investigated using a spot size of 100 um in
order to collect the photoelectron signal for both the high resolution (HR) and the survey spectra.
Different pass energy values were exploited: 187.85 eV for survey spectra and 23.5 eV for HR
peaks. All samples were analysed with a combined electron and Ar ion gun neutralizer system in
order to reduce the charging effect during the measurements. All core-level peak energies were
referred to C1s peak at 284.5 eV and the background contribution in HR scans was subtracted by
means of a Shirley function. The software Multipak 9.6 was used to analyse the obtained spectra. A
depth profile analysis was also performed, by means of an Ar* flux at 2 kV accelerating voltage and
(2x2) mm? area, in an alternate mode with sputtering cycles of 1 min each.

A morphological analysis of the NC samples was done with Field Emission Scanning Electron
Microscopy (FESEM, ZEISS Dual Beam Auriga) after platinum metallization of the surface. The



sample for the cross-section characterization has been prepared with the use of Focused lon Beam
(FIB, Zeiss Dual Beam Auriga) operated at 30kV. Thick platinum protection layer was deposited
prior to the sectioning.

Images of the reduced silver NPs were taken and their size distribution was quantified using a
Matlab ® routine able to extract geometrical parameters such as equivalent diameter, branching
factor, mean distance between particles, orientation, eccentricity.®

The electrical characterization was performed on the chips by means of a Keithley 4200-SCS
Semiconductor Characterization System, using standard 2-point setup and contacting the samples
by tungsten microneedles firmly placed directly on the gold electrodes.

The measurements were performed applying a voltage varying between a positive and a negative
value with a scan step of 50 mV and a set current compliance of 10 pA. The applied voltage range
was changed for every sample in order to achieve the desirable resistive switch. For each sample 5
cycles of the 1/V characteristic were performed. All the electrical characterizations were performed

at room temperature.

3. Results and discussion

Before investigating the electrical behaviour of the silver/PVDF NC, the in situ generation of Ag
NPs was studied; firstly, the nucleation and growth mechanism was followed by means of UV-vis
analyses. The PVDF solutions containing different amounts of silver nitrate (5, 20 and 50 phr) were
spin coated and the obtained films were characterized after different UV-exposure times in order to
investigate the kinetics of growth of Ag NPs.

In fact, silver ions can undergo reduction from Ag* to Ag® under UV-irradiation and in presence of
an electron donor.®? Being known from literature that some radicals can be generated at the surface
of UV irradiated fluorine based polymers, 3 3 these can then be used as electron donors in order to
reduce the silver ions to metallic silver leading to the formation of Ag NPs embedded in the
polymeric matrix through UV exposure.® Silver NPs have got a characteristic absorption peak
centred at about 450 nm that is linked to the surface plasmonic resonance band; the height of the
peak can be linked to the quantity of NPs.*°

Figure 1 a, b, ¢ show the absorption of the plasmon peak for the different samples (5 AgNO3, 20
AgNO3 and 50 AgNO3) growing in intensity with the increase of UV exposure time, indicating the
rising of the nanoparticles concentration. Figure 1,e also reports the maximum height of the peak as

a function of irradiation time showing the continuous increase of the height during irradiation.



The evolution of the wavelength corresponding to the maximum of the peak (Amax) is reported in
Figure 1d. It is known that even small differences in the peak position (Amax) can be related to the
NPs size.? Observing the plots, it is possible to notice that increasing the amount of silver precursor
the Amax OF the plasmon peak increases from about 410 nm for sample 5 AgNOs to 460 nm for
sample 50 AgNOs (Figure 1,d) indicating the presence of bigger particles in the samples containing
higher quantities of silver precursor, Amaxalso slightly increases for the samples 5 AgNOsz and 20
AgNOs during irradiation while in sample 50 AgNOsit is possible to evidence the presence of
bigger nanoparticles since the beginning of the irradiation.

The growing peaks also show a broadening with the increase of the irradiation time, which can be

related to the increase of the NPs volume fraction.
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Figure 1 UV-Vis spectra depicting the silver nanoparticles growing kinetic for sample 5AgNO3 (a),
5AgNO3 (b) and 50AgNO3 (c) the normalized peak amplitude (d), and the peak wavelength (e)

FESEM images were collected to observe the surface of the neat polymer and of the samples
containing different amounts of silver precursor after 1 hour of irradiation.

Figure 2 reports the collected images; it is visible that the polymeric matrix without the precursor
shows smooth and NPs free surface, while the NC matrices show the presence of the Ag NPs. Their
number is relatively high and distribution is quite homogeneous. The NPs size and density highly
depends on the precursor concentration. For the higher percentages studied an agglomeration of the

Ag NPs is also observed.



The samples were also studied in the cross-section view in order to estimate their thickness and NPs
distribution. The thickness of the spin coated material was of 400 to 500 nm (Figure S1a) for all the
samples. A representative image of the cross-section at higher magnification for the sample 5
AgNO:s is presented in Figure S1b, showing relatively small number of NPs generated in depth in

respect to the surface.

200nm 200nm

Figure 2 FESEM micrographs showing the top view of NC samples with varying concentration of AgNOs,
() 0, (b) 5, (c) 20 and (d) 50 phr.

By means of numerical geometrical analysis, we extracted the statistics shown in Figure 3. Sample
5 AgNO3z shows well distributed NPs with a size mainly distributed in the range 5 to 40 nm,
counting rare bigger aggregates (Fig. 3a). Sample 20 AgNO3 shows a good NPs distribution of
particles having the same small scale distribution, but experiencing a more statistically significant
presence of bigger aggregates (up to 170 nm, Fig. 3b). Sample 50 AgNOs features the smaller NPs
with a broader distribution, up to 50 nm, embedded in the polymer matrix, and an even higher
amount of aggregates (up to 190nm, Fig. 3c). The very good distribution and high number of NPs
observed in the samples containing lower amounts of silver precursor gives high probability for
charge carriers to move through the sample and pass the gap between the electrodes. This is
confirmed by analyzing the distance between particles, our algorithm outputs similar distributions



with peaks shrinking as the precursor content increases: the median of the distances for sample 5
AgNOzis 33 nm (Fig. 3d), for sample 20 AgNOsis 15 nm (Fig. 3e), for sample 50 AgNOz is 15 nm
(Fig. 3f). Furthermore the presence of smaller NPs, not visible by FESEM analysis, can be
supposed.?® Another relevant analysis performed with the aid of the numerical routine evidences the
shape and preferential orientation of the NPs in the matrix; the greatest amount of particles are not
preferentially oriented. From a purely geometrical point of view, the first moment of the surface of
a big number of NPs is non-zero and therefore they have an eccentricity: for sample 5 AgNOs the
median is 0.7 (Fig. 3g), for sample 20 AgNO3 0.55 (Fig. 3h) and for sample 50 AgNOs again 0.7
(Fig. 3i). Besides this we see the weight of perfectly spherical NPs changing from marginal (5
AgNO:3) to considerable (20 AgNOs) to predominant (50 AgNO3).
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Figure 3 Geometrical statistics extracted from the FESEM images of Figure 2, with varying concentration of
AgNOs3: 5 (left column), 20 (middle column), and 50 phr (right column), showing their properties: the

equivalent diameter (upper row), the inter-particle distance (middle row) and the eccentricity (bottom row).

Spin coated films of the 3 samples were then analysed by XPS in order to check the presence of
metallic silver and to obtain more information about the generation of NPs. Figure 4 (upper line)
reports the survey spectra of the samples; here the peaks at 284-290 eV and 688 eV correspond to
the typical signals of carbon C1s and fluorine F1s respectively that are found in the P\VDF matrix.

The silver component is detectable from the two characteristic peaks at 368 eV (Ag3ds2) and 374



eV (Ag3daz) while the band at 532 eV is related to the presence of oxygen O1s that indicates a
surface oxidation. From the spectra is also visible that there is no nitrogen deriving from the counter
ion NO* that should have had its peak centred at 400 eV. This was expected according to the
literature on the photochemistry of nitrate ions that shows that volatile NO> can be released during
UV irradiation.®

High resolution (HR) measurements have been performed in the C and Ag core peaks region (See
SI). The carbon peaks detected on the surface always show the presence of the C-C and C-F bonds
(Figure S2). In Figure S3 the Ag3d HR spectrum is reported together with its deconvolution curves,
obtained by means of a mixed Gauss—Lorentz curve fitting. Reference values of binding energy for
metallic Ag are 368.2 eV and 374.2 eV.2® Sample 20 AgNOs; shows its peaks at that energy value
indicating the presence of relatively big silver particles, while the shifts toward higher binding
energy values observed in samples 5 and 50 AgNOs can be correlated to a different size of the NPs
on the surface.®® This observation can match with the collected FESEM images; in fact while
sample 20 AgNOs presents some aggregate visible on the surface of the sample, sample 5 AgNO3
presents thinnest particles and sample 50 AgNOs3, instead, shows bigger aggregates that seems
below a first polymer layer (Figure 2, size distributions in Figure 3).

To better investigate the structure of the produced nanocomposites, depth profile analysis was
performed on all the samples. An Ar* source with a 2 kV acceleration voltage and a (2 x 2) mm?
square area was used, alternating the acquisition mode with 1 min of sputtering cycle for a total
amount of 60 cycles; it can be assumed that the sample has been analysed in a depth of about 300-
400 nm. The high resolution peaks related to Cs collected during depth profile are reported in the
supporting informations (Figure S4); as visible, the CF2 peak (290 eV) is present only at the surface
while in the inner part of the samples fluorine is almost no more detected, this is due to the
hydrophobic nature of fluorine. Aiming to observe the growth and distribution of the silver
nanoparticles, the Agsq peak has also been analysed (Figure 4, second row): the three samples
present different behaviour.

Sample 5 AgNOs shows a migration of the silver nanoparticles at the surface with a visible
enrichment in the first layers, which is in line with the FESEM observation. The phenomenon of the
silver NPs migration toward the surface of the polymer matrix was already observed in different
cases of UV-induced in situ generation.?® 4° Sample 20 AgNOs presents an enrichment in the top
layer, a lower amount of silver detected in the layers directly below the surface and then again an
increase of the silver peak height towards the core of the sample, creating a depletion volume just
underneath the surface. Differently, sample 50 AgNO3 present a poorer surface concentration and

then an almost constant amount of silver is detected in the thickness of the sample. Those



phenomena are of difficult explanation: it could be supposed that the higher amount of silver
precursors dispersed in the polymeric matrix, the higher is the light absorption at the surface,
inhibiting a deeper penetration of the radiation. This could disable the grow-disruption-rebuilding
mechanism of silver NPs that usually occurs under light radiation and favours NPs’ surface
enrichment*" 42, This could explain both the depletion zone evidenced in 20 AgNO3 sample and the
homogeneous distribution in 50 AgNO3 sample. On the other hand, since those migration
phenomena are even thermally controlled, effects related to the film thickness and to the substrate
could be taken into consideration*®. More experiments are necessary to better elucidate this point.
The trend observed for this sample matches with the FESEM observation where bigger particles are
visible below the first polymeric layer.

Observing the NPs morphology and distribution, the sample containing the lower amount of silver
precursor seems more promising for its use as switching device without running across short

circuiting phenomena.
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Figure 4 XPS survey spectra (upper row) for the 5 (a), 20 (b) and 50 (c) AgNOs samples. Ag3d (lower row)
HR spectra collected during the depth profile acquisition for all the the 5 (d), 20 (e) and 50 (f) AgNOs

samples.

The behaviour of the studied NCs as resistive switching (RS) was then investigated. RS consists in
the sudden switching between two resistance states due to the application of an electric stress, as
reported in literature 1”1 . In metal—polymer NCs the mechanism is driven by the formation of
conductive metallic bridges between the electrodes, while the electrical bistability is explained by a
redox and dissolution of silver ions back into the matrix'’. For this reason the control over the NPs



size and distribution can result extremely important for the understanding of the device. The three
samples were tested on a planar chip made of two symmetrical gold electrodes (Figure 5a) to check
their behaviour but, as expected, the use of high amounts of silver precursor lead to short circuiting

effects and only sample 5 AgNOs gave promising results. Therefore only the characterization of this
sample will be discussed.
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Figure 5 Representation of the planar chip structure (a), I-V measurements, fifth I-V cycle of the RSD (b),
cyclic logarithmic IV measurement performed on the RSD with a compliance of 10 pA (c), resistance

variation during the voltage sweep (d)

Cyclic I-V measurements between +4 and -4 V were performed in order to understand the switching
behaviour of the built device. Figure 5b illustrates the fifth I-V cycle of the RSD, reported as
representative, with a set voltage of 3.2 V corresponding to an electric field of 3.2 kV/cm. In all the
performed tests, the first cycle always needs the application of a higher initial electroforming
voltage, approaching an electric field of 4 kV/cm; in this way the pristine device which was in a
high resistance state (HRS) passed to its low resistance state (LRS). It can be supposed that by the
application of this field, the silver NPs and ions move to form a filamentary path bridging the two
gold electrodes, as already described in literature.?? Once the initial electroforming was performed,

the following set process took place at a lower voltage, as shown in figure 5b. The device behaves



as a random access memory in which the information was lost when the power is turned off; such a
behaviour can result interesting for selector devices.

Figure 5c reports the cyclic logarithmic IV measurement performed on the RSD with a compliance
of 10 pA showing an instantaneous increase of the current when the switching voltage is applied.
Figure 5d shows the resistance variation during the voltage sweep. The switch from HRS to LRS,
for both positive and negative cycles, is displayed with a HRS/LRS ratio of about 5 orders of
magnitude which can result promising for the possible application of this NC as active material for

selectors.

4. Conclusion

In situ generated silver-polymer NCs have been studied and their resisting switching behaviour has
been investigated. Silver NPs were generated inside a P\VDF matrix towards UV irradiation; the
growth kinetics of NPs in samples containing different amounts of precursor was studied.
Morphological and chemical characterization revealed different size and distribution of the NPs in
the different samples. The studied materials spin coated on planar gold electrodes devices were
electrically tested showing a good Roff / Ron ratio and a relatively low switching voltage (3.2 V),

thus demonstrating the applicability of the developed material in threshold switching devices.
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