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Abstract

This study investigates the resistive switching characteristics of Ag nanoparticle (AgNP)-incorporated pectin (pectin-AgNP)
as a memristive thin film, with varying concentrations of AgNP (0.0 wt.%, 0.5 wt.%, and 1.0 wt.%) and pectin (5.0 mg/L, 5.5
mg/L, 6.0 mg/L, 6.5 mg/L, and 7.0 mg/L), sandwiched between Au and indium tin oxide (ITO) electrodes on glass substrate.
The structural, chemical, and electrical properties of these pectin-AgNP thin films were evaluated. With AgNP concentration
of 0.5 wt.% in a pectin concentration of 5.5 mg/mL, the Fourier transform infrared (FTIR) spectra indicated the highest pres-
ence of C—O bonds. This suggests the incorporation of AgNP and the formation of more linear and extended pectin chains
established by glycosidic bonds. The abundance of C—O bonds contributed significantly to the increase in the resistance of
the thin film, consequently yielding the highest ON/OFF ratio (7.2 x 10%) observed among the samples. The electronic and
thermochemical mechanisms governing the resistive switching behaviours were also proposed.
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Introduction

The evolution of information technology is projected to
become more extensive, tailored, and sophisticated as a
Extended author information available on the last page of the article result of continuous developments in semiconductor devices
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for Internet of Things applications.! This has a significant
impact on human productivity and lifestyle. Within this con-
text, non-volatile memory (NVM) technologies emerge as
a fundamental part of modern information technology to
keep pace with this evolution.> Among the NVM technolo-
gies, resistive switching random access memory (ReRAM)
has garnered the most attention due to its simple capacitor-
like architecture and fabrication process, large scalability
with high data density, fast switching speed, high power
efficiency, and cost-effectiveness.” ReRAM comprises
a dielectric active layer sandwiched between two metallic
electrodes. This active layer is commonly made of inorganic
oxide or fossil-derived polymeric materials.®’ It operates
based on the principle of reversible switching resistance at
a specific voltage, where it exists in two distinct conduc-
tivity states and is able to switch between at least two dif-
ferent resistance levels, known as the high-resistance state
(HRS, or “OFF”) and low-resistance state (LRS, or “ON”),
which are equivalent to “0” and “1”, respectively, in a binary
system.

However, the use of non-renewable materials and disposal
of electronic waste (e-waste) pose significant issues of raw
material depletion and environmental pollution that directly
affects human health.® According to the Department of
Environment Malaysia, it is projected that Malaysians will
generate approximately 24.5 million units of e-waste by the
year 2025, with this trend expected to continue to steadily
increase. The generation of e-waste is an unavoidable con-
sequence of technological expansion.'®!! To address this
challenge, the selection of materials is crucial in developing
sustainable electronic devices, such as the consideration of
degradability or compatibility with the environment.'? The
integration of bio-organic materials as the active dielec-
tric layer in ReRAM devices could be one such strategy,

as bio-organic materials are abundant in nature, environ-
mentally friendly, and pollution-free.'>!? In addition, bio-
organic materials tend to decompose more rapidly and can
be absorbed by microorganisms due to their weaker covalent
bonds than those in inorganic materials. This advancement
has the potential to significantly enhance the production of
sustainable electronic devices while reducing environmental
pollution.

Among a wide range of bio-organic materials, pectin
stands out as a promising polysaccharide-based material that
offers advantages such as good solubility and rapid trans-
port of metal ions. Table I shows a performance comparison
of reported pectin-based ReRAM. Pectin is derived from
the primary cell wall of terrestrial plants and fruits such
as apples, citrus, and bananas that can be easily obtained
from food waste.'*'® According to Wang et al.!” and Yap
et al.,'® the monomers of pectin are D-galacturonic acid and
D-galacturonic acid methyl-ester bonded by a-(1-4) glyco-
sidic linkages as shown in Fig. 1. The oxygen-containing
functional groups in pectin play an important role in inter-
acting with metal ions in the electrode, facilitating the for-
mation of a conductive channel when voltage is applied,’
which is responsible for resistive switching. Most studies
on pectin-based ReRAM materials have reported on two
pectin concentration ranges, <5 mg/mL and > 10 mg/mL,
as shown in Table I. The films with a concentration <5 mg/
mL exhibited a smaller read memory window but a larger
ON/OFF ratio relative to films with a concentration > 10 mg/
mL. However, the effects of concentrations ranging between
5 mg/mL and 10 mg/mL on resistive switching performance
remain unexplored, and it is one of the main focuses of this
study.

Furthermore, as shown in Table I, several studies have
demonstrated that the bio-organic dielectric layer with

Table | Comparison of main resistive switching characteristics of pectin-polysaccharide-based ReRAM with various pectin concentrations and

incorporated with additives of AgNO;, MoS,, GO, and AgNP (this work)

Pectin-based ReRAM device Pectin conc. (mg/mL) Veert (V) Vieset (V) Read memory ON/OFF ratio  Ref.
window (V) aom
Ag/pectin/FTO 33.33, 50, 100 33 —4.5 7.5 2 24
Ag/pectin/FTO NR 1.3 -1.6 2.9 3 25
Ag/pectin/ITO 5 1.0 —0.5 1.5 2 16
Ag/pectin-TiO,/FTO 0.02 3 -3 6 5 26
Ag/pectin/FTO NR 3 -2.8 5.8 4 27
Al/pectin/ITO 0.5,1.0,1.5 -25 1.75 425 4 28
Ag/pectin/ITO 4 3 -3 6 4 18
Al/pectin-AgNO,/ITO 2 1.0 -1.2 22 3 14
Al/pectin-MoS,/ITO 1,2,5,10 1.7 -2 3.7 2 17
Al/pectin-GO/ITO 5 -1.21 297 4.18 4 1
Au/pectin-AgNPs/ITO 5.0,5.5,6.0,6.5,7.0 3.7 —-1.8 55 3 This work

FTO fluorine-doped tin oxide, GO graphene oxide, NR not reported
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Fig. 1 Schematic of the chemical structure of pectin monomer and its corresponding functional groups.

additives can significantly enhance the resistive perfor-
mance of ReRAM. The introduction of additives facili-
tates the formation of conductive filaments and/or pro-
motes redox reactions, the main conduction mechanism in
pectin ReRAM. Among these additives, silver nanoparti-
cle (AgNP) are used extensively in various commercial,
industrial, medical, and agricultural applications'*~*! due
to their unique electrical and thermal properties.”” In addi-
tion, as reported by Xu et al.,>> AgNP possess good anti-
bacterial and antifungal properties against harmful micro-
organisms such as Escherichia coli and Staphylococcus
aureus. While other noble metals, such as gold and copper,
possess similar antibacterial properties, copper is suscepti-
ble to oxidation, leading to a reduction in service life, and
gold is costly. Hence, silver, as a non-toxic and less costly
substance, is the preferred choice for use as an additive
in pectin for fabricating ReRAM devices. To the best of
our knowledge, so far, only one work has been reported
on the use of AgNO; instead of AgNP incorporated in the
pectin matrix,'* and the concentration of pectin was lower
than 2 mg/mL. In this work, we investigated the structural,
chemical, and electrical characteristics of pectin films with
a concentration between 5 mg/mL and 10 mg/mL, and with
incorporation of AgNP in the pectin matrix to enhance the
resistive switching performance. The mechanisms that are
responsible for current conduction in pectin-AgNP films
are also proposed.

Experimental

Figure 2 shows a schematic of the fabrication procedures
for the Au/pectin-AgNP/ITO devices. Commercial pectin
powder extracted from citrus peel (galacturonic acid > 74.0
% (dried basis), CAS #9000-69-5, Sigma-Aldrich), AgNP
powder (99.95%, 20-30 nm, hermetically sealed, CAS
#7440-22-4, SkySpring Nanomaterials, Inc., Houston,
TX, USA), and deionized water (UV Water Purification
System, Synergy, Milli-Q, Merck Millipore, Germany)
were used to prepare the pectin-AgNP precursor solutions.
Initially, 5 mg of pectin powder was mixed with three dif-
ferent weights of AgNP powder (0.0 wt.%, 0.5 wt.%, and
1.0 wt.%) in 1 mL of deionized water and stirred until
a homogeneous solution was formed. In the meantime,
2 cm X2 cm ITO-on-glass substrates (sheet resistance 7
Q/sq, thickness of 220 + 30 nm, Zhuhai Kaivo Optoe-
lectronic Technology Co., Ltd, Guangdong, China) were
cleaned by sequential immersion for 30 min in ultrasoni-
cally agitated baths of acetone (CAS #67-64-1, 95 v/v%
(repack), Merck 100014) followed by ethanol (CAS #64-
17-5, 95 v/v% (repack), Chemiz 19546) and finally deion-
ized water. Subsequently, 200 puL pectin-AgNP precursor
solution was drop-cast onto the cleaned and dried ITO-
on-glass substrate using a micropipette (Pipetman Classic
P1000, Gilson, Middleton, WI, USA). The samples were
then baked in an oven (UFB 400, Memmert, Germany) at
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Fig.2 Schematic of the experimental procedure for preparation of Au/pectin-AgNP/ITO devices.

a constant temperature of 180°C for 2 h in open air to dry
the pectin-AgNP films. Once cooled to room temperature
naturally within the oven, the samples were taken out and
subjected to gold deposition via sputtering (Bio-Rad SEM
Coating System E5100) to form an array of top electrodes
on top of the solidified pectin-AgNP thin film using a
metal shadow mask (Choon Automech, Penang, Malaysia).
The resulting test structure was designated as Au/pectin-
AgNP/ITO. Following the confirmation of the optimized
AgNP concentration within the pectin, the second stage
involved varying the concentrations of pectin while keep-
ing the AgNP concentration constant.

The chemical functional groups present in the as-
received pectin powder, pectin-AgNP precursor solu-
tions, and their solidified thin films were characterized
using Fourier transform infrared (FTIR) spectroscopy
(PerkinElmer Spectrum One). Prior to the measurement, a
background scan was conducted using a blank ZnSe crys-
tal window to offset any infrared absorption. The measure-
ments were scanned eight times from 4000 cm™' to 400
cm™! with a resolution of 4 cm™!. The surface topography
of the solidified pectin-AgNP thin films with a scanned
area of 5 pm X5 pm were characterized via atomic force
microscopy (AFM) (SPA400 NanoNavi, Hitachi, Japan).
Measurements were repeated on two different samples
with the same parameters to obtain an average value. The
average (R,) and root-mean-square (R,,,) surface rough-
ness were computed using Gwyddion software (v2.62).
The surface tension of the pectin-AgNP precursor solution
and the static contact angle of the solution on the solidified

@ Springer

surface of pectin-AgNP films were measured using a
goniometer (Ramé-Hart 260, USA). All measurements
were conducted under ambient conditions at room tem-
perature with relative humidity of 40-55%. The pendant
drop method was used for surface tension measurement,
while the sessile drop method was used for contact angle
measurement. The data were analyzed using DROPImage
software version 2.7.0, and measurements for each sample
were conducted in triplicate to obtain an average value.

The resistive switching characteristics of the test struc-
tures were measured using a Precision Semiconductor
Parameter Analyzer (4156C, Agilent, Santa Clara, CA,
USA) under ambient conditions. The samples were posi-
tioned on a probe station (PE-2, Everbeing Int’l Corp.,
Taiwan) with two mobile probing needles connected to
the semiconductor parameter analyzer and controlled via
Metrics ICS v3.6 software. The voltage was applied at the
Au top electrode (TE), while the ITO bottom electrode
(BE) was held at constant ground potential for all measure-
ments. A compliance current of 0.1 A was maintained, and
the DC voltage sweep rate was set at 0.1 V/s.
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Fig.3 FTIR spectra of 5.0 mg/mL pectin-polysaccharide precursor
solution with different concentrations of AgNP (0.0 wt.%, 0.5 wt.%,
and 1.0 wt.%).
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Results and Discussion

Effects of Different Silver Nanoparticle (AgNP)
Concentrations

FTIR Analyses

Figure 3 shows the FTIR spectra of 5.0 mg/mL pectin-
AgNP precursor solution with different concentrations of
AgNP (0.0 wt.%, 0.5 wt.%, and 1.0 wt.%). All samples
revealed similar absorbance peaks at 3300 em™, 2110 em ™,
1637 cm™!, and 630 cm™!, corresponding to chemical func-
tional groups of —-OH, C=C, -COO~, and -C=C-H, respec-
tively. These functional groups are associated with the pectin
monomer, as shown in Fig. 1, except for C=C. However, dif-
ferences in the area under the respective peaks of 2110 cm™,
1637 cm™!, and 630 cm™', which represent the difference in
the abundance of chemical functional groups, are observed
and calculated. A notable change in the abundance of C=C
(2110 cm™") (Fig. 4a), -COO~ (1637 cm™!) (Fig. 4b) and
—C=C-H (630 cm™!) (Fig. 4c) was recorded, correlating
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Fig.4 Areas under the (a) 2110, (b) 1637, and (c) 630 cm™" peaks from Fig. 3, representing vibration of C=C, hydrolysis of —-COOH, and
stretching of aromatic C—H functional groups in the pectin-AgNP precursor solution as a function of AgNP concentration.
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Fig.5 FTIR spectra of pectin-AgNP thin films after drying at 180 °C
with different AgNP concentrations (0.0 wt.%, 0.5 wt.%, and 1.0
wt.%).

with the area under the respective absorbance peaks (Fig. 4).
The presence of C = C in the solution increases with AgNP
concentration, indicating enhanced de-esterification and
hydrolysis of pectin long chains into monomers, as this
functional group is absent from the pectin monomer. At the
same time, with the increase in AgNP concentration up to
1.0 wt.%, the presence of -COO~ and -C=C-H continues to
increase. These functional groups originate from the pectin
monomer, and the increase in carboxylate ions is associated
with the increase in AgNP concentration, suggesting the
incorporation of AgNP in the carboxylate ion of pectin. This
is further supported by the presence of both hydrophobic
ester and hydrophilic carboxyl groups in pectin. The hydro-
phobic parts enable pectin absorption onto the AgNP sur-
face, while the hydrophilic parts facilitate interaction with
water molecules for stabilization.?** Moreover, the abun-
dance of hydroxyl (O—H) remained unchanged as a function
of AgNP concentration, further indicating the incorporation
of AgNP at the carboxylate site.

After the pectin-AgNP precursor solution was depos-
ited onto the ITO substrates and dried at 180°C, the FTIR
spectra of the samples were measured and are presented
in Fig. 5. The results revealed similar peaks as reported in
previous studies"'®27:28 at 3400 ¢cm™! (O-H), 2938 cm™!
(C-H), 1742 cm™! (C=0), 1637 cm™! (-CO0O"), 1415 cm™"
(-CO07), 1240 cm™! (C-0-C), 1100 cm™!' (C-0),
1015 cm™" (C-0), 760 cm™' (C=C-H), and 630 cm™!
(C=C-H), respectively, but with different intensities. Fur-
ther analysis of the FTIR spectra of dried thin films also
reveals the incorporation of AgNP at the carboxylate
ion of pectin after the drying process. This is evidenced
by absorbance peaks at 3300 cm™' (O-H), 1742 cm™!
(C=0), and 1637 cm™! (-COO™). The presence of O-H,
C=0, and —COO™ bonds decreases with increasing AgNP
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Fig.6 Areas under the (a) 3300, 1742, and 1637 cm™! peaks which
represent O-H, C=0, and —COO™, respectively, and (b) the peak
of 1015 cm™! which represents C-O in pectin-AgNP thin films as a
function of AgNP concentration extracted from Fig. 5.

concentrations, as shown in Fig. 6a. However, it is notable
that the presence of the C—O bond at 1015 cm™! increases
until the concentration of AgNP reaches 0.5 wt.%. The abun-
dance of C-O bonds at this concentration also surpasses
that found in pristine pectin powder. Beyond this concen-
tration, the presence of the C—O bond decreases, as shown
in Fig. 6b, suggesting that the incorporation of AgNP has
reached its saturation point within the pectin matrix. This
primary chemical function group is related to the observed
trend in the read memory window and the ON/OFF ratio for
the resistive switching characteristics that will be elaborated
in the subsequent sections.

Wettability Analyses
Figure 7 presents the surface tension of pectin-AgNP pre-

cursor solutions and the contact angles of these solutions
on ITO substrates as a function of AgNP concentration.
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The surface tension increases as the AgNP concentration
increases from 43.51 +2.67 mN/m to 61.53 + 1.81 mN/m.
The increase may be attributed to the decreasing distance
between AgNP as the concentration increases, leading to
a higher van der Waals force and subsequently increasing
cohesive force and surface tension.'* The results align
with the findings from FTIR spectra, supporting the incor-
poration of AgNP within the pectin matrix. Furthermore,
contact angle measurements of pectin-AgNP precursor
solutions with different AgNP concentrations deposited on
ITO substrates demonstrate an increasing trend as a func-
tion of the AgNP concentration, suggesting a decrease in the
wettability of pectin-AgNP precursor solutions on the ITO
surface with higher AgNP concentrations. Nevertheless, all
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Fig. 7 Surface tension (black curve) and contact angle (red curve) of
pectin-AgNP precursor solution as a function of AgNP concentration
on the ITO substrate (Color figure online).

N
o

Roughness (nm)
P

N
o

e
3}

0.0

0 0.5 1
AgNPs concentration (wt%)

Fig.8 Average roughness (R,) and root-mean-square roughness
(R,) of the pectin-AgNP thin film surface with different AgNP con-
centrations.

recorded contact angles remained well below 90°, showing
favourable spreading and adhesion of the solutions on the
ITO surface.™

AFM Analyses

Figure 8 presents a comparison of the average roughness (R,)
and root-mean-square roughness (R,,,.) of the surface of the
dried pectin-AgNP thin films with different AgNP concen-
trations examined by AFM. The trends show an increase in
both R, and R, values as a function of AgNP concentration,
which aligns with the earlier findings on the incorporation
of AgNP within the pectin matrix in Fig. 7. This incorpora-
tion leads to the formation of longer and more compacted
branches of pectin molecules, thus increasing the stress in
the pectin matrix and resulting in a higher value of surface
roughness. Notably, beyond 0.5 wt.% AgNP concentration,
R, and R, values decrease, further supporting the conclu-
sion drawn from the FTIR results (Figs. 5 and 6) that the
solubility limit has been reached with the maximum amount
of AgNP incorporated in the pectin matrix for this study.
Additionally, the increased surface roughness can be
attributed to the increase in thin film thickness. As shown
in Fig. 9, the bare pectin thin film had the lowest R, and R,
values, with thickness of approximately 950 nm, as reported
in our previous work comparing the effects of different dry-
ing temperatures on pectin thin films.!® In this study, the
incorporation of AgNP within the pectin matrix led to the
formation of longer and more compacted branches of pec-
tin molecules, which likely resulted in increased film thick-
ness compared to the previously measured thickness. The
increased thickness of the pectin-AgNP thin film is related to
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Fig.9 Current—voltage characteristics of pectin-AgNP-based memory
with different AgNP concentrations of 0.0 wt.% (red curve), 0.5 wt.%
(blue curve), and 1.0 wt.% (green curve). Sweeping direction and
sequences are indicated by arrows and numbers (Color figure online).
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the observed trend in the read memory window and the ON/
OFF ratio for the resistive switching characteristics, which
will be elaborated in subsequent sections.

Electrical Analyses

Figure 9 presents the resistive switching characteristics of
pectin-AgNP-based memory devices prepared with differ-
ent AgNP concentrations. The results were smoothed using
B-spline smoothing and anti-aliasing techniques in Origin
2024b software. All samples demonstrated a bipolar resis-
tive switching mode, characterized by both SET and RESET
processes occurring at voltages of opposite polarities. Nota-
bly, the sample with 1.0 wt.% AgNP did not exhibit a typi-
cal resistive switching behaviour. This observation aligns
with the results of FTIR and AFM, indicating that the AgNP
concentration reached maximum solubility within the pectin
matrix, inhibiting the proper bipolar resistive switching char-
acteristics. Meanwhile, for the other two samples, during
positive voltage sweeping from 0 to +5 V (labelled “17), the
current progressively increased until an abrupt increased was
observed (labelled “2”), indicating Vit had been reached.
Subsequently, the current remained stable as the voltage
continued to sweep up to +5 V (labelled “3”). Upon voltage
reversal from +5 VtoOVand 0 V to —5V, the current
remained at a high level (labelled “4” and “5”) until Vyggpr
(labelled “6”), causing an instantaneous drop in the current.
The current decreased progressively as the voltage swept
to —5 V (labelled “7”) before returning to its initial voltage
(labelled “8”). As shown in Fig. 9, the high current levels
labelled 3 to 5 represent the LRS, while the low current
levels labelled 7, 8, and 1 indicate HRS in resistive switch-
ing memory. The difference in magnitude between Vg1 and
Vreser defines the read memory window. At a specific volt-
age, the ratio of current between LRS and HRS determines
the ON/OFF ratio of the memory, while the specific voltage
is defined as read voltage (Vggap), Where data stored in the
memory can be read.

Table II summarizes the Vqpr, Vrpser, read memory
window, and ON/OFF ratio of the tested samples. The
read memory window increases with increasing AgNP

Table Il Vgpy, Vigsers read memory window, and ON/OFF ratio of
pectin-AgNP-based memory devices as a function of AgNP concen-
tration

AgNP Vser (V) Vigser (V) Read mem-  ON/OFF ratio
concentration ory window

(Wt.%) V)

0 2.7 -2.5 5.2 3.6x10°

0.5 2.7 -3.8 6.5 1.3x10°

1.0 N/C N/C N/C N/C

N/C not countable
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concentration up to 0.5 wt.%. These memory windows
align with the reported values ranging from 1.5 V to
7.5 V for other bio-organic materials.'®*3373% Addition-
ally, ON/OFF ratios measured at Vg, p=0.1 V are shown
in Table II, with the values increasing until reaching a
maximum at 0.5 wt.%. This trend mirrors the behaviour of
C-0 bonds in pectin-AgNP thin films [Fig. 6b]. The higher
amounts of C—O bonds lead to higher incorporation of
AgNP within the pectin matrix, forming longer and more
compacted branches. This formation results in increased
thin film thickness, and consequently, the resistance of the
pectin-AgNP thin film is higher than that of the bare pectin
thin film, contributing to a lower HRS value. Although a
larger memory window implies higher power consump-
tion, a high ON/OFF ratio is preferable for minimizing
errors in differentiating resistance states during the reading
of data while operating at lower energy levels. Therefore,
the preference leans towards the higher ON/OFF ratio
recorded with the AgNP concentration of 0.5 wt.%.

(a) 7.0 mg/mL
6.5 mg/mL
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1 1 1 1 1 1
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Fig. 10 (a) FTIR spectra of pectin-AgNP thin films and (b) area
under the peak at 1015 cm™ with different pectin concentrations from
5.0 mg/mL to 7.0 mg/mL.
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Effects of Different Pectin Concentrations
FTIR Analyses

Given that AgNP exhibited maximum solubility within
the pectin matrix at a concentration of 0.5 wt.%, the sub-
sequent step involves investigating the effect of pectin
concentrations (5.0 mg/mL, 5.5 mg/mL, 6.0 mg/mL,
6.5 mg/mL, and 7.0 mg/mL) with a fixed concentration
of AgNP (0.5 wt.%). Figure 10a shows the FTIR spectra
of pectin-AgNP thin films with different pectin concen-
trations, while Fig. 10b presents the area under the peak
of 1015 cm™! for each pectin concentration. The results
reveal that the presence of C—O bonds increases when the
pectin concentration reaches 5.5 mg/mL, suggesting not
only that a greater amount of AgNP has been incorpo-
rated within the pectin matrix but also that more linear
and extended pectin chains were established by glyco-
sidic bonds, as shown in Fig. 1. Nevertheless, beyond this
concentration, the presence of the C—O bond decreased,
indicating that the pectin reached its solubility limit after
incorporating 0.5 wt.% AgNP. This primary chemical
function group is related to the observed trend in the read
memory window and the ON/OFF ratio for the resistive
switching characteristics, which will be elaborated in the
subsequent sections.

Wettability Analyses

Figure 11 presents the surface tension of the pectin-AgNP
precursor solutions and the contact angles of these solutions
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Fig. 11 Surface tension (black curve) and contact angle (red curve)
measurements of pectin-AgNP precursor solutions as a function of
pectin concentration (Color figure online).

on ITO substrates as a function of pectin concentration. The
surface tension measurements increase from 57.46 + 3.61
mN/m to 67.9 + 1.123 mN/m with pectin concentration. This
increase is attributed to the decreasing distance between
particles as the pectin concentration increases, leading to
higher van der Waals forces and subsequently increasing
cohesive force and surface tension.>!™>? Furthermore, con-
tact angle measurements of pectin-AgNP precursor solutions
with different pectin concentrations deposited on ITO sub-
strates indicate an increasing trend as a function of pectin
concentration, suggesting a decrease in the wettability of
pectin-AgNP precursor solutions on the ITO surface with
higher pectin concentrations. Nevertheless, all recorded con-
tact angles remained well below 90°, showing a favourable
spreading and adhesion.**

AFM Analyses

Figure 12 presents a comparison of the average roughness
(R,) and root-mean-square roughness (R,,,,) of the surface
of dried pectin-AgNP thin films with different pectin con-
centrations as examined by AFM. The comparison in Fig. 12
shows a decrease in both R, and R, values as a function
of pectin concentration. The trend in Fig. 12 contrasts with
the trend observed in the presence of C—O bonds shown in
Fig. 10b. These results suggest that a more uniform distribu-
tion of AgNP occurs at a lower pectin concentration, pro-
moting the formation of C—O bonds that incorporate AgNP,
thus reducing surface roughness. Beyond this concentration,
where pectin has likely reached its maximum solubility, the
distribution of AgNP within the pectin matrix is affected,
leading to agglomeration, and subsequently increasing sur-
face roughness. The non-uniform dispersion and particle

Roughness (nm)

5 55 6 6.5 7
AgNPs concentration (wt%)

Fig. 12 Average roughness (R,) and root-mean-square roughness
(R, of the pectin-AgNP thin film surface prepared at different pec-
tin concentrations
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Fig.13 (a) Current—voltage characteristics of pectin-AgNP-based
memory with different pectin concentrations of 5.0 mg/mL (red
curve), 5.5 mg/mL (blue curve), 6.0 mg/mL (red curve), 6.5 mg/mL
(red curve), and 7.0 mg/mL (green curve). Sweeping direction and
sequences are indicated by arrows and numbers. (b) Read memory
window and ON/OFF ratio under these pectin concentrations (Color
figure online).

agglomeration of AgNP at higher pectin matrix concentra-
tions might result in unpredictable and inconsistent trends
in thin film thickness, thereby adversely impacting the read
memory window and the ON/OFF ratio for the resistive
switching characteristics. These effects will be elaborated
in subsequent sections.

Electrical Analyses

Figure 13a presents the resistive switching characteristics
of pectin-AgNP-based memory devices prepared with dif-
ferent pectin concentrations. The results were smoothed
using B-spline smoothing and anti-aliasing techniques in
Origin 2024b software. All tested samples demonstrated a
bipolar resistive switching mode. Figure 13b shows the read
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memory window and ON/OFF ratio of the tested samples.
The smallest read memory window was recorded from the
sample with 5.5 mg/mL pectin concentration. Beyond this
concentration, the read memory window increases. How-
ever, a decrease in the read memory window is observed in
the sample with a 7.0 mg/mL pectin concentration, which
may be attributed to the non-uniform dispersion and par-
ticle agglomeration of AgNP. This results in inconsistent
film thickness and contributes to the observed variability in
the read memory window. Additionally, the ON/OFF ratio
measured at Vggap=0.1 V has the highest reading at a pec-
tin concentration of 5.5 mg/mL among the pectin concen-
trations. This trend mirrors the behaviour of C—O bonds in
pectin-AgNP thin films (Fig. 10b), where the presence of
C-0 bonds increases when the pectin concentration reaches
5.5 mg/mL. This increase indicates greater incorporation of
AgNP within the pectin matrix and the formation of more
linear and extended pectin chains established by glycosidic
bonds. Beyond this concentration, the solubility limit of pec-
tin was reached, resulting in a lower and inconsistent ON/
OFF ratio. This inconsistency is likely due to the variations
in film thickness caused by the non-uniform dispersion and
particle agglomeration of AgNP. Thus, the smallest read
memory window and largest ON/OFF ratio are achievable
with a 5.5 mg/mL pectin concentration together with a 0.5
wt.% AgNP concentration. This combination allows the
device to minimize errors in differentiating resistance states
during data reading while operating at lower energy levels.

Proposed Mechanisms of Au/AgNP-Pectin/ITO ReRAM
Device

The mechanisms of resistive switching behaviours of
ReRAM are generally classified into three categories: elec-
trochemical, electronic, and thermochemical.'***** Among
these mechanisms, the electrochemical mechanism must
meet two requirements to be considered the primary mecha-
nism. First, the top electrode must be more reactive than the
bottom electrode. Second, the memristive thin film must act
as a medium to depolarize electrons from the top electrode
but not from the bottom electrode.*!****> Because the top
electrode (Au) has a higher standard reduction potential than
the bottom electrode (indium and tin) according to the stand-
ard electrode reduction potential series, the electrochemi-
cal mechanism does not apply to the pectin-AgNP-based
memory device in this work.**™* Therefore, electronic and
thermochemical mechanisms are proposed for the forma-
tion of conductive paths within the pectin film, assisted by
silver nanoparticles. These two mechanisms are illustrated
in Fig. 14.

The electronic mechanism involves the reversible trans-
fer of carriers (electrons or holes) between electrodes
via bulk bio-organic material.'**!° Figure 14 presents
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Fig. 14 Schematic of proposed resistive switching mechanisms for electronic conduction within the pectin-AgNP thin film

a schematic of the proposed electronic resistive switch-
ing mechanism within the pectin-AgNP thin film, which
follows the sweeping direction and sequences of the -V
characteristics shown in Figs. 9 and 13a, respectively. Ini-
tially, the device was in HRS (Fig. 14a), attributed to the
long pectin chain containing various pendant groups, as
shown in Fig. 1, leading to a high defect density when
the precursor transformed from a raw state to a solidified
thin film.'®>! When voltage is applied from the top elec-
trode, the thin film experiences soft dielectric breakdown
(Fig. 14b), and defects within the pectin matrix serve as
active sites to trap and de-trap electrons (Fig. 14c). The

formation of active sites in the thin film can be attributed
to the chemical structure of the pectin chains and the vary-
ing presence of C—O bonds, as shown in the FTIR spectra
(Figs. 6b and 10b). Meanwhile, the presence of AgNP in
the pristine metallic state (Ag®) transformed into the ionic
state (Ag*) upon voltage application, as demonstrated in
work by Yang et al.!* and Wang et al.>? This transforma-
tion indicates that AgNP contribute to increasing active
sites for the trapping and de-trapping of electrons, thus
further promoting electron transport and facilitating resis-
tive switching.
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As the voltage continues to increase, all the active sites,
including both pectin and AgNP, are fully occupied, and
space-charge-limited conduction (SCLC) occurs (Fig. 14d).
Beyond SCLC, the current increases abruptly, and the device
switches from HRS to LRS. This is because the concentra-
tion of electrons within the thin film is much lower than the
concentration of injected electrons from the top electrode
(Fig. 14e). The electrons move towards the bottom electrode
freely without being trapped as voltage increases. LRS is
maintained when the voltage is reversed from the bottom
electrode to the top electrode (Fig. 14f) until it reaches the
reset value (Fig. 14g), causing an instantaneous current drop
and device switching back to HRS (Fig. 14h), in which the
concentration of electrons within the thin film is higher than
the concentration of the injected electrons from the bottom
electrode.

Furthermore, regardless of the polarity, heat is generated
and absorbed by the pectin-AgNP thin film due to the higher
compliance current (0.1 A) used in this work relative to that
in other studies, which have typically utilized a compliance
current lower than 10 mA.>*°275% The absorbed thermal
energy may cause pyrolysis in the pectin matrix, partially
dissociating weakly bonded chemical compounds and alter-
ing the initial sp’ orbital of carbon into the sp” orbital, which
has lower electrically resistive states'>*** to facilitate the
transport of electrons.

Conclusion

In summary, Au/pectin-AgNP/ITO ReRAM devices were
fabricated and tested through structural, chemical, and elec-
trical measurements to investigate the effects of the con-
centration of AgNP (0.0 wt.%, 0.5 wt.%, and 1.0 wt.%) and
pectin (5.0 mg/mL, 5.5 mg/mL, 6.0 mg/mL, 6.5 mg/mL, and
7.0 mg/mL) on resistive switching characteristics. Notably,
an AgNP concentration of 0.5 wt.% alongside a pectin con-
centration of 5.5 mg/mL revealed the highest presence of
C-O0 bonds in the FTIR spectra, indicating the incorporation
of AgNP at the carboxylate ion of pectin and the formation
of more linear and extended pectin chains established by
glycosidic bonds after the drying process. This abundance
of C-O bonds results in the highest resistance of the pectin-
AgNP thin film, leading to the most substantial ON/OFF
ratio (7.2 x 10%) across all samples. Additionally, the resis-
tive switching behaviours are governed by both electronic
and thermochemical mechanisms. Electrons are trapped and
de-trapped by the soft breakdown of the pectin thin film
and AgNP, while joule heating is generated in the film due
to a high compliance current applied. The results of this
study highlight the potential of pectin-AgNP thin films as a
promising candidate for resistive switching memory and the

@ Springer

importance of precise control over AgNP and pectin concen-
trations in optimizing memory performance.
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