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In this work, ZnO nanoparticles (NPs) are synthesized using avocado seed extract and annealed at different

annealing temperatures from 400 to 800 °C. The morphology of the nanoparticles changes from poly

shapes at 400 °C to spherical ones at 800 °C, and particle sizes increase from ∼42 nm to ∼128 nm. The

Ag/ZnO@400/FTO memory device exhibits stable resistive switching over 100 cycles and a resistance

window of approximately 150. Also, the performance characteristics of ZnO@600 and ZnO@800-based

devices are degraded gradually over operating cycles. The concentration of oxygen interstitials (Oi) in

ZnO nanoparticles, which may originate from organic residues, decreases as the annealing temperature

increases. These Oi ions reduced the energy barrier at the interfaces, facilitating electron transport under

an external electric field. This study has demonstrated the close correlation between resistive switching

characteristics and organic residuals in green synthesized nanoparticles.
1. Introduction

In recent years, research into the synthesis and application of
nanomaterials has emerged as a promising eld in technology
and science. Zinc oxide nanoparticles (ZnO NPs) are a prom-
ising nanomaterial due to their stability, large bandgap (3.37
eV), photocatalytic properties, and high biocompatibility.1

Traditional ZnO NP synthesis methods, on the other hand, are
frequently associated with expensive equipment, high energy
consumption, signicant costs, and potential environmental
and health risks.2 With the goal of sustainable development and
the creation of high-performance materials, green synthesis has
become a preferred choice among methods for producing ZnO
NPs.3

Green synthesis produces nanomaterials using biologically
derived reducing agents such as microorganisms, algae, and
plant extracts, which have several advantages, including envi-
ronmental friendliness, simplicity, and low energy
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consumption.4 Plant-based synthesis of ZnO NPs offers advan-
tages over microbial or algal-based methods, such as abundant
raw materials, shorter reaction times, fewer purication steps,
and simpler processes, all while remaining environmentally
friendly.5,6 Green synthesis can yield ZnO NPs of various shapes
and sizes by adjusting parameters such as pH, precursor
concentrations, and annealing temperatures.7 Among them, the
annealing temperature has a signicant impact on the
morphology and size of nanoparticles. For example, S. Azizi
et al. demonstrated that increasing the calcination temperature
from 100 °C to 200 °C resulted in uniform, hexagonal ZnO NPs
with sizes ranging from 10 to 18 nm, while lower temperatures
produced poorly crystalline particles.8 Similarly, N. Sedefoglu
et al. investigated the effect of raising the calcination tempera-
ture from 400 to 800 °C, which transformed ZnO NPs from
spherical to hexagonal rods, with an average size of about
100 nm.9

ZnO NPs have been extensively researched for their resistive
switching properties, which are essential for the development of
resistive random-access memory (RRAM) devices, as well as for
a variety of other applications, such as food packaging,10 anti-
microbial materials,11 and optoelectronic devices.12 The resis-
tive switching behavior of ZnO NPs is particularly signicant in
the development of RRAM technology, as it enables high-speed
data storage, energy efficiency, and scalability. ZnO NPs are
anticipated to be a signicant component of next-generation
data storage solutions, as the demand for more efficient
memory devices increases. They provide faster retrieval times
and larger capacities than conventional systems, such as static
© 2024 The Author(s). Published by the Royal Society of Chemistry
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random-access memory (SRAM). This transition is aided by
several benets, including ease of fabrication, high scalability,
simple architecture, high integration density, and rapid
switching.13 Furthermore, their simple architecture and
compatibility with green synthesis methods make them ideal
candidates for sustainable electronics manufacturing.

While green synthesis offers an eco-friendly approach, the
specic impact of organic residuals on device performance is
not fully understood. Our research, for example, investigates
the effect of annealing temperature on ZnO properties through
green synthesis and their application in analog memristors.14

However, further study should be conducted to fully understand
how these organic residuals affect the electrical properties and
overall performance of the device. However, beyond these
intrinsic factors, external inuences, such as light, can also
modulate the electronic properties of ZnO. Garcia et al. have
highlighted that light-induced effects can signicantly enhance
the photoconductivity and nonlinear optical behavior of ZnO
material, creating further potential for applications in data
storage and optoelectronic devices.15 Investigating these light-
induced effects could further enhance the applicability of ZnO
in data storage devices, particularly in environments where
photoresponse is critical, potentially improving the perfor-
mance of memory devices and optoelectronic systems.

In this study, we explore the impact of annealing tempera-
ture on the morphological and structural properties of ZnO NPs
synthesized via a green method using avocado seed extract.
Particularly, the study investigates the effect of organic
precursor residuals within ZnO NPs on the resistive switching
behavior of memory devices, providing a thorough analysis of
the underlying mechanisms. This study expands our under-
standing of ZnO NPs' applications and the inuence of the
green synthesis process.
2. Experimental procedures
2.1. Materials

Zinc nitrate hexahydrate [Zn(NO3)2$6H2O] was sourced from
Sigma-Aldrich, USA. Additionally, commercial ZnO nano-
particles were provided by Merck. An S60H Elmasonic bath
from Elma, Germany, was utilized for ultrasonic cleaning in the
processes of synthesis and dispersion before dip coating. Ripe
avocado seeds were collected from various avocado outlets in
Ho Chi Minh City, Vietnam.
Fig. 1 Schematic process of FTO/ZnO/Ag device fabrication using
ZnO NPs.
2.2. The ZnO NPs synthesis and RRAM device fabrication

Initially, ZnO NPs were synthesized through a green chemistry
approach using avocado seed extract. The avocado seeds were
washed, dried, and ground into powder. Then, 20 g of avocado
seed powder was added to a glass vessel containing 100 mL of
deionized (DI) water and stirred continuously at 80 °C for 60
minutes using a magnetic stirrer. The resulting extract was
ltered using Whatman lter paper and stored at 4 °C.

For the synthesis, 14.875 g of Zn(NO3)2$6H2O was dissolved
in 100 mL of DI water to prepare a 0.5 M Zn(NO3)2 solution. A
total of 40 mL of this solution was then slowly added dropwise
© 2024 The Author(s). Published by the Royal Society of Chemistry
to a vessel containing 10 mL of avocado seed extract, and the
mixture was stirred continuously at 50 °C for 2 hours. The
resulting blend was dried at 150 °C for 2 hours to obtain dry
samples. These dried samples were then calcined at 400 °C,
600 °C, and 800 °C for 2 hours each to study the effect of
temperature on the nanoparticle properties.

Next, the ZnO NPs treated at different calcination tempera-
tures are dispersed in DI water at a concentration of 1wt%.
Concurrently, uorine-doped tin oxide (FTO) substrates are
thoroughly cleaned and dried. The FTO substrates are
immersed directly in a glass beaker containing the ZnO NP
suspension for lm deposition. Each immersion step lasts 10
minutes, followed by 5 minutes of drying before the next
immersion. The coating procedure is repeated four times to
ensure uniform coverage. Finally, the Ag top electrode is
sputter-deposited to complete the Ag/ZnO/FTO device assembly.
For convenience, ZnO was synthesized at 400 °C, 600 °C, and
800 °C, denoted as ZnO@400, ZnO@600, and ZnO@800,
respectively. To compare, devices using commercial ZnO NPs
were fabricated following a similar procedure. This synthesis
process of ZnO NPs and memristors is depicted in Fig. 1.
2.3. Material and device characterization

In this study, ZnO NPs were synthesized and analyzed using
analytical techniques to investigate their structural, morpho-
logical, and optical characteristics. X-ray diffraction (XRD) was
performed on a D8-Bruker system utilizing CuKa radiation (l =
1.54060 Å) across a scan range of 20–80° (2q).

The particle size (D) was determined by the Debye–Scherer
equation below:16

D ¼ Kl

bcosq
(1)

where D represents particle size, K is the shape factor, l is the X-
ray wavelength, b is the full width at half maximum (FWHM) of
the peak in radians, and q is the Bragg angle, was employed to
deduce the nanoparticles' size.
RSC Adv., 2024, 14, 36340–36350 | 36341
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Fourier-transform infrared (FTIR) spectroscopy, performed
on a Bruker TENSOR 27 instrument within the 400–4000 cm−1

range, identied the functional groups and chemical bonds in
the ZnO NPs, revealing insights into their chemical composi-
tion. The Horiba XploRa Plus Raman scattering spectrometer
with a 532 nm excitation source supplemented the FTIR results
by providing detailed information on the vibrational modes
associated with ZnO's crystalline structure.

The morphology and size of the nanoparticles were charac-
terized using scanning electron microscope (SEM) images
captured with a Hitachi S4800 (Japan). The elemental compo-
sition and purity were assessed using Energy-Dispersive X-ray
Spectroscopy (EDX) on the JEOL JSM-IT200 system. Thermog-
ravimetric Analysis (TGA) was used to determine the thermal
stability and composition of the ZnO nanoparticles. The TGA
was carried out in a nitrogen atmosphere at room temperature
and up to 800 °C. The weight loss curves obtained from TGA
revealed the thermal degradation pattern and conrmed the
removal of organic residues and water molecules adsorbed on
the nanoparticles' surfaces.

Diffuse Reectance Spectroscopy (DRS) was used to evaluate
the optical properties with a Jasco V770 system, covering
a wavelength range of 200 nm to 800 nm and providing an
initial assessment of the ZnO nanoparticles' absorption capa-
bilities. The optical band gap of ZnO NPs was calculated using
the Kubelka–Munk equation:

FðRÞ ¼ K

S
¼ ð1 � RÞ2

2R
(2)

above, R is the percent reectance, K is the absorbance coeffi-
cient, and S is the scattering coefficient. The absorption coef-
cient a is given by ahv = A(hv − Eg)

g, where hv is the photon
energy, A is the proportionality constant and Eg is the band
gap.17 The exponent g in the Tauc plot depends on the elec-
tronic transition: g = 2 for allowed indirect, g = 1/2 for allowed
direct, g = 3 for forbidden indirect, and g = 3/2 for forbidden
direct transitions. Since ZnO is a direct band gap semi-
conductor, g is set to 1/2.18 Additionally, photoluminescence
(PL) spectroscopy was performed with a Horiba iHR550
instrument and a 355 nm excitation source to analyze the
energy-band structure of the material, with a particular
emphasis on crystal defects. X-ray photoelectron spectroscopy
(XPS, Thermo K-Alpha) using an Al-Ka radiation source (1486.6
eV) was also employed to examine the binding states of
elements in the samples.

In voltage sweep mode, the devices' resistive switching (RS)
performance was evaluated using a Keithley 4200-SCS param-
eter analyzer. During the assessment, the voltage was cycled
from 0 to −Vmax and back, then from 0 to +Vmax and returned to
0. The alternating cycle was repeated several times to assess the
stability of the RRAM devices.
3. Results and discussion

Fig. 2 depicts the morphology and particle size distribution of
ZnO nanoparticles synthesized using a green synthesis and
annealed at various temperatures. Fig. 2(a) exhibits the
36342 | RSC Adv., 2024, 14, 36340–36350
morphology of the ZnO sample annealed at 400 °C, revealing
various forms and a tendency to form larger clusters. Fig. 2(b)
shows that when the annealing temperature reaches 600 °C, the
ZnO NPs primarily form hexagonal and spherical shapes. At
800 °C, ZnO changes signicantly in shape and size. These
particles are discrete, with primarily spherical and tubular
shapes, as shown in Fig. 2(c). ZnO@400 sample has an average
particle size of 42 nm, with a range of 15 to 90 nm, as shown in
Fig. 2(d). The average particle size of the ZnO@600 sample
increases to around 77.5 nm, with a range of 44 to 115 nm
(Fig. 2(e)). Fig. 2(f) shows that at 800 °C, the average particle size
increases to approximately 128 nm, with a range of 75 to
180 nm. SEM analysis conrms that as the calcination
temperature rises, the size of the ZnO NPs gradually increases,
consistent with previous studies on the effects of annealing
temperatures on ZnO. These morphological and particle size
changes are attributed to crystal growth and the reduction of
residual organic at elevated temperatures.19,20 Additionally,
commercial ZnO NPs (ZnO@CM) were used as a control,
exhibiting cylindrical round morphologies with an average size
of approximately 206.6 nm, ranging from 130 to 280 nm, as
shown in Fig. S1 (ESI).†

The Raman scattering spectroscopy was used to analyze
lattice vibrations in ZnO samples calcined at 400, 600, and 800 °
C, as shown in Fig. 3(a). The spectra of all samples show
prominent rst-order phonon modes, specically E2L at
approximately 74 cm−1 and E2H at around 431 cm−1, which
represent the vibrations of the Zn and O atoms, respectively.21 In
addition, a mode at 372 cm−1 corresponding to the A1(TO) was
detected, which was associated with lattice defects. The pres-
ence of phonon states such as A1(LO)/E1(LO) at approximately
578 cm−1 commonly signies surface defects like zinc and
oxygen vacancies in the ZnO lattice.22 The detection of second-
order and multi-phonon modes such as 2E2L, E2H–2L

22 and
2LA23 conrms ZnO's wurtzite structure. However, the E2L peak
shied to higher frequencies (90 cm−1 for ZnO@600 and
93 cm−1 for ZnO@800). The E2H mode remains intense in these
samples, indicating the high crystallinity and purity of the ZnO
lattice.24

The X-ray diffraction patterns of ZnO NPs treated at various
temperatures are shown in Fig. 3(b). The ZnO@400 exhibited
preferred diffraction peaks at 2q angles of 31.82°, 36.32°, and
34.49°, representing the (100), (002), and (101) planes, respec-
tively. The other diffraction peaks at 47.60°, 56.67°, 62.91°,
68.018°, 69.17°, and 77.04° correspond to the (102), (110), (103),
(112), (201), and (202) planes. These plane orientations are
consistent with the standard XRD pattern (JSPDS_36-1451) for
a wurtzite structure, which matches the Raman spectroscopy
results. When the calcination temperature was increased to
600 °C and 800 °C, there were no signicant changes in the
diffraction peaks compared to the sample calcined at 400 °C.
The most noticeable peak, corresponding to the plane (101),
preferred growth direction. The average crystal size of ZnO NPs,
calculated from the (101) plane, increased slightly with treated
temperature, measuring 36.2 nm, 38.9 nm, and 41.4 nm for
ZnO@400, ZnO@600, and ZnO@800, respectively. This incre-
ment is because, at higher temperatures, atoms have more
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The SEM images and size distribution of ZnONPs at various calcination temperatures: 400 °C (a, and d), 600 °C (b, and e), 800 °C (c, and f).

Fig. 3 (a) Raman spectroscopy, (b) XRD pattern, (c) the FTIR spectra, (d) EDX, (e) DRS and Tauc plot, (f) TGA of ZnO NPs synthesized at various
calcination temperatures.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 3
:5

4:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
energy to move and stabilize at optimal positions within the
crystal lattice. Consequently, grains with lower surface energy
become more prominent as the calcination temperature
increases.25 The crystalline characteristic of commercial ZnO
NPs is similar to synthesized nanoparticles, as shown in
Fig. S2.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
The FTIR spectra, shown in Fig. 3(c), reveal characteristic
bands of several functional groups in all samples annealed at
400, 600, and 800 °C. The FTIR results for ZnO@400 show
a broad peak from 3170 to 3650 cm−1, indicating the stretching
vibrations of the O–H bond on the surface of ZnO NPs. The
broadband from 1120 to 1554 cm−1, with the highest peak at
RSC Adv., 2024, 14, 36340–36350 | 36343
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1373 cm−1 is attributed to overlapping vibrations from various
functional groups, such as the C]C in amide groups, the
stretching deformation of the C–O group, and the phenolic O–H
group.26 Additionally, a peak at 1608 cm−1 with weaker intensity
corresponds to the stretching vibrations of the C]O group.27

The FTIR spectra of ZnO@600 and ZnO@800 show similar
vibrations but with lower intensities of the organic groups,
indicating that organic residues gradually decrease as the
calcination temperature rises. Notably, ZnO@400 exhibits
broad, strong absorption peaks at 474 cm−1, indicative of the
Zn–O bond.28 This absorption peak shis slightly to higher
wavenumbers at 476 and 477 cm−1 in ZnO@600 and ZnO@800,
respectively. This minor shi in the Zn–O peak is attributed to
changes in particle size and induced strain resulting from the
varying calcination temperatures.29 The FTIR spectrum of
commercial ZnO indicates a prominent broad peak with high
intensity at 420 cm−1 and no peaks or bands associated with
impurities, conrming the purity of nanoparticles depicted in
Fig. S2(b).†

Fig. 3(d) shows the EDX spectra of ZnO NPs, which contain
signicant amounts of Zn, O, and C. Elemental analysis reveals
that the carbon content decreases from 21.9 to 8.06 at% as the
annealing temperature rises from 400 to 800 °C. This result is
consistent with FTIR analysis, which indicated a reduction in
organic moieties with increasing annealing temperature.
Fig. 3(e) depicts the mass loss of ZnO NPs when heated to
various temperatures. For ZnO@400, the weight loss occurring
up to 500 °C is primarily due to moisture and –OH groups on
the ZnO surface; from 500 °C to 800 °C, a signicant mass
reduction is observed caused by the decomposition of remain-
ing organic residues within the ZnO NPs. In contrast, ZnO@600
shows no considerable mass loss from 100 °C to 600 °C
compared to ZnO@400, which can be attributed to a gradual
reduction of –OH bonds and organic groups, as demonstrated
by FTIR analysis. The primary weight loss occurs as the
temperature rises to 600 °C, resulting from the decomposition
of more stable, difficult-to-decompose organic compounds.
Meanwhile, for ZnO@800, the mass loss is primarily caused by
the degradation of residual –OH and –C–O bonds formed
during synthesis. Fig. 3(f) shows DRS studies on ZnO NPs at
various temperatures. The spectra show a prominent peak that
decreases from 385 nm to 373 nm as the annealing temperature
rises from 400 °C to 800 °C. The band gap of ZnO NPs was
calculated from the Tauc plot derived from Kubelka–Munk
transformed absorbance data. The results show that the band
gap values for ZnO gradually increase from 3.17 eV to 3.22 eV as
the temperature rises from 400 °C to 800 °C. This band gap
energy increase is attributed to particle size enlargement with
rising calcination temperatures.28 The transmission and band
gap of 3.26 eV for commercial ZnO is shown in Fig. S2(c and d).†

ZnO, with its tunable electrical properties, wide band gap,
and several advantages such as low cost, abundance, non-
toxicity, and ease of synthesis, is a highly promising material
for RRAM applications.30 Its exibility in synthesis allows for
different doping and structural modications, making it
adaptable for various resistive switching applications. Further-
more, its compatibility with environmentally friendly, green
36344 | RSC Adv., 2024, 14, 36340–36350
synthesis methods makes ZnO an appealing option for
sustainable electronics. However, challenges such as particle
size control must be addressed in order to ensure consistent
device performance. To further investigate its potential in
RRAM, devices with various ZnO annealing temperatures were
created. These include Ag/ZnO@400/FTO (M1), Ag/ZnO@600/
FTO (M2), and Ag/ZnO@800/FTO (M3). ZnO NPs were
annealed at 400 °C, 600 °C, and 800 °C. For comparison,
a device with commercial ZnO, Ag/ZnO@CM/FTO (M4), was also
fabricated. The current–voltage (I–V) characteristics of all
devices are presented in Fig. 4.

The resistive switching behavior was clearly evident within
the voltage range of −3 to 3 V, as shown in Fig. 4(a1). During
negative polarization, the device switched from the high resis-
tance (HRS) to the low resistance (LRS) state, corresponding to
the SET process. In contrast, the RESET process occurred during
positive polarization when the voltage was applied from 0 to 3 V,
as shown in Fig. 4(a2). Durability tests conrmed that the M1
device was stable for up to 100 continuous cycles, as illustrated
in Fig. 4(a3). The on/off ratio had reached approximately 400 at
a reading voltage of 1.5 V, with HRS and LRS values remaining
stable, ranging from 1.1× 10−9 to 1.05× 10−9 A for HRS and 5.6
× 10−7 to 2.4 × 10−6 A for LRS, as depicted in Fig. 4(a4). In R.
Deb et al.'s study, incorporating ZnO NPs signicantly
enhanced the memory window to approximately 103, compared
to around 102 in devices without ZnO.31 Their devices also
showed high durability, maintaining stability over roughly 103

cycles. While both studies report stable switching performance,
Deb et al.'s devices had a higher on/off ratio and durability,
likely due to their specic material composition and structure.31

A key difference is their use of nanocomposites, combining ZnO
NPs with a polymer matrix, which improved charge trapping
mechanisms and stabilized the resistive switching behavior.32

This resulted in a broader memory window and enhanced
durability in digital memory devices, whereas our study focuses
on analog memristors.

The I–V characteristic of the M2 device, depicted in Fig. 4(b2),
displayed a behavior similar to the M1 device. The SET process
occurred at negative biases, while the RESET process was
observed at positive biases. However, the switching effect was
observed within a narrower voltage range of −1.5 to 1.5 V and
tended to narrow as the number of cycles increased. The M2
device's I–V characteristic was repeatable for 60 cycles and
tended to narrow as the number of cycles increased, as shown in
Fig. 4(b3). Additionally, the resistance distribution analysis
showed signicant uctuations in the values of the HRS and
LRS under a small reading voltage of 0.5 V during the nal
cycles, as shown in Fig. 4(b4). The LRS values varied from 4.8 ×

10−7 to 8.4 × 10−6 A, while the HRS values ranged from 1.8 ×

10−8 to 1.0 × 10−5 A.
The I–V characteristics of the device utilizing ZnO@800 were

scrutinized, with the ndings depicted in Fig. 4(c). The resistive
switching process was evident within a voltage range of −3.5 to
3.5 V. The SET and RESET processes were observed at negative
and positive polarities, respectively. Furthermore, the I–V curve
showed signicant noise, as shown in Fig. 4(c2). The device
exhibited limited stability, enduring around 50 cycles, as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Current–voltage (I–V) characteristic curves for (a) Ag/ZnO@400/FTO (M1), (b) Ag/ZnO@600/FTO (M2), (c) Ag/ZnO@800/FTO (M3) and (d)
Ag/ZnO@CM/FTO (M4) devices with subpanels: (1) displaying a linear scale, (2) presenting a semi-log scale, (3) depicting the endurance test of
the RRAM device, and (4) illustrating the derived ON/OFF ratio.
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evidenced in Fig. 4(c3). Similar to the M2 device, the resistance
window of the ZnO@800 narrows during the nal cycles. The
distribution of HRS values at 1.5 V uctuated signicantly,
ranging from 2.8 × 10−10 to 4.5 × 10−8 A, while the LRS values
varied between 1.3 × 10−7 and 6.8 × 10−7 A, indicating insta-
bility in both states, as shown in Fig. 4(c4).

Fig. 4(d) depicts the I–V characteristics of the device utilizing
commercial ZnO (M4). The SET and RESET processes occur
sequentially at positive and negative polarities (Fig. 4(d2)).
Furthermore, when investigating the device's durability, the
results show instability aer only about 15 cycles, as shown in
Fig. 4(d3). The results depicted in Fig. 4(d4) show that the LRS
and HRS have higher values compared to other devices,
respectively ranging from 8.8 × 10−6 to 6.5 × 10−5A and 3.1 ×

10−7 to 2.7 × 10−5A.
The characteristics of various ZnO-based devices reveal

apparent differences in operating voltage, stability, and the
resistance window, as described above. The M1 device demon-
strates high stability with up to 100 voltage sweeps and an on/off
ratio 150. In contrast, the M2 and M3 devices exhibit poorer
© 2024 The Author(s). Published by the Royal Society of Chemistry
stability, and their resistance windows tend to narrow with
increasing scanning cycles. Memory devices using commercial
ZnO exhibit several switching cycles with low stability. No
signicant structural differences among ZnO samples were
conrmed by XRD and Raman. Meanwhile, FTIR and EDX show
that organic residuals decrease as calcination temperature
increases. These ndings suggest that changes in device
performance may be primarily caused by residual organic,
which affects the device's electronic properties and stability. PL
analyses in the following will clarify how these residuals impact
the device's resistive switching behavior.

Fig. 5 shows the photoluminescence (PL) and X-ray photo-
electron (XPS) results of the ZnO samples. All the PL spectra
exhibit two central emission regions, including a near-band-
edge (NBE) region located around 400 nm and deep-level
emissions (DLE) ranging within intervals of 500–800 nm
(Fig. 5(a)). The NBE region contains two emissions; the E1 at
∼390 nm is attributed to free-exciton (FX) emission,33 while the
E2 at ∼402 nm originates from zinc interstitial (Zni)-related
defects as shallow levels located at ∼0.2–0.5 eV below
RSC Adv., 2024, 14, 36340–36350 | 36345
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Fig. 5 Photoluminescence and X-ray photoelectron analyses of ZnO samples: (a) PL spectra attaching with possible electronic transition
diagram, and Gaussian-deconvoluted spectra of (b) ZnO@400, (c) ZnO@600, and (d) ZnO@800 samples. (e) XPS survey spectra and (f)
deconvoluted O 1s core-level spectra of the samples. The pie charts depict the contribution of resolved components to the total spectrum.
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conduction band minimum (CBM).34 The DLE region is more
complex, which is resolved into four component emissions for
all the samples (Fig. 5(b–d)). The E3 (∼550 nm) and E4 (∼600
nm) can be related to singly-ionized oxygen vacancy (VO

+) donor
level35 and doubly-ionized oxygen vacancy (VO

2+) acceptor
level.36 The E5 can be assigned to the oxygen interstitial (Oi)
acceptor level, whereas the electronic transition between Zni

and Oi defect levels is responsible for the E6 emission.14,37

The inset pie charts depict the integrated intensity ratios of
component emissions to the total spectrum, indicating the
relative ratios of point defects in the samples. The intensity of
E1 (FX) emission remarkably increases, suggesting the
improvement in crystallinity of the ZnO samples with
36346 | RSC Adv., 2024, 14, 36340–36350
increasing annealing temperature. Despite the uctuation in
the E3 and E4 emissions, the total ratios of the VO-related
defects tend to be unchangeable upon elevating the annealing
temperature. Thus, the contribution of VO defects to the carrier
transport of memristor structures can be similar among
different ZnO layers. On the other hand, the total ratios of the
Oi-related defects (E5 and E6) signicantly decrease with
increasing annealing temperature. It is noted that the Oi defects
existing mainly in the residuals can act as ion reservoirs
between ZnO particles through organic bridges. To conrm it,
the PL analysis of commercial inorganic ZnO sample is
considered in Fig. S3, and ESI.† Excepting the characteristic E1
and E2 peaks, no O-related emission is observed, indicating the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04381b


Fig. 6 The schematic of resistive switching mechanism in Ag/ZnO@400/FTO device.
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absence of organic bridges in the commercial ZnO. Therefore,
the reduction in Oi defects suggests a decrease in ion sources
leading to a degradation in the memristor performance of ZnO-
based structures upon increasing annealing temperature. The
defect characteristics from PL analysis are more valuable if
combined with quantum yield measurements. However, we
regret the lack of this system, which will be seriously considered
in future works.

Similarly, the XPS analysis was also conducted for all the
samples (Fig. 5(e)). All the spectra record the binding states
relating to Zn and O elements which are aligned with the C 1s
state (284.8 eV).38 To support the variation in the Oi ratio of the
samples, the O 1s core states are considered and deconvoluted
usingmixed Gaussian–Lorentzian function and Shirley baseline
(Fig. 5(f)). The O 1s states include two sub-peaks attributed to
O2− ions at O–Zn lattice points (O1, 531.7± 0.1 eV)39 and in O–C
bonds (O2, 533.1 ± 0.2 eV) of residual organic components.40

The inset pie charts illustrate the integrated intensity ratios of
the O1 and O2 components to the total spectrum. The O1
component increases while the O2 portion decreases with
increasing annealing temperature. It suggests a better stoi-
chiometric ZnO structure and a reduction in residual organic
components upon elevating annealing temperature. This result
well agrees with the above PL analysis, indicating the signicant
reduction in the organic bridges (or the Oi component) of the
samples treated at high temperature.

The concentration of oxygen vacancies is relatively similar in
ZnO NPs treated at 400–800 °C, whereas the oxygen interstitials
(Oi) are quite different, as conrmed by PL analysis. In this
study, the presence of oxygen interstitials within organic
residuals signicantly impacts the charge transport mechanism
in memory devices based on ZnO NPs. These ions play a crucial
role in the modulation of the energy barrier via accumulation at
the interfaces (Fig. 6). When a negative bias voltage is applied to
the top electrode, these Oi ions move to the counter electrode
and accumulate at the ZnO/FTO interfaces. This movement may
lead to a gradual reduction in the energy barrier at the inter-
faces, facilitating easier electron transport. As a result, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
current increases, and the device switches to LRS. As the bias
voltage is reversed, these Oi ions dri back to the top electrode,
leading to the recovery of the energy barrier at ZnO/FTO, then
the device switches to HRS. For Ag/ZnO@400/FTO devices, the
high concentration of Oi ions, which are conrmed by PL and
XPS analyses above, signicantly reduces the energy barrier at
the interfaces, thereby attributing to the reliable resistive
switching characteristics. For the Ag/ZnO@600/FTO and Ag/
ZnO@800/FTO devices, the critical reduction of Oi concentra-
tion makes them less effective in the energy barrier modulation,
and the charge transfer is more challenging. Therefore, the
performance of these devices gradually degrades with low
endurance. These ndings align with the results of Zhang et al.,
where Oi was also identied as a crucial factor in enhancing
resistive switching (RS) behavior. Their study demonstrated that
post-synthetic treatments, such as oxygen plasma treatment,
increased the concentration of oxygen-related defects,
including Oi, which improved RS characteristics by facilitating
the formation and rupture of conductive pathways. Zhang et al.
further showed that controlling Oi and oxygen vacancies
through post-synthetic treatments or annealing conditions
could optimize the balance between electrical conductivity and
resistive switching performance.41
4. Conclusion

In this study, ZnO NPs were synthesized using a friendly route
and played as an insulator layer in resistive memory devices.
FTIR and TGA conrmed the gradual decrease in the progres-
sive decomposition of organic residues at higher annealing
temperatures. Furthermore, our investigations revealed that the
Ag/ZnO@400/FTO device exhibited high durability and stability,
signicantly outperforming the Ag/ZnO@600/FTO and Ag/
ZnO@800/FTO devices. We elucidated the signicant impact
of organic residues on point defects, which may contribute to
the modulation of the energy barrier at the interfaces and
enhance the performance of the memory devices. This nding
underscores the importance of organic residues in boosting the
RSC Adv., 2024, 14, 36340–36350 | 36347
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efficiency of nanoparticle-based memory devices synthesized
using green methods.
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