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ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)†

Jehova Jire L. Hmar *

The resistive switching memory effects in metal-insulator-metal devices with aluminium (Al) as top

electrode (TE) and bottom electrode (BE). A solution processed active layer consisting of zinc oxide

(ZnO) nanoparticles embedded in an insulating polyvinyl alcohol (PVA) matrix and polymer poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) has been studied by using flexible

polyethylene terephthalate (PET) substrates. The current–voltage (I–V) measurements of hybrid Al/ZnO–

PVA/PEDOT:PSS/Al/flexible PET substrate device exhibited a non-volatile bistable resistive switching

behaviour, which is attributed to the trapping, storage and transport of charges in the electronic states of

the ZnO nanoparticles. The performance of hybrid device is significantly enhanced over control Al/

PEDOT:PSS/Al and Al/ZnO–PVA/Al devices due the presence of PEDOT:PSS polymer. This PEDOT:PSS

improves the performance of oxygen ions (holes) migration toward BE and protect back oxygen

vacancies (electrons) migrate toward BE from ZnO–PVA composites which may reduces the leakage

current, as a result, increased the ‘ON state/OFF state’ current ratio of 7.9 � 103 times. The fabricated

hybrid device showed high ON/OFF switching current ratio larger than five orders of magnitude with low

operating voltages. It is observed that, the existence of two conducting states, namely, low conductivity

state (OFF state) and high conductivity state (ON state), exhibiting bistable behaviour. The state of the

device was maintained even after removal of the applied bias, indicating the non-volatile memory. The

observed current–time response showed good memory retention behaviour of the fabricated devices.

The excellent stability and retention performances of hybrid device verify the reliability of this device and

demonstrate their potential for application in non-volatile bistable memory device. The carrier transport

mechanism of the bistable behaviour for the fabricated non-volatile organic bistable devices structures is

described on the basis of the I–V experimental results by analyzing the effect of space charge and

electronic structure. Interestingly, the device performance was not degraded and remains identical even

after bending the device from 60–120� angles, which indicates high potential for flexible non-volatile

bistable memory device applications. This demonstration provides a class of memory devices with the

potential for future flexible electronics applications.
1. Introduction

A mixture of semiconductor nanoparticles and polymers has been
particularly interesting due to their potential applications in next-
generation electronic and optoelectronic devices.1–4 Nano-
composites containing semiconductor nanoparticles and polymer
have promising potential applications in non-volatile memory
Sciences, Central University of Jammu,

. E-mail: jehovajire52@gmail.com

(ESI) available: Current–voltage (I–V)
evice at different concentration of ZnO
.1039/c8ra04582h

hemistry 2018
devices due to their high mechanical exibility, low cost, and
simple fabrication.5–8 In memory devices based on nano-
composites, the electrical bistability is primarily determined by the
semiconductor nanoparticles.9–11 The prospect of applications of
non-volatile memory devices utilizing nanocomposites has given
rise to extensive research and efforts to develop semiconductor
nanoparticles, serving as charging and discharging islands,
embedded in a polymer matrix.12–18 In the past decade, there are
many kinds of advanced non-volatile memory devices have been
generated.19,20 Among the several types of non-volatile memory
devices, the hybrid non-volatile bistable devices have been partic-
ularly attractive due to their easier fabrication, less expensive and
high exibility without additional sources and drains.21–23 With the
RSC Adv., 2018, 8, 20423–20433 | 20423
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effort of analyzing current transport behaviour, many studies
indicated that semiconductor nanoparticles in such memory
devices are responsible for the charge trapping, storage, and
emission induced current bistable effect.24 Among the various
types of semiconductor nanoparticles, zinc oxide (ZnO) have acted
as promising candidates because of their potential applications in
non-volatile memory devices and their being environment friendly
materials.25–29 ZnO is n-type semiconductors with a band-gap of
3.37 eV at 300 K. ZnO based thin lm devices have good resistive
switching characteristics. It has been extensively studied in both
unipolar and bipolar resistive switching behaviour, such as Pt/
ZnO/Pt,30 Al/ZnO/Si,31 TiN/ZnO/Pt,32 and Cr/ZnO/Pt.33Metal/bilayer/
metal structure was proposed to improve the performance of the
resistive switching behaviour. Lee et al.,34 fabricated bilayer ZrOx/
HfOx-based structure to improve resistive switching behaviour. It
was observed that, the ‘HRS/LRS00 ratio increased by 100 times
compared to single HfOx-based structure. Although there are
several reports for the growth of semiconductor nanostructures
embedded in polyvinyl alcohol (PVA) polymer matrix, the realiza-
tion of hybrid ZnO–PVA nanocomposites/conducting polymer
model heterostructure used for exible non-volatile bistable
resistive switching memory devices has not been investigated
earlier in details. A detail study is necessary for the fabrication of
this model heterostructure for possible applications in exible
devices.

In this report, we fabricated and investigated exible non-
volatile bistable memory devices utilizing ZnO–PVA nano-
composites and conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) on
an aluminium (Al) coated exible polyethylene terephthalate
(PET) substrates. ZnO is highly suitable material to trap charge
carriers due to its appropriate quantum connement and avail-
able energy states. PVA is used as an isolating dielectric material
and a supportive layer to transfer the nanoparticles onto the
bottom electrodes. Furthermore, PVA is a biocompatible, non-
toxic, low cost, environment friendly and non-hazardous
organic polymer. PEDOT:PSS is a p-type hole conducting poly-
mer which improved the resistive switchingON/OFF state current
ratio of hybrid Al/ZnO–PVA/PEDOT:PSS/Al/exible PET substrate
device by improving the oxygen ions (holes) migration toward BE
and protect back oxygen vacancies (electrons) transfer toward BE
from ZnO–PVA nanocomposites, which may reduces the leakage
current. This work was undertaken to comprehensively explore
the resistive switching effect in a hybrid ZnO–PVA/PEDOT:PSS
lm model heterojunction system as being the potential candi-
date for the next generation memory device. The fabricated
device exhibited a non-volatile and bistable resistive switching
behaviour. The carrier transport mechanisms and organic
bistable resistive switching behaviour of the ZnO–PVA/
PEDOT:PSS model heterojunction system has been demon-
strated for potential used in exible devices.

2. Experimental details
2.1 Synthesis of ZnO nanoparticles

ZnO nanoparticles (NPs) were prepared using sol–gel method.35

In details, 0.01 M of zinc acetate (Merck, 99%) was dissolved in
20424 | RSC Adv., 2018, 8, 20423–20433
2-propanal (Merck, 99%) followed by heating and stirring at
65 �C. Aer 30 minutes, diethanolamine (Nice, 99%) was added
to the previous solution, and a transparent solution was ach-
ieved. The molar ratio of zinc acetate and diethanolamine was
taken as 1 : 2. The solution was kept for half an hour at room
temperature. The as grown ZnO NPs were ltered out from the
solution and dried in air for further applications.

2.2 Preparation of ZnO–polyvinyl alcohol (PVA)
nanocomposites

ZnO–PVA nanocomposite lms were prepared by the well
known solution casting technique. In this method, 4 gram of
solid PVA (C2H4O)n (where n ¼ 1700) was dissolved in 150 ml of
de-ionized (DI) water by heating and stirring at �95 �C for 2
hours using a magnetic stirrer with hot plate, for complete
dissolution without thermal decomposition of the polymer,
until the polymer was completely dissolved and a clear viscous
solution is formed. The prepared ZnO nanoparticle was added
into the aqueous solution of PVA, and then stirred carefully by
using magnetic stirrer until well dispersion ZnO–PVA was ob-
tained. For electrical characterizations, different concentration
ratios [ZnO NPs (mg) : PVA solution (ml)] of 5 : 1, 8 : 1, 10 : 1,
15 : 1, and 25 : 1 have been studied. Sample with a concentra-
tion ratio of 10 : 1 shows superior electrical resistive switching
behaviour compared to 5 : 1, 8 : 1, 15 : 1, and 25 : 1 samples, as
shown in ESI Fig. SF1.†

2.3 Device fabrication

To produce the device structure, rst, aluminum strips were
deposited on exible polyethylene terephthalate (PET) substrate
by thermal evaporation through a shadow mask. Second,
a conducting polymer, poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) (Sigma Aldrich) layer was then
spin coated on aluminum (Al) strips with spin speed 1500 rpm.
Third, ZnO–PVA nanocomposite solution was deposited onto
the PEDOT:PSS layer by spin coated with a spin speed 2000 rpm
for 60 seconds. Finally, top aluminium (Al) electrodes were
deposited on ZnO–PVA nanocomposite layer by thermal evap-
oration through a shadow mask.

2.4 Electrical measurements

The electrical characterization of the sandwiched structure was
carried out by taking contacts from the Al bottom electrode (BE)
and Al top electrode (TE). The active electrode area of the
samples was 9 � 106 m2. For the investigation of the resistive
switching behaviour of the fabricated devices, the current–
voltage (I–V) characteristics were measured using a source
meter (B2912A, Agilent, USA) at room temperature and in
a normal environment.

2.5 Sample characterizations

The optical absorption spectra of the samples were recorded in
the wavelength range 300–800 nm using a UV-VIS-NIR spectro-
photometer (Perkin-Elmer Lambda 950). X-ray diffraction (XRD)
spectra were measured by a Bruker D8 ADVANCE diffractometer
This journal is © The Royal Society of Chemistry 2018
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with CuKa (l ¼ 0.15418 nm) radiation operated at 45 kV and 40
mA. The surface morphology of PEDOT:PSS lms and ZnO–PVA
nanocomposite/PEDOT:PSS were carried out by atomic force
microscopy (AFM) (Bruker, MultiMode-8) in tapping mode. The
scanning electronmicrographs (SEM) of the samples were taken
using a Nova Nano (FEI, USA) Scanning Electron Microscope.
3. Results and discussions
3.1 Morphological characterization

The surface topography of PEDOT:PSS lms were carried out
(scan area 1 mm � 1 mm) before and aer spin coating of ZnO–
PVA nanocomposite by atomic force microscopy (AFM) in
tapping mode using phosphorous doped silicon cantilever.
Fig. 1(a) and (b) show the plane view AFM micrographs of
pristine PEDOT:PSS lms and ZnO–PVA nanocomposite/
PEDOT:PSS heterostructure sample formed on exible Al
coated PET substrates. The surface roughness of the nano-
composite lms was determined from AFM topography in 1mm
� 1 mm area. The RMS surface roughness for pristine
PEDOT:PSS lms and ZnO–PVA/PEDOT:PSS lms were esti-
mated to be 33 nm and 85.3 nm, respectively. The higher
surface roughness for ZnO–PVA/PEDOT:PSS lm is attributed to
the presence of ZnO–PVA nanocomposite. The micrograph
Fig. 1 Plane view of AFM surface topography of (a) pristine PEDOT:P
deposited on flexible Al coated PET substrates. The particle size distrib
nanocomposite deposited on the surface of PEDOT:PSS films. (d) The c
heterostructure sample.

This journal is © The Royal Society of Chemistry 2018
clearly indicates the formation of ZnO nanoparticles (NPs)
uniformly distributed in large area. The particle size distribu-
tion is plotted at the inset of Fig. 1(b). From the histogram, the
diameter of the nanoparticles variation can be estimated as 15–
60 nm and the average diameter of the nanoparticles is found to
be 35 nm. The average nanoparticle density has been estimated
from 1 mm � 1 mm surface area and found to be �3 � 1013 NPs
per m2. Fig. 1(c) represents the typical SEM micrograph of ZnO
nanosheets embedded in PVA matrix. It has been observed that
ZnO NPs forms nanosheets-like structure inside the PVAmatrix.
The magnied SEM image of the ZnO nanosheets embedded in
PVA matrix as depicted in the inset of Fig. 1(c). It is clearly seen
that the SEM micrograph revealed the formation of ZnO
nanosheets of thickness 20–40 nm with several micron lengths.
Fig. 1(d) shows a cross-sectional view of the grown switching
memory structure on exible Al coated PET substrates. The
FESEM micrograph clearly indicates ZnO–PVA nanocomposite,
PEDOT:PSS lm and Al electrode with sharp interfaces. The
thicknesses of the ZnO–PVA nanocomposite and PEDOT:PSS
lms are estimated to be 100 nm and 180 nm, respectively.
Fig. 2(a) represents the typical energy dispersive X-ray (EDX)
spectrum of ZnO–PVA nanocomposites. The EDX spectrum
conrms the presence of Zn and O elements in ZnO–PVA
nanocomposites. The elemental analysis reveals the formation
SS films. (b) ZnO–PVA nanocomposite/PEDOT:PSS heterostructure
ution is plotted at the inset. (c) Plane view SEM image of ZnO–PVA
ross sectional SEM image of ZnO–PVA nanocomposite/PEDOT:PSS/Al

RSC Adv., 2018, 8, 20423–20433 | 20425
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of stoichiometrically pure ZnO in PVA matrix. The additional
elements Zn, O and C arise from carbon coated copper grids
and PVA polymer.

3.2 Optical characterization

Fig. 2(b) shows the UV-visible absorption spectra of ZnO–PVA
nanocomposite lms with and without attachment of
PEDOT:PSS in the range of 300–800 nm. The optical band gap
(Eg) of ZnO–PVA nanocomposite has been calculated using
Tauc's formula.36

(ahn)2 ¼ A(hn � Eg) (1)

where a is the absorption coefficient, hn is the incident photon
energy and A is a constant. Inset of Fig. 2(b) represents (ahn)2 vs.
hn plot for both samples. The optical band gap of ZnO–PVA
nanocomposite and absorption edge of ZnO–PVA
nanocomposite/PEDOT:PSS have been calculated by extrapola-
tion at the linear region of (ahn)2 vs. hn plot to the energy axis.
Fig. 2 (a) Energy dispersive X-ray spectrum (EDX) of ZnO nanoparticles e
nanocomposite films and ZnO–PVA nanocomposite/PEDOT:PSS heter
ZnO–PVA/PEDOT:PSS heterostructure (inset). (c) X-ray diffraction spe
composite/PEDOT:PSS heterostructure grown on PET substrates.

20426 | RSC Adv., 2018, 8, 20423–20433
The pristine ZnO–PVA nanocomposite shows strong absorption
in the UV region of wavelength threshold at 387 nm, corre-
sponding to the energy band gap of 3.2 eV. Interestingly, the
absorption edge has been slightly shied to higher wavelength
for ZnO–PVA nanocomposite deposited on PEDOT:PSS lms
(�3.15 eV), which is attributed to the strengthened photo-
absorption in visible region. Moreover, the additional peak at
503 nm has been observed, which is attributed to the absorp-
tion edge of ZnO–PVA nanocomposite/PEDOT:PSS.37 Fig. 2(c)
shows the XRD spectra of the PEDOT:PSS lm, ZnO–PVA
nanocomposite lms and ZnO–PVA nanocomposite/
PEDOT:PSS heterostructure lms deposited on Al coated ex-
ible PET substrates. The XRD result clearly indicates that both
ZnO–PVA nanocomposites and ZnO–PVA nanocomposite/
PEDOT:PSS are highly crystalline. The strongest diffraction
peaks observed at 2q ¼ 31.72�, 34.40�, 36.21�, 47.49�, 56.52�,
62.80�, 67.83�, and 68.97� corresponding to the lattice planes
(100), (002), (101), (102), (110), (103), (112), and (201) respec-
tively, are attributed to the hexagonal wurtzite structure of ZnO.
mbedded in PVA matrix. (b) UV-visible absorption spectra of ZnO–PVA
ostructure films. (ahn)2 vs. hn plot for ZnO–PVA nanocomposite and
ctra of PEDOT:PSS, ZnO–PVA nanocomposite and ZnO–PVA nano-

This journal is © The Royal Society of Chemistry 2018
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The data is in well agreement with the JCPDS card number 36-
1451.38 Interestingly, ZnO–PVA nanocomposites/PEDOT:PSS
exhibits the same diffraction patterns with ZnO–PVA nano-
composites, and the additional diffraction peaks at 26� and
52.9� have been observed due to the diffraction from PET
substrate.39 However, no diffraction peak can be observed for
the pure PEDOT:PSS lm except two diffraction peaks at 26� and
52.9� due to the diffraction from PET substrate,39 demon-
strating its poor crystalline structure.
3.3 Electrical characterization

To study the resistive switching characteristics of ZnO–PVA
nanocomposites [concentration ratio (ZnO : PVA) of 10 : 1]/
conducting polymer heterostructure, the following three
samples have been fabricated. The samples are (i) Al/
PEDOT:PSS/Al/exible PET substrate (denoted as S1), (ii) Al/
ZnO–PVA/Al/exible PET substrate (denoted as S2) and (iii) Al/
ZnO–PVA/PEDOT:PSS/Al/exible PET substrate (denoted as S3).
In electrical measurements, Al top electrodes (TE) were con-
nected to negative (‘�’) and Al bottom electrodes (BE) were
connected to positive (‘+’) terminal to the source meter. Fig. 3(a)
shows the schematic diagram of the S3 memory device and
molecular structure of PEDOT:PSS lm. Fig. 3(b) shows the
current–voltage (I–V) switching characteristics of the S3 device.
Fig. 3 (a) Schematic diagram of the S3 memory device and molecular
acteristics of the (b) S3 memory device, (c) S1 device and (d) S2 device.

This journal is © The Royal Society of Chemistry 2018
The external electrical stimulation is supplied to the device in
the form of an applied voltage in a sequence of 0 V / +4 V /

0 V/�4 V/ 0 V, with a current compliance of 5.1� 10�2 A to
prevent the permanent dielectric breakdown of the device. The
high-conductivity state (ON-state) was achieved by applying
a forward voltage sweep on the device. With increasing positive
voltage, the current starts increasing and jumps suddenly at
+3.6 V, indicating the switching of the device from low
conductivity state (OFF-state) to high-conductivity state (ON-
state). This switching process from OFF state to ON state is
referred to as the “writing” process, and which is known as the
SET process. The ON state will remain in that state and will not
return to the OFF state even aer turning off the power supply
(read process). The high conducting state (ON state) process is
maintained from +4 V to �4 V, while reverse sweeping. Subse-
quently, the ON state switches to a low conducting state (OFF
state) at a voltage of �3.6 V, as can be seen in the reverse bias
voltage. This transition from ON state to OFF state is equivalent
to the ‘erasing’ process in a digital memory cell,40 which is also
known as the RESET process. The low conductivity state (OFF-
state) of the device can be read and reprogrammed to the
high-conductivity state (ON-state) in the subsequent positive
sweep, as a result, completing the “write / read / erase /

read / rewrite” cycle for a non-volatile rewritable memory
device.41 It is observed that, the existence of two conducting
structure of PEDOT:PSS films. Current–voltage (I–V) switching char-

RSC Adv., 2018, 8, 20423–20433 | 20427
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states, viz., low conductivity state (OFF state) and high
conductivity state (ON state), exhibiting bistable behaviour. The
state of the device was maintained even aer removal of the
applied bias, indicating the non-volatile memory. It is also seen
that, the reversible resistance switching between low conduc-
tivity state (OFF state) and high conductivity state (ON state)
promises to be used in the rewritable data storage system.
Hence, non-volatile bistable memory was demonstrated. Such
write or erase processes have been investigated cyclically for 10
times, and no signicant changes were observed in the SET and
RESET voltage. The ratio (ION/IOFF) of the current achieved
between the ON and OFF states is about 3� 105 in magnitude at
a reading voltage of 1 V as shown in Fig. 3(b).

For comparison, the two samples S1 and S2 have been
fabricated and measured. The electrical performances were
inferior as compared to the S3 device, as shown in Fig. 3(c) and
(d). It is observed that, the S1 device has no resistivity switching
even at a higher operating voltage as shown in Fig. 3(c). In
Fig. 3(d), the S2 device shows resistivity switching behaviour at
a high operating voltage. But, the performance of the S3 device
is signicantly improved over the S2 device. The enhancement
of the S3 device in resistivity switching behaviour is due to the
presence of hole transporting PEDOT:PSS polymer with an
efficient hole transport from ZnO to PEDOT:PSS, resulting in
higher ‘ON state/OFF state’ current ratio, as shown in Fig. 3(b).
Earlier studies have reported that multilevel conductance
Fig. 4 (a) Retention time measurements of the S3 organic bistable dev
memory devices. (c) Linear fitting of the S3 memory device for the I–V c

20428 | RSC Adv., 2018, 8, 20423–20433
behaviour is revealed in the organic based memory devices,42,43

particularly, the devices utilizing metal/metal oxide nano-
composite as active materials. However, it is suggested from
Fig. 3(b) that our S3 device did not show such behaviour since
the currents at both ON and OFF state are rather constant. In
practical applications, stability of the device performance is one
of the most important characteristics of a memory device. The
retention characteristics of the S3 device were analyzed for
checking the durability. Fig. 4(a) shows the data-retention
characteristics of the ON-state and the OFF-state currents as
functions of time at room temperature. Firstly, the OFF state
current measurement was carried out at 1 V. Aer that a pulsed
positive bias (voltage 4 V and time 2 ms) was applied to change
the device to ON state followed by the ON current measurement
at a voltage of 1 V. It is seen that, there was no remarkable
degradation of the device in both the ON state and OFF states
aer 32 minutes continuous operation which manifested
excellent stability of the device. Furthermore, there is no
noticeable degradation in S3 device performance even aer 2
weeks aer fabrication. The current values of both the ON states
and OFF states are 5.1� 10�2 and 1.7� 10�7A, respectively, and
the ‘ON state/OFF state’ ratio is maintained at 3� 105, as shown
in Fig. 4(a). The excellent stability and retention performances
of this device verify the reliability of this sample and demon-
strate their potential for application in non-volatile bistable
memory device. Moreover, the resistances of OFF state and ON
ice (OBD) with a read voltage of 1 V. (b) Cumulative probability of S3
urve on a log–log scale showing the SCLC mechanism.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Schematic diagrams of energy level corresponding to the operating mechanism for the S3 memory device. Schematic diagrams of the
electronic structures corresponding to the operatingmechanisms for S3memory device with the (b) high conducting state (SET state) and the (c)
low conducting state (RESET state).
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state in terms of the cumulative distribution were examined.
Fig. 4(b) shows the cumulative probability of switching resis-
tance of the S3 device. The resistance values measured at a read
voltage of 1 V is plotted as ON state and OFF state. The distri-
bution of ON state is quite narrow for the device, while the
distribution of OFF state is, relatively, broader. The average
values of ON state and OFF state are found to be 9 U and 1.4 kU,
respectively, with a high resistance ratio (ON state/OFF state) of
more than 3 � 105. The presented S3 device provides an inter-
esting candidate for high performance non-volatile exible
memory devices.
3.4 Conduction mechanism

To clarify the conduction mechanism of the S3 memory device,
the I–V characteristics were re-plotted in a log–log scale as
shown in Fig. 4(c). From this plot, it is clearly seen that, the I–V
characteristics in OFF-state (low conductivity state) consist of
three regions, namely, (a) ohmic region (If V) with a slope of a1
� 1 at low voltages, (b) Child's square law region (I f V) with
This journal is © The Royal Society of Chemistry 2018
a slope of a2 � 2.03 at higher voltages, and (c) steep increase in
current region (I f Vm) with a slope of �20. Where V is the
applied voltages between the two electrodes and m is a positive
number. This kind of I–V behavior is in good agreement with
typical trap-controlled space charge limited conduction (SCLC)
mechanism.44 Whereas, the ON-state (high conductivity state)
exhibits ohmic conduction behavior with a slope of�1, which is
attributed to the formation of conductive path between the top
electrode (TE) and bottom electrode (BE) in the S3 device during
the SET process.

Carrier transport in the resistive switching memory device
based on ZnO-polymer composites had been explained mostly
by SCLC45,46 and Fowler–Nordheim (FN) tunneling.47 Kim et al.45

showed that the main conduction in Al/ZnO–PS composites/ITO
followed SCLC by tting the I–V curves. However, the conduc-
tion mechanism in the cases of Al/ZnO–PMMA composites/ITO
were unclear because it was just predicted as charge trapping
without exact tting of the log–log plot of the I–V curves.11 The
conduction mechanism largely depends on the structure and
RSC Adv., 2018, 8, 20423–20433 | 20429

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04582h


Fig. 6 Current–voltage (I–V) switching characteristic of the S3
memory device. I–V switching characteristic were recorded at 180�

(without bending), 60�, 90� and 120� bending angles of the substrates.
Photograph demonstrates the flexibility of a typical S3 memory device
(inset).
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electrical properties of the polymer matrix. It is note-worthy that
compared with the Al/ZnO–polymer/ITO device, our S3 device
exhibits bipolar memory behavior. In addition, it has been
previously reported that the heterojunctions and interface play
important roles in the bipolar resistance switching memory.48,49

Based on the analysis above, it can be explained the
conduction mechanism based on the formation and rupture of
conduction laments. In S3 device structure, the resistive
switching is originated from the formation and rupture of the
conduction laments between two electrodes due to the
migration of oxygen ions. The schematic diagrams of energy
level corresponding to the operating mechanism for the S3
memory device as shown in Fig. 5(a). The lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) levels for the PEDOT:PSS layer are 3.5 eV and
5.2 eV, respectively.50 The reported values of work function for Al
and ZnO have been utilized in the proposedmodel,51,52while the
electron affinity of the PVA barrier is assumed to be �1.5 eV,
similar to that of a non-conducting polymer. As shown in
Fig. 5(b), when the positive voltage is applied to the device,
some oxygen atoms are pulled out of the ZnO lattice, generating
oxygen vacancies. These oxygen ions, act as p-type dopant, will
move toward the PEDOT:PSS lm and leave behind the tiny
conducting laments of oxygen vacancies in the ZnO–PVA
composite layer. As a result, reducing the thickness of the
depletion layer between p-type PEDOT:PSS and n-type ZnO.
Subsequently, when the positive voltage reaches to SET voltage
(VSET) of �+3.6 V, those tiny conducting laments gather
speedily to form more conducting and stronger laments
leading to breakout the depletion layer of the ZnO/PEDOT:PSS
interface and the conductive pathways connect from top elec-
trode (TE) to bottom electrode (BE), which will convert to the ON
state of the device, which is known as the SET process (read
process). Then the charges can ow through the conductive
laments and sustain the device in an ON state (high con-
ducting state). Conversely, as shown in Fig. 5(c), the oxygen ions
in the PEDOT:PSS lm might be pushed forward to ZnO
composites under a negative voltage. When the conductive
laments path consisted of oxygen vacancies are neutralized by
sufficient oxygen ions, conduct laments rupture at the ZnO
composites/PEDOT:PSS interface and device switches to the
OFF state (low conducting state), which is also known as the
RESET process (erase process). The PEDOT:PSS, acting as an
oxygen ions supplier, can switch the device back to OFF state
more efficiently and completely. In brief, the PEDOT:PSS in S3
device attributing to oxygen ions reservoir in SET process and
acting as an oxygen ions supplier in RESET process. Addition-
ally, PEDOT:PSS is a hole conducting polymer with high elec-
trical conductivity up to 200 S cm�1 and oen used in organic
memory device.53 The addition of a thin PEDOT:PSS layer with
S2 device, improves the performance of oxygen ions (holes)
transportation toward the bottom electrode (BE) and protect
back oxygen vacancies (electrons) migrate toward the bottom
electrode (BE) from ZnO–PVA composite which may reduces the
leakage current. Consequently, increased the ‘ON state/OFF
state’ current ratio of 7.9 � 103 times. Hence, S3 device has
superior resistive switching behavior compared to S2 device.
20430 | RSC Adv., 2018, 8, 20423–20433
3.5 Flexibility study

In this present study, it has been demonstrated that the
potential use of S3 non-volatile bistable memory device in
exible electronic applications. Fig. 6 represents the I–V
switching characteristics of non-volatile bistable memory device
without and with bending of angle 60�, 90� and 120�. The
photograph of organic bistable memory device with bending is
presented at the inset of Fig. 6. Interestingly, the I–V switching
characteristics remained unchanged even aer bending the
device from 60–120� angles, which is attractive for exible
electronic applications.
4. Conclusions

In conclusion, we have demonstrated the exible non-volatile
bistable resistive switching memory device using colloidal
ZnO–PVA nanocomposites and PEDOT:PSS lm deposited on Al
coated exible PET substrate. The surface roughness of the
pristine PEDOT:PSS and ZnO–PVA/PEDOT:PSS was determined
from AFM topography in 1 mm � 1 mm area. The RMS surface
roughness for pristine PEDOT:PSS lms and ZnO–PVA/
PEDOT:PSS lms were estimated to be 33 nm and 85.3 nm,
respectively. The higher surface roughness for ZnO–PVA/
PEDOT:PSS lm which was due to the presence of ZnO–PVA
nanocomposite. SEMmicrograph clearly revealed the formation
ZnO nanosheets of thickness 20–40 nm with several micron
lengths. It was observed that, ZnO NPs forms nanosheets-like
structure inside the PVA matrix. The EDX spectrum analysis
conrms the presence of Zn and O elements in ZnO–PVA
nanocomposites. The elemental analysis reveals the formation
of stoichiometrically pure ZnO in PVA matrix. The additional
elements Zn, O and C arise from carbon coated copper grids
and PVA polymer. I–V characteristic of the S3 device exhibited
exible non-volatile bistable resistive switching characteristics.
This journal is © The Royal Society of Chemistry 2018
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The performance of the S3 device is considerably improved over
control S1 and S2 devices, this is due to the presence of
PEDOT:PSS polymer. This PEDOT:PSS improves the perfor-
mance of oxygen ions (holes) transportation toward bottom
electrode (BE) and protect back oxygen vacancies (electrons)
transfer toward BE from ZnO–PVA composites which may
reduces the leakage current. The existence of two conducting
states, namely, OFF state and ON state, exhibiting bistable
behaviour of S3 device. The state (ON state or OFF state) of the
device was maintained even aer turn off power supply,
demonstrating the non-volatile memory. The data of S3 device
can be written and erased by applying a positive and negative
bias of +3.6 V and�3.6 V, respectively. The ratio (ION/IOFF) of the
current occurred between the ON and OFF states is about 3 �
105 in magnitude at a reading voltage of 1 V. The retention
characteristics of the S3 device were analyzed for checking the
durability, it was seen that, there was no signicant degradation
of the device in both the ON and the OFF states aer 32 minutes
continuous operation which demonstrated that the device was
stable. The excellent stability and good retention performances
of S3 device conrm the reliability of this device and exhibit
their potential for application in non-volatile bistable memory
device.

Interestingly, the results clearly show that there was no
detectable change in resistive switching even aer bending the
S3 memory device with angles 60�, 90� and 120�, making it
compatible with exible electronics. Our device has sufficient
potential to be used as a non-volatile resistive switching
memory device in various exible electronic devices.
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