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a b s t r a c t
Organic bistable devices (OBDs) with exfoliated mica nanoparticles (NPs) embedded into an insulating poly(methylmethacrylate) (PMMA) layer were fabricated by using a spin-coating method.
Current–voltage (I–V) curves for the Al/PMMA/exfoliated mica NP/PMMA/indium-tin-oxide/glass devices
at 300 K showed a clockwise current hysteresis behavior due to the existence of the exfoliated muscovitetype mica NPs, which is an essential feature for bistable devices. Write-read-erase-read data showed that
the OBDs had rewritable nonvolatile memories and an endurance number of ON/OFF switching for the
OBDs of 102 cycles. An ON/OFF ratio of 1 × 103 was maintained for retention times larger than 1 × 104 s.
The memory mechanisms of the fabricated OBDs were described by using the trapping and the tunneling
processes within a PMMA active layer containing exfoliated muscovite-type mica NPs on the basis of the
energy band diagram and the I–V curves.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Among the various types of nonvolatile memory devices,
organic bistable devices (OBDs) have been the focus of signiﬁcant interest because they have superior advantages of low cost,
low-power consumption, and simple fabrication for promising
applications [1–4]. Hybrid inorganic/organic nanocomposites containing inorganic nanoparticles (NPs), acting as storage regions,
have currently emerged as excellent candidates for potential applications in next-generation nonvolatile memory devices due to
their high storage density, low power consumption, high-structural
ﬂexibility, and low fabrication cost [5–7]. Furthermore, usually
quantum dots or metal particles are used as charging trapping
sites in OBDs [8–10]. OBDs with an insulator layer containing NPs
are operated by using low-conduction and high-conduction states
and can be switched by using the applied bias voltage. The electrical characteristics of OBDs are affected by their distinctive organic
bond structures. Because a muscovite-type mica bulk has a large
band gap, a muscovite-type mica layer has been used as an insulator layer or a refractory body. Muscovite-type mica has a layer
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structure, which typically shows a hexagonal plate crystal structure, which can be peeled very thin just as a graphene layer can.
The exfoliation process causes speciﬁc changes that result in semiconductor characteristics [11]. Muscovite-type mica NPs have high
transmittance and can be extracted from relatively common natural minerals. In addition, there is a high possibility that the mica NPs
can be applied to electronic and optoelectronic devices with a large
number of unknown regions at the present time without investigations or analyses of the peeled pattern. The bulk mica has been
typically used as an insulating material. However, the main content
studied in this work focuses on the unique electrical characteristics
of the mica NPs formed by using the stripping process, and these
observations may open a wide range of application possibilities of
nonvolatile memory devices. A poly(methylmethacrylate) (PMMA)
layer, which is chemically stable, is useful as a tunneling or a blocking layer [12,13]. OBDs containing an organic insulating layer have
been fabricated by using exfoliated muscovite type mica NPs for
the active layer, and the electrical characteristics of OBDs based
on exfoliated muscovite-type mica NPs offer the potential for the
realization of hybrid memory devices. Even though investigations
concerning the electrical characteristics of OBDs fabricated utilizing
various nanocomposites have been performed [14–18], studies on
the electrical bistabilities and memory mechanisms of OBDs based
on exfoliated muscovite-type mica NPs have not been conducted
yet.

W.G. Lim et al. / Applied Surface Science 432 (2018) 228–232

229

Fig. 1. Schematic diagrams of the (a) Al/PMMA/exfoliated mica NP/PMMA/ITO device and the (b) crystal structure and scanning electron microscopy image (×104 magniﬁcation) of muscovite-type mica.

This paper reports data for the electrical bistabilities and
memory mechanisms of OBDs fabricated utilizing the exfoliated muscovite-type mica NPs embedded between PMMA layers.
Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) measurements were performed to analyze the morphology
and the structural properties of the exfoliated muscovite-type mica
NPs sandwiched between the two PMMA layers. Current–voltage
(I–V) measurements were performed to investigate the effect of
the exfoliated muscovite-type mica NPs on the electrical properties of OBDs. Retention time and endurance measurements were
conducted to demonstrate the stability of the devices under an
electrical stress.
2. Experimental details
The exfoliated muscovite-type mica NPs used in this study were
formed by using ultrasonication and a centrifugal method [19].
The 1 g of muscovite-type mica powder was added to the potassium organic solution, being prepared by adding a stoichiometric
amount of KOH (5 g) to 50 ml of tetrahydrofuran (THF) organic
solvent, with subsequent stirring at room temperature. The solution was further stirred with a Teﬂon magnetic stirrer, in the
Teﬂon-lined autoclave, which was maintained at 250 ◦ C for 72 h.
Simultaneously, the dissolved potassium ions in the solvent were
intercalated into the interlayer space of the mica bulk powers.
Subsequently, the reaction products were irradiated with a rapid
microwave heating for 5 min at 2450 MHz and 1000 W, to obtain the
exfoliated muscovite-type mica sheets. Low-speed centrifugation
at 2000 rpm was carried out for 5 min to remove the relatively thick
sheets and thus prepare uniform muscovite-type mica sheets. Then,
the supernatant was further centrifuged at 6000 rpm for 30 min
to remove water-soluble byproducts. Accordingly, the sediment
is comprised of uniform and relatively thin muscovite-type mica
sheets, with negligible amount of water-soluble byproducts, such
as residual K+ ions [19]. Subsequently, the exfoliated muscovitetype mica two-dimensional (2D) particles in the ethanol were
processed using the ultrasonication for 5 min with a frequency
of 40 kHz and a power of 500 W (POWERSONIC 410, HWASHIN
TECHNOLOGY), to further facilitate the exfoliation. Finally, the mild
sonication was carried out for 10 h with at a frequency of 40 kHz
and a power of 190 W (SH-2140, SAEHANSONIC), to obtain the ﬁnal
NPs-form of muscovite-type mica. Even though the ﬁnal form of the
mica sheets corresponds to the 2D morphology, they are called as
“NPs” because not only the thickness but also the other dimensions
of the mica sheets are less than 100 nm.
The OBDs used in this work were fabricated with a PMMA
active layer containing exfoliated muscovite-type mica NPs. The
devices used in this work were fabricated on indium tin oxide
(ITO)-coated glass substrates by using spin coating. ITO glass sub-

strates were cleaned with acetone, methanol, and deionized water
for 20 min each. The ITO glass was dried by using N2 gas with a
purity of 99.9999%. The cleaned ITO glass were transferred to an
ultraviolet-ozone cleaner and treated for 20 min to decrease the
surface roughness.
One-wt% PMMA in toluene was blended by using an ultrasonicator for 4 h. The 1-wt% PMMA solution was spin-coated on a cleaned
ITO glass substrate at 1000 rpm for 2 s, 2000 rpm for 5 s, 4000 rpm
for 30 s, 2000 rpm for 5 s, and 1000 rpm for 2 s at 300 K. Then, the
spin-coated substrate was heated at 100 ◦ C for 20 min on a hot plate
to remove the solvent. The exfoliated muscovite-type mica NPs in
ethanol was spin-coated on the PMMA layer at 500 rpm for 2 s,
1500 rpm for 5 s, 3000 rpm for 30 s, 1500 rpm for 5 s, and 500 rpm
for 2 s at 300 K. Then, the spin-coated substrate was heated at 100 ◦ C
for 20 min on a hot plate to remove the residual solvent. Then, an
additional PMMA layer was deposited as a blocking layer. The top
Al electrodes with a thickness of 200 nm were formed by using
thermal evaporation at a pressure of 1 × 10−6 Torr [20].
The morphology and the structural properties of the assynthesized exfoliated muscovite-type mica NPs were characterized by scanning electron microscopy (SEM, NOVA NANO SEM
450) and Atomic Force Microscope (AFM, Atomic Force Microscope
XE-100). All electrical measurements were performed by using a
semiconductor characterization system (Keithley 2400) at 300 K.
The bottom ITO electrode was grounded during the memory effect
measurements and a voltage was applied to the top Al electrode.
3. Results and discussion
Fig. 1(a) shows a schematic diagram of the OBDs fabricated
utilizing exfoliated muscovite-type mica NPs embedded into a
PMMA insulating layer. Fig. 1(b) presents the crystal structure of
the muscovite-type mica. While the PMMA tunneling layer under
the exfoliated muscovite-type mica active layer was laminated to a
thickness as large as 10 nm, the PMMA blocking layer above the
active layer was laminated to thickness as large as 20 nm. The
PMMA blocking layer improves the morphology of the non-crushed
exfoliated muscovite type mica NPs during spin-coating process.
The thickness of the PMMA layer formed by using a solution spin
coating process was 30 nm, and that of the Al electrode was 200 nm.
Therefore, the lateral size of the device including the ITO coated
electrode with a thickness of 150 nm was approximately 380 nm.
Fig. 2(a) and (b) present an AFM image of the PMMA layer
and a SEM image of the exfoliated muscovite-type mica NPs,
respectively. The SEM images show that the diameters of the
two-dimensional exfoliated muscovite-type mica NPs are between
20 and 50 nm. After the exfoliated muscovite-type mica NPs
had undergone an ultrasonication process for 10 h, the shape
of the exfoliated muscovite-type mica NPs changed from two-
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Fig. 4. Cycling stress test of the Al/PMMA/exfoliated mica NP/PMMA/ITO device at
a reading voltage of 0.5 V.

Fig. 2. (a) Atomic force microscopy image of the PMMA layer in three dimensions
and (b) scanning electron microscopy image (×105 magniﬁcation) of muscovitetype mica NPs on a PMMA layer.

Fig. 3. Current–voltage (I–V) curves of the Al/PMMA/exfoliated mica NP/PMMA/ITO
and Al/PMMA/Au NP/PMMA/ITO devices. The inset represents the I–V curve for an
Al/PMMA/ITO device.

dimensional nanoscale sheets with lengths of at least 500 nm to
NPs with diameters smaller than 50 nm [21].
Fig. 3 shows the I–V curves for comparing the
Al/PMMA/exfoliated mica NP/PMMA/ITO device and the

Al/PMMA/Au NP/PMMA/ITO device. The 20-nm gold NPs (purchased from ALDRICH) in the Al/PMMA/Au NP/PMMA/ITO device
had diameters similar to those of the exfoliated muscovite-type
mica NPs. The device with cheap exfoliated muscovite-type mica
NPs performed far better than the device with expensive Au NPs
and had a three times larger margin for the same fabrication
process [22]. The ITO electrode was grounded as the voltage
was swept from −3 to +3 V, inducing both charge trapping and
de-trapping currents. The width of the memory margin for the
I–V curves was observed to be approximately 10−3 at a read
voltage of − 0.5 V. The hysteresis behaviors of the I–V curves on
a log scale were similar to those of universal memory devices
with charge-trapping sites containing programming and erasing
bistable states. The memory margin of the I–V curves for the
Al/PMMA layer/ITO device is negligible, as shown in the inset of
Fig. 3. Thus, our results prove that the exfoliated muscovite-type
mica NPs act as charge-trapping sites to produce the OBD effect in
the devices. The existence of hystereses in the I–V curves shows
that the electron carriers injected from the electrode through the
PMMA insulating layers are trapped in the exfoliated muscovitetype mica NPs in the active layer. The programming and erasing
voltages were – 0.5 and 2.6 V, respectively, as shown in Fig. 3.
The electrical characteristics of the devices with different metal
electrodes with different works show similar behaviors except
the different current levels of the ON and OFF states due to the
variation of the carrier magnitude. The operating voltages of the
device suit the recent trend of pursuing low-power devices and
show the excellent behaviors of the exfoliated muscovite-type
mica NPs in the active layer. The electrical characteristics of the
20 devices among 30 fabricated devices demonstrated similar
behaviors, regardless of the nonuniform distribution of the mica
NPs in the PMMA layer. The threshold voltage, the ON/OFF ratio,
and the erase voltage of the different devices maintained almost
same values. The transmittance of the muscovite-type mica NPs
is relatively high in comparison with other NPs, resulting in the
potential applications in transparent electronic and optoelectronic
devices, and they can be easily obtained from relatively cheap
natural minerals.
The endurance and the retention times corresponding to the
response and the reproducibility of these devices are presented in
Figs. 4 and 5. The endurance data for the memory devices, including
the current and the number of cycles shown in Fig. 4, were measured by repeatedly applying the voltages. Endurance data show
that the number of cycles for the devices fabricated utilizing exfoli-
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and the lowest unoccupied molecular orbital (LUMO) levels for
the insulating layer due to the applied voltage and the inner electric ﬁeld, resulting in the completion of the programming process.
Many electrons tunnel through the PMMA layers under a high electric ﬁeld and are captured in the exfoliated muscovite-type mica
NPs, resulting in the threshold voltage in the I–V curve. When a positive bias voltage was applied to the electrode, the captured carriers
were emitted from the exfoliated muscovite-type mica NPs, which
corresponds to an erasing process [25]. The normal operation of
the Al/PMMA/exfoliated mica NP/PMMA/ITO device conﬁrms the
feasibility of fabricating OBDs by utilizing exfoliated muscovitetype mica NPs embedded in PMMA layers, with those novel device
having memory operation characteristics.
4. Conclusion

Fig. 5. Retention test of the Al/PMMA/exfoliated mica NP/PMMA/ITO device at a
reading voltage of 0.5 V.

OBDs fabricated utilizing exfoliated muscovite-type mica NPs
embedded in PMMA layers were fabricated by using a spincoating method. The I–V curves for the Al/PMMA/exfoliated mica
NP/PMMA/ITO/glass devices showed a current bistability with an
ON/OFF ratio of 1 × 103 . The devices with exfoliated muscovitetype mica NPs perform far better than the devices with Au NPs,
having a three times larger margin for the same fabrication process. The retention time and the endurance showed that our novel
OBDs had excellent stability. The ON and the OFF states for the OBDs
fabricated utilizing exfoliated muscovite-type mica NPs embedded
in PMMA layers endured for 102 cycles. The memory mechanisms
for the Al/PMMA/exfoliated mica NP/PMMA/ITO/glass devices were
attributed to the F-N tunneling process. These results indicate
that the OBDs fabricated utilizing exfoliated muscovite-type mica
NPs embedded in PMMA layers hold promise for applications as
next-generation nonvolatile memory devices because they can be
fabricated at low cost by using a simple process.
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