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Three-layer structured hybrid bistable devices (HBDs) utilizing graphene sheets sandwiched
between polymer layers were fabricated by laminating two glass substrates coated with
patterned electrodes and spacers. The hybrid devices using polystyrene (PS) and poly
(vinyl-carbazole) (PVK) as matrix layer for graphene sheets demonstrated write-once-
read-many-time and volatile memory effects, respectively. It is found that the memory
properties of the HBDs can be tailored by varying the depth of the charge traps formed
between the polymer matrix and graphene sheets. The possible operating mechanisms of
the HBDs were analyzed based on the investigation of current–voltage characteristics for
the hybrid devices.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Hybrid inorganic/organic nanocomposites containing
inorganic nanomaterials have currently emerged as excel-
lent candidates for potential applications in next-genera-
tion nonvolatile memory devices due to their high
operating speed, high storage density, low power consump-
tion and low fabricating cost [1–4]. So far various kinds of
nanomaterials employed in nonvolatile memory devices
utilizing hybrid inorganic/organic nanocomposites have
been reported, such as C60 [5], granular metal nanoparticles
[6], core/shell CdSe/ZnS nanoparticles [7], ZnO, In2O3, and
NiFe nanoparticles [8–10]. However there have been rela-
tively few reports on graphene sheets used in the hybrid
memory devices. Graphene comprises one monolayer of
carbon atoms packed into a two-dimensional honeycomb
lattice [11,12]. Graphene’s excellent mechanical and electri-
cal properties, such as far superior mobility [13], thermal
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conductivity [14], current-carrying capabilities [15], and
room temperature ballistic transport [16], combined with
its compatibility with existing planar silicon-based technol-
ogy, make it an attractive material for electric, optoelec-
tronic, and photonic devices. Graphene sheets, acting as
charging and discharging media, have been particularly
interesting due to their being promising candidates for hy-
brid nanocomposites based nonvolatile memory devices.

This paper reports data for the fabrication and distinct
memory effects of three-layer structured hybrid bistable
devices (HBDs) utilizing graphene sheets sandwiched be-
tween polymer layers. As shown in Fig. 1, the sandwiched
structure can avoid the contact uncertainty at the interface
of electrode/hybrid layer induced from the single-layer
structure reported by Zhuang [17], resulting in an im-
proved operating stability of the HBDs. Furthermore, the
polymer matrix-design approach allowed various polymer
memories, including write-once read-many-time (WORM)
memory and volatile memory to be realized. Scanning
electron microscope (SEM) and atomic force microscope
(AFM) measurements were performed to investigate the
distribution of graphene sheets embedded in polymer
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Fig. 1. Schematic diagram of the hybrid bistable memory devices fabricated utilizing graphene sheets sandwiched between polymer layers.
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layers. Current–voltage (I–V) measurements were carried
out to investigate the memory effects and the carrier trans-
port behavior of the hybrid memory devices.
2. Experimental

As an active material, graphene sheets were prepared by
reducing the colloidal suspension of exfoliated graphene
oxide (GO) sheets in water with hydrazine hydrate, where
GO sheets were prepared from purified natural graphite by
the Hummers method [18]. The graphene powders were
dispersed in deionized water (DI) and were sonicated until
it became clear with no visible particulate matter. The poly-
mer film used as a matrix layer in this work was formed by
spin coating. In this work two kinds of polymer films were
used: polystyrene (PS) and poly(vinyl-carbazole) (PVK).
The two polymers were dissolved in chloroform with a con-
centration of 10 mg/mL.

For a multilayer structured device, conventional spin-
coating technique would inevitably cause the destruction
of underlying organic layer due to the presence of organic
solvent. In this work, the three-layer structured HBDs were
fabricated by laminating two glass substrates coated with
patterned electrodes, which allowed multilayer structured
devices to be realized without destroying the underlying
polymer layer during spin-coating process. Fig. 1 shows
the schematic of the fabrication process for the Al/poly-
mer/graphene/polymer/ITO memory device, which con-
tains two glass substrates, bottom substrate and top
substrate. The top substrate coated by Al electrodes with a
width of 1 mm and a thickness of 100 nm was prepared by
conventional photolithography and a subsequent etching
process. Typical ultrasonic cleaning processes with acetone,
methanol, and DI water were performed to clean the top
substrate. Then the polymer solution was spin coated onto
the Al electrodes at 1200 rpm for 30 s. For bottom substrate,
the ITO line electrodes with a width of 1 mm and a thickness
of 200 nm were used. In particular, two lines of Al extraction
electrode with a thickness of 250 nm were fabricated by
thermal evaporation and a subsequent etching process, as
shown in Fig. 1. The extraction electrode in the device have
two functions: on one hand, they have electric connection to
top Al electrodes when the two substrates are combined
together. On the other hand, they can serve as spacers since
the thickness of the active layer of polymer/graphene/poly-
mer for the device could be adjusted exactly by controlling
the thickness of the extraction electrodes. In previous
works, the thickness of organic layer was controlled by the
rotate speed of spin coating with unavoidable deviation.
Here, the thickness of contact electrodes is 250 nm, thus
the active layer of polymer/graphene/polymer between
the bottom and top electrodes should be 50 nm-thick ex-
actly. The bottom substrate was cleaned by typical ultra-
sonic cleaning processes, and a polymer layer was coated
onto the electrodes by spin coating. After the evaporation
of solvent, the bottom substrate was steeped into the graph-
ene solution and was pulled slowly out of the solution, thus
the graphene would paste on the substrate uniformly. The
density and thickness of graphene sheets can be controlled
by varying the concentration of graphene solution and the
pulling speed. In this work the concentration of graphene
solution is 10 mg/mL and the pulling speed is 1 cm/min.
The bottom electrodes are perpendicular to the top elec-
trodes, and the top electrodes were connected to the extrac-
tion electrodes. Then the top substrate was pressed on the
bottom substrate, and heated to 130 �C with a pressure for
30 min, as shown in Fig. 1.

Field-emission scanning electron microscope (FE-SEM,
NOVA nanoSEM-230) and AFM (Vecoo NanoScope IIIa)
was used to investigate the distribution and thickness of
graphene sheets embedded in polymer layers. I–V mea-
surements on the HBDs were performed at room tempera-
ture using a semiconductor characterization system
(Keithley 4200-SCS).
3. Results and discussion

3.1. Morphology of graphene sheets deposited on polymer
layer

Fig. 2a shows a FE-SEM image of the graphene film
deposited on PS layer. It is shown that the film has a high
graphene density and uniform morphology. A high-magni-
fication FE-SEM image, as shown in inset of Fig. 2a,
indicates that the graphenes are consistently oriented,
and all of them are almost in parallel with the substrate



Fig. 2. (a) FE-SEM image of graphene sheets deposited on PS layer. The
inset is a magnified FE-SEM image of graphene sheets on PS layer. (b) AFM
image of graphene sheets and the bottom section is the cross-sectional
analysis.

Fig. 3. (a) I–V curves for the Al/PS/graphene/PS/ITO memory device. The
inset is the probability of the ‘‘write’’ voltage distributions (top) and
frequency dependence of capacitance in both the ON and OFF states
(bottom). (b) I–V characteristics of ‘‘read–write–read’’ sequence test. And
the inset is the result of retention test for 106 s.
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due to their good flexibility. Fig. 2b is an AFM image of the
graphene sheets deposited on PS layer, and the bottom of
Fig. 2b shows a cross-sectional analysis of the selected re-
gion between the two arrows shown in the top of Fig. 2b.
The thickness of the graphene sheets layer is estimated
to be about 3 nm.

3.2. WORM memory effect for Al/PS/graphene/PS/ITO device

In the current–voltage measurement, the top Al elec-
trode is set as 0 V and the bias is applied to the bottom ITO
electrode. Fig. 3a shows I–V curves for the Al/PS/graphene/
PS/ITO memory device measured at room temperature.
The device clearly shows counterclockwise electrical hys-
teresis behavior, an essential feature of bistable memory de-
vice. Two distinct conducting states are observed: a
relatively high-current state (ON state) and a relatively
low-current state (OFF state). During the first forward direc-
tion voltage sweep, an original low current was observed for
the device in a bias range from 0 V to 3.2 V. A sharp increase
in the current, from 10�9 A to 10�5 A, took place at around
3.2 V, indicating the transition for the memory device from
OFF state to ON state. After the transition, the current grad-
ually increased in the bias range from 3.2 V to 6 V, and the
current remain at around 10�4 A. The maximum current ra-
tio between the ON and the OFF state for the Al/PS/graph-
ene/PS/ITO memory device at 2 V bias (‘‘read’’ voltage) is
as large as about 1 � 107. After the transition from OFF state
to ON state, the device remains in high-current state, as
shown in the subsequent sweep from 6 V to 0 V. In the sec-
ond sweep from 0 V to 6 V and from 6 V to 0 V, the device
still remains at ON state, indicating the nonvolatile proper-
ties of the Al/PS/graphene/PS/ITO memory device. In the
third voltage sweep from 0 V to �6 V or even larger reverse
bias, as shown in Fig. 3a, no decrease in current was ob-
served, indicating the device is a write-once-read-many-
times (WORM) memory device.

It is important to investigate the device-to-device uni-
formity of organic memory devices. 16 out of 25 cells
(64%) operated properly in 5 � 5 memory cell arrays, sug-
gesting the high reproducibility of the device. The top inset
of Fig. 3a shows the probability of the ‘‘write’’ voltage dis-
tributions extracted from I–V plots. The distribution of the
‘‘write’’ voltage is between 3 V and 7 V. Thus for Al/PS/
graphene/PS/ITO device, the ‘‘write’’ voltage can be set as
7 V.

The capacitance of the Al/PS/graphene/PS/ITO device was
measured at the ON-state and the OFF-state, respectively, as
shown in the bottom inset of Fig. 3a. The device at the OFF
state exhibits a capacitance of �10�12 F from 1 k Hz to



Fig. 4. Electrical properties for Al/PVK/graphene/PVK/ITO memory device (a) and (b) show I–V curves for the memory device under sequent voltage sweeps
(c) and (d) show the results of retention test without and with refresh pulse.
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107 Hz, which is insensitive to the frequency, while the
capacitance shows strong dependence on the frequency
when the device is at the ON state. For the device at the
ON state, the capacitance at high frequency is almost the
same as that at the OFF state, while it gradually increases
with the decrease of the frequency. The result suggests that
no dielectric breakdown took place in the PS/graphene/PS
active layer when the device at ON the state [19]. It should
be noted that the device at the ON state shows a capacitance
five orders of magnitude higher than that at the OFF state at
low frequency. The capacitance difference may be partly
caused by the increase in the dielectric constant of the PS/
graphene/PS layer. It is believe that the change of the dielec-
tric constant of the layer may be associated with the field-in-
duced dipole formation, indicative of charges trapping for
the device at the ON-state [20].

In a WORM device, writing of each cell is achieved via a
voltage pulse to ‘‘switch’’ the cell from OFF state to ON state.
Once writing is completed, the cell will remain at the ON
state and can be ‘‘read’’ many times. Fig. 3b depicts ‘‘writing’’
and ‘‘reading’’ processes on an Al/PS/graphene/PS/ITO mem-
ory device cell as an example. A ‘‘read–write–read’’
sequence pulse was applied and the current is recorded, as
shown in Fig. 3b. In the beginning, a 2 V positive voltage of
pulse (‘‘read’’ voltage) was applied to a memory unit to read
the initial OFF state. The OFF state could be detected with a
current of �10�11 A. Then, a 7 V voltage of pulse (‘‘write’’
voltage) was given to the unit to switch the device from
OFF state to ON state. After this ‘‘write’’ process, the ‘‘read’’
voltage was again applied to read the ON state of this mem-
ory device. This ON state could be detected with a current of
�10�4 A. During the test time of 1 � 106 s the current at the
ON state is stable only with a little reduction, as shown in the
inset of Fig. 3b. The result indicates that the memory device
exhibited excellent environmental stability in ambient
conditions.

3.3. Volatile memory effect for Al/PVK/graphene/PVK/ITO
device

To realize the volatile memory effect, PVK was used as
matrix layer for graphene sheets. The memory effect for
Al/PVK/graphene/PVK/ITO memory device is shown in
Fig. 4a. The device is swept with a voltage step of 0.05 V
in a cycle from 0 to 5 V and then from 5 to 0 V. In the first
sweep from 0 to 5 V, an abrupt increase in current is ob-



Fig. 5. Schematics of the electronic structures corresponding to the operating mechanisms of the charge-capturing and the charge-storing processes for (a)
Al/PS/graphene/PS/ITO memory device, (b) Al/PVK/graphene/PVK/ITO memory device. The work function of graphene is taken from Ref. [22], HOMO and
LUMO of PS and PVK are taken from Ref. [23].
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served at a threshold voltage of about 1.5 V, indicating the
conductance transition from the OFF state to the ON state
(‘‘write’’ process). The device remained in ON state during
the subsequent reverse direction scan. The distinct bistable
states in the voltage range of 0–1.5 V allowed a voltage
(e.g., 1 V) to read the OFF and ON signal of the memory.
The maximum current ratio between the ON and the OFF
state for the Al/PVK/graphene/PVK/ITO device at 1 V bias
is as large as 1 � 104. In the second sweep (immediately
following the first sweep) from 0 to 5 V and subsequent re-
verse direction scan, the device remained at the ON state,
as shown in Fig. 4a. The third sweep is conducted after
turning off the power for about 20 s. It is found that the de-
vice almost remained at the ON state only with a little
reduction. After turning off the power for 60 s, the fourth
sweep is carried out, as shown in Fig. 4b. The device relaxes
to relative low current state (�10�7 A) at low bias, and the
abrupt increase of current also occurred at 1.5 V. After
turning off the power for 120 s the fifth sweep is carried
out. The device almost returned to its original state with
a low current of about 10�8 A and the electrical behavior
was similar to the first sweep. This indicates that the ON
state for the Al/PVK/graphene/PVK/ITO device is unstable,
and can relax to the steady OFF state without an erasing
process. The short retention time of the ON state indicates
that the memory device is volatile.

To reveal the relaxing process from ON state to the stea-
dy OFF state, the Al/PVK/graphene/PVK/ITO device was
firstly written to ON state with a bias of 5 V, then a read
voltage pulse of 1 V in every 20 s was applied to read the
current state. As shown in Fig. 4c, after �180 s the current
under read bias was almost reduced to undistinguished
state. However, the ON state can be electrically sustained
by a refreshing voltage pulse of 5 V in every 20 s, as shown
in Fig. 4d. This ability to write, read and refresh the electric
states of the device fulfills the functionality of a volatile
memory.
3.4. Mechanisms for controlling memory effect of Al/polymer/
graphene/polymer/ITO devices

The operating mechanism of resistive-switch for poly-
mer/graphene/polymer devices may be due to the charges
capture in graphene sheets. The graphene sheets act as
traps, capturing carriers injected from the electrode. The
carriers captured in the graphene generate a strong local
internal field inside the organic layer, which enables the
organic layers to undergo a conductance change upon bias
[21]. The depth of traps plays a key role in determining the
type of memory effect of the hybrid devices. In this study
the depth of traps is modulate by utilizing different
polymer. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) for
PS are �7.5 eV and �3 eV, respectively. For PS/graphene/
PS active layer, the energy difference between the work
function of the Al and LUMO of the PS (1.2 eV) is much
lower than that between the work function of the ITO
and HOMO of the PS (2.7 eV). The difference in the work
functions favors electron injection over hole injection from
the Al electrodes into the LUMO of PS layer, and the in-
jected electrons can be captured by graphene sheets, as
shown in Fig. 5a. The electron traps formed between
graphene and PS are deep (1.6 eV) that the captured elec-
trons cannot release even under a big reverse bias, which
exhibits WORM memory effect. For PVK the HOMO and
LUMO are �5.5 eV and �2.0 eV, respectively. The energy
difference between the work function of the ITO and the
HOMO of the PVK (0.7 eV) is much lower than that be-
tween the work function of the Al and LUMO of the PVK
(2.2 eV), thus the holes are injected from the ITO into the
HOMO of PVK layer. Once the injected holes meet the
graphene sheets they can be captured. For the PVK-based
device, the traps are shallow (0.9 eV) that the captured
holes could be released by thermal agitation, as shown in
Fig. 5b, and the volatile memory effect is shown.
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4. Conclusions

Hybrid bistable memory devices based on graphene
sheets sandwiched between two polymer layers was fabri-
cated by laminating two glass substrates coated with pat-
terned electrodes, which allowed multilayer structured
devices to be realized without destroying the underlying
polymer layer during spin-coating process. By using PS
and PVK as organic matrix layer for graphene sheets, the hy-
brid bistable devices demonstrated WORM and volatile
memory effects, respectively. The distinct electrical behav-
ior is proposed to be related to the different depth of charge
traps formed between the graphene sheets and polymer
matrix, which provides a new route to tailor the memory ef-
fects of the hybrid bistable devices. The results show that
hybrid bistable memory containing graphene sheets sand-
wiched between polymer layers holds promise for potential
applications in next-generation flash memories.
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