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Nonvolatile memory devices, based on electrical conductance tuning in thin films of
poly(N-vinylcarbazole) (PVK)–graphene composites, are fabricated. The current density–
voltage characteristics of the fabricated device show different electrical conductance
behaviors, such as insulator behavior, write-once read-many-times (WORM) memory
effect, rewritable memory effect and conductor behavior, which depend on the content
of graphene in the PVK–graphene composites. The OFF and ON states of the WORM and
rewritable memory devices are stable under a constant voltage stress or a continuous pulse
voltage stress at a read voltage of �1.0 V. The memory mechanism is deduced from the
modeling of the nature of currents in both states in the devices.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction realize the memory effect. The design and synthesis of a
With the rapid developments in information industry,
considerable attention has been paid to overcome the scal-
ing issues encountered in the traditional silicon semicon-
ductor industry [1]. Organic and polymeric materials
have significant advantages over inorganic materials due
to their good scalability, simple structure, low cost, flexi-
bility, and easy processing [2]. Currently, there is increas-
ing interest in the use of organic and polymer materials
as nonvolatile memory elements, based on bistable electri-
cal switching [3–10]. Rather than encoding ‘‘0’’ and ‘‘1’’ as
the amount of charges stored in a silicon cell, organic and
polymer memory devices store information on the basis
of their high- and low-conductivity responses to applied
voltages [11]. In the pioneering work on polymer memory,
the polymer matrix, doping with metal or metal oxide
nanoparticles [12,13] and carbon-based nanomaterials
[14–17] have shown particular interest as polymer-based
nanocomposites normally act as the charge acceptors to
. All rights reserved.
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processable polymer composite with controllable doping
level that can provide the required electronic properties
and yet possesses good chemical, mechanical, and mor-
phological characteristics are still desirable for memory
device applications.

Graphene, as the thinnest material known in the world,
consisting of sp2-hybridized carbon, exhibits remarkable
electronic and mechanical properties that qualify it for
the application in the next generation electronics [18–20].
However, like fullerene and carbon nanotubes, graphene
tends to aggregate in solution and in the solid state, which
impedes the fabrication of graphene-based devices by
spin-coating a solution in organic solvent. Considering
the chemical structure of graphene oxide, which contains
carbonyl and carboxyl groups at the edge of the plane,
chemical functionalization is expected to play a key role
in tailoring the solubility and electronic properties of
graphene nanosheets. Numerous efforts have been made
to solubilize or disperse graphene-based materials in or-
ganic solvents in order to conveniently fabricate the
optoelectronic devices [21–23]. The memory device com-
posed of solution-processable graphite oxide-polymer
complex have been reported to exhibit bistable electrical
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conductivity switching behavior and nonvolatile rewrit-
able memory effect [24,25]. It is expected that doping lev-
els of graphene in the polymer-based nanocomposites will
significantly affect charge transport processes in the bulk
and at the interface owing to the unique structure and
excellent electronic properties of graphene, and conse-
quently will affect device performance. It seems that the
effect of doping level of graphene on the electrical behavior
of polymer systems deserves further exploration.

In this work, poly(N-vinylcarbazole) (PVK)–graphene
composites have been prepared by solution phase mixing
of the exfoliated phenyl isocyanate-treated graphite oxide
sheets with PVK, followed by chemical reduction. The elec-
trical and bistable switching behaviors of the PVK–graph-
ene composites can be tuned by varying the doping level
of graphene in the composites. Different electronic mem-
ory behaviors, such as insulator behavior, write-once
read-many-times (WORM) memory effect, rewritable
memory effect and conductor behavior, based on electrical
conductivity tuning in the PVK–graphene composite thin
films with different content of graphene, is demonstrated
in the ITO/PVK–graphene/Al sandwich devices, as sche-
matically shown in Fig. 1.
2. Experimental

2.1. Preparation of the PVK–graphene composites

Graphite oxide was prepared by the Hummers method
from graphite [26,27], and dried for a week over phospho-
rus pentoxide in a vacuum desiccator before use. The func-
tionalization process of the graphene oxide followed the
procedures in Ref. [28]. Briefly, dried graphite oxide
(100 mg) was suspended in anhydrous DMF (10 ml), trea-
ted with phenyl isocyanate (4 mmol) for 1 week while
being stirred at room temperature, and recovered by filtra-
tion through a sintered glass funnel. Stable dispersion of
the resulting phenyl isocyanate-treated graphite oxide
materials was prepared by ultrasonic exfoliation in DMF.
Poly(N-vinylcarbazole) (PVK, purchased from Aldrich,
Mn = 35,000, PDI = 2) was added to these dispersions and
dissolved with stirring. A highly homogeneous black dis-
persion of PVK–graphene composites was obtained after
reduction was achieved by the addition of dimethylhydra-
zine (0.1 ml in 10 ml of DMF) at 80 �C for 24 h.

2.2. Device fabrication and characterization

Indium-tin oxide (ITO)-coated glass substrates of
1 � 2 cm in size were precleaned by ultrasonication for
Fig. 1. Schematic diagram of the ITO/P
15 min each with water, acetone, and isopropanol, in that
order. The above DMF solution of PVK–graphene was
spin-coated onto the ITO glass, followed by solvent re-
moval in a vacuum chamber at 10�5 Torr at 60 �C for one
day. The thickness of the composite layer was about
50 nm. Aluminum (about 250 nm in thickness) was ther-
mally evaporated onto the film surface at about 10�7 Torr
through a shadow mask to form 0.4 � 0.4 mm2 and
0.2 � 0.2 mm2 top electrodes, as shown in Fig. 1. Devices
with thermally evaporated Cu top electrodes were fabri-
cated similarly. All electrical measurements were carried
out on devices with the larger top electrode, unless men-
tioned otherwise, using a HP 4145B semiconductor param-
eter analyzer under ambient conditions.
3. Results and discussion

The conductance switching and memory effects of PVK–
graphene composites are demonstrated by the current
density–voltage (J–V) characteristics of the ITO/PVK–
graphene/Al sandwich devices in Fig. 2. J–V curve of the de-
vice fabricated with PVK as the active polymer layer shows
the device to be always in a single low-conductivity state,
and no conductance switching behavior is observed due to
the insulating nature of pure PVK. Doping PVK with
0.2 wt.% graphene does not affect the device performance
significantly (Fig. 2a), except for an increase in electrical
conductivity. In comparison, devices with graphene con-
tent from 0.5 to 2 wt.% exhibit conductance switching
associated with the electrical bistability. The device with
2 wt.% graphene switches from the low-conductivity
(OFF) state to the high-conductivity (ON) state at about
�2.1 V when the voltage applied is increased from 0 to
�4.5 V (sweep 1 in Fig. 2b). In the subsequent sweep
(sweep 2), the device remains in its high conductivity state,
with an ON/OFF state current ratio of about 8 � 103 when
read at �1 V. This electrical transition serves as the ‘‘writ-
ing’’ process for the memory device. After a reverse sweep
to +4.5 V (sweep 3), the high conductivity state is main-
tained, thereby indicating the device with 2 wt.% graphene
exhibits write-once-read-many times (WORM) memory
behavior. It is both non-rewritable and nonvolatile after
it has been turned on. The device containing 0.5 wt.%
graphene switches at a higher voltage of �2.8 V with a
lower ON/OFF state current ratio of about 103 and exhibits
similar WORM memory switching behavior.

The device with 4 wt.% graphene also exhibits bistable
electrical switching behavior, as illustrated by the J–V char-
acteristics of Fig. 2c. In the first voltage scan from 0 to
�4 V, the current density increases abruptly at a threshold
VK–graphene/Al memory device.
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Fig. 2. Current density–voltage characteristics of the ITO/PVK–graphene/Al devices containing (a) 0.2 wt.%, (b) 2 wt.%, (c) 4 wt.%, and (d) 6 wt.% graphene.
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voltage of about �1.7 V, indicating the transition from OFF
state to ON state. The device remained in this ON state dur-
ing the subsequent scan from 0 to �4 V (sweep 2). The dis-
tinct bielectrical states in the voltage range of about 0 to
�1.5 V, where the ON/OFF current ratio is more than 103,
allowed a voltage of �1 V to read the ‘‘0’’ or ‘‘OFF’’ signal
(before writing) and ‘‘1’’ or ‘‘ON’’ signal (after writing) of
the memory device. In the subsequent positive voltage
scan (sweep 3), an abrupt decrease in the current is ob-
served at a threshold voltage of about +3.4 V. This electrical
transition represents the ‘‘erase’’ process for the memory
device. The OFF state of the device can be read (sweep 4)
and reprogrammed to the ON state in the subsequent neg-
ative sweep (sweep 5), thus completing the ‘‘write-read-
erase-read-rewrite’’ cycle for a nonvolatile rewritable
memory device. The operation cycles can be repeated with
fairly good accuracy, despite some minor shift of the write/
erase voltages. The minor shift or fluctuation in switching
voltages might be ascribed to the possible influence of
the electrical stress on the inherent electrical relaxation
of the memory materials and the possible influence of
environmental air and moisture on the electrical proper-
ties of polymer/metal interface [29]. Further increase in
graphene content results in a significant increase in the
conductivity of the composite film, and the devices with
more than 6 wt.% graphene all exhibit a single conductor
state behavior (Fig. 2d).
An ON/OFF state current ratio of more than 103 at �1 V
has been achieved in these bistable memory devices. No
significant degradation of the device in both the ON and
OFF states was observed after 3 h of the continuous stress
test (Figs. 3a and 4a), indicating that both the composite
materials and the electrode/polymer interfaces are stable.
The ON/OFF state current ratio in the bistable devices is
high enough to promise a low misreading rate through
the precise control of the ON and OFF states. The effect of
continuous read pulses (with a read voltage of �1 V) on
the ON and OFF states is also investigated. As shown in
Figs. 3b and 4b, more than one million read cycles are con-
ducted on the ITO/PVK–graphene/Al devices and no cur-
rent degradation is observed for the ON and OFF states.
Neither the voltage stress nor the read pulses cause state
transition because the applied voltage (�1.0 V) is lower
than the switching threshold voltage. Thus, both states
are stable under voltage stress and are insensitive to read
pulses.

Electrical measurements are also carried out with Cu
top electrode, instead of Al top electrode. The work func-
tion of Cu (�4.7 eV), is higher than that of Al (�4.3 eV),
resulting in a higher energy barrier for electron injection
from the electrode into the polymer matrix. Thus higher
turn-on voltages are required in the ITO/PVK–graphene/
Cu devices (Fig. 5). The energy difference between the
work function of Cu and the lowest unoccupied molecular



0 2500 5000 7500 10000

10-4

10-3

10-2

10-1

100

101
C

ur
re

nt
 D

en
si

ty
 (

A
 c

m
-2

)

Time (s)

OFF State
ON State

(a)

101 102 103 104 105 106

10-4

10-3

10-2

10-1

100

101

OFF State

C
ur

re
nt

 D
en

si
ty

 (
A

 c
m

-2
)

Number of Read Cycles

ON State

(b)

Fig. 3. (a) Stability of the ITO/PVK–graphene/Al device containing 2 wt.%
graphene in either ON or OFF state under a constant stress at �1 V. (b)
Effect of read cycles on the ON and OFF states in the above device.
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orbital (LUMO) of PVK (�2.0 eV) [30] is 2.7 eV. However,
the charge carrier injection barrier height at Cu/PVK
interface is still lower than the trap depth at the graph-
ene/PVK interface (2.88 eV, or the energy difference be-
tween the work function of graphene, �4.88 eV [31,32],
and the LUMO of PVK). The J–V characteristics of ITO/
PVK–graphene/Cu devices exhibit bistable conductance
switching behaviors, which are similar with those of ITO/
PVK–graphene/Al devices. The device containing 2 wt.%
graphene exhibits WORM memory effect, while the device
containing 4 wt.% graphene exhibit rewritable memory
effect. Therefore, the conductance switching must be
intrinsic to the PVK–graphene composites. Furthermore,
the J–V characteristics of the present PVK–graphene com-
posite film are independent of the active device area, thus
ruling out the possibility of random metallic filamentary
conduction or leakage current under high electric field that
might give rise to the electrical bistability [33]. Moreover,
it is unlikely that the filament formation is the origin of
the conductance switching because the J–V characteristics
of the PVK–graphene composite films are strongly depen-
dent on the content of graphene in the composites.
The carbazole group is an electron-donor and hole-
transporter in organic electronics [34] and can also form
charge transfer complexes with appropriate electron
acceptors. Memory devices based on PVK-functionalized-
graphene oxide charge transfer complex have been fabri-
cated recently [25]. UV–visible absorption spectroscopy is
carried out to monitor the change in the PVK–graphene
composites before and after switching. A liquid-Hg droplet
is used as the top electrode in place of the Al contacts. After
application of a voltage sweep across the device, the Hg
electrode is removed. No obvious change in line shape of
the UV absorption spectrum is observed after switching
the composite film containing 2 wt.% graphene to the ON
state. Thus, the observed conductance switching may not
be induced by the charge transfer interaction or complex
formation between PVK and graphene in the present
composites.

Further information about the charge transport mecha-
nism can be obtained from the J–V curves in OFF and ON
states according to different theoretical models. Consider-
ing the low graphene content in the composites, PVK is
the dominant component and serves as the matrix of the
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active layer in the present devices. Compared with the
LUMO level of PVK (�2.0 eV), graphene has a much higher
work function (�4.88 eV) and is more likely to serve as the
electron trapping center and electron transporter. When
applied the negative voltage (Al as cathode), electrons are
injected into the composites and trapped by graphene.
The trapped electrons will induce a countering space-
charge layer in PVK near the Al electrode. Under the low
bias, electrons do not have sufficient energy or mobility
to escape from the isolated graphene trapping centers sur-
rounded by the PVK matrix, and the small current is attrib-
uted to hole transport in the PVK matrix. For the OFF-state
of bistable devices, as shown in Fig. 6a and c, the J–V curve
can be fitted by the space-charge-limited current model
(SCLC) [35]:

J ¼ A
9eilV2

8d3 ð1Þ

wherein, A is a constant, l is the mobility of carriers, ei is
the dynamic permittivity of the insulator, and d is the
thickness of composite film.

For the device containing 0.2 wt.% graphene, the large
separation between graphene nanosheets prevents the
charge carriers from interplane hopping in graphene film
though charge carriers can acquire activation energy from
an external electric field and their mobility increases with
the increase in the applied voltage sweeps [35]. Thus, the
above device is always in a single low-conductivity state
and no conductance switching behavior can be observed.
With the increase of graphene content in the composites,
the distance between isolated graphene nanosheets are re-
duced. At the threshold switching voltage, most of the
charge-trapping centers are filled, and a trap-free environ-
ment exists in the composite film. Percolation pathways
for charge carriers among the graphene are formed, allow-
ing for interplane hopping and switching the devices from
the OFF-state to the ON-state. The J–V curve for the ON
state currents of the WORM devices can be fitted by a com-
bination of the space-charge-limited model and the Ohmic
model as follows (Fig. 6b) [35]:
J ¼ A
9eilV2

8d3 þ V expð�c=TÞ ð2Þ
wherein, c is a positive constant independent of V or T.
With further increase in graphene content, graphene in
the composite thin film can direct contact with both elec-
trodes, eliminating the space charge layer formed near the
PVK/Al interface. The ON state current of the rewritable de-
vice containing 48 wt.% CNT can be only fitted by Ohmic
model, as shown in Fig. 6d. For devices containing 6 wt.%
graphene, continuous conjugated networks are formed in
the bulk film, which allows effective transport of charge
carriers even under the low bias and makes the devices
highly conductive.

Because of the electron-withdrawing ability of graph-
ene and the p-conjugation along the graphene nanosheets,
electrons are deeply trapped in the graphene network and
stabilized by the PVK matrix (electron donor and hole
transporter) throughout the entire composite film [36].
Thus, even after turning off the power supply, the graph-
ene network still retains the trapped charge carriers and
the charged state. Consequently, the high conductivity
(trap-filled) state is remained in the composite film, lead-
ing to the nonvolatile nature of the bistable device. Upon
application of a reverse (positive) voltage scan to devices
containing 0.5–2 wt.% graphene, the applied electric field
is against by the build-in electric field associated with
the space-charge layer in PVK. The build-in electric field
can prevent the trapped electrons from being neutralized
or extracted. Therefore, the devices remain in the high con-
ductivity state and behaviors as a WORM memory. For the
device containing 4 wt.% graphene, graphene can come
into contact with the electrode. The energy difference be-
tween the work function of graphene (�4.88 eV) and the
work function of Al (�4.3 eV), as well as the donor nature
of the PVK matrix, will prevent the trapped charges in
graphene from being detrapped when the power supply
is turned off, resulting in the nonvolatile nature of the
memory device. Upon application of a reverse (positive)
bias of sufficient magnitude and with the elimination of
the space-charge layer in PVK near the polymer/electrode
interface, the trapped charges in the graphene will be neu-
tralized or extracted. As a result, the device returns to the
original less-conductive form and is programmed back to



-1.6 -1.2 -0.8 -0.4 0.0

0.000

0.004

0.008

0.012

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

0

5

10

15

20

25

30

35 -5 -4 -3 -2 -1 0

0

5

10

15

20

-2.0 -1.5 -1.0 -0.5 0.0

0.000

0.001

0.002

(c) OFF state

 Experimental Data
 Model Fitting: SCLC

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (
A

 c
m

-2
)

(d) ON state
 Experimental Data
 Model Fitting: Ohmic

 Experimental Data
 Model Fitting: SCLC+Ohmic

(b) ON state

 Experimental Data
 Model Fitting: SCLC

(a) OFF state

Fig. 6. Experimental and fitted current density–voltage curves of the ITO/PVK–graphene/Al device containing 2 wt.% graphene in the (a) OFF state and (b)
ON state and of the ITO/PVK–graphene/Al device containing 4 wt.% graphene in the (c) OFF state and (d) ON state.

1 2 3 4

-3.0

-2.5

-2.0

-1.5

10 2

10 3

10 4

O
N

/O
FF

 C
ur

re
nt

 R
at

io

Sw
ith

ci
ng

 V
ol

ta
ge

 (
V

)

Graphene Content (wt%)

Fig. 7. Effect of the graphene content on turn-on voltage and ON/OFF
state current ratio of the ITO/PVK–graphene/Al devices.

1294 Q. Zhang et al. / Organic Electronics 13 (2012) 1289–1295
the OFF state, characteristic of the behavior of a rewritable
memory.

The effect of graphene content in the composite films
on device performance, such as turn-on voltage and ON/
OFF state current ratio, is further studied, as shown in
Fig. 7. As the graphene content is increased from 0.5 to
4 wt.%, the turn-on voltage of the bistable devices de-
creases from �2.8 to �1.7 V. The decrease in the distance
between isolated graphene nanosheets leads to a lower
activation energy (percolation threshold) for effective
charge carrier hopping and thus a reduced threshold
switching voltage. For the WORM devices, a large number
of electrons are captured by graphene in the composite
film due to the strong electron withdrawing ability of
graphene. The higher graphene content also provides more
electron pathways throughout the entire composite film.
Once the threshold switching voltage is reached, a larger
number of electrons are transferred via the increased num-
ber of carrier pathways, leading to a significant increase in
the ON state current and a consequent increase in the ON/
OFF state current ratio. With the further increase in graph-
ene content to 4 wt.%, the distance between isolated
graphene nanosheets is further decreased. Thus, charge
carrier transport along the electron pathways via inter-
plane hopping becomes easier and occurs earlier than that
in the WORM device, resulting in less charge carriers being
trapped before switching. Therefore, a smaller ON/OFF
state current ratio is observed in the rewritable device.
The thermal stability of the PVK–graphene device need to
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be further explored [37] and the device performance is ex-
pected to improve upon proper encapsulation.
4. Conclusions

The ITO/PVK–graphene/Al structure capable of exhibit-
ing bistable switching behaviors is demonstrated. Electri-
cal conductance behaviors, turn-on voltage and ON/OFF
state current ratio can be tuned through controlling the
graphene content in the composites. Under ambient condi-
tions, both OFF and ON states of the bistable memory de-
vices are stable under a constant voltage stress and
survive up to 106 read cycles stress, with an ON/OFF state
current ratio in excess of 103. The conductance switching
effects of the composites can be attributed to electron trap-
ping in the graphene nanosheets of the electron-donating/
hole-transporting PVK matrix. Due to its solution process-
ability and good performance, the present PVK–graphene
composite memory device is potentially useful for high
capacity and low-cost data storage in future electronics.
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