
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 141.211.4.224

This content was downloaded on 10/09/2015 at 22:30

Please note that terms and conditions apply.

Memory effect in an ionic liquid matrix containing single-walled carbon nanotubes and

polystyrene

View the table of contents for this issue, or go to the journal homepage for more

2008 Nanotechnology 19 055203

(http://iopscience.iop.org/0957-4484/19/5/055203)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/19/5
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 19 (2008) 055203 (4pp) doi:10.1088/0957-4484/19/05/055203

Memory effect in an ionic liquid matrix
containing single-walled carbon nanotubes
and polystyrene

Di Wei1,4, Jayanta K Baral2,3, Ronald Österbacka2 and Ari Ivaska1
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Abstract
We report the use of an ionic liquid (IL) gel matrix containing a blend of single-walled carbon
nanotubes (SWNTs) and polystyrene (PS) as a memory device. SWNTs and PS beads were
mixed in a room-temperature IL, 1-butyl-3-methyl-hexafluorophosphate ([BMIM][PF6]). The
composite gel was sandwiched between a bottom ITO glass and a top aluminium electrode. By
merely changing the concentrations of SWNTs in the inert insulating PS matrix, we observed
several distinct electrical properties of the device, such as an insulator, a memory in terms of
switching and negative differential resistance (NDR), and a conductor. The electric bistable
switching hops between a higher impedance (OFF) state and a lower impedance (ON) state
which is approximately equal to five orders of current decays.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes have attracted intensive attention for their
extraordinary mechanical and electronic properties. Non-
volatile random access memory for molecular computing based
on carbon nanotubes was proposed in 2000 [1]. Since then,
memory devices based on multi-walled carbon nanotubes
(MWNTs) and single-walled carbon nanotubes (SWNTs) have
begun to be reported.

Non-volatile memory devices made of MWNTs can
be built based on electrostatic telescoping [2, 3]. The
electrostatic forces are induced by the voltage differences in
the binding energy between the carbon nanotube (CNT) and
metal electrodes. Inner CNTs of a MWNT can be extracted
by the electrostatic force. The material of the metal electrode
should be carefully chosen to achieve the non-volatility of this
memory. Memory devices composed of SWNTs have also
been reported recently. Different strategies of using SWNTs in
memory devices based on hysteresis effect, floating gate, etc,

have been proposed [4–12]. Two-bit memory devices made of
SWNTs were reported and the pertinent memory behaviours
were supposed to originate from the capacitive effect due
to polarization of the solvent molecules (e.g. H2O) [12].
However, most memory effect studies are focused on a single
SWNT. From the practical application point of view, it is hard
to currently manufacture devices based on finely ordered single
SWNTs. Here, we demonstrate multifunction devices based on
an ionic liquid (IL) matrix containing SWNTs and polystyrene
(PS).

Carbon nanotubes can be functionalized with PS by
various methods [13, 14]. Dispersing SWNTs into PS was
reported to improve the electrical conductivity and mechanical
properties of the composite material [15–17]. In this paper,
both PS and SWNTs are simply mixed together in the IL
gel. By merely tuning the concentration of SWNTs, the
device shows several distinct electrical behaviours ranging
from insulator or memory device to conductor.
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Scheme 1. The chemical structure of the ionic liquid
1-butyl-3-methyl-imidazolium hexafluorophosphate ([BMIM][PF6]).

2. Experiments

1-butyl-3-methyl-hexafluorophosphate ([BMIM][PF6]) (�98%)
was bought from Solvent Innovation and the structure was
shown in scheme 1.

PS beads (� 99%) were obtained from Aldrich. SWNTs
were purchased from Nanoport Co. Ltd (Shengzhen, China)
with inner diameter <2 nm and length 5–15 μm. They
were purified by refluxing in 3 M HNO3 for 48 h, and then
filtered through a 0.45 μm pore size nylon membrane with the
aid of a pump and thoroughly washed with deionized water
(ELGA, 18.2 M� cm). The materials were then dried under
vacuum at 60 ◦C for 12 h before use. The purified SWNTs
were ground in [BMIM][PF6] for 10 min and then PS beads
were added and ground for another 10 min. Adjusting the
concentration of SWNTs and PS beads, three devices were
fabricated for comparison. In order to understand which
device is showing memory behaviour in terms of impedance
switching and NDR, a set of three devices were fabricated
on ITO as an ITO/IL SWNT/Al device (4.5% SWCNT
(wt%)), an ITO/IL PS/Al device (7.3% PS (wt%)) and an
ITO/IL PS:SWNTs/Al device (4.2% SWNT, 6.9% PS (wt%))
in a [BMIM][PF6] matrix. The IL gel was drop cast onto the
ITO glass surface and dried in vacuum with heating at 60 ◦C
under a vacuum of 1 × 10−6 mbar for 24 h. A layer of Al with
a thickness of 50 nm was evaporated under a vacuum of ca. 1×
10−6 mbar on top of the composite gel film at a uniform rate
of evaporation (1.0–1.2 Å s−1) to avoid Al penetration into the
active medium. The thickness of the thermally evaporated Al
electrode was measured by a thickness monitor TM-100 from
MAXTEK, INC. Electrical characterization of the devices was
performed by using a Keithley 2400 programmable voltage
source meter and a Keithley 617 programmable electrometer
or an Agilent 4142B modular DC source/monitor. Positive
and negative bias was applied to the bottom ITO and the top
Al electrodes, respectively. All electrical experiments were
conducted inside a nitrogen-filled mBraun glove box. The
structure of the device is shown in scheme 2.

3. Results and discussion

The morphology of SWNTs and the gels were studied by a
scanning electron microscope (SEM), which was from Leica
Cambridge Instruments. The SEM pictures show that the
SWNTs were embedded in the IL matrix (figure 1(c)) and, after
being ground with PS, SWNTs are embedded inside the whole
polymer–IL matrix (figure 1(d)).

To verify the interaction between the SWNTs and PS,
the gels were characterized by Raman spectroscopy. The
excitation wavelength of 780 nm (Renishaw, NIR diode laser)
was used for the Raman measurements. The spectra are

Scheme 2. Schematic structure of the device.

shown in figure 2 where (a) is the Raman spectrum of the
purified SWNTs, (b) for the SWNTs mixing with the IL (4.52%
SWNT), (c) for the mixture of SWCNT:PS (4.2% SWNT, 6.9%
PS) in IL, (d) for the PS in IL (7.3%), (e) for the pure PS bead
and (f) for the ITO glass.

The D band intensity versus the G band intensity (ID/IG)
in figure 2(a) is around 0.26 and that in figure 2(b) is around
0.31. The small increase may be due to π–π interaction
between the aromatic cation of IL and the SWNTs. ID/IG

is still around 0.3 in figure 2(c), which means that there is
no covalent bonding between the PS and SWNTs [13, 14].
Comparing figures 2(c)–(e), the peaks at 1159 and 992 cm−1

in figure 2(c) must be from PS and they are due to the benzene
ring breathing [18]. The peak at 1573 cm−1 is due to the
C=C stretching [18]. Since the gel from PS in IL (7.3%) is
rather transparent, the increasing absorption at 1409 cm−1 in
figure 2(d) should be due to the absorption of ITO glasses, as
figure 2(f) proves.

The thickness of the three samples is determined by
charge extraction in a linearly increasing voltage (CELIV)
measurement. The detailed description of using CELIV
for the thickness determination is given in [19]. The
thickness of the active layer in the (a) ITO/IL PS/Al device,
(b) ITO/IL PS:SWNTs/Al device and (c) ITO/IL SWNT/Al
device is ca. 500, 990 and 800 nm, respectively. The current
density–voltage (J–V ) characteristics of the (a) ITO/IL PS/Al,
(b) ITO/IL PS:SWNTs/Al and (c) ITO/IL SWNT/Al devices
are shown in figure 3.

In a typical current density–voltage (J–V ) characteriza-
tion operated inside a nitrogen-filled mBraun glove box, the
hysteresis of the devices has been illustrated in figure 3(b).
When the ITO/IL PS:SWNTs/Al device was scanned at a rate
of 100 mV s−1 through the voltage sequence 0 V to +3 V,
+3 to −3 V and −3 V to 0 V, as illustrated by the closed
circles (•) shown in figure 3(b), the device is initially in a
higher impedance or lower conductance (OFF) state, and above
a given voltage threshold (Vth) it abruptly commutes to a much
lower impedance or higher conductance (ON) state (Vth is close
to 2.8 V here). The difference between the ‘OFF’ and ‘ON’
states, i.e. the current density jump, covers several current
decades, approximately from 3 to 5. These low impedance
states remain effective even when the device bias is swept back,
thereby creating a hysteresis in the J–V curve. It is only when
the voltage crosses zero or a voltage close to zero that the de-
vice is reset to the higher impedance state. Then, in the neg-
ative bias range one observes a curve quantitatively similar to
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Figure 1. SEM of (a) IL PS on ITO (7.3% PS, wt%), (b) purified SWNTs, (c) IL SWNTs (4.5% SWNT, wt%), (d) IL SWCNT:PS
(4.2% SWNT, 6.9% PS, wt%).

Figure 2. Raman spectrum (a) of the purified SWNTs, (b) of the
SWNTs mixing with the IL (4.5% SWNT, wt%), (c) of the mixture
of SWCNT:PS (4.2% SWNT, 6.9% PS, wt%) in IL, (d) of the PS in
IL (7.3%, wt%), (e) of pure PS beads, and (f) of ITO glass. Spectra
are shown with a shift in the baseline to improve the visualization.

that of the positive bias, with a sudden current jump to a lower
impedance state, which remains effective until the device bias
is swept back to zero. This transition of the device from OFF
state to ON state is called bistability. The bistable behaviour
of this device was observed when repeating the voltage cycle
over again. However, after bias scanning this device five times,
the impedance switching has gradually disappeared. The bista-
bility may originate from the IL which helps to increase the
conductivity of the device abruptly at threshold voltage. How-

Figure 3. Current density (J ) versus voltage (V ) plot of the
(a) ITO/IL PS/Al device, (b) ITO/IL PS:SWNTs/Al device and
(c) ITO/IL SWNT/Al device. The arrow represents the pathway of
the current in different bias scan directions to get into bistability and
NDR and the ON state. The threshold voltage (Vth), maximum
voltage (Vmax) and minimum voltage (Vmin) are also shown.

ever, due to the over-oxidation/redox process inside the bulk
of IL, the oxidized ionic liquid cannot irreversibly return to its
neutral state and the device gradually loses its bistability. Af-
ter disappearance of bistability, when the device was further
scanned at a higher bias sequence from 0 to 6 V, 6 to −6 V
and −6 V back to 0 V at the same scan rate of 100 mV s−1,
the region of negative differential resistance (NDR) was found
between 3 and 6 V which is denoted by the open circles
(◦), as shown in figure 2(b), where current decreases with in-
creasing voltage. There are several unique features noticeable
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in this state, such as the observation of a local current maxi-
mum at Vmax and a local current minimum at Vmin. This J–V
curve is called ‘N-shaped’ NDR [20]. The impedance switch-
ing and NDR memory properties could be very useful from the
printable electronics point of view. A memory effect has been
observed in thin films of insulating polymer and C60 nanocom-
posites [20–22]. Similar to our previous memory device mix-
ing C60 with PS [20], which only shows 40% reproducibility of
switching, the mixture of SWNTs in IL matrix containing PS
shows bistability around 50% reproducibility for all the mea-
surements. However, the reproducibility of NDR is 100% for
all the measurements in our device made of the PS-IL matrix
containing SWNTs. There are different models explaining the
switching and NDR effect. Tang et al attributed the switching
and NDR as general phenomena from nucleation of evaporated
metal nanoislands formed in crevices created in the vicinity
of dust particles and/or other impurities on the bottom elec-
trode [23]. Majumdar et al suggested that tunnelling through
‘metal-like’ filaments within the bulk of the device is more
probable for the anomalous current–voltage behaviour in the
single-layer sandwich device [24]. The electronic properties of
the SWNTs vary in a periodic way from metallic to semicon-
ductor as a function of both diameter and helicity. It has been
shown that 1/3 of SWNTs are metallic while the others are
semiconducting with a bandgap inversely proportional to the
diameter [25]. In this case, the NDR may be attributed to elec-
tron hopping between the isolated metallic conducting SWNTs
in the insulating matrix.

In order to understand which device is showing
memory behaviour in terms of impedance switching NDR,
two other devices (ITO/IL PS/Al and ITO/IL SWNT/Al)
are characterized. All the parameters of the electronic
characterization were kept the same. They were also scanned
under the bias sequence 0 to +6 V, +6 to −6 V and
−6 V back to 0 V at the same scan rate of 100 mV s−1.
Neither bistability nor NDR has been observed in both of the
above devices. The J–V characteristics of the ITO/IL PS/Al
and ITO/IL SWNT/Al devices have been represented in
figures 3(a) and (c), respectively. The ITO/IL PS/Al device
behaves like an insulator, whereas the ITO/IL SWNT/Al
device behaves like a conductor. Hence we have concluded
that the memory behaviour in terms of impedance switching
and NDR has been only from the SWCNT:PS device where
SWCNTs were dispersed inside the inert polymer PS matrix.
Thus NDR in our device may be due to the hopping of electrons
between the metallic SWNTs, which are embedded in the
matrix of insulating PS, and the semiconducting SWNTs in
ILs. Use of NDR as a memory element in electronic devices
had been reported earlier [26].

4. Conclusions

In conclusion, we have reported a simple fabrication method to
produce IL-based memory devices containing SWNTs and PS
where the programming of a continuum of states is possible
through the use of applied bias above the critical threshold
voltage Vth. The impedance states for NDR are non-volatile

in nature and can be read and switched several times inside a
nitrogen-filled mBraun glove box.

When the mechanism behind the switching effect and
existence of multistable impedance states are well understood,
an easily fabricated, high-density, low-cost and reliable data
storage device can be optimized for practical applications.
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