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Over the past decade, organic/polymer non-volatile memory
devices with a typical configuration of organic active materi-
als sandwiched between two electrodes have attracted
increasing interest owing to their low cost, simple structure,
high-throughput processing techniques. In these memory
devices, the most widely used electrode materials are Al,
Cu, indium-tin oxide (ITO), Pt, and p-doped or n-doped Si.[1,2]

Essentially, future electronic integrates are expected to
possess advanced functionalities, such as flexibility, wearabil-
ity, stretchability, and transparency. Therefore, a proper
substitute for rigid electrodes, such as graphene electrodes,
polymer electrodes,[3–8] is required during the fabrication of
memory devices. Fiber-based electronic devices, such as light
emitting devices, solar cells, and photodetectors,[9–11] have
exhibited mechanical reliability, flexibility, nonplanar archi-
tectures, and the possibility of integrating a large number of
components in fabrics for future e-textile applications.[12–14]

Multi-walled carbon nanotube (MWCNT) fibers spun
from vertically aligned arrays, which are assembled by
millions of interconnected individual nanotubes, inherit the
properties of individual MWCNTs and have been extensively
studied in various applications.[9, 11, 15–22] Compared to the
traditional rigid electrode materials or recently explored

flexible films, MWCNT fiber-based electrodes showed some
unique and promising advantages. For example, the closely
packed MWCNT fibers exhibited excellent mechanical prop-
erties, they are much stronger than synthetic polymer fibers
and comparable to the strongest commercial carbon fibers,
leading to high mechanical reliability.[23] In addition, as the
MWCNTs are highly aligned, the fiber showed excellent
electrical conductivity, which makes it a promising candidate
for a conducting electrode material (highly electron transport
channel).[24] Moreover, the fiber is flexible, light-weight, and
can be woven. Most importantly, the fiber-spinning process is
compatible with conventional fiber spinning processes.[18, 25,26]

Recently, the MWCNT fibers have been used for various
applications, such as fiber-based energy converters, chemical
batteries, supercapacitors.[11, 22] However, to date, there is no
report on MWCNT fiber-based memory devices.

Herein, for the first time, we report a prototype of a highly
efficient, weavable, fiber-based, non-volatile memory device,
in which the MWCNT fiber is used as the conductive
electrode material, and graphene oxide (GO) is employed
as active material which is primarily coated on the outer
surface of MWCNT fiber, so that a kind of core–shell
structure, referred to as MWCNT@GO fiber, is obtained.
By simply cross-stacking two MWCNT@GO fibers, the
weavable, all-carbon fiber-based electronic device is fabri-
cated. The memory effect of the as-fabricated device for data
storage is systematically investigated.

The fabrication of weavable, MWCNT@GO fiber-based
memory device is schematically shown in Figure 1. The
MWCNT fibers were prepared based on our previous work
(Figure 1A; see the Experimental Section for details).[17] The
thickness of the MWCNT array used for the preparation of
MWCNT ribbons is approximately 400 mm and the MWCNTs
are well aligned in the vertical direction (Supporting Infor-
mation, Figure S1A). The average diameter of MWCNTs is
approximately 13 nm (Figure S1B). Briefly, the MWCNT
ribbons were directly drawn from the grown spinnable
MWCNT array. By introducing twisting and densification at
the same time, the wide ribbons were narrowed down and
then packed into dense fibers. The twisting process resulted in
the close contact between the MWCNTs and therefore
enhanced the interfacial interactions among the MWCNTs.
Wetting with ethanol provided further densification, leading
to the small fiber diameter and a relatively smooth surface as
a result of the radial contraction induced by capillary forces.
The device fabrication process is shown in Figure 1B. Briefly,
a dip-coating process was employed to coat a thin layer of GO
nanosheets on the surface of MWCNT fibers. Then, the
resulting MWCNT@GO fibers were placed in parallel onto
a substrate, on top of which another set of MWCNT@GO
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fibers crossed at right angles. Silver paste was used for the
electrical connection. The linear relationship between voltage
and current, shown in Figure S2 of the Supporting Informa-
tion, indicated the Ohmic contact between the MWCNT fiber
and the Ag paste,[27] which is consistent with our previous
study.[28]

The morphologies of the MWCNT@GO fibers and
memory devices were characterized by field emission scan-
ning electronic microscope (SEM; Figure 2). When we use
tweezers to clip a small MWCNT bundle from one side of an

array, a continuous MWCNT ribbon could be pulled out.[15]

The corresponding SEM image of MWCNT ribbon pulling
process is shown in Figure 2A. The inset shows the magnified
SEM image of MWCNT ribbon. It can be seen that the
MWCNTs are well paralleled with each other in the same
orientation direction, resulting in good mechanical strength
and excellent electrical conductivity of the obtained MWCNT
fibers. Figure 2B shows SEM image of a portion of the
MWCNT fiber. By combining the pulling and twisting
processes, the MWCNT fiber shrank and became densely
packed with a small surface twist angle of 108 after it passed
through ethanol. The obtained MWCNT fiber exhibits a uni-
form shape and a smooth surface with a diameter of around
4 mm.

GO nanosheets can wrap MWCNTs in aqueous media
through noncovalent interactions.[29] Thus the as-spun
MWCNT fibers were first coated by a thin layer of GO
nanosheets. Owing to its large lateral area, the GO nano-
sheets could cover a large amount of MWCNTs in the fiber.
Figure 2C shows a SEM image of a MWCNT@GO fiber. The
coated GO layer, with thickness of 10–20 nm on the as-
fabricated fiber cell, was characterized by SEM (Figure S3).
The GO nanosheets, which were drop-casted on a cleaned Si/
SiO2 wafer, were further characterized by X-ray photoelec-
tron spectroscopy (XPS) as shown in Figure 2 D. Three typical
peaks between 282 and 290 eV could be assigned to C=C at
284.6 eV, C�O at 286.6 eV, and C=O at 287.6 eV, respec-
tively.[30] The atomic ratio between elements of C and O is
1.89, indicating the existence of large number of oxygen-
containing groups.

Based on their good flexibility and electrical properties, as
a proof of concept, MWCNT fibers as conductive materials
and GO as active material were used for the fabrication of
electronic devices for data-storage applications. A
MWCNT@GO fiber-based memory cell was realized by
cross-stacking two MWCNT@GO fibers (Figure 1 B). The
photograph of fabricated 3 � 3 devices is shown in Figure 2E.
SEM was further utilized to confirm the contact between two
MWCNT@GO fibers (Figure 2F). Moreover, the cross-sec-
tional SEM image (Figure S4) also indicated that
MWCNT@GO fibers were in good contact with each other.
After the Ag paste was applied at the end of MWCNT fibers,
the as-fabricated devices (Figure 2E) were ready for elec-
trical characterization.

Figure 3A shows the typical memory characteristics of the
MWCNT@GO fiber-based cells, where the arrows represent
the sweeping direction of voltage. Initially, as a positive
voltage swept from 0 to 3.5 V, the MWCNT@GO fiber cell
was in a high resistance state (OFF state), and the current
increased progressively with the voltage increase (stage I).
When the applied voltage exceeded the switching threshold
voltage of 3.5 V, an abrupt current increase occurred from
4.2 � 10�8 to 3.8 � 10�6 A (stage II), indicating a transition
from the high resistance state to the low resistance state (ON
state). The transition from the OFF state to the ON state is
equivalent to a set/write process in a digital storage device,
with a high ON/OFF current ratio of approximately 103:1
which is comparable with the value of GO-based memory
diode using metal electrodes.[31, 32] Impressively, the

Figure 1. A) Schematic diagram of the spinning process for the forma-
tion of MWCNT fibers. B) Schematic illustration of the fabrication of
the MWCNT@GO fiber-based memory device.

Figure 2. SEM images of A) a MWCNT ribbon pulled from a vertically
aligned MWCNT array (Inset: magnified SEM image of the MWCNT
ribbon), B) a MWCNT fiber, C) a MWCNT@GO fiber. D) The C 1s XPS
spectrum of the GO nanosheets. E) Photograph of the fabricated
MWCNT@GO fiber-based memory devices. F) SEM image of
MWCNT@GO fibers at the cross area.
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MWCNT@GO fiber cell retained this low resistance state in
the following voltage sweeps (stage III and IV), even if the
power was turned off, indicating a non-volatile behavior of
the memory cell. Most importantly, the low resistance state
was not retrievable by applying a reverse voltage scan
(stage V), indicating that the fiber-based cell exhibits the
write-once-read-many-times (WORM) type memory effect.
Note that the role of coated GO layer is very important in the
fabricated MWCNT@GO fiber-based memory cell. Without
GO, the I–V curves did not exhibit the electrical switching
behavior, and the memory effects was not observed (inset of
Figure 3A). The basic parameters of importance to the
performance of a memory device include switching voltage,
ON/OFF current ratio, and retention ability. Figure 3B and C
show the statistical distribution of the ON-/OFF-state cur-
rents (measured at 1 V) and the switching threshold voltages
of the operative memory cells, respectively. The transition
from the OFF state to the ON state occurred at voltages
between 3.0 and 4.5 V, and these low switching voltages reveal
a low writing voltage, suggesting a promising application in
low power consumption memory devices. The distribution of
the OFF- and ON-state current values lay within two order of
magnitude, with a minimum ON/OFF current ratio of 102–
103:1. The high ON/OFF current ratio promises a low
misreading probability during the device operation.

To study the data-retention ability, the current–time
characteristics of the ON and OFF states were investigated
at a reading voltage of 1 V. As shown in Figure 4 A, the OFF
and ON states remained at the same order of magnitude and
did not exhibit any serious electrical degradation for 500 s.
The ON/OFF current ratio stayed at over four orders of
magnitude. The excellent electrical stability indicates poten-

tial applications in non-volatile memory devices. To under-
stand the memory behavior and the carrier transport mech-
anism of the fiber cells, the experimental I–V data were fitted
using different conduction models. Figure 4b shows four
major regions in the I–V curves, where the initial OFF state
can be divided into two distinct regions, suggesting two
different conduction mechanisms in the OFF state. At the
voltage below 0.8 V in the initial OFF state, the I–V curves
exhibited a linear Ohmic behavior with a slope of 1.02, which
is consistent with the literature values.[32, 33] As the voltage
exceeding 0.8 V, the fitting line has a slope of 2.94 (greater
than 2), thus trap-limited space-charge-limited-current
(SCLC) dominates the carrier transport process,[34] with
charge trapping on the surface defects and structural disorder
of GO induced by oxidation.[35, 36] With a further increase of
the bias, the oxygen migration in the GO coating layer could
generate resistive switching of the MWCNT@GO fiber-based
cell.[31] Moreover, the injected carriers will fill all the traps in
the GO coating, resulting in the trap-filled SCLC mechanism
in the ON state,[37] with a slope of 1.84 (nearly equal to 2). As
for the erase function of the memory devices with GO as the
active material, this strongly depends on the electrode
materials. The erase behavior cannot be obtained when the
inert electrodes are used, such as Au or graphene.[3,31, 38] In our
current MWCNT@GO fiber-based memory cell, the non-
erasing behavior might arise from the irreversible migration
of oxygen in the GO layer owing to the relatively inert
MWCNT fiber electrodes.

In summary, we have fabricated weavable, all-carbon,
fiber-based memory cells consisting of GO-coated MWCNT

Figure 3. A) The I–V characteristics of the MWCNT@GO fiber-based
memory cell (for arrows I–V, see text). Inset: I–V characteristic of
MWCNT fiber-based cell. Statistical distribution of B) the ON-/OFF-
state currents, C) the threshold voltages of the operative
MWCNT@GO fiber-based memory cells.

Figure 4. A) The retention-ability test of the fiber-based memory cell at
a reading voltage of 1 V in the ON and OFF states. B) Experimental
data and fitted lines of the I–V characteristics in the OFF state and ON
state, (Inset: plot of the absolute value of the current as a function of
applied voltage for the WORM memory cell in the positive sweep in
Figure 3A).

Angewandte
Chemie

13353Angew. Chem. Int. Ed. 2013, 52, 13351 –13355 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


fibers and systematically studied their memory effect. The
MWCNT fiber that was spun from vertically aligned arrays
served as top and bottom electrodes. The coated GO nano-
sheets were used as the active layer. The prepared
MWCNT@GO fiber-based device showed electrical bistabil-
ity and a WORM memory effect with a minimum ON/OFF
ratio of 103:1. Moreover, the as-prepared memory devices
exhibited high reliability with a long life time in the retention
test and excellent stability. The novel MWCNT@GO fiber-
based structure and facile fabrication process make these
memory devices promising for future smart e-textile applica-
tions.

Experimental Section
The detailed multi-walled carbon nanotube (MWCNT) growth and
fiber spinning process can be found in our previous reports.[28, 39, 40] The
spinnable vertically aligned MWCNT array was prepared by chemical
vapor deposition (CVD) in a furnace equipped with a 1 inch-diameter
quartz tube. Ar and C2H4 were used as the carrier gas and carbon
source, respectively. The catalyst used was a thin-layer Fe film with
a thickness of 1 nm, deposited on a Si/SiO2 substrate by sputtering.
Normally, the growth of MWCNT array was carried out under
155 sccm Ar and 45 sccm C2H4 at 750 8C for 10 min. The MWCNT
fibers were spun from the as-prepared MWCNT array with a micro
spindle mounted on a motor. During the spinning process, ethanol
was applied to densify the fiber to achieve a smoother surface.

Graphene oxide (GO) was prepared by a modified Hummers
method.[41] The as-prepared GO nanosheet powder was re-dispersed
in water by strong ultrasonication. The obtained GO solution was
centrifuged at 3000 rpm to remove the aggregates or small particles.
Then the MWCNT fibers were immersed into the well-dispersed GO
methanol solution (0.2 mg mL�1) for ca. 2 h.[42] The GO layer coated
on the MWCNT fibers was dried under ambient conditions. The
procedure for coating GO layer was repeated one more time to
guarantee a good coating quality. Finally, the fabricated devices were
ready for the electrical tests.

The scanning electron microscopy (SEM) was recorded by using
a field-emission scanning electron microscope (JEOL, Model JBM-
6340F). X-ray photoelectron spectroscopy (XPS) measurements were
carried out with Al Ka radiation, 1486.7 eV. The spectra were
corrected by referencing the binding energy to the C1s peak at
284.6 eV. The I–V measurements were performed by using a Keith-
ley 4200 semiconductor parameter analyzer under ambient condi-
tions.
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