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ABSTRACT

Single-walled carbon nanotubes (SWNTs) are expected to be an ideal candidate for making highly efficient strain
sensing devices owing to their unique mechanical, electronic, and electromechanical properties. Here we present
the use of fluorphlogopite mica (F-mica) as a flexible, high-temperature-bearing and mechanically robust substrate
for the direct growth of horizontally aligned ultra-long SWNT arrays by chemical vapor deposition (CVD), which
in turn enables the straightforward, facile, and cost-effective fabrication of macro-scale SWNT-array-based
strain sensors. Strain sensing tests of the SWNT-array devices demonstrated fairly good strain sensitivity with

high ON-state current density.
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1. Introduction

Current commercially available strain sensing devices
can be generally classified into optical sensors, piezo-
electric sensors, and resistance-based sensors. Of these,
resistance-based strain sensors are important due to
their convenience for a broad range of technological
applications [1]. More recently, there has been extensive
experimental research on resistance sensors that utilize
nanostructured materials as strain-active components
[2-5]. However, nanomaterial-based sensing technology
is still far away from commercial applications, and the
requirements of higher sensitivity, easier fabrication
and more cost-effective and cheaper integration are the
major challenges in this regard.

Carbon nanotubes, and single-walled carbon
nanotubes (SWNTs) in particular, are expected to be
an ideal candidate for making highly efficient strain
sensing devices owing to their exceptional mechanical,
electronic, and especially, unique electromechanical
properties. Over the past decade, the electromechanical
properties of SWNTs have been well-studied both
theoretically [6-8] and experimentally [9, 10]. The
electromechanical properties and strain sensing charac-
teristics of SWNTs depend on tube chirality. Specifically,
quasi-metallic (or small band-gap semiconducting,
SGS) SWNTs exhibit the largest sensitivity under axial
strain, whilst armchair metallic SWNTs should be the
least sensitive to strain response due to their high
symmetry (the sub-bands always cross over the Dirac
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point under tensile stretching) [6-10]. As for semi-
conducting nanotubes, since semiconducting SWNT
devices are normally at the OFF-state at zero gate
voltage, it is only when applying a suitable negative
gate voltage that the semiconducting SWNTs can
exhibit a moderate strain sensitivity with gauge factors
larger than armchair metallic SWNTs, but still much
less than the SGS SWNTs [9].

The fabrication and operation of nanoscale devices
that use individual SWNTs for strain sensing typically
needs a sophisticated device design and complex
fabrication process, and may suffer from poor reliability
due to the variability from sample to sample. As such,
there is a need to develop macro-scale strain sensing
devices that make use of random SWNT network films
or preferably oriented SWNT arrays as conducting
channels [2, 3]. Compared with the randomly oriented
nanotube networks, the use of horizontally aligned
and parallel ultralong SWNT arrays for device fabri-
cation will have significant advantages in terms of
manipulation and integration, because they avoid
percolation transport pathways, tube/tube junction
resistances, and thereby the unusual scaling of device
properties [11-22].

Herein, we report on the direct growth of ultralong
aligned SWNT arrays by chemical vapor deposition
(CVD) on flexible fluorphlogopite mica (F-mica)
substrates for strain sensor device fabrication. F-mica
is well-known as a layer-structured synthetic crystal
that has some superior properties suitable for flexible
electronics, such as its high service temperature (up
to ~1100 °C), high dielectric constant (¢=5.6), trans-
parency, wave-penetrativity, anticorruption, immunity
to impurities, infragility, and elasticity. The direct CVD
growth of aligned arrays of ultralong SWNTs on
F-mica substrates enables the straightforward, facile,
and cost-effective fabrication of macro-scale SWNT-
array-based strain sensors. Strain sensing tests of the
SWNT-array devices demonstrated fairly good strain
sensitivity with high ON-state current density. A key
advantage of this process is the simplicity and ease
of both the fabrication and operation of the sensing
devices, in contrast to previously reported sophisticated
nanoscale single-tube devices.

2. Experimental

2.1 Synthesis of aligned ultralong SWNTs arrays
on F-mica

CVD growth of SWNTs was achieved by employing
ordered patterned metal catalyst particles that are
derived from self-assembled block copolymer micellar
templates [23]. To form micelles with polar poly(4-
vinylpyridine) (P4VP) cores in nonpolar polystyrene
(PS) domains in toluene solution, 0.4 g of polystyrene—
poly(4-vinylpyridine) (PS-P4VP) di-block copolymer
was mixed into 100 mL of toluene in a typical
experiment, in which 4 mg of anhydrous ferric chloride
(FeCl;) was also dissolved in the solution. Fe* ions
stay within the spherical micellar domains due to
their interactions with the pyridine units of the PS—
P4VP sequester. A monolayer of micelles was formed
on F-mica or SiO,/Si wafers by spin coating of the
Fe-loaded polymer micellar solution. Later, one can
remove the polymeric shell by applying an O, plasma
treatment. Both mono-metallic (Fe, Co, Ni, Mo) and
bi-metallic (Fe-Mo) particle arrays have been tested in
an attempt to control the diameter and even chirality
of the aligned ultra-long SWNTs. After O, plasma
treatment, the wafer with the catalyst will stick on the
end of the F-mica substrate. The growth of horizontally
aligned ultralong SWNTs on the substrate relies on
the CVD method using alcohol as carbon feedstock,
a gas flow of 1000/500 standard cubic centimeters
per minute (sccm) of Hy/Ar, a growth temperature of
1000 °C and growth time of 30 min.

2.2 Fabrication of the strain sensors and thin-film
transistor (TFT) device

Ultraviolet lithography was used to produce the
electrode patterns on the samples. 5 nm thick Ti layers
and 18 nm thick gold layers were deposited as the
electrodes. In order to make the top-gate electrodes,
we first made the patterns between source and drain
electrodes on the prepared sensor devices using
photolithography, then deposited a 10 nm film of ALO;
using atomic layer deposition (ALD) as the top-gate
dielectric, and finally deposited 5nm Ti/18 nm Au
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films as the top-gate electrodes, followed by a lift-off
process.

2.3 Measurement of strain sensing and transfer
characteristics

For testing the strain sensing and transfer charac-
teristics, the prepared sample was located on a
precision mechanical stage, and the electrodes of the
devices were bonded with gold wires using an
ultrasound wire-banded apparatus (Type: F&K5430,
from F & K Delvotec Corporation, Germany). The
output characteristics, resistance and transfer charac-
teristics of the device were measured using an
Agilent series B1500A semiconductor device analyzer,
while the sample was bent step by step using the
precision mechanical stage. The resistance of the device
was measured using the four-probe method.

3. Results and discussion

Figure 1 displays the representative morphology and
structure characterization of the as-grown highly
aligned ultralong SWNTs arrays on F-mica. Figure 1(a)
is an atomic force microscopy (AFM) image of the
ordered pattern of the Fe nanoparticle catalyst array,
and the inset shows the distribution of the particle
diameter. The catalyst nanoparticles were fairly
uniform in size. As shown in Figs. 1(b) and 1(c), the
spatial distribution of the as-grown nanotubes is very
uniform, with tube density around five per hundred
microns, facilitating their integration into devices. An
AFM image (Fig. 1(c)) reveals that the diameters of the
three aligned ultralong carbon nanotubes are 1.181 nm,
1.250 nm and 1.425 nm. Figure 1(d) shows the statistical
distribution of the nanotube diameters, ranging from
1 to 2 nm. In this range, the nanotubes should predo-
minantly have a single-walled structure. The diameters
of the as-grown nanotubes are uniform and slightly
smaller than the initial size of the catalyst nano-
particles. Figure 1(e) displays a typical Raman spectrum
of the as-grown SWNT arrays on F-mica substrates.
The radial breathing mode (RBM) peak is observed at
193 cm™, corresponding to the diameter of the SWNT
being about 1.24 nm [24]. The sharp G-band peak and
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Figure1 (a) AFM image of the array of iron nanoparticle
catalysts; the inset shows the distribution of the size of catalyst
particles. (b) SEM image of the aligned ultralong SWNT arrays
on F-mica. (c) A typical AFM height image and the corresponding
cross-sectional image of SWNT arrays on F-mica. (d) Distribution
of the diameters of the nanotubes. (¢) Raman spectrum of a SWNT
array sample

very low intensity of the D-band peak indicate that the
as-grown SWNTs are of high quality.

Figures 2(a)-2(c) show optical images of the aligned
ultralong SWNT arrays on a 1 cm x 2 cm F-mica chip.
It can be seen that the chip is flexible and transparent
after CVD growth. As shown in the scanning electron
microscopy (SEM) images in Figs. 2(d)-2(f), the
lengths of the as-grown SWNT arrays can be up to
~2 cm, and they grew all over the F-mica substrate.
This means that several devices can be fabricated on
one substrate through the complementary metal-
oxide semiconductor (CMOS)-analogous nanotube-
on-insulator (NOI) approach.

A schematic illustration of the fabrication and
operation of the strain sensing devices is shown in
Fig. 3(a). Figure 3(b) shows a series of output charac-
teristics (I-V curves) while the sensor is bent with a
step of 0.5 mm. The inset picture shows the precision
mechanical stage used for bending the strain sensor.
It can be seen that the current decreases with increasing
curvature during the sensor being bent by the stage.
As depicted in Fig. 3(c), the normalized resistance
change (AR/Ry) increases from 0 to 0.27 with strain
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Figure 2 (a), (b) and (c) Optical images of fully transparent

flexible aligned ultralong SWNTSs arrays on a F-mica chip of size
1 cm x 2 cm. (d) SEM image of the aligned ultralong SWNTs
arrays on F-mica. (e) A close-up view of the region covered by the
catalyst wafer. (f) A close-up view of the rectangular area with the
arrows marking the nanotubes
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Figure 3 (a) Sketch pattern of the strain sensor based on the
aligned ultralong SWNT arrays on F-mica. (b) I~V curves of the
sensor with a 0.5 mm step to bending. The inset shows an optical
image of the precision mechanical stage with a bent strain sensor.
(c) Plot of normalized resistance change vs. strain for the sample.
(d) Reversible and reproducible resistance change of the SWNT
strain sensor

increasing up to 1%. The relationship between the
normalized resistance change and the deformation
is approximately linear, as shown by the blue line in

Fig. 3(c). The gauge factor (GF) of the strain sensor
can be calculated using the equation:

GF:&/&‘

1)
0
where J denotes the strain induced to gauge, which

can be calculated by the equation:
§%=2d—°cosgx100% (2)
da 2

where d, is the thickness of the substrate, d is the
chord length and 6 is the bending angle. The relative
resistance change is reproducible even after hundreds
of repetition cycles (Fig. 3(d)). The corresponding
piezoresistance gauge factor is ~27, which is much
better than that of conventional strain gauges based
on randomly oriented carbon nanotube films, whose
reported gauge factors were in the range of 7-10 [2, 3].
Furthermore, the gauge factor is also larger than that
for metal alloys [25] and ZnO nanowire paper [26].
However, note that this gauge factor is still an order
of magnitude smaller than those of the previously
reported single-nanotube devices [9, 10, 27, and 28].
As mentioned above, among the three types of
nanotubes, the SGS-SWNTs are the most effective
components for strain sensing. Therefore, for either
randomly oriented SWNT films or aligned SWNT
arrays, the coexistence of the armchair metallic as well
as semiconducting nanotubes with the SGS-SWNTs
will inevitably compromise the overall sensitivity of
the macro-scale strain devices. In addition, since the
F-mica substrate used in our work is a layer structured
material, the unavoidable problem of layer slippage
under bending curvature may also play a role in
reducing the strain sensitivity of the devices.

In order to further clarify the working mechanism
of the SWNT-array-based sensing devices, we fabri-
cated top-gate field-effect transistor (FET) devices, as
schematically illustrated in Fig. 4(a). Figure 4(b) depicts
the transfer characteristics (I4—V, curves) of the FET
device during bending and its recovery process. During
bending and recovery, the ON/OFF ratios of the FET
devices were ~1.5 and ~1.7 respectively, and the devices
could not be depleted completely, with OFF-currents
of about 199.4 nA and 169.8 nA, respectively. This
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behavior is typical for devices composed of both
metallic, SGS and semiconducting SWNTs, as the gate
voltage cannot deplete the metallic and SGS SWNTs.
Next, we selectively broke down the metallic and
SGS nanotubes in the device by using the electrical
breakdown method (shown in the inset of Fig. 4(c)),
after which the ON/OFF ratios of the device increased
to about ~10%. We then performed comparative measure-
ments of strain-induced resistance changes for the
remaining semiconducting SWNTs. As shown in
Figs. 4(c) and 4(d), the transfer characteristics when
bent and flat were similar, and the strain-induced
relative resistance change of the device was minimal.
This result clearly indicates that the observed strain
sensitivity for the original device shown in Fig.3
mainly results from the quasi-metallic SGS-SWNTs,
plus a small contribution from the armchair metallic
SWNTs. Regarding the strain sensing characteristics
and band-gap opening mechanism of SGS-SWNTs, a
schematic illustration based on the conclusions in the
previous literature [6-10] is shown in Fig. 4(e). Unlike
the high-symmetry armchair metallic SWNTs whose
sub-bands will always cross over the Dirac point under
tensile stretching, the SGS-SWNTs are extremely
sensitive to axial strain. Since the axial strain will
cause deformation of the Brillouin zone, the distance
between the sub-band and the Dirac point will increase
and thereby induce an increase in band-gap and the
resulting resistance. As shown in Refs. [7], and [8],
considering the influence of curvature-induced bond
length change, the band-gap of some SGS-SWNTs
will decrease first and then increase under stretching,
corresponding to the variability in change of
resistance. This is another reason for the weaker
resistance change for the coexisting SGS-SWNTs with
different chiralities. As shown in Fig. 4(b), when the
resistance change of the SWNT-array device increased
to ~27%, the ON/OFF ratio changed slightly from ~1.5
to ~1.7. This result is quite typical of quasi-metallic
SGS-SWNT behavior, as the magnitude of strain-
induced band-gap opening is only on the order of
dozens of meV and cannot surpass the thermal
excitation energy at room temperature. Here we note
that our result is also in good agreement with the
results reported in Ref. [10], where for an individual
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Figure 4 (a) A sketch of the top-gate FET. (b) 4~V curves of
the device during bending and flattening. IV, curves (c) and
AR/Ry—6 curve (d) of the device during bending and flattening
after the metallic SWNTs were removed by electrical breakdown
(as shown in the inset of Fig. 4(c)). (e) Schematic illustration of
the deformation of the Brillouin zone of SGS-SWNT caused by
uniform axial straining. As the tube is strained in the axial direction,
the sub-bands (the red lines) will no longer cross the Dirac point
(the K point)

SGS-SWNT (Sample 8.1b-CL) under axial strain, the
change in ON/OFF ratio was from ~1.8 to ~2.3 when
the resistance change was up to ~35%.

4. Conclusions

We have demonstrated a promising route to directly
synthesize highly parallel aligned ultralong SWNT
arrays on flexible and transparent F-mica substrates.
The SWNT arrays on F-mica show the excellent
macro-scale sensor characteristics of high sensitivity,
high ON-state current density, and easy manipulation
and integration. The large-area growth of aligned
ultralong SWNT arrays on F-mica substrates is a
promising technique for scalable and high-throughput
fabrication of nanodevices for flexible and transparent

electronics.
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