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Abstract
We report the fabrication and characterization of layer-by-layer self-assembled single-walled carbon nanotube (SWNT) thin films on plastic
substrates. The SWNT multilayers are alternating layers of SWNTs and poly(dimethyldiallylammonium chloride) (PDDA). The SWNTs are
deposited on the pre-patterned gold electrodes and measured as thin-film resistors. The resistance of the SWNT thin film decreases when the
number of assembled SWNT layers increases. The SWNT layers are modeled as a set of resistors in parallel with a “base” resistor and “layer”
resistors. The flexibility of the polymer substrate allows high bending angles. We discovered that increasing the substrate bending angle greatly
decreases the resistance of the SWNT thin film. For thin-film resistors (length: 2.8 cm) containing 14 and 16 SWNT layers, the resistance changes
are measured as −38.2% and −47.1% at a bending height of 1 cm. The observed “piezoresistive” phenomenon of the assembled SWNT thin films
creates opportunities for highly sensitive sensors and electronic devices in many areas.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction
The development of microelectromechanical systems
(MEMS) has achieved great progress in the past 20 years [1]. Silicon is the dominant material for most microsystems. However,
since the application areas have been broadened, silicon is not
always the best material choice: silicon is expensive, brittle, and
only available in specific shapes; silicon-based fabrication techniques need expensive instruments and cleanroom environment;
and silicon is incompatible with many chemical and biological
substances. Presently, research work about polymer electronics and polymer MEMS is growing rapidly. Polymers offer a
number of advantages for microsystems: low material cost for
high-volume fabrication; polymers are flexible and transparent;
wide ranges of material properties and surface chemistries are
available; and polymers are chemically and biologically compatible. It is believed that polymer integrated circuits (ICs) will
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take the place of silicon ICs in the low-end applications in the
future.
The increasingly miniaturized micro/nano electronic devices
and systems require smaller structural dimensions. Devices at
nanometer scale represent the trend of fabrication and commercialization. Nanoscale materials including nanoparticles,
nanowires, carbon nanotubes (CNTs), and biomolecules fulfill
the requirements of nanofabrication and can be used for the
development of innovative devices [2,3]. Among them, singlewalled carbon nanotubes (SWNTs) have attracted tremendous
attention due to their outstanding electrical and mechanical
properties. Compared with traditional semiconducting materials, SWNTs demonstrate higher carrier mobility and better
performance [4,5]. However, the process of producing individual
SWNT devices is often time-consuming, and it requires complicated procedure and expensive equipment. In contrast, thin
films composed of random network or aligned array of SWNTs
are easily to produce and can be a good alternative [6]. SWNT
multilayer can be produced in several hours with the “bottomup” layer-by-layer (LbL) self-assembly technique, which is a
low-cost and low-temperature approach for thin film deposition
[7]. The thickness of the SWNT multilayer thin film can be

W. Xue, T. Cui / Sensors and Actuators A 145–146 (2008) 330–335

controlled from nanometer to micrometer scale [8]. Moreover,
research shows that the SWNT thin films can be electrically continuous over large areas and therefore enhance the reliability of
the devices [9].
We recently reported the deposition and characterization of SWNTs on silicon substrates [10,11]. The thin
films are built with alternating layers of SWNTs and
poly(dimethyldiallylammonium chloride) (PDDA, a positively
charged polyelectrolyte). SWNTs are negatively charged by
covalently attached carboxylic groups (–COOH) after being
treated with nitric and sulfuric acids [12]. The assembly of
SWNTs provides a low-cost, low-temperature, and solutionbased technique to produce ultrathin films with a short process
time. In this paper, we assemble SWNTs on flexible substrates
and explore the electrical properties of the SWNT thin films.
The cost of the thin-film devices is further reduced. In order
to characterize their electrical properties, the SWNT thin films
are assembled on pre-patterned Au electrodes. Relatively high
numbers (≥10) of SWNT layers are assembled on the substrates
to ensure the interconnection between the metallic SWNTs.
With an increasing number of the assembled SWNT layers,
the resistance of the resistor decrease nonlinearly. Due to the
high flexibility of the plastic substrate, we are able to bend the
substrates at high angles. The resistance of the SWNT resistor decreases when the device is bent. The phenomenon and
the underlying principles are described and discussed. Based on
the “piezoresistive” phenomenon, a number of high-sensitivity
sensors and electronic devices can be produced for a variety of
applications.
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Fig. 1. Schematic structure of an SWNT thin-film resistor built on a flexible
substrate.

built in a repeated fashion by a “positive–negative–positive”
charge alternation. The thickness of a (PDDA/SWNT) bi-layer
is approximately 7.6 nm, reported previously by our group [10].
The fabrication of the SWNT thin films is very controllable,
although there is a large degree of SWNT randomness in the
resulting film. The schematic structure of the thin-film resistor
is shown in Fig. 1. The width w and the length l of the resistor
are 1 and 6 mm, respectively.
Fig. 2a shows a transparency film with patterned Cr/Au electrodes. The optically transparent property of the film offers

2. Experiments
The pristine SWNT powder was purchased from Chengdu
Organic Chemicals Co. Ltd. The average diameter and length
of the SWNTs are 1.1 nm and 50 m, respectively. To increase
the solubility, the pristine SWNTs were first treated with nitric
and sulfuric acids (1:3 HNO3 :H2 SO4 ) at 100 ◦ C for 45 min, and
followed by filtration and ultrasonic vibration in deionized (DI)
water. After the chemical functionalization process, the SWNTs
are negatively charged and uniformly dispersed in DI water.
More details in material preparation can be found in our previous
report [12].
The creation of the SWNT resistors began with gluing a
piece of off-the-shelf plastic transparency film on a 4-in. silicon
wafer. Metal layers of Cr/Au (1000 Å/2000 Å) were electronbeam evaporated on the substrate and patterned as electrode
pads using the conventional silicon surface-micromachining
techniques including spin coating, UV lithography, photoresist
development, and metal wet etching. An SWNT multilayer thin
film composed of (PDDA/SWNT)n was deposited on the substrate and covered the whole surface, where n represents the
number of coated layers. The SWNT thin film was coated using
a “bottom-up” technique called layer-by-layer self-assembly.
PDDA is a positively charged polyelectrolyte and the functionalized SWNTs have negative charges on the sidewalls and open
ends; therefore, they can be held together by electrostatic force
and form stable thin films. The (PDDA/SWNT)n multilayer was

Fig. 2. (a) Patterned Cr/Au electrodes on a transparency substrate, (b) flexed
transparency film and (c) transparency film coated with 5 layers of SWNTs.
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calculated the average resistances of these devices. The average
resistances from 12 measurements are calculated as R = 6.37,
0.73, 0.30, 0.21 and 0.14 M for resistors with n = 10, 12, 14,
16 and 18, respectively. The resistance decreases dramatically
when n increases from 10 to 12. The decrease becomes relatively small after n ≥ 12 (Fig. 4b). The scattered squares in
the figure represent the measured results while the line represents the theoretical fit from the model shown in Fig. 5. The
assembled SWNT thin films were also characterized using the
four-point probe technique. Thin films with less than 10 SWNT
layers were detected as insulators due to their high resistance.
For (PDDA/SWNT)n multilayer with n ≥ 12, the shape of the
resistivity–number (ρr –n) curve from the four-point probe measurement is similar to that of the resistance–number (R–n) curve
from the current–voltage (I–V) characterization (Fig. 4b, inset).
The resistivity ρr of the SWNT multilayer is in the range of
0.5–2  cm, which is similar to silicon with a doping concentration of approximately 1016 cm−3 [13].
In the LbL self-assembly process, the SWNTs are deposited
in a repeated fashion. Each (PDDA/SWNT) bi-layer con-

Fig. 3. High-resolution SEM images of self-assembled SWNTs.

advantages such as easy assembly and easy fault diagnosis of
the devices. The transparency film is highly flexible, as shown in
Fig. 2b. Moreover, there is no observed degradation in their resistance after repeated flexure. The transparency film gets darker
as more SWNT layers are coated. Fig. 2c shows an optical
image of the substrate coated with 5 SWNT layers. The highresolution scanning electron microscope (SEM) images of the
self-assembled SWNTs are illustrated in Fig. 3. The nanotubes
are randomly grown on the surface and form a continuous network (Fig. 3a) on the substrate. The stretching of the thin film
or the substrate causes “cracks” of the SWNT thin film. The
SWNTs are stretched in between the gap and are still able to
maintain the continuity of the thin film due to their high aspect
ratios (Fig. 3b).
3. Electrical characteristics
The self-assembled SWNT thin-film resistors were characterized with an HP 4156A semiconductor parameter analyzer.
Fig. 4a shows the measurement results of resistors with 10, 12,
14, 16 and 18 SWNT layers. All resistors demonstrate highly
linear properties in the range of −2 to 2 V. The calculated resistances are R = 3.56, 1.57, 0.70, 0.24 and 0.17 M, respectively.
Since the SWNTs are randomly coated on the substrate and the
resistance of the resistors can vary in a wide range, we fabricated a number of SWNT resistors on the flexible substrates and

Fig. 4. Characteristics of SWNT thin-film resistors on flexible substrates. (a)
Experimental current–voltage (I–V) curves of the thin-film resistors and (b)
calculated average resistance (R) vs. the number of coated SWNT layers (n).
The inset shows the results from the I–V characteristics as well as the four-point
probe.
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Fig. 5. An equivalent circuit model for the LbL self-assembled SWNT multilayer.

tributes to the conductance of the multilayer. Structurally, the
(PDDA/SWNT) bi-layers are parallel to each other. Electrically,
they are all connected to the Au electrodes and play similar roles
during the carrier transmitting. Compared with SWNTs, the conductivity of PDDA is much lower. SWNT is a highly conductive
material with an intrinsic mobility exceeding 100,000 cm2 /(V s).
On the other hand, PDDA, as the intermediate electrostatic glue,
has a high dielectric constant of 30–120 [14]. Therefore, the
PDDA layers can be considered as the insulating layers between
the SWNT conductive layers. As a result, the SWNT layers can
be modeled as a set of resistors in parallel, as shown in Fig. 5.
The first 10 SWNT layers are to accumulate SWNTs and provide
a conductive channel for the charge carriers. It can be modeled
as a “base” resistor with resistance R10 = 6.37 M. The subsequent (PDDA/SWNT) bi-layers can be modeled as “layer”
resistors with resistance R0 = 1.35 M. The resistance of the
SWNT thin-film resistor with n SWNT layers can be calculated
as: Rn = (R0 R10 )/[R0 + (n − 10)R10 ]. The curve in Fig. 4b represents the theoretical fit from the circuit model. It should be
pointed out that the model is built based on empirical observations. Even though the model represents the structural and
electrical properties of the multilayer resistors, the data are collected from this particular experiment and the values are only
accurate for this type of device. For example, we noticed that
the assembly of SWNTs on silicon and flexible substrates can be
different. The resulting SWNT films may have different uniformity across the surfaces of the substrates. In general, the SWNT
films on silicon substrates have better uniformity. As a result, the
film on silicon may need fewer layers to accumulate sufficient
SWNTs and provide a channel for charge carriers. In addition,
we neglected the interconnection between SWNTs from different layers. This simplifies the model but may not be accurate
for certain film configurations. To gain a more thorough understanding of the multilayer films, more data need to be collected
and analyzed.
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experiment using AFM tips to deflect individual SWNTs demonstrates that the conductance of the manipulated SWNT can
be reduced by two orders of magnitude [18]. Furthermore, a
recent electromechanical study shows that the torsional strain on
SWNTs can increase the resistance of some tubes but decrease
the resistance of others [19]. These theoretical and experimental research efforts provide evidences of individual SWNTs
under mechanical distortion. However, it remains uncertain
how SWNT composites behave electrically under mechanical
deformation. Because of this gap in the research, the electromechanical properties of the LbL self-assembled SWNT thin films
are investigated using flexible substrates in this paper. In comparison to silicon substrates, the properties of electrical devices
fabricated on flexible polymer substrates are typically less stable and less constant. The resistance of different resistors with
the same number of SWNT layers can vary by a large amount.
However, the inherent advantage of high flexibility makes the
polymer substrates suitable candidates for the electromechanical
bending experiments.
The thin-film resistors used in the bending experiments were
prepared with the same method described above. They have
the same schematic structure as the resistor shown in Fig. 1.
The width w is kept as 1 mm and the length l is elongated to
2.8 cm. The measurement system setup is shown in Fig. 6a. One
end of the device is fixed on the testing stage. The other end
can be moved horizontally toward the fixed end and glued on
the testing stage using a double-sided tape at desired locations.
During the measurements, the flexible substrate is only allowed
to bend upward. The highest point, in the middle of the resistor, is measured and recorded as height, h (in cm). Two testing
probes of the HP 4156A are connected to the electrodes and
detect the current going through the SWNT resistor. Two resistors with 14 and 16 SWNT layers were characterized; and the

4. Electromechanical characteristics
The effects of the mechanical distortions of carbon nanotubes on their electrical properties have been studied recently
[15,16]. One theoretical study shows that the bending of the
SWNTs increases their electrical resistance [17]. An in situ

Fig. 6. (a) Electromechanical measurement system setup for the SWNT thinfilm resistor on a flexible substrate and (b) resistance vs. mechanical deformation
of the SWNT thin films.
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resulting height–resistance data are plotted in Fig. 6b. The initial resistances of the flat (SWNT)14 and (SWNT)16 thin-film
resistors are measured as 0.55 and 0.34 M, respectively. For
both devices, the resistance decreases with an increased bending
height. At the location where h = 1 cm, the resistance is measured as 0.34 M for the (SWNT)14 resistor and 0.18 M for
the (SWNT)16 resistor. Here the resistor gain can be defined as
Gn = Rn /Rn . Therefore, G14 and G16 can be calculated approximately as 38.2% and 47.1%, respectively. They are more than 10
times higher than that of silicon (under realistic stress patterns,
for p-type silicon, G ≈ 2.8%, and for n-type silicon, G ≈ −4.6%)
[20].
Experimental and theoretical studies from the previous
reports revealed that the bending of individual SWNTs decrease
its electrical conductance [17,18]. Here, the bulk SWNT composite in these experiments showed an opposite tendency. This
can be explained by the nature of the LbL self-assembly and
the electromechanical characteristics of the individual SWNTs.
One of the main advantages of the LbL self-assembly is that
the final structure is close to the thermodynamic equilibrium
[21]. The system’s thermodynamic minima results in stable and
robust structures. Self-assembled materials tend to pack closely
to each other and the previous layer. Therefore, the SWNTs bend
to follow the topography of the substrate due to their extremely
high aspect ratios.
From the SEM inspection, the SWNTs grown by LbL selfassembly are randomly distributed on the surface and overlap
each other. Based on the direction of the charge carrier transmission, the SWNTs can be projected into two directions:
x-direction which is parallel to it and y-direction which is perpendicular to it. The axial deformation in x-direction has a higher
influence on the resistance of the device. Two simplified structural models can be built to represent the SWNT overlapping
another SWNT (Model-1) or following a surface with a hole
(Model-2), as shown in Fig. 7. The radial deformation of the
SWNTs caused by the overlapping is neglected in this model
[22].
The SWNTs have high local deformation angles θ 1 and θ 2 .
When the substrate bends upward at an angle ϕ, the deformed
part of the SWNT remains the same while other parts follow
the topography of the bended profile. The SWNTs tend to maximize their adhesion energy and keep the maximum contact area
with the substrate [17]. For the Model-1 (Fig. 7b), the local
deformation angle decreases to approximately θ1 = θ1 − ϕ. The
resistance of the SWNT decreases due to the angle change [18].
For the Model-2 (Fig. 7d), the local deformation angle is approximately θ2 = θ2 + ϕ. The resistance of the SWNT increases due
to the angle change. These two effects counteract each other to
some extent. The overall resistance is affected by several factors
including the magnitude of the angles θ 1 , θ 2 and ϕ; but it mainly
depends on which model is the dominant one for most devices.
For a perfectly smooth surface with only one SWNT layer, the
SWNTs follow the flat surface and bend upward when crossing
over another SWNT. Almost all of the axial deformation cases
belong to the Model-1, and the Model-2 can be neglected since
there is no channel or hole on the surface. For a very rough surface, the possibilities of a SWNT crossing over another SWNT

Fig. 7. Schematic models for axial deformation of SWNTs on different topographies.

and falling in a hole are the same. Therefore, these two models
are of the same importance. In reality, the LbL self-assembly
process provides a relatively smooth surface by using PDDA as
the intermediate “annealing” polyelectrolyte [23]. It is unlikely
that there are a large number of pits and holes on the surface of
the assembled multilayer. Moreover, even though the SWNTs
tend to follow the topography of the substrate, fully stretched
SWNTs can bridge over small pits and holes without apparent flexure. This reduces the effects of the Model-2. Therefore,
the deformed SWNTs represented by the Model-1 have higher
effects on the final electrical resistance of the device. In contrast to the electromechanical characteristics of the individual
SWNTs, the resistance of the LbL self-assembled SWNT thinfilm resistor is decreased when the substrate is bent. However,
the underlying principles governing the two phenomena are the
same.
It should be pointed out that both models are simplified and
can only be used for conceptual demonstration. The models are
based on an assumption that the axial deformation of SWNTs
is the primary cause for the resistance change. In reality, however, there are many more possibilities. For example, the SWNTs
are randomly assembled on the substrate, there is not alignment
observed. When bending the flexible substrate, torsional deformation may occur in a number of SWNTs. This may induce
resistance change for the SWNT film. As reported by Hall et
al., under torsional strain, all metallic and half of the semicon-
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ducting SWNTs have resistance increase, while the other half of
the semiconducting SWNTs have resistance decrease [19]. Even
though it is still uncertain how all the SWNTs perform as a whole
in the thin film, we suspect that the two effects counteract each
other in some extents and therefore are not the major causes.
Another possible cause comes from the nanotube–nanotube
interconnection. The bending of the substrate may deteriorate
the electrical connection between the SWNTs. In layer-by-layer
self-assembled films, however, the SWNTs are always reinforced by two adjacent PDDA layers. The PDDA molecules help
the SWNTs to stay in their positions even under substrate bending. Therefore, the nanotube–nanotube interconnection is not
considered as the primary cause and it is neglected in the models.
To obtain a better understanding of the electromechanical properties of the SWNT thin films, a number of factors such as the
axial/radial deformation of the SWNTs, the torsional distortion
of the SWNTs, the magnitude of the bending angles, the roughness of the surface, and the nanotube–nanotube interconnection
need to be taken into consideration. The simplified models can
explain our preliminary experiment results. However, they are
not sufficient to explain or predict the value of the resistance
shift. In addition to the experimental approach, detailed models
consist of all important factors need to be carefully constructed
to provide the analytical support.
5. Conclusion
In summary, we have demonstrated the fabrication and
characterization of SWNT multilayer thin films on flexible substrates. Measurement of the fabricated resistors shows that the
resistance depends highly on the number of SWNT layers.
Bending of the substrate can reduce the resistance as much
as 47.1%, more than 10 times higher than that of the standard
silicon substrates. Based on the unique electromechanical property of the LbL self-assembled SWNT thin films, a number of
MEMS/NEMS devices such as pressure sensors, accelerometers, and magnetic sensors can be designed and fabricated.
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