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Highly Bendable, Transparent Thin-Film Transistors That Use
Carbon-Nanotube-Based Conductors and Semiconductors
with Elastomeric Dielectrics**
By Qing Cao, Seung-Hyun Hur, Zheng-Tao Zhu, Yugang Sun, Congjun Wang, Matthew A. Meitl,
Moonsub Shim, and John A. Rogers*
We report the use of networks of single-walled carbon
nanotubes (SWNTs) with high and moderate coverages (measured as number of tubes per unit area) for all of the conducting (i.e., source, drain, and gate electrodes) and semiconducting layers, respectively, of a type of transparent, mechanically
flexible, thin-film transistor (TFT). The devices are fabricated
on plastic substrates using layer-by-layer transfer printing of
SWNT networks grown using optimized chemical vapor deposition (CVD) procedures. The unique properties of the
SWNT networks lead to electrical (e.g., good performance on
plastic), optical (e.g., transparent at visible wavelengths), and
mechanical (e.g., extremely bendable) characteristics in this
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“all-tube” TFT that would be difficult, or impossible, to
achieve with conventional materials.
Invisible circuits based on transparent transistors have
broad potential applications in consumer, military, and industrial electronic systems.[1,2] In backlit display devices, for example, transparent active-matrix circuits can increase the
aperture ratio and battery life. Transparent electronic materials that can be printed on low-cost, flexible, plastic substrates
are potentially important for new applications, such as bendable heads-up display devices, see-through structural health
monitors, sensors, and steerable antennas.[3–5] More advanced
systems, such as electronic artificial skins[6] and canopy window displays, will require materials that can also tolerate the
high degrees of mechanical flexing (i.e., high strains) needed
for integration with complex curvilinear surfaces.
Most examples of transparent TFTs (TTFTs) use thin
films of inorganic oxides as the semiconducting and conducting layers.[7–9] Although the electrical properties of these
oxides can be good (mobilities and conductivities as high as
20 cm2 V–1 s–1[10] and 4.8 × 103 X–1 cm–1,[11] respectively), their
mechanical characteristics are not optimally suited for use in
flexible and mechanically robust devices. For example, the
tensile fracture strains for ZnO and indium tin oxide (ITO)
thin films are less than 0.03 %[12] and 1 %,[13] respectively.
Aligned arrays[14] or random networks[15,16] of individual
SWNTs represent alternative classes of transparent semiconducting and conducting materials. In networks with high
coverages of SWNTs, especially when in the form of small
bundles, the metallic tubes (normally present with semiconducting tubes in a 1:2 ratio) form a percolating network that
behaves like a conducting “film”.[17,18] At moderate coverages,
only the semiconducting tubes form such a percolating network and the film shows semiconducting properties.[19] Unlike
the oxides, the SWNT films have excellent mechanical properties due to their high elastic moduli (1.36–1.76 TP nm/tube
diameter nm)[20] and fracture stresses (100–150 GPa)[21] of the
tubes. SWNT-based semiconductors have been used in flexible TFTs.[15,22–24] In one case, solution-deposited SWNT networks also formed the gate electrodes.[25] Although these
TFTs can show good electrical properties, especially when
CVD tubes are used,[24,26,27] the metal (Au, Pd, etc.) source,
and drain electrodes limit their optical transparency and
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Figure 1. Schematic illustration of the materials, device layout, and fabrication procedures for mechanically flexible TTFTs that use SWNT networks for all of the active layers. The process involves CVD and transfer
printing of SWNTs, to form the semiconducting and conducting layers of
the devices. m-CNN and s-CNN refer to carbon nanotube networks that
exhibit metallic and semiconducting properties, respectively. (EtOH) indicates a CVD procedure that uses a Fe/Co/Mo trimetallic catalyst
loaded onto a high-surface-area silica support and ethanol feeding gas;
(CH4) indicates a similar growth procedure, but with methane as the
feeding gas. The s-CNN layer was synthesized using CVD with a ferritin
catalyst and methane feeding gas. TP refers to the transfer-printing
process; RIE stands for reactive ion etching. PR: photoresist; PET: poly(ethyleneterephthalate).

SiO2(100 nm)/Si wafer by CVD with a Fe/Co/Mo trimetallic
catalyst[29] and methane (CH4) feeding gas defined a metallic
network (referred to as m-CNN(CH4)) with moderately
high coverage (∼ 55 tubes lm–2[30]). Transfer printing this
m-CNN(CH4) layer with an elastomeric stamp by use of a thin
photocurable epoxy adhesive layer (SU8-2, Microchem Corp.)
on the PET formed the gate electrodes of the TFTs. Devices
were built using two different materials for the gate dielectric.
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One dielectric consisted of a spin-cast layer (thickness
1.5 lm) of the SU8-2 epoxy, which has mechanical properties
comparable to other polymer electronic materials. The other
dielectric was composed of a transfer-printed layer (thickness
≈2–4 lm) of the elastomer poly(dimethylsiloxane) (PDMS;
Sylgard 184, Dow Corning),[31] which offers extremely high
levels of elongation (greater than 100 %) before fracture, and
a thin layer of epoxy spin-cast on top (thickness 300 nm) to
promote adhesion of the SWNTs during transfer printing. In
both cases, a thin layer of Al2O3 (thickness 100 nm) was
deposited onto the m-CNN(CH4) layer and then exposed
briefly to O2 plasma to promote wetting and adhesion of the
epoxy and PDMS dielectrics. This layer was chosen to be
sufficiently thick to protect the m-CNN(CH4) layer from
exposure to the plasma. A moderate-coverage CVD SWNT
network (14 tubes lm–2) provided the semiconducting network (referred to as s-CNN).[32] Transfer printing this s-CNN
layer onto the surface of the gate dielectric defined the semiconductor layer of the TFTs. The dielectric thickness was
selected to be much larger than the average spacing between
the tubes in the m-CNN(CH4) layer, to minimize spatial variations in the gate field at the semiconductor level. Calculations are provided in the Supporting Information. The
source and drain electrodes used a high-coverage SWNT network (> 200 tubes lm–2, thickness ≈20–30 nm) grown on a
SiO2(100 nm)/Si substrate using procedures similar to those
for the m-CNN(CH4) layer, but with an ethanol (EtOH) feeding gas. Photolithography and oxygen-plasma etching on the
growth substrate defined electrode patterns in this network
(referred to as m-CNN-(EtOH)). Printing this patterned
m-CNN(EtOH) layer onto the s-CNN layer formed source
and drain electrodes electrically contacted to the semiconductor. Oxygen-plasma etching of the s-CNN through a photopatterned layer of photoresist electrically isolated individual
TFTs and completed the fabrication process. We note that the
printed CNN layers, in all cases, adhered well to the underlying materials. As a result, considerable processing, such as
photolithography as described above, was possible without removing substantial numbers of SWNTs or significantly altering the properties of the networks.
Figure 2 shows scanning electron microscopy (SEM) images
of each type of network after transfer printing onto a PET substrate. The uniformity in all cases is high, without any noticeable
fluctuations in tube density over several square centimeters
when the surface of the SiO2/Si growth wafer was rendered
hydrophilic with piranha-solution treatment before depositing
the catalysts. The sheet resistances (Rs) of each type of SWNT
network on PET were measured using a standard transferline model. The Rs values were ∼ 265 ± 2 X square–1 and 9.5 ±
0.1 kX square–1 for the m-CNN(EtOH) and m-CNN(CH4)
films, respectively (see Supporting Information). To optimize
the transistor transparency, we selected growth conditions for
the m-CNN(EtOH) layer that would minimize the amount of
amorphous carbon, multiwalled tubes, and bundles formed, by
adjusting the ratio between ethanol and hydrogen. Similar optimization was carried out for the m-CNN(CH4) layer. In this
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mechanical flexibility (typical fracture strains for gold films
are ∼ 0.5 %[28]).
In this communication, the use of SWNT networks for all
the conducting and semiconducting layers of TFTs is demonstrated. The devices use pristine networks with coverages
ranging from several tubes to hundreds of tubes per square
micrometer, grown by optimized CVD procedures on hightemperature substrates. Printing these network layers using
dry-transfer techniques[24] one after another onto transparent
plastic substrates and physically tough transparent dielectric
layers yields highly bendable TTFTs. Analysis of the electrical, mechanical, and optical properties of the network films,
the interfaces between them, and the resulting flexible TTFTs
reveals unique characteristics that would be difficult, or
impossible, to obtain with conventional materials.
Figure 1 shows a schematic illustration of the materials, device layouts, and fabrication procedures. Sheets of poly(ethyleneterephthalate) (PET; thickness ≈180 lm) served as transparent, flexible device substrates. Growth of SWNTs on a
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Figure 2. a–c) SEM images of SWNT networks that serve as source/drain electrodes (part a), gate electrodes (part b), and semiconductor layers (part
c) in bendable TTFTs. d) SEM image of the interface between a source/drain electrode (left) and the semiconductor (right). e) Completed array of the
“all-tube” TTFTs on a plastic substrate. The arrow indicates the source/drain structures which are slightly visible as arrays of grey squares in the center
of this image.

case, however, we adjusted the coverage to be lower than that
of the m-CNN(EtOH) layer to balance the degree of transparency and Rs, since modest conductivity in the gate electrode is
acceptable for the individual device measurements presented
here. Unlike the other films, Rs of the s-CNN layer could be
modulated significantly using a gate electrode. The electrical
properties of this layer were evaluated directly through measurements on the TFTs, as described in the following. The electrical properties of the interface between the source/drain electrodes and the semiconductor are critically important to device
operation. Figure 2d shows an SEM image of the boundary
between an m-CNN(EtOH) electrode (left) and a s-CNN film
(right) (the apparent differences in tube diameters in the
m-CNN(EtOH) and s-CNN films are artifacts of the SEM
imaging and result from differences in the charging behavior in
these two networks). Scaling studies, described subsequently,
indicate that the contact resistance associated with this interface
is negligible for the operation of devices studied here. The bottom frame of Figure 2 shows an array of completed TTFTs,
which can be seen faintly in the center of this image as arrays of
grey squares.
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Figure 3 presents electrical characteristics of all-tube
TTFTs that use epoxy dielectrics. In all cases, the devices operate in p-channel enhancement mode, and have leakage currents < 5 nA. The effective device mobilities are between
26 and 30 cm2 V–1 s–1, as evaluated by applying the Shockley
model to the transfer curves of Figure 3a.[27] Gate capacitances, Ci, are given by

 1 

dAl2 O3 dSU8 2 1
1
1



Ci 
eAl2 O3 eSU8 2
CAl2 O3 CSU8 2
 2:3 nF cm

2

(1)

where Cx, dx, and ex (x = Al2O3, SU8-2) are the capacitances,
thicknesses, and dielectric constants, respectively, of the
Al2O3/SU8-2. This expression for the gate capacitance considers only the geometric properties and the material dielectric
constants; it does not take into account fringing fields.[33] Figure 3b shows the current–voltage characteristics of a device
with channel length, L= 225 lm in the linear-response regime.
Figure 3c summarizes the mobilities and on/off ratios. We fabricated five different device arrays on plastic substrates. Each
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array consisted of 24 transistors with different channel
lengths. We observed yields of ∼ 80 % with all failed devices
due to gate leakage. The mobilities of devices with identical
geometries in a given array were the same to within ∼ 5 %;
variations of ∼ 20 % were observed in devices measured on
different arrays generated in different fabrication cycles. We
did not observe any degradation in device characteristics over
several months of storage in open air. The on/off ratios are
modest because of the finite sheet resistance of the s-CNN
layer, and they decrease with channel length as the probability
of purely metallic pathways from source to drain increases.
Chemical[34–36] and electrical[27] techniques can increase the
on/off ratios by eliminating conduction through the metallic
tubes.
The L-independent mobility values (Fig. 3c) and the linear
scaling of on-current with 1/L (Fig. 3a, inset) are both consistent with semiconductor/electrode contacts that have negligible effects on device performance in this range of channel

Adv. Mater. 2006, 18, 304–309

COMMUNICATIONS

Figure 3. a) Transfer characteristics of all-tube TTFTs with different channel lengths (L). The
channel widths were 750 lm and the drain/source voltage (VDS) was –1.0 V in all cases. The
channel lengths were 30, 55, 75, 112, 150, 225, and 300 lm from the top to the bottom, respectively. The dashed line indicates the slope used for determining the mobility for, as an example, the L= 30 lm device. Inset: On current (ION) versus the reciprocal of channel length
(1/L). b) Current–voltage characteristics of a TTFT with a 750 lm channel width and a 225 lm
channel length (gate voltage, VGS: –80 to 40 V from top to bottom; 20 V steps). c) Effective device mobilities (dashed line, right axis) and on/off ratios (solid line, left axis) as a function of
channel length. d) Width-normalized channel resistance as a function of channel length at different gate voltages (VGS: –45 to –30 V from top to bottom; 5 V steps).

lengths. We also performed a scaling analysis by evaluating the channel resistance as a
function of channel length and gate voltage,
in the linear regime[37] (see Fig. 3d). The
contact resistances, as determined from the
y-axis intercepts of linear fits to the data,
are negligible for all the channel lengths
and gate voltages studied here, when compared to the channel resistances. This small
resistance suggests good electrical contacts
between the printed CNN layers. At the interface, each SWNT in the s-CNN layer is
contacted to hundreds of metallic tubes
in the m-CNN(EtOH) layer. Even with
substantial tunnel and Schottky barriers
between semiconducting and metallic
tubes,[38,39] the overall contact resistance between the networks is low. The unipolar
p-channel operation suggests that the Fermi
level of the metallic tubes is not at the center of that of the semiconducting tubes[40] in
spite of their similar graphene-like band
structure, which is consistent with photoemission electron microscopy measurements.[41]
Figure 4 presents transmission spectra in
the visible range of the electromagnetic
spectrum for the PET substrate and the
source/drain region of a completed TTFT.
The data are not corrected for reflection
losses. The transmittance of the source/
drain region of the completed TTFT is
∼ 80 % or larger in the visible region, which
is only slightly less than the 85 % transmittance of the bare PET substrate. The absorbance of the m-CNN(CH4), s-CNN films,
and dielectrics are all negligible compared
to that of the m-CNN(EtOH) layer. The

Figure 4. Optical transmittance as a function of wavelength for the PET
substrate and the entire TTFT structure (including substrate) through the
source/drain region. Inset: The arrow highlights one TTFT in an array of
such devices formed on a sheet of PET that rests on top of a sheet of paper with printed text.
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level of transparency in these devices is comparable to some of
the best TTFTs that use semiconducting and conducting oxides.[8,10] Furthermore, the SWNT devices show less variation
in transmittance with wavelength than ITO. This neutral color
response represents an advantage for display applications.
Note here that the bandgap of the SWNTs (0.5–0.7 eV for
1–1.5 nm semiconducting SWNTs[40]) is much smaller than
those of the oxides (> 3 eV[1]). The transparency of the SWNT
networks derives not from a large bandgap, but from i) a low,
polarization-dependent, optical absorption cross section that
results from the small size and highly anisotropic shape of the
tubes;[42] ii) low carrier density in the SWNTs,[17] which results
in low plasma frequency; and iii) high intrinsic mobilities and
conductivities of SWNTs, such that even relatively low-coverage films (estimated at 10–25 % by area for the least-transparent m-CNN(EtOH) layer) provide good electrical properties.
The bending properties of these devices are also very good,
in part due to the excellent mechanical properties of the
SWNTs.[43,44] Figure 5 shows some results of bending tests,
using previously described systems to induce tensile strains,[45]
for devices that use epoxy dielectrics. Relatively small changes

electric, due to cracking, causes this behavior. By using PDMS
as a physically tough elastomeric dielectric, it was possible to
operate the devices successfully up to tensile strains of 3.5 %
(see Supporting Information). This level of strain causes significant plastic deformation in the PET substrate. Even in
these devices, failure occurs due to the appearance of large
gate-leakage currents, rather than to electrical discontinuities
in the SWNT networks. This result suggests that improved
materials for the substrate and dielectric could enable even
higher degrees of flexibility than those reported here.
In summary, transparent and flexible TFTs with good electrical properties can be realized with transfer printing CVD
SWNT networks for use as the source/drain and gate electrodes, and semiconducting channel. When implemented with
elastomeric dielectrics and flexible plastic substrates, these
devices show extremely high degrees of flexibility. The main
drawbacks of TFTs of this type are the moderate-to-low on/
off ratios that occur in devices with high mobilities. Emerging
chemical and electrical approaches appear promising for increasing the on/off ratios by selectively eliminating metallic
pathways through the s-CNN layers.[27,34–36] As a result, we believe that these types of SWNT-based thin-film electronic
materials will be important. Devices that use them have the
potential to offer levels of electrical, optical, and mechanical
performance that cannot be realized using known approaches.

Experimental

Figure 5. a) Transfer characteristics of a SWNT TTFT whose channel
length and width are 225 and 750 lm, respectively, as measured before
bending, at weak (0.83 %), moderate (1.7 %), and strong bending
(2.2 %), and after bending. b) The change of normalized transconductance g/g0 for transistors with an epoxy (solid line) and PDMS (dashed
line) dielectric layer versus strain. Inset: Image showing the extremely
high levels of bending that can be achieved with all-tube TTFTs that use
PDMS gate dielectrics.

were observed in the transfer characteristics (Fig. 5a) and normalized transconductance (Fig. 5c) during bending up to tensile strains of 2 % with complete recovery after relaxing. The
decrease of source/drain current may be caused by the enhanced electron scattering from strain-induced defects in the
SWNTs.[43,46] These tensile strains exceed the fracture strains
of other semiconductors that have been used for flexible TFTs,
including microstructured Si and GaAs (1.4 and 1.2 %, respectively),[45,47] polysilicon (1–2 %),[48] and pentacene (1.4 %).[49]
At strains larger than ∼ 2 % the devices that use epoxy dielectrics fail irreversibly due to the emergence of large currents
between source/drain and gate. We infer that failure of the di-
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Synthesis of m-CNNs: The catalyst solution was made by loading
iron acetate (6 mg, 99.995 % Aldrich), cobalt acetate (9 mg, 99.995 %
Aldrich), and molybdenum acetate dimer (1.5 mg, 99 % Aldrich) into
a 40 mL silica (100 mg, S5130 Sigma) ethanol suspension. The catalyst
solution was spin-cast (3000 rpm, 1 min) onto a Si wafer with 100 nm
thermal oxide which had been treated by piranha solution for 10 min.
This catalyst was reduced with H2 flow at 2400 sccm and 840 °C.
SWNTs were grown with CH4 flow at 2350 sccm and H2 at 70 sccm
for 20 min at 840 °C to generate the m-CNN(CH4) layers. Growing
SWNTs at 840 °C with H2 flow at 10 sccm and Ar flow at 100 sccm
passing through anhydrous ethanol in an ice bath for 30 min produced
the m-CNN(EtOH) layers.
Synthesis of s-CNNs: Ferritin catalyst (Aldrich) diluted by deionized water at a volumetric ratio of 1:20 was deposited with methanol
onto SiO2(100 nm)/Si wafer pretreated by piranha solution. The catalyst was oxidized by heating the substrate to 800 °C in the air. Reducing with H2 flow at 70 sccm and 900 °C followed by growing with CH4
flow at 2500 sccm and H2 at 70 sccm for 10 min at 900 °C yielded the
s-CNN film.
Instrumentation: SEM images were taken with Hitachi S-4700 scanning electron microscope. Electrical characterizations were performed
by current–voltage measurements using a semiconductor parameter
analyzer (Agilent 4155C). UV–vis spectra were recorded by an Agilent 8453 spectrometer. The film thicknesses for all the dielectric
materials and for the m-CNN (EtOH) layer were measured by a
profilometer (Dektak 3030).
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