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ABSTRACT:

We fabricated polymer-laminated, transparent, all-carbon-nanotube field-effect transistors (CNT-
FETs), making use of the flexible yet robust nature of single-walled carbon nanotubes (SWNTs). All
components of the FET (active channel, electrodes, dielectric layer, and substrate) consist of
carbon-based materials. The use of a plastic substrate that is considerably thinner than those used in
other flexible CNT-FETs allowed our devices to be highly deformable without degradation of
electrical properties. Using this approach, flexible, transparent CNT-FET devices able to withstand

a 1 mm bending radius were realized.
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Field-effect transistors (FETs) based on single-walled carbon nanotubes (SWNTs), ~~ single-crystal

silicon,”® amorphous In-Ga-Zn-O (a-IGZO)," In,0O; nanowires,"” and organic materials'®'"’

are
candidates for next-generation flexible and transparent electronic devices. However, flexible FETs
typically use Au'>"*2% or ITO*"*"'¢ as the electrode material. The use of Au diminishes the optical
transparency, whereas brittle ITO limits the mechanical flexibility of the device.’** To
simultaneously improve upon both of these aspects, carbon nanotube FETs (CNT-FETs) employing
SWNTs® or graphene’'? for all electrodes (source, drain, and gate) have recently been reported.
These metal-free devices can realize both optical transparency and mechanical robustness, but
flexibility is typically sacrificed by fabricating the devices on thick plastic substrates. As suggested
by Hur ez al.” and Cao et al.,® combining SWNTs with a thin, flexible material could lead to devices
that are able to be wrinkled like paper.”

In this study, we demonstrate the realization of all-CNT-FETs in which all channels and
electrodes (source, drain, and gate) are composed of SWNTSs, and the substrate and dielectric layer
are made of poly(vinyl alcohol) (PVA). The devices are fabricated using a simple transfer process
followed by lamination using polymer sheets, and exhibit extreme flexibility and robustness to
mechanical deformation.

A schematic illustrating the layered structure of the all-CNT-FET is shown in Fig. 1(a). To
fabricate the device, a Si wafer was cut into 2 pieces, and on one of these pieces a 1 square inch
active layer (S/D electrodes and channel) was prepared. On the other piece, a 0.5 x 1 inch global
gate electrode was prepared. The larger substrate was patterned using standard photolithography
processes (exposure and development). After patterning, Co catalyst (thickness: 0.5 nm) was
deposited onto both the photolithography-defined and non-patterned substrates using a thermal
evaporator. The patterned substrate was then washed by dipping into acetone to remove residual
resist (lift-off), rinsed with isopropyl alcohol (IPA), and dried using a nitrogen gun. SWNTs were

then synthesized on both substrates using the alcohol catalytic chemical vapor deposition (ACCVD)



method.** Details regarding the synthesis procedure have been described elsewhere.”>”’ This
approach enables us to synthesize both the channels and S/D electrodes in a single CVD step.™®

The device substrate and dielectric layers were prepared as follows. An aqueous polymer solution
(concentration: 10%) was prepared by dissolving PVA powder (Wako Pure Chemicals, degree of
polymerization and saponification of 1500 and 86-90%, respectively) into distilled water. The
solution was spin coated (1500 rpm, 30 s) over the SWNTs acting as the active layer and the global
gate, and then dried at 65°C for 10 min on a hot plate. The global gate electrode was then peeled off
from the substrate using tweezers. The gate electrode was stacked on top of the active layer after
again spin coating (3000 rpm, 30 s) and partial drying of the PVA solution. During the drying
process (65°C, 10 min) all three layers fused together, forming one integrated device. The entire
device could then be peeled off from the Si master substrate. A schematic cross-section diagram of
the FET is shown in Fig. 1(b). The final thickness of the device was approximately 15 pm.

Figure 1(c) shows a typical scanning electron microscope (SEM) image of the channel region of
the all-CNT-FET with 5-um channel length and width. The image was obtained prior to removal
from the Si master substrate. The FET channel is formed by SWNTs that manage to bridge the gap
between the source and drain electrodes.”’” Figure 1(d) is a photograph of a functioning all-CNT-
FET device that has been heavily crumpled. The device is highly pliable because it is thinner than
other commonly used transparent plastic supports such as poly(ethylene terephthalate) (PET)™’ or
poly(ethylene naphthalate) (PEN).?**

Using the fabrication method described above, the SWNT electrodes and channels were easily
and completely transferred to a PVA film. Post-transfer SEM observations of the master substrate
indicate no SWNTs remained after the transfer process (not shown). Kang et al. have reported™® that
a carrier film such as Au, as well as an intermediate layer between an adhesion polymer and target
SWNTs, is necessary to remove SWNTs from growth substrate of crystal quartz. However, we have
repeatedly found that PVA alone is sufficient to remove SWNTs from the SiO,/Si substrate. This is

likely due to the substrate—nanotube interaction energy for amorphous SiO, being considerably
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weaker than for crystal quartz.*> This weaker interaction results in random orientation of the
SWNTs but makes it possible to remove the SWNTs from Si0O,/Si using only PVA.

Figure 2(a) shows optical transmission spectra in the visible range for the PVA film and the
contact pad (PVA/SWNT film) region. Optical transmittance of more than 80% was obtained,
which is sufficient to see clearly through the device, as shown by the photograph of the device in
Fig. 2(b).

Figure 3(a) is typical transfer characteristics for the FETs in flat, bent (R = 3.5 mm and 1.0 mm),
and wrinkled morphologies. The devices were characterized using a semiconductor parameter
analyzer (Agilent 4156C) at room temperature under ambient conditions. An explanation for the
ambipolar behavior of the PVA-laminated all-CNT-FETs will be reported elsewhere.* Importantly,
almost no changes in electrical properties were observed even though the devices were heavily
deformed. To our knowledge, such a flexible yet robust SWNT-based device has not yet been
realized. The main reason for the stable properties may be due to the robustness of the SWNTs
themselves.”* However, the drain current (Ip) of a flexible FET using a SWNT-channel has been

shown to degrade under mechanical strain or bending stress.'~**

In our device, the polymer
substrate is approximately 1/10 the thickness of other devices, thus the bending stresses on the
channel is considerably reduced. Considering the Poisson's ratio of PVA, the change in axial strain
should be small with respect to the transverse strain. Our measurements, however, show a slight
increase in off current (/opr) when bent with a 1.0 mm radius of curvature (transverse strain:
0.75 %). The maximum /p, however, remained effectively unchanged. We suppose this behavior of
Iorr 1s due to the effective gate dielectric thickness, which changes with severe bending of the
polymer sheet. The increased leak current recovers to the original level by returning the film shape
to flat.

In order to investigate the mechanical stress tolerance of the all-CNT-FETs, 100 wrinkling cycles

were performed at Vps = —3 V. The change in maximum drain current (/Ipmax) and the

transconductance (gm) as a function of the wrinkle cycles is shown in Fig. 3(b). A slight decrease in
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Ip max 1s observed. Due to the weak Van der Waals interaction between SWNTs, interconnections
within the SWNT-network may be broken during deformation. However, Ip becomes stable against
stresses after approximately 30 wrinkling cycles. The transconductance, in contrast, does not
depend on the number of cycles. This implies that PVA is a sufficiently robust material and is very
well suited for use as a flexible polymer dielectric.

To estimate the bendability of our all-CNT-FETs, we compared to other flexible transistors using
SWNTs, > amorphous In-Ga-Zn-O (a-1GZ0)," amorphous Si (a-Si),” and pentacc=,n623’36’37 as
the active channel. Since the bending parameters in references 3 and 8 are represented as strain ()
instead of radius of curvature (R), we converted the strain values using the relation ¢ = /2R, where
ts is the substrate thickness. As shown in Fig. 4, our devices are the most bendable among flexible
CNT-FETs, achieving R = 1.0 mm without /p degradation. We expect our all-CNT-FETs could
become even more flexible if the device structure were optimized to place the channels in a neutral
position.”~’

In conclusion, we realized all-CNT-FETs consisting only of SWNTs and polymer. The
devices were fabricated by lamination of PVA/SWNT films, which included a simple PVA-only
transfer process. The all-CNT-FETs had an optical transmittance of more than 80% in the visible
region and were extremely flexible, able to withstand a bending radius of 1.0 mm without

degradation in device performance. This work represents an important step toward realizing flexible

and transparent all-carbon electronics.
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FIGURE CAPTIONS:
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FIG. 1. (Color online) (a) Schematic of the layered structure of fabricated all-CNT-FETs. All

SWNT
electrode

electrodes (source, drain, and gate) and channels consist only of SWNTs. The substrate and
dielectric layer are composed of flexible polymer. The top layer is the PVA-coated SWNT global
gate electrode, the middle layer is the PVA adhesion layer acting as a dielectric, and the bottom
layer contains PVA-coated SWNT source/drain electrodes and the SWNT channel. (b) Schematic
cross-section diagram of the device. (¢) SEM image of on the FET channel region obtained prior to
removal from the master Si substrate. Both the channel length and width are 5 um. (d) Photograph

of a crumpled, yet functional, all-CNT-FET device.
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FIG. 2. (Color online) (a) Optical transmission spectra of the flexible all-CNT-FET in the visible
range. Inset shows the locations where the spectra were obtained. (b) Optical image of the

fabricated device in front of some printed logos (top) and the corresponding layout pattern (bottom).
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Scale bar: 1 cm.
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FIG. 3. (Color online) (a) Transfer characteristics of the flexible FET in flat, bent (R = 3.5 mm),
more bent (R = 1.0 mm), and wrinkled. All /-V curves were characterized at Vps = —2 V. (b)
Mechanical stress tolerance values of the flexible all-CNT-FET over 100 wrinkle cycles. The black
crosses and magenta squares indicate the maximum drain current (/p max) and the transconductance

(gm), respectively. The black dotted line is drawn to guide the eye.
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FIG. 4. (Color online) Comparison of curvature-dependent drain current (/p) degradation between
our all-CNT-FET and other flexible transistors based on SWNTs, amorphous In-Ga-Zn-O,
amorphous Si, and pentacene. The radius of curvature (R) for refs 3 and 8 were calculated from

reported strain values.
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