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Airbrushed single walled carbon nanotube (SWCNT) thin films with sheet resistivity <1 kX/
sq. and transparency >80% are used as electrodes for pentacene and regioregular poly(3-
hexylthiophene) (P3HT) thin-film transistors (TFTs). Airbrushed SWCNT electrodes show
low contact resistance in a bottom-contact configuration, comparable to (in the case of
P3HT) or lower than (in the case of pentacene) Au bottom-contacts. The results show that
airbrushed CNT electrodes yield similar performance to CVD-grown CNT electrodes.

� 2009 Published by Elsevier B.V.
1. Introduction ently brittle, and require relatively expensive vacuum depo-
Research in flexible, transparent organic electronics has
been motivated by a wide range of applications [1,2] such
as flexible ‘‘electronic paper” displays [3,4], radio frequency
identification tags [5], photosensors [6], and solar cells [7].
However, the challenge lies in finding inexpensive, robust
techniques for processing flexible, transparent electronics
[2]. Currently oxide semiconductors (e.g. indium tin oxide
or ITO) are widely used as transparent, conducting films in
organic electronics applications. These materials are inher-
y Elsevier B.V.

Physics, University of
1 405 0801.
.

et al., Solution-processe
/j.orgel.2009.09.001
sition techniques. Individual single walled carbon nanotubes
(SWCNTs) are transparent in the visible and IR due to their
high aspect ratio, show conductivity comparable to copper
[8], and are environmentally stable [9]. SWCNT films have
high mechanical flexibility, conductivity and transparency
approaching that of ITO [9], and can be prepared inexpen-
sively without vacuum equipment through solution tech-
niques such as microfiltration [4,10], airbrushing [11–13],
dipcoating [12,14], and electrophoretic deposition [15].

Understanding the electrical properties and limitations
of the SWCNT/organic semiconductor interface is impor-
tant to fully realize applications of transparent, conducting
SWCNT films such as organic light-emitting diodes [3,4,16]
and solar cells [17]. Previous work using SWCNT films
d single walled carbon nanotube electrodes for organic thin-film
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grown by chemical vapor deposition (CVD) found a
SWCNT/pentacene contact resistance as low as 30 kX cm
(VG = �50 V) [18]. However, the CVD method is expensive
and laborious, so solution-phase preparation of CNT films
is more desirable for applications. Solution-processed CNTs
have also been found to make good contact to poly(3,30 0 0-
didodecylquarterthiophene) [19], but it is not clear that
this result could be expanded to pentacene, where contact
resistance in bottom-contacted devices is more problem-
atic. Here, we demonstrate transparent films of commer-
cially-available SWCNTs produced by airbrushing from
aqueous solution as electrodes for pentacene and poly-3-
hexylthiophene (P3HT) thin-film transistors (TFTs). Air-
brushing CNT thin films is an additive process that allows
quick, large area patterning over any substrate and is com-
patible with ink-jet printing. CNT films deposited by spray-
ing have been found to be rougher but exhibit similar sheet
resistance for a given transparency as most other methods
[14]. The channel-length-dependent output characteristics
of the SWCNT-contacted TFTs on SiO2/Si substrates are
used to extract the mobility l (0.093 cm2/Vs for pentacene,
0.014 cm2/Vs for P3HT) and contact resistivity. In the case
of pentacene, we demonstrate that solution-processed
SWCNT bottom-contact electrodes make moderately low-
resistance (as low as 30 kX cm) contacts, which extends
previous results for pentacene contacted by CVD-grown
SWCNTs [20] to this much more easily processed material.
For P3HT, we verify low contact resistance (<50 kX cm)
bottom-contact to solution-processed SWCNTs, similar to
previous results for poly(3,30 0 0-didodecylquarterthiophene)
[19]. We also demonstrate the use of solution-processed
films of SWCNTs as source, drain, and gate electrodes to
fabricate flexible, transparent SWCNT-contacted pentacene
TFTs on plastic polyethylene terepthalate (PET) substrates.
Fig. 1. The percent transparency at a wavelength of 550 nm vs. sheet
resistance of airbrushed carbon nanotube films and fit using Eq. (1).
2. Materials and methods

SWCNT films were prepared as follows. A dispersion of
1 mg/mL SWCNTs (‘‘P3”, carbon solutions) in 1% by wt. so-
dium dodecyl sulfate (SDS) and water was exfoliated by
sonication for 90 min followed by differential centrifuga-
tion at 12,000 rpm for one hour to remove carbonaceous
impurities [4]. The top 2/3 of the supernatant was ex-
tracted and used as the airbrush feedstock. The source/
drain (S/D) electrodes of the test devices were made by
using an airbrush (Aztek A470 airbrush kit) to deposit a
30–40 nm thick film onto a 500 nm-SiO2/n++–Si platform
at a temperature of 165 �C. The deposited films are then
soaked in water for one hour to remove surfactant, and
dried with a N2 gun. The SWCNT film was patterned using
photolithography and O2 reactive ion etching. In order to
determine the organic–SWCNT contact resistance, a set of
devices of varying gate length L from 3 to 1262 lm was
fabricated; the channel width W is 1.6–2.0 mm. The optical
transparency of the carbon nanotube thin-film T was ob-
tained from the ratio of the measured transparency of
CNT-coated PET, prepared by airbrushing directly onto
PET, to that of the PET substrate prior to nanotube coating.

Pentacene films were deposited onto the prepared elec-
trodes in vacuum (<2 � 10�7 torr) by evaporation through
Please cite this article in press as: A. Southard et al., Solution-processe
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a shadow mask to form the active area of the TFT. P3HT
transistors were fabricated on the prepared electrodes by
first vapor coating the SiO2 substrate with hexamethyldisi-
lazane and then spin casting P3HT at 1250–2000 rpm from
trichlorobenzene heated to 100 �C at a concentration of
10 mg/mL followed by a vacuum bake at 100 �C for one
hour [21]. The doped Si substrate acts as a back-gate elec-
trode. All electrical characterization was done in a N2

atmosphere in the dark to prevent unintentional doping
during the measurements.

3. Results and discussion

3.1. Carbon nanotube thin films as transparent electrodes

Fig. 1 shows the optical transparency T of the air-
brushed CNT films as a function of film sheet resistance.
The airbrushed films have a sheet resistance as low as
1 kX/sq. for T = 80%, and 5 kX/sq. for T = 90%, compared
with 0.0278 kX/sq. @ 80%T for ITO coated glass [22]. The
method of dispersing SWCNTs and subsequently spraying
them to form a thin-film has been reported by several
groups [12–14]. The T vs. sheet resistance behavior is in
agreement with a model proposed by Hu et al. [23] which
predicts.

%T ¼ 100

1þ 2p
cR�

rac
rdc

� �2 ð1Þ

where Rh is the sheet resistance, rac is the optical conduc-
tivity, rdc is the dc conductivity, and c is the speed of light;
a fit to Eq. (1) is shown in Fig. 1. The only free parameter
used is the ratio of rac to rdc; we find that a ratio of 0.74
+/� 0.03 gives the best fit to the data. This value is slightly
smaller than the value of 1 obtained by Hu et al. [23].

3.2. Pentacene and P3HT transistors with carbon nanotube
electrodes

Scanning electron microscopy was performed on the
pentacene/SWCNT TFTs after electrical measurement of
d single walled carbon nanotube electrodes for organic thin-film

http://dx.doi.org/10.1016/j.orgel.2009.09.001


A. Southard et al. / Organic Electronics xxx (2009) xxx–xxx 3

ARTICLE IN PRESS
the transistors. Parts of one of the pentacene/SWCNT TFT
are shown in Fig. 2a and Fig. 2b (a closeup) illustrating
the morphology of the pentacene layer on both the bare
SiO2 as well as the CNT film. The pentacene on the bare
SiO2 forms �250 nm grains separated by relatively thin
grain boundaries whereas the pentacene on the CNT film
forms a discontinuous film of rod-like grains. The crystal
structure of these grains is unknown at this time and is
the subject of further investigation.

Fig. 3a and b show output characteristics for example
pentacene/SWCNT and P3HT/SWCNT TFTs, respectively.
The resistance R of each device was found as a function
of L and gate voltage VG from the slope of drain current
vs. drain voltage I(VD) for �1 V < VD < 1 V. A threshold volt-
age VT was extracted from the conductance vs. VG plot for
each channel length; this allowed us to compare measure-
ments performed at the same effective gate voltage
V�G ¼ VG � VT, correcting for any possible length-depen-
dent threshold shift [24].

Fig. 4a and b show R vs. L at various values of V�G for the
pentacene/SWCNT and P3HT/SWCNT TFTs respectively. R
vs. L obeys a linear relationship
RðL;V�GÞ ¼ aðV�GÞLþ RcðV�GÞ. The intrinsic field-effect mobil-
ity may be found from a [25]:

lFEðV
�
GÞ ¼

1
WCox

@ða�1Þ
@V�G

: ð2Þ

The contact resistivity is defined to be qc = RcW, where
W is the channel width. For pentacene/SWNCT devices,
qc is finite and gate voltage dependent, saturating at
<30 kX cm for V�G < �40 V. Values for the contact resis-
tance using Au bottom-contacts vary from 20 to
110 kX cm depending on the gate voltage applied, the
work function and conductivity of the injecting electrode,
the temperature of the substrate during deposition and
the thickness of the pentacene layer [26,27]. Au top con-
tacts exhibit contact resistances an order of magnitude
smaller [27]. In our devices, the intrinsic mobility is
0.093 cm2/Vs. On/off current ratios (VD = �60 V,
�60 V 6 VG 6 60 V) were >106. For P3HT/SWCNT devices,
qc is less than 50 kX cm at all gate voltages in the ON state,
higher than control devices fabricated with Au bottom-
Fig. 2. Scanning electron micrographs of parts of one of the CNT/pentacene tran
CNT film deposited on SiO2 (upper right), the pentacene layer deposited on the s
left) and (b) a closeup of the interface between the pentacene on SiO2 and the p
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contacts whose qc is 1–10 kX cm [25,28]. Intrinsic field-ef-
fect mobility was as high as 0.014 cm2/Vs. On/Off current
ratios >105 (VD = �60 V, �60 V 6 VG 6 50 V) were obtained
for P3HT/SWCNT devices.

The bottom-contact resistance obtained with Au depos-
ited on a relatively thin Cr or Ti wetting layer as is typically
used to make bottom-contacts is higher than that for Au
top contacts, and shows non-linear I(VD) characteristics,
attributed to the presence of an injection barrier [29] or
disruption of the pentacene morphology at the interface
of the bottom-contacts [30]. Thus our observation that bot-
tom-contact SWCNT electrodes offer slightly lower contact
resistance to pentacene might either be due to narrowing
of the injection barrier due to the high electric field at
the SWCNT ends [31], or by allowing better ordering of
the pentacene on SiO2 at the electrode interface. Given
the close packing of SWCNTs in our thick (30–40 nm)
SWCNT film, and the thick (500 nm) gate dielectric, we
consider electric-field enhancement unlikely. We propose
that SWCNT electrodes allow more favorable growth of
pentacene on the neighboring SiO2 substrate, or that the
morphology of pentacene on the SWCNTs themselves does
not give rise to a significant injection barrier. In the case of
P3HT, SWCNT contacts show a contact resistance similar to
that obtained with Au [25,32,33].
3.3. Demonstration of transparent organic thin-film
transistors

Finally, we show that solution-processed SWCNT elec-
trodes can be used to fabricate an all-carbon transparent,
flexible TFT in which SWCNT films are used as the source,
drain, and gate electrodes, and pentacene as the semicon-
ductor. Cao et al. demonstrated a SWCNT-contacted penta-
cene thin-film transistor (TFT) on a plastic substrate using
SWCNTs grown by chemical vapor deposition (CVD) and
patterned by photolithography [33]. Here, SWCNT gate
electrodes were airbrushed through a shadow mask onto
PET (Dupont TeijinTM Melinex 454/700; thickness 170 �
lm). The SWCNT gate had a sheet resistance of 3.1 kX/sq
and a transparency of >91% that was interpolated from
the sheet resistance vs. transparency fit using Eq. (1).
sistors showing (a) four separate areas: the bare SiO2 (bottom right), the
ame CNT film (upper left), the pentacene layer deposited on SiO2 (bottom
entacene on the CNT film.

d single walled carbon nanotube electrodes for organic thin-film
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Fig. 3. (a) Output characteristics of a carbon nanotube film-contacted pentacene transistor with length L = 20 lm, width W = 1600 lm. (b) Output
characteristics of a poly-3-hexylthiophene thin-film transistor with carbon nanotubes electrodes with length L = 50 lm, width W = 2000 lm.

Fig. 4. (a) Resistance vs. channel length for effective gate voltages VG �
VT = 0–60 V in 10 V steps for carbon nanotube film-contacted pentacene
transistors and (b) carbon nanotubes film-contacted P3HT transistors
with. VG � VT = �26 to �106 in 20 V steps.
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To facilitate probing the CNT layer, a 100 nm Au layer
was deposited onto the four sides of the CNT gate elec-
trode. The dielectric layer was applied in two steps. In
the first step, a 1 lm thick layer of PMMA was spun cast
onto a transfer substrate and printed onto the device sub-
strate at 500 psi and T = 170 �C for three minutes [34]. In
the second step, SWCNT source and drain electrodes (sheet
resistance of 1 kX/sq and T > 78%) were patterned on a
SiO2/Si transfer substrate following the scheme outlined
above, coated with 50 nm of alumina (electron beam evap-
oration at 2 � 10�6 torr) followed by a 1 lm thick spin
coated layer of PMMA and then printed onto the device
substrate. The alumina layer served to minimize the leak-
age current from the source and drain electrodes to the
gate. The capacitance of the resulting gate dielectric is esti-
mated to be 1.33 nF/cm2. Finally, 30 nm thick pentacene
was evaporated through a shadow mask as described ear-
lier to complete the devices. Devices had a channel width
of 97–98 lm and channel length from 37 to 47 lm.

Fig. 5a shows a micrograph of the completed device.
The single cross-shaped CNT film acts as a common gate
for all four transistors. Silver paint was applied to the ends
of two of the gate contacts to facilitate repeated probing of
the CNT film. Fig. 5b shows the output characteristics of
the device. The field-effect mobility obtained for these de-
vices (uncorrected for contact resistance) was as high as
0.06 cm2/Vs with an average of 0.04 cm2/Vs, assuming a
dielectric constant for PMMA of 3.6. As fabricated, the de-
vices exhibited VT > 60 V, so the on/off current ratio could
not be accurately determined. After aging the devices for
several months in an inert environment (<0.1 ppm mois-
ture content) the threshold voltages shifted to between
�10 and �20 V indicating diffusion of dopants out of the
device over time. The on/off current ratios for the aged de-
vices ranged from 103 to 104 (VD = �60 V, �60 V 6 VG 6

60 V), and the saturation mobility values decreased by
10–15%. The low on/off current ratios compared to devices
on SiO2 are likely due to the more than four times lower
gate capacitance as well as possibly charge trapping at
d single walled carbon nanotube electrodes for organic thin-film
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Fig. 5. (a) Optical micrograph of four transparent, flexible carbon
nanotube film-contacted pentacene thin-film transistors (TFTs) on poly-
ethylene terepthalate) (PET) substrate. (b) Output characteristics for one
of the TFTs pictured in (a).
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the pentacene/Al2O3 interface which prevent the off state
from being reached.
4. Conclusion

In conclusion, we have used airbrushed SWCNT films
with sheet resistance below 1 kX/sq at T = 80% as elec-
trodes to make bottom-contact pentacene transistors with
contact resistance as low as 26 kX cm, lower than typically
achievable with Au/Cr bottom-electrodes, and comparable
to results achievable with CVD-grown CNTs. If we assume
that the organic/CNT contact resistance is inversely pro-
portional to mobility [25] even lower contact resistance
should be possible with organic films optimized for higher
mobility. The low contact resistance between the penta-
cene and CNT film is surprising given the significant differ-
ences in morphology observed for pentacene deposited on
SiO2 vs. CNTs (see Fig. 2). Solution-processed SWCNT films
also make bottom-contact electrodes to P3HT with contact
resistance comparable to that of Au. We have also demon-
Please cite this article in press as: A. Southard et al., Solution-processe
transistors, Org. Electron. (2009), doi:10.1016/j.orgel.2009.09.001
strated that solution-processed electrodes can be pat-
terned onto a flexible plastic substrate both directly (gate
electrode with transparency >91%) and via transfer print-
ing (source–drain electrode), as components of a Pn TFT
(with >78% transparency) using a relatively transparent
PMMA/Al2O3 dielectric and PET substrate with a transpar-
ency of 80–90%.
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