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ABSTRACT We fabricated photopatternable and conductive polymer/multiwalled carbon nanotube (MWNT) composites by dispersing
MWNTs with poly(4-styrenesulfonic acid) (PSS) and poly(acrylic acid) (PAA) in water. PAA enables photo-cross-linking in the composite
by adding ammonium dichromate, and PSS assists the dispersion of MWNTSs in the composites, leading to higher conductivity.
Composite films of PAA/PSS-MWNTs were characterized by conductivities of 1.4—210 S/cm and a work function of 4.46 eV, which
could be increased to 4.76 eV during UV photo-cross-linking. By using PAA/PSS-MWNT composites as source/drain electrodes, 6,13-
bis(triisopropylsilylethynyl)pentacene field-effect transistors (FET) exhibited a field-effect mobility of 0.101 % 0.034 cm?/(V s), which
is 9 times higher than that of FETs fabricated with gold as source/drain electrodes (0.012 % 0.003 cm?/(V s)).

KEYWORDS: multiwalled carbon nanotube ® organic field effect transistor ® photopatternable ® nanocomposite electrode

1. INTRODUCTION
rganic field-effect transistors (OFETs) have consid-

erable potential for use in cheap disposable elec-

tronic products such as radio frequency identifica-
tion tags (1—3). To realize this potential, the organic materials
must be processable in solution and at low temperatures.
Intensive studies performed on solution-processable organic
semiconductors composed of small molecules and poly-
mers, such as 6,13-bis(triisopropylsilylethynyl)pentacene
(TIPS-PEN), poly(3-hexylthiophene), and poly(2,5-bis(3-alky-
Ithiophen-2-ylthieno[3,2-b]thiophene) (4—6) have made it
possible to achieve device performance comparable to that
of amorphous-silicon transistors.

Source/drain electrodes used in such OFETs should also
have high work functions (for p-type transistors) and high
conductivities. To date, many materials, including conduc-
tive polymers, silver paste, polymer/carbon nanotube com-
posites, and graphene (7—13), have been tested as possible
electrodes for OFETs. Source/drain patterns are formed by
a variety of techniques, such as inkjet printing, contact
printing, imprinting, screen printing, spray printing, and
selective organization techniques (7, 8, 10, 12, 14—18).
Inexpensive OFET fabrication is necessary for realizing low-
cost organic devices. Toward this end, printing methods are
more advantageous than conventional photolithography,
because photolithography generally requires several steps
accompanied with using the photoresist, leading to a high
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FIGURE 1. Molecular structures of (a) poly(4-styrenesulfonic acid)
and (b) poly(acrylic acid).

process cost. When the materials used as source/drain
electrodes are photo-cross-linkable, photolithography can
still be used for low-cost OTFTs by removing many of the
steps. However, only a few materials, such as poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:
PSS) with bis(fluorinated phenyl azide) (or 4,4’-diazido-2,2’-
disulfonic acid benzalacetone disodium salt) and silver
pastes composed of a photoactive polymer (19—22), were
tested as electrodes. However, PEDOT:PSS suffers from low
conductivity and silver pastes are characterized by a low
work function.

Multiwalled carbon nanotubes (MWNTS) consist of coaxi-
ally arranged single-walled carbon nanotubes of different
radii and are good candidates for use as electrodes in flexible
organic devices because of their high conductivity and
mechanical strength (23, 24). However, poor solubility and
low work functions have limited their use. It has been
reported that carbon nanotubes are solubilized in water by
using polyelectrolytes such as poly(acrylic acid) (PAA) (Figure
1a), poly(4-styrenesulfonic acid) (PSS) (Figure 1b), and poly-
(allylamine) (25—27).

In this work, we fabricated photopatternable and conduc-
tive MWNT composites by introducing both PAA and PSS.
PAA is known to be photo-cross-linkable by the addition of
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ammonium dichromate (ADC) (28). However, PAA slightly
ionizes in water to yield random coils that disperse the
MWNTs by adsorbing to the MWNT surfaces. Therefore, PAA
cannot effectively break the bundles of MWNTSs. Thus, the
PAA-MWNT solution consists of dispersed aggregates of
large bundles of MWNTs and highly entangled nanotubes,
leading to a low resolution for composite patterning. In
contrast, PSS is a stronger polymer surfactant than PAA and
disperses MWNTs in water by wrapping them with PSS,
resulting in fewer aggregates or entangled tubes. Thus, by
using both PAA as a photo cross-linkable polyelectrolyte and
PSS as a strong dispersant, we fabricated MWNT composites
that are photopatternable and sufficiently conductive to be
used in OFETSs.

2. EXPERIMENTAL SECTION

The MWNTs were purchased from Carbon Nanomaterial
Technology Co. (Korea) and used as received. PSS (MW ~
75 000) and PAA (MW = 100 000) were obtained from Aldrich.
Solutions of 3 wt % PSS-MWNT, PAA-MWNTs, and PAA/PSS-
MWNTs were made by dispersing nanotubes in PSS, PAA, and
PAA/PSS aqueous solutions, respectively, submitting the solu-
tions to ultrasound irradiation for 30 min with a high-intensity
ultrasonic probe (Ulsso Hitech Co. (Korea), Ti-Horn, 19.87 kHz,
700 W), followed by incubation at 60 °C for 12 h. The homo-
geneous dispersion of the as-prepared PAA/PSS-MWNTs was
stable, and no phase separation involving nanotube aggregation
was observed—not even after 2 weeks. The conductivities of
PSS-MWNTs, PAA-MWNTSs, and PAA/PSS-MWNTs films formed
by drop-casting on glass were calculated from sheet resistance
measured using the four-point probe method (Keithley 2400
source meter). The film thickness was measured with a surface
profiler (Alpha Step 500, TENCOR). The PAA/PSS, the pristine
MWNTs, PAA/PSS-MWNTs, and UV-cross-linked PAA/PSS-
MWNTs, spin-coated on gold substrates, were characterized by
ultraviolet photoemission spectroscopy (UPS) (Escalab 220IXL)
using He I emission of 21.2 eV to measure the films’® work
functions. During the UPS measurements, a —5.0 eV bias was
applied to improve the transmission of low kinetic energy
electrons and ensure the determination of the energy of the low
kinetic energy edge.

OFETs with bottom-contact configurations, where the source/
drain electrodes are built before depositing the semiconductor
layer, were fabricated on heavily doped silicon wafers covered
by thermally grown 300 nm thick silicon dioxide layers. The
substrates were modified with hexamethyldisilazane (HMDS)
after rinsing with acetone and cleaning with a UV-ozone cleaner,
GCS-1700 (AHTECH LTS (Korea)), for 20 min. ADC photo-cross-
linker was added to the PAA/PSS-MWNT solution at 25 mg/mL.
The PAA/PSS-MWNT solutions were spin-coated on these sub-
strates, cross-linked by 254 nm UV light with a shadow mask
for 4 min, and developed in water to remove un-cross-linked
material. The channel length (L) and width (W) of patterned
source/drain electrodes were 100 and 1000 um, respectively.
A solution of TIPS-PEN in toluene (1 wt %) was then dropped
onto the patterned substrates and dried under ambient condi-
tions. The electrical characteristics of the OFETs were measured
in air using Keithley 2400 and 236 source/measure units.

3. RESULTS AND DISCUSSION
Figure 2 shows the conductivities of PAA-MWNT and PSS-

MWNT films at different ratios of MWNTs and PAA or PSS.
Upon varying the ratios of PAA to MWNTs and of PSS to
MWNTs from 2:1 to 4:1 and then to 8:1, we observed a
decrease in conductivity caused by an excess of PAA and
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FIGURE 2. Electrical conductivities of PSS-MWNT and PAA-MWNT

films as a function of the MWNT:PSS and MWNT:PAA ratios, respec-

tively. The inset at the bottom shows 4 mL vials containing untreated
MWNTs (left), PSS-MWNT (middle), and PAA-MWNT (right).

Table 1. pH, Acid Ionization Constants (K,), and
Ionization Fractions f; of A™/(A+A") for PSS and PAA

PSS (0.1 M) PAA (0.1 M)
pH 1.60 2.98
K. 8.4 x 1077 1.1 %1075
fi 0.25 0.01

PSS. At PAAAMWNT and PSS:IMWNT ratios of 1:1, the
conductivities became saturated at 2.0 x 10°and 2.1 x 102
S/em, respectively. However, at a ratio of 1:2, there was
insufficient PAA and PSS to disperse the nanotubes, and
aggregates of MWNTs were observed. Therefore, we con-
cluded that 1:1 ratios for MWNT:PAA and MWNT:PSS were
optimal in our case. Solutions with 1:1 ratios for MWNT:PAA
and MWNT:PSS were homogenously dispersed in water,
even after 2 weeks. However, without PAA and PSS, nano-
tube aggregates in water precipitated to the bottom of the
vial, as shown in the inset of Figure 2.

Although PAA and PSS dispersed MWNTSs with long-term
dispersion stability, PAA-MWNTs and PSS-MWNTSs consisted
of dispersed aggregates of bundled and strongly entangled
MWNTs, preventing MWNT films from having high resolu-
tion. The proportion of aggregates largely depended on the
strength of the polymer surfactant, because stronger poly-
mer surfactants break up MWNTs bundles and disentangle
MWNTs into individual tubes. The strength of the polymer
surfactants is determined by the ionic strength of the
polymer pendant group: benzenesulfonic acid in PSS and
carboxylic acid in PAA. The acid ionization constants, K,, of
PAA and PSS were measured from the pH of 0.1 M PAA or
PSS in water (Table 1). The K, values of PAA and PSS are
1.1 x 107%and 8.4 x 1072, respectively. From these values,
we found that only 1% of the PAA carboxylic acid groups
were deprotonated, implying that the almost completely
uncharged PAA was highly coiled due to extensive intramo-
lecular hydrogen bonding. In contrast, 25% of the PSS
benzenesulfonic acid groups were ionized, resulting in an
extended polymer chain due to the Coulombic repulsion of
negatively charged polymer pendant groups. Thus, PAA
dispersed MWNT aggregates by adsorbing to them in the
form of coiled structures (29, 30). On the other hand, the
extended structures of PSS easily dispersed MWNTSs, broke
MWNT bundles, and disentangled MWNTs to form PSS-
wrapped MWNTSs (25, 31). Optical microscopy shows that
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FIGURE 3. Optical microscopy images of spin-coated films of (a) PAA-
MWNTs and (b) PSS-MWNTSs.

FIGURE 4. Optical microscopy images of spin-coated PAA/PSS-MWNT
films obtained after centrifugation at rotor speeds of (a) 0 rpm, (b)
2500 rpm, (c) 5000 rpm, (d) 7500 rpm, and (e) 10 000 rpm and the
obtained patterns of PAA/PSS-MWNT with ADC after centrifugation
at rotor speeds of (f) 7500 rpm and (g) 10 000 rpm.

the films of MWNTs dispersed by PAA consisted of large
aggregates that made patterning of MWNTs impossible
(Figure 3a), whereas PSS-MWNTSs showed much better size
uniformity (Figure 3b).

Although PSS-MWNTs formed films with better unifor-
mity, PSS-MWNTSs could not be used for photopatterning
because PSS is not photosensitized with ADC. To realize a
photopatternable and uniform film, MWNTSs were dispersed
in a water solution containing a mixture of PAA/PSS, and
the uniformity of the spin-coated film of PAA/PSS-MWNTs
was found to be comparable to that of PSS-MWNTSs, as
shown in Figure 4a. A more uniform film could be obtained
by removing small aggregates by centrifugation at rotor
speeds of 2500, 5000, 7500, and 10 000 rpm for 20 min
corresponding to 970g, 3900g, 8700g, and 15 500g, respec-
tively. The fabricated films are shown in Figure 4b—e,
respectively. Centrifugation at higher rotor speeds generated
more uniform films. Speeds in excess of 7500 rpm produced
sufficiently uniform films for photopatterning of space reso-
lution of 30 um in our laboratory (Figure 4f,g). During photo-
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FIGURE 5. Conductivities of (a) PAA/PSS-MWNT (1:1 ratio of PAA:
PSS) and PAA-MWNT after centrifugation of at different rotor speeds
and (b) PAA/PSS-MWNT according to the weight fraction of PSS.
cross-linking, the conductivity only slightly decreased, by
less than 10% .

One might suppose that a uniform film of PAA-MWNTs
could be obtained by centrifugation of PAA-MWNTs at high
rotor speed, without PSS. However, although the film of PAA-
MWNTs was uniform after centrifugation, the conductivity
of PAA-MWNTSs was too low for use as source/drain elec-
trodes in OFET. Figure 5a shows the conductivities of PAA-
MWNTs and PAA/PSS-MWNTSs as a function of rotor speed
during centrifugation. The conductivity of PAA-MWNTs
drastically decreased as the rotor speed increased. With
speeds of 7500 rpm, the measured conductivity was below
107* S/cm, too low for use as an electrode. The conductivity
of PAA/PSS-MWNT (1:1 ratio of PAA:PSS) also decreased as
rotor speed increased, but the conductivity was 1.5—16
S/cm, even at speeds above 7500 rpm, which is sufficient
for source/drain electrodes in OFETs. The composition of
PAA and PSS in PAA/PSS-MWNTSs is also important for
determining conductivity. Figure 5b shows the conductivities
of films drop-cast from 3 wt % PAA/PSS-MWNT with in-
creasing PSS composition. A high composition of PSS in the
PAA/PSS-MWNT increased conductivity. For photopattern-
able PAA/PSS-MWNTs, PAA/PSS-MWNTs should contain
more than 50 % of PAA. With respect to conductivity, more
PSS is better, and a 1:1 ratio of PAA:PSS is optimal. Parts a
and b of Figure 6 show SEM images of the pristine MWNT
powder and the spin-coated film of 7500 rpm centrifuged
PAA/PSS-MWNTSs (1:1 ratio of PAA:PSS), respectively. The
surface of the pristine MWNTs was smooth, whereas the
surface of nanotubes in PAA/PSS-MWNT was rough, imply-
ing that MWNTSs were covered by a polymer of PAA and PSS.

In addition to conductivity and photopatternability, the
work function of materials is important for source/drain

Hong et al. Www.acsami.org



FIGURE 6. SEM images of (a) the pristine MWNTs powder and (b) a
spin-coated film of PAA/PSS-MWNTs obtained after centrifugation
at a rotor speed of 7500 rpm.

Table 2. Work Functions (eV) of MWNTs, PAA/
PSS-Coated Gold, PAA/PSS-MWNTs, UV-Cross-Linked
PAA/PSS-MWNTs, and Gold

UV-cross-
PAA/PSS- PAA/PSS- linked
MWNTs coated Au MWNTs PAA/PSS-MWNTs  Au

work function  4.47 4.36 4.46 4.76 5.01

electrodes in OFETs. For p-type organic semiconductors
such as TIPS-PEN having an ionization energy of 5.3 eV (32),
a higher work function is desirable for achieving ohmic
contact between the electrode and organic semiconductor.
The work function of MWNTs was measured to be 4.47 eV
(Table 2) by UPS (Figure 7), consistent with previous results
(33). The work function of PAA/PSS-MWNTs (4.46 eV),
determined by subtracting the width of the spectrum from
the source energy (21.2 eV) (34), was almost the same as
that for the pristine MWNTSs and similar to that of PAA/PSS-
coated gold (4.36 eV). Because the value was different from
the work functions of PSS-MWNTs (4.83 eV) and PAA-
MWNTs (4.70 eV) (12), the work function of PAA/PSS-
MWNTs did not originate from PAA-MWNT and PSS-MWNT.
Instead, a complex of PSS- and PAA-covered MWNTs was
likely present with randomly oriented functional groups,
similar to the case for PAA/PSS-coated gold. When PAA/PSS-
MWNTs were photo-cross-linked with ADC, the low work
function increased to 4.76 eV, which is desirable for source/
drain electrodes in p-type OFETs. The 254 nm UV light not
only activates dichromate to cross-link the polymer but also
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FIGURE 7. (middle) Full UP spectra of PAA/PSS-coated gold, MWNTs,
PAA/PSS-MWNTs, UV-cross-linked PAA/PSS-MWNTs, and gold. (left)
Close-up of the cutoff electron region to determine the work
function. (right) Close-up of the Fermi edge photoemission region.
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FIGURE 8. (a) Ip—V; transfer curves in the linear regime (drain
voltage Vp = —4 V) for TIPS-PEN OFETs containing source/drain
electrodes composed of PAA/PSS-MWNTSs and gold. The inset shows
the OFET structure. (b) Ip—Vp output curves of both devices.

produces radicals in the polymer chains. The radicals react
with oxygen in air, producing polar groups normal to the
surface, such as carboxylic groups and hydroxyl groups (35).
Ago et al. showed that the negative dipoles of those polar
groups, oriented away from the tubes, increased the work
functions of MWNTSs (33). Similarly, the polar groups of PAA/
PSS-MWNTs increased the work functions by 0.3 eV.
Typical drain current—gate voltage transfer curves for
TIPS-PEN OFETs, fabricated using PAA/PSS-MWNT source/
drain electrodes photopatterned by adding ADC photo-cross-
linker, are shown in Figure 8a. The carrier mobility was
calculated in the linear regime from the slope of the drain
current as a function of gate voltage. This was done by fitting
the data to the following equation: In = (WG/L)u(Vs — Vi) Vp,
where Ip is the drain current, u is the carrier mobility, Vi, is
the threshold voltage, and Vp is the drain voltage (namely,
—4 V) (36). The measured capacitance, C;, was 10 nF/cm?.
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The field-effect mobility of the pentacene OFETs composed
of photopatterned PAA/PSS-MWNT source/drain electrodes
was 0.101 £ 0.034 cm?/(V s) with an on/off ratio of 2 x 10°,
whereas that of the devices based on gold substrates was
0.012 #+ 0.003 cm?/(V s) with an on/off ratio of 3 x 10°. The
devices fabricated from nanotubes also showed ohmic
contact behavior (Figure 8b), implying negligible contact
resistance between the PAA/PSS-MWNTs and TIPS-PEN.

Although the work function of PAA/PSS-MWNTSs was 0.25
eV lower than that of gold, the field-effect mobility was much
higher than the field-effect mobility of OFET with gold. The
higher mobility can come from morphological change of
TIPS-PEN and hole injection barrier between TIPS-PEN and
electrode, both of which determine contact resistance be-
tween electrodes and the semiconductor. The morphological
changes of polycrystalline organic semiconductors such as
vacuum-deposited pentacene and spin-coated soluble oligo-
mer on different electrode surfaces were previously ob-
served (37—40). However, in the case of drop-casted TIPS-
PEN, we observed that large crystals were formed on the
both the gold and the nanocomposite source/drain elec-
trodes via channel and did not observe distinct morphologi-
cal differences of drop-casted TIPS-PEN on gold and PAA/
PSS-MWNT using polarized optical microscopy, consistent
with the previously published result (32). Therefore, we
believe the higher mobility of OFET-contained PAA/PSS-
MWNTSs come from the hole injection barrier rather than the
morphological difference of TIPS-PEN on both electrodes.
Many researchers report that the hole injection barrier
between the organic semiconductor and the electrode was
determined not only by the work function of electrodes but
also by whether the electrode surface was organic or metal
(37, 40, 41). Despite the high work function of gold, the hole
injection barrier at the interface between the organic semi-
conductor and gold is large due to a large vacuum level shift.
The large vacuum level shift is generally known to arise from
the high induced density of interface states (IDIS) generated
by the strong local orbital exchange and the potential
correlation between the metal and the semiconductor (42).
In contrast, the vacuum level shift between the organic
semiconductor and electrodes having an organic surface is
small, due to a low IDIS caused by the absence of strong local
orbital exchange and the potential correlation at the interface
(37, 40). Thus, the hole injection barrier between the organic
semiconductor and the organic electrode is generally smaller
than that between the organic semiconductor and the metal.
This viewpoint implies that the interface between TIPS-PEN
and gold suffers from a large vacuum level shift, leading to
a higher hole injection barrier, whereas the vacuum level
shift between TIPS-PEN and PAA/PSS-MWNT is small, result-
ing in a lower hole injection barrier. Because a smaller hole
injection barrier implies a smaller contact resistance, we can
assume that the higher field-effect mobility of TIPS-PEN
transistors composed of PAA/PSS-MWNT source/drain elec-
trodes originates from a contact resistance lower than that
of the transistors composed of gold source/drain electrodes.
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4. CONCLUSIONS
We fabricated PAA/PSS-MWNT electrodes exhibiting con-

ductivities of 1.4—210 S/cm, satisfying the conductivity
requirements for use as source/drain electrodes in OFETSs,
although the work function was slightly lower (4.46 eV). The
PAA/PSS-MWNTSs became photopatternable by adding ADC,
and a minimum channel size for the OFET, using the
conductive composite, was 30 um in the laboratory. Also,
the work function of the PAA/PSS-MWNTs increased to 4.76
eV during photo-cross-linking. The mobility of the TIPS-PEN
field-effect transistors fabricated using PAA/PSS-MWNTSs as
source/drain electrodes was 0.101 4+ 0.034 cm?/(V s) with
an on/off ratio of 2 x 105, about 9 times higher than that of
transistors fabricated using gold source/drain electrodes
(0.012 £ 0.003 cm?/(V s)).
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