Photopatternable Poly(4-styrene sulfonic

=| acid)-Wrapped MWNT Thin-Film Source/Drain
¥ Electrodes for Use in Organic Field-Effect

=~ Transistors

Kipyo Hong," Se Hyun Kim," Chanwoo Yang,” Won Min Yun," Sooji Nam,T Jaeyoung Jang,™
Chanjun Park,™ and Chan Eon Park®*'T

Polymer Research Institute, Department of Chemical Engineering, Pohang University of Science and Technology,
Pohang, 790-784, Korea, and Department of Mechanical Engineering, Seoul National University of Science and
Technology, Seoul, 139-743, Korea

ABSTRACT We describe the cross-linking of poly(4-styrene-sulfonic acid) (PSS) by exposure to ultraviolet (UV) light (1 = 255 nm)
under a vacuum. Fourier transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy (XPS) showed that the photo-
crosslinking of PSS resulted from coupling between radicals that were generated in the polymer chains by UV excitation. The photo-
cross-linkable characteristics of PSS were employed to fabricate solution-processable, photopatternable, and conductive PSS-wrapped
multiwalled carbon nanotube (MWNT) composite thin films by wrapping MWNTSs with PSS in water. During photo-cross-linking, the
work function of the PSS-wrapped MWNTSs decreased from 4.83 to 4.53 eV following cleavage of a significant number of sulfonic acid
groups. Despite the decreased work function of the PSS-wrapped MWNTSs, the photopatterned PSS-wrapped MWNTs produced good
source/drain electrodes for OFETs, yielding a mobility (0.134 £ 0.056 cm?/(V s)) for the TIPS-PEN field-effect transistors fabricated
using PSS-wrapped MWNTSs as source/drain electrodes that was higher than the mobility of gold-based transistors (0.011 4 0.004

cm?/(V s)).
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INTRODUCTION
rganic field-effect transistors (OFET) have received

considerable attention because of their potential
uses in cheap, light, flexible, transparent, and
disposable electronic products, such as portable displays,
smart cards, and radio frequency identification tags (1—3).
To realize these applications, organic materials that are
solution-processable at low temperatures must be developed
to replace current high-cost vacuum-deposited organic ma-
terials, such as pentacene and Cqo. Recent developments in
solution-processable organic semiconductors composed of
small molecules and polymers, such as 6,13-bis(triisopro-
pylsilylethynyl) pentacene (TIPS-PEN), poly(3-hexylth-
iophene), and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
bjthiophene), have made it possible to achieve device
performances comparable to those of amorphous silicon
transistors (4—06).
Source/drain electrodes in OFETs should have high work
functions (for p-type transistors) and high conductivities. To
date, many materials, including conductive polymers, silver
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paste, and graphene, have been tested as possible electrodes
for OFETs. Carbon nanotubes are also good candidate
materials for electrodes in flexible organic devices because
of their high conductivity and mechanical strength (7, 8);
however, poor solubility has limited their use. Carbon nano-
tubes can be solubilized in water by the addition of small-
molecule surfactants (9, 10) or conductive polymers (11), or
by wrapping the nanotubes with polyelectrolytes such as
poly(acrylic acid), poly(4-styrene sulfonic acid) (PSS), or
poly(allylamine) (12—15). Fabricated carbon nanotube thin
films have been characterized by flexibility, high transpar-
ency, and high conductivities up to 1 x 10? S/cm. They have
been applied as electrodes in various organic electronic
devices, such as OFETs (15—17), organic light-emitting
diodes (18, 19), and organic solar cells (10, 20), and showed
good device performance.

The patterning of source/drain solution-processable elec-
trode materials is a key issue for OFET fabrication. To date,
a variety of techniques have been developed to pattern
source/drain electrodes, including inkjet printing, contact
printing, imprinting, screen printing, spray printing, and
selective-organization techniques (21—27). The low costs
associated with solution processing of electrode materials
are desirable for realizing low-cost organic devices. Cur-
rently, printing methods are more advantageous than con-
ventional photolithographic procedures, which usually in-
volve several steps, including the use of a photoresist, which
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leads to a high process cost. If the source/drain electrode
materials are photo-cross-linkable, photolithography can be
employed for the production of organic thin film transistors
at low cost by removing the need for a photoresist, thereby
decreasing the number of fabrication steps. Because photo-
cross-linked materials are insoluble in most common sol-
vents, they permit deposition of solution-processable organic
semiconductors in organic solvents on electrode-patterned
substrates. Very few materials, for example, poly(3,4-ethyl-
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
with bis(fluorinated phenyl azide) (or 4,4’-diazido-2,2’-dis-
ulfonic acid benzalacetone disodium salt) and silver pastes
composed of photoactive polymers, have been tested for use
as photopatternable electrodes (28—31). In the present
work, we found out PSS without a photo-crosslinker could
be photo-crosslinked by exposure to ultraviolet (UV) light
(255 nm) under a vacuum. The fabricated PSS-wrapped
MWNTs were also photo-cross-linkable because the MWNT
surfaces were coated with the photo-cross-linkable PSS. We
fabricated TIPS-PEN transistors using PSS-wrapped MWNT
source/drain electrodes by photopatterning and showed that
the photopatterned PSS-wrapped MWNTs produced good
source/drain electrodes in OFETSs.

EXPERIMENTAL SECTION

Materials and Sample Preparation. The MWNTs and PSS
(M,, &= 75 000) were purchased from Carbon Nanomaterial
Technology Co. Ltd, Korea and Aldrich, respectively. The MWNTs
were used as received. The nanotubes were dispersed in a 1.5
wt % solution of PSS in water (at a concentration of 15 mg/mL)
by ultrasonication for 30 min. The PSSIMWNT solution was then
centrifuged at a rotor speed of 7500 rpm for 20 min, which
corresponded to 8700 g. The resulting homogeneous dispersion
of as-prepared PSS-wrapped MWNTSs was stable, and no phase
separation or aggregation of nanotubes was observed, not even
after 2 weeks. Photo-cross-linking of PSS-wrapped MWNTs was
carried out in a small vacuum chamber (~1 x 107 Torr)
equipped with a quartz window. The PSS-wrapped MWNT film
was exposed to UV light (1 = 255 nm, power = 50 W) (G15T8,
Sankyo Denki) through the quartz window over a distance of
10 cm.

Characterization. The resistivity of a PSS-wrapped MWNT
film spin-coated onto a glass substrate was calculated from the
sheet resistance measured using the four-point probe method
(Keithley 2400 Sourcemeter). The film thickness was measured
using a surface profiler (Alpha-step 500, TENCOR). The PSS-
wrapped MWNTs and photo-crosslinked MWNTs spin-coated
onto the gold substrate were characterized by ultraviolet pho-
toelectron spectroscopy (UPS) (Escalab 2201XL) using the He(I)
emission line at 21.2 eV to measure the work function. During
UPS measurements, a —5.0 eV bias was applied to improve the
transmission of low kinetic energy electrons and determine the
energy of the low kinetic energy edge.

Device Fabrication. OFETs with bottom-contact configura-
tions, in which the source/drain electrodes were constructed
prior to 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. The PSS-wrapped MWNT solution was spin-
coated onto these substrates, and the substrates were loaded
into the vacuum chamber. The coated substrate was subse-
quently exposed to UV light through a shadow mask for 40 min
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FIGURE 1. (a) FT-IR spectra of PSS films exposed to UV under a
vacuum for 0, 2, 4, and 6 h. The inset shows the patterned PSS
polymer geometry. (b) XPS spectra of S2p with Al Ko (hv = 1486.6
eV) for the as-loaded PSS and the UV-exposed PSS for 2, 4, and 6 h
under a vacuum. (c¢) UV—visible absorption spectra of PSS films on
quartz as a function of UV exposure time. (d) Thickness of PSS films
exposed to UV in air or under a vacuum as a function of time. (e)
Resistivity of PSS-wrapped MWNT films as a function of UV exposure
time.

then developed in water to remove any un-cross-linked materi-
als. The channel lengths (L) and widths (W) of the patterned 50
nm thick source/drain electrodes were 100 um and 1000 um,
respectively. A solution of TIPS-PEN in toluene (1 wt %) was
dropped onto the patterned substrates and dried under ambient
conditions. The electrical characteristics of the OFETs were
measured in air using Keithley 2400 and 236 source/measure
units.

RESULTS AND DISCUSSION
Polystyrene and halogenated polystyrene are photo-

crosslinkable by irradiation with 255 nm ultraviolet (UV)
light, enabling photopatterning of these polymers (32). If
irradiation is conducted in air, the radicals generated by UV
irradiation react with oxygen, leading to oxidation and
degradation of the polymer. However, if UV irradiation is
conducted in an oxygen-free atmosphere, such as under a
vacuum or in a nitrogen atmosphere, the radicals react with
other radicals, resulting in cross-linking. This implies that the
polystyrene-based polymer, PSS, is photo-cross-linkable.
The inset of Figure 1a shows an optical microscopy image
of the photopatterned PSS obtained by exposure to UV for
2 h under a vacuum. Transmission Fourier transform infra-
red (FT-IR) spectra were collected from a 200 nm thick PSS
film on silicon wafer at several time points during UV
exposure, from 0 to 6 h (Figure 1a). Polystyrene radicals are
normally generated by the cleavage of an a-hydrogen bond,
which is sensitive to light and has a low bond-dissociation
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Scheme 1.
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energy. The a-radicals react with other o-radicals, producing
radical—radical coupling reactions (32). As the UV exposure
time increased, we observed a reduction in the intensities
of the peaks corresponding to the C—H symmetric and
asymmetric stretching vibrations (2849 and 2931 cm™,
respectively) of the —CH,— groups. This observation indi-
cates that the UV-generated radicals formed via cleavage of
o-hydrogen atoms on the chain, which then reacted with
other radicals to cross-link the PSS chains.

A large shift in the —SOsH peak, from 912 to 1351 cm™',
was observed as the UV exposure progressed. The reduction
implied cleavage of the sulfonic acid groups from the phenyl
group, similar to the cleavage observed for halogens from
halogenated polystyrenes during exposure to 255 nm UV
light (32). Cleavage of the sulfonic acid group was more
clearly observed in the significant attenuation in peak in-
tensity of the S2p orbital in the X-ray photoemission spectra
(XPS) (Figure 1b) (33). However, the radical that formed via
cleavage of the sulfonic acid group did not lead to cross-
linking, as was evident from significant decrease in the C—H
vibrational modes of the p-disubstituted phenyl group at 775,
835, and 1413 cm™! and the increase in the C—H mode of
the monosubstituted phenyl groups at 761 cm™' (34). Be-
cause phenyl radicals that are formed by cleavage of sulfonic
acid are generally short-lived and immediately form a
benzene ring, they cannot be involved in a radical—radical
coupling reaction (32).

Figure 1c shows the UV—visible absorption spectra of
pristine PSS and a UV-exposed PSS films on quartz as a
function of UV exposure time. As the UV exposure time
increased from 0 to 6 h, the absorption at longer wave-
lengths increased due to double bond formation in the
polymer chain. This implies that UV-generated radicals in
the chain cannot only react with other radicals but they also
converted to stable double bond formation via a-hydrogen
abstraction (32, 35). The C=C mode of the double bonds
produced was not clearly observed in the FT-IR spectra
because the broad band from 1620 to 1680 cm™' overlapped
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with both the broad band of the C=C bending vibration from
the phenyl groups at 1600 cm™' and the O—H bending
vibration of the sulfonic acid group at 1680 cm™'.

Scheme 1shows the possible reactions of PSS, including
the crosslinking reaction produced by UV light exposure.
After UV exposure, the PSS film became insoluble in water
and organic solvents due to the cross-linking. During UV
exposure under vacuum, the thickness of the PSS film
decreased significantly, which is a general indicator of cross-
linking (Figure 1d). It is because cross-linking decreases free
volume between polymer chains. However, when the PSS
film was exposed to UV radiation in air, the thickness did
not change significantly, and the film became sticky because
of cleavage, oxidation, and degradation of the PSS polymer
chains.

Because the PSS polymer is photo-crosslinkable, PSS-
wrapped MWNTs are photopatternable (Figure 2a). The PSS-
wrapped MWNTs could be photopatterned with a spatial
resolution of 10 um. However, whereas PSS required UV
exposure for more than 2 h for patterning, the UV exposure
time required for photopatterning of the PSS-wrapped
MWNTs was 40 min. The shortened time was probably due
to the decreased presence of water-soluble PSS in the
composite material. Although a 40 min exposure time is still
relatively long, optimization of the UV power and distance
between the UV lamp and the sample may reduce this
exposure time. The measured resistivity of the PSS-wrapped
MWNT films was 0.017 Q cm (conductivity of about 60
S/cm). At UV exposure times between 20 and 100 min, the
resistivity remained unchanged (Figure 1e), implying that UV
exposure did not chemically alter the nanotubes. Images b
and c in Figure 2 show SEM images of the pristine MWNT
powder and the spin-coated PSS-wrapped MWNT film,
respectively. The surface of the pristine MWNTs was smooth,
whereas the surface of nanotubes in the PSS-wrapped
MWNT film was rough, implying that the nanotubes were
covered with PSS.
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FIGURE 2. (a) Optical microscopy images of photo-patterned PSS-wrapped MWNT electrodes, (b) SEM images of the pristine MWNT powder,

and (c) spin-coated film of cross-linked PSS-wrapped MWNTSs.
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FIGURE 3. Middle: Full UPS spectra of PSS-wrapped MWNTs, UV-
cross-linked PSS-wrapped MWNTs, and gold. Left: Close-up of the
cut-off electron region used to determine the work function. Right:
Close-up of the Fermi edge of the photoemission region.

The work functions of the PSS-wrapped MWNTSs and UV-
exposed PSS-wrapped MWNTs were measured by UPS
(Figure 3). The low kinetic energy edge on the left-hand side
of each UP spectrum (Ey™") corresponds to electrons that
have just sufficient energy to escape from the solid, and thus
gives information about the position of the vacuum level.
The maximum kinetic energy (E™™) on the right-hand side
of each UP spectrum corresponds to electrons from the
highest occupied level and therefore provides information
about the position of the Fermi level (Ep). E™™ and E,™"
were determined through linear extrapolation of the UP
spectra. The work functions @, were obtained by using the
equation ®,,=hv — (E,™™ — E,™") (36). The work function
of PSS-wrapped MWNTs was 4.83 eV. This work function
was reduced to 4.53 eV after UV exposure. Previously, we
reported that the work function of MWNTs (4.47 eV) in-
creased after wrapping the MWNTs with PSS as a result of
the negative dipole moment of the PSS’s pendant groups,
which were oriented away from the nanotube surface (15).
Thus, when PSS-wrapped MWNTSs were exposed to UV light,
cleavage of the sulfonic acid groups lowered the work
function. However, despite a reduced work function, the
PSS-wrapped MWNTs were still appropriate for use as
source/drain electrodes in OFETs. Typical drain current—gate
voltage transfer curves for TIPS-PEN field-effect transistors,
fabricated using PSS-wrapped MWNT source/drain elec-
trodes photopatterned by exposure to UV, are shown in
Figure 4b. The carrier mobility was calculated in the linear
regime from the slope of the drain current as a function of
gate voltage. Th calculation was performed by fitting the data
to the following equation e: Ip = (WC/L)u(Vg — Vi) Vb, where
Ip is the drain current, u is the carrier mobility, Vi, is the
threshold voltage, Vg is the gate voltage, and Vp is the drain
voltage (namely, —4 V) (37). The measured capacitance, C;,
was 10 nF/cm?. The average field-effect mobility of the
pentacene OFETs composed of photopatterned PSS-wrapped
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FIGURE 4. (a) Schematic diagram of a TIPS-PEN bottom-contact OFET
containing PSS-wrapped MWNT electrodes, (b) transfer character-
istics, (c) output characteristics of OFETs composed of UV-patterned
PSS-wrapped MWNTs and Au electrodes, and (d) width-normalized
total resistance, including channel and contact resistances in an
OFET, as a function of gate voltage.

MWNT source/drain electrodes was 0.134 + 0.056 cm?/(V
s) with an on/off ratio of 1.5 x 10°. In contrast, the average
field-effect mobility of the devices based on gold substrates
was 0.011 £ 0.004 cm?/V - s with an on/off ratio of 2.8 x
10°, which is consistent with the previous reports (38, 39).
The devices fabricated from the nanotubes showed ohmic
contact behavior (Figure 4c¢), implying negligible contact
resistance between photopatterned PSS-wrapped MWNTSs
and the TIPS-PEN transistors. Figure 4d shows the width-
normalized total resistance, RW, of transistors fabricated
with gold and photopatterned PSS-wrapped MWNT elec-
trodes, which is the sum of the channel resistance and the
contact resistance as a function of Vg, ata Vp of =4 V. RWis
given by

L

RW = R-W +
T uCg -

Vin)

where RcW is the width-normalized contact resistance.
During the sweep of Vg from 0 to —10 V, the RW of the
device fabricated with gold decreased by reduction of the
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FIGURE 5. (a) Polarized optical microscopy of TIPS-PEN polycrystal-
line films on a gold-patterned substrate and (b) on a PSS-wrapped
MWNT-patterned substrate.

channel resistance because the channel resistance is in-
versely proportional to V. From a Vg of =10 V, RW was
almost unchanged despite increases in Vg. This is because
RcW was large and the changes in channel resistance as a
function of Vs were negligible compared to RcW, indicating
that the device performance was contact-limited. ReW was
approximately 1 x 10°Q cm at a Vg of =40 V. In contrast,
the RW of the device composed of photopatterned PSS-
wrapped MWNTs decreased consistently throughout the
sweep of Vg from 0 to —40 V, indicating that RW was
dominated by the channel resistance rather than RcW, for
this device, ReW was less than 9 x 10* Q ¢m at a Vg of
—40 V.

Despite the 0.56 eV lower work function of the photo-
patterned PSS-wrapped MWNTs than that of gold, the
contact resistance was much lower than that of OFET with
gold, leading to higher mobility of transistor composed of
photopatterned PSS-wrapped MWNTs. The lower contact
resistance can originate from morphological change of TIPS-
PEN and hole injection barrier between TIPS-PEN and
electrode. The morphological changes of polycrystalline
organic semiconductors such as vacuum-deposited penta-
cene and spin-coated soluble small-molecule semiconductor
on different electrode surfaces were previously observed
(40—43). 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 electrodes via
channel and did not observe pronounced morphological
difference of drop-casted TIPS-PEN on gold and photopat-
terned-MWNT using polarized optical microscopy (Figure
5a,b), consistent with the previously published result (44).
Thus, we believe the lower contact resistance of OFET
containing photopatterned PSS-wrapped MWNTs originated
from hole injection barrier rather than morphological dif-
ference of TIPS-PEN on both electrodes. Many researchers
report that the hole injection barrier between organic semi-
conductor and electrode was determined not only by the
work function of electrodes, but also by whether the elec-
trode surface was organic or metal (40, 43, 45). Despite the
high work function of gold, the hole injection barrier at the
interface between organic semiconductor 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 (46). In contrast, the vacuum level
shift between organic semiconductor and electrodes having
an organic surface is small because of a low IDIS caused by
the absence of the strong local orbital exchange and the
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potential correlation at the interface (40, 43). Therefore, the
hole injection barrier between organic semiconductor and
organic electrode is generally smaller than that between
organic semiconductor and metal. This implies that the
interface between TIPS-PEN and gold suffers from a large
vacuum level shift, leading to a higher hole injection barrier.
In contrast, the vacuum level shift between TIPS-PEN and
photopatterned PSS-wrapped MWNTSs is small and it results
in a lower hole injection barrier leading to lower contact
resistance (below 9 x 10* Q cm) (47) of transistor based on
photopatterned PSS-wrapped MWNTSs than that of the tran-
sistors composed of gold source/drain electrodes (1 x 10°
Q cm).

CONCLUSIONS

PSS was observed to cross-link via UV exposure under a
vacuum, indicating that PSS-wrapped MWNTs are photopat-
ternable. FT-IR and XPS results suggested that the photo-
crosslinking of PSS proceeded via a radical-coupling reaction
initiated by UV cleavage of hydrogen atoms in the chain.
During photo-crosslinking, cleavage of a significant fraction
of the sulfonic acid groups occurred, which reduced the work
function of PSS-wrapped MWNTSs from 4.83 to 4.53 eV. The
mobility of the TIPS-PEN field-effect transistors fabricated
using PSS-wrapped MWNTSs as source/drain electrodes was
measured to be 0.134 + 0.056 cm?/(V s) with an on/off ratio
of 1.5x10%, about 12 times higher than that of transistors
fabricated using gold source/drain electrodes (0.011 £ 0.004
cm?/(V s)). The good performance of TIPS-PEN transistors
with photopatterned PSS-wrapped MWNTSs suggests that the
photopatterned PSS-wrapped MWNTSs are suitable for use
as source/drain electrode materials for OFETs.
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