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ABSTRACT: Composite films of multiwall carbon nanotube
(MWNT)/poly(3,4-ethylenedioxythiophene) polymerized
with poly(4-styrenesulfonate) (PEDOT:PSS) were prepared
by spin-coating a mixture solution. The effect of the MWNT
loading and the MWNT oxidation, with acid solution or
ultraviolet (UV)-ozone treatment, on the film properties such
as surface roughness, work function, surface energy, optical
transparency and conductivity were studied. Also pentacene thin film transistors and inverters were made with these composite
films as a contact metal and the device characteristics were measured. The oxidation of MWNT reduced the conductivity of
MWNT/PEDOT:PSS composite film but increased the work function and transparency. UV-ozone treated MWNT/
PEDOT:PSS composite film showed higher conductivity (14000 Ω/□) and work function (4.9 eV) than acid-oxidized MWNT/
PEDOT:PSS composite film and showed better performance as a source/drain electrode in organic thin film transistor (OTFT)
than other types of MWNT/PEDOT:PSS composite films. Hole injection barrier of the UV-ozone treated MWNT/
PEDOT:PSS composite film with pentacene was significantly lower than any other films because of the higher work function.

KEYWORDS: multiwalled carbon nanotube, CNT:PEDOT composite, oxidized CNT, organic thin film transistor, work function,
hole injection barrier

1. INTRODUCTION
Many groups have studied electrode materials for electronic
devices including organic thin film transistor (OTFT), organic
photovoltaic (OPV), dye-sensitized solar cell (DSSC) and
organic light-emitting diode (OLED) to improve the device
performance with low-cost materials and processes.1−4 Carbon
nanotube (CNT) is an attractive candidate for this application
due to its high conductivity, stability and optical trans-
mittance.3,5−8 CNT material has been applied in various fields
including OLED, OTFT, OPV, and DSSC as an emitting,
catalytic, or transparent electrodes.9−12 However, CNT has an
intrinsic problem because it is difficult to disperse uniformly in
most solvents, and many groups have tried to solve this
problem for decades.13,14 The oxidation of CNT and grafting of
polymer onto CNT are the most widely utilized methods to
improve the dispersion of CNT in solvents.13−16 The polymer
grafting onto CNT can improve the solubility of CNT in a
polar solvent and conductivity of CNT film can be further
improved in combination with highly conductive polymer.17,18

Among them, poly (3,4-ethylenedioxythiophene) polymerized
with poly (4-styrenesulfonate) (PEDOT: PSS) is a good
candidate with a high conductivity (0.1 to 1 × 103 S/cm) and a
good solubility in polar solvents.19−21 On the basis of these
advantages, studies on the application of CNT, PEDOT:PSS, or
CNT/PEDOT:PSS composite films as an electrode material
have been reported in recent years and it was reported that the
film properties including work function, morphology and sheet
resistance were influenced by the MWNT/PEDOT:PSS

composition.22 Despite the high conductivity, work function
of multiwall carbon nanotube (MWNT)/PEDOT:PSS films
(∼ 4.7 eV) is not high enough as a source and drain (S/D)
electrode in p-type OTFT.22The oxidation of CNT using acid
solution (HCl or HNO3) would increase the work function
along with better dispersion in polar solvents owing to the
introduction of −OH, −COO−, or −COOH functional
groups, but acid-solution treated CNT shows much poorer
conductivity than as-purchased CNT due to the ring-opening
or breaking of CNT chains.16−18 On the other hand, the
oxidation of CNT using ultraviolet(UV)-ozone treatment was
recently reported and using this method, dispersion of CNT
was improved with only slight conductivity reduction because
functional groups were formed on the surface of the CNT chain
without much chain breaking during UV treatment.23,24

So far, the effect of CNT oxidation on the film properties of
CNT/PEDOT:PSS composites has not been studied and in this
work, as purchased MWNT was oxidized with acid solution or
UV-ozone treatment and MWNT/PEDOT:PSS composite
solutions were prepared with various compositions. The
MWNT/PEDOT:PSS composite films were prepared with spin-
coating on SiO2 (300 nm) surface thermally grown on Si substrate
and the film properties such as resistivity, work function, morpho-
logy, and surface energy were measured. The pentacene-OTFTs
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and complementary inverters with MWNT/PEDOT:PSS compo-
site films as a source/drain (S/D) electrode were fabricated and
their performances were evaluated.

2. EXPERIMENTAL SECTION
PEDOT:PSS solution (CLEVIOS PH500: 1 wt % in water) and MWNT
were purchased from H.C. Starck and Carbon Nanomaterial Technology
Co., respectively. As-purchased MWNT chains were examined by high-
resolution TEM measurement (JEM-2200FS, JEOL) to observe shape,
length and wall number. To prepare oxidized MWNT in acid solution
(Oxy MWNT), we refluxed as-purchased MWNT in a mixture of sulfuric
and nitric acid (volume ratio of 3:1) at ∼100 °C for 1 h and the mixture
was filtered using polycarbonate membrane of 0.2 μm pore size and dried
in a vacuum oven at ∼60 °C for 24 h. UV-ozone treated MWNT (UV
MWNT) was prepared with UV (wavelength: ∼254 nm)-ozone
treatment using high intensity mercury lamp in UV-tip cleaner (UV/
Ozone Procleaner, BiOFORCE) for 6 h. To prevent the gel formation
due to the entanglement and aggregation between MWNT and
PEDOT:PSS, we diluted 10 mL of the as-purchased PEDOT:PSS
solution with equal volume of deionized water before we added 0.2 g as-
purchased MWNT (0.2 MWNT). After 30 min ultrasonication process,
MWNT was well-dispersed and the MWNT/PEDOT:PSS solution
remained stable without any sediment for more than a week. The
dispersion of oxidized MWNT in PEDOT:PSS solution could be
improved because of the functionalization of the surface during the
oxidation process and MWNT/PEDOT:PSS solution were prepared by
adding 0.2 or 0.3 g of Oxy or UV MWNT into 20 mL of the as-purchased
PEDOT:PSS solution without the dilution process (0.2, 0.3 OMWNT or
UVMW). MWNT/PEDOT:PSS composite films were prepared using
spin-coating (5000 rpm) of the MWNT/PEDOT:PSS solution on SiO2
(300 nm)/N++Si substrate (Silicon Material Inc.) and then annealed in
vacuum oven at ∼100 °C for 2 h. The schematic diagram of the film
forming process is shown in Figure 1a.
The pentacene TFTs with MWNT/PEDOT:PSS S/D electrodes were

fabricated and their performance was characterized. OTS (octadecyltri-
chlorosilane) monolayer was formed on the oxide surface to improve the
interface property of pentacene on insulator. Prior to the formation of OTS
monolayer, SiO2 (300 nm)/N++Si substrate was dipped in piranha solution
(H2SO4: H2O2 = 7:4 vol%) for 1 h at ∼100 °C and cleaned in UV tip
cleaner for 30 min. Then, the substrate was dipped in the 1 mM OTS-
toluene (purchased from Aldrich Chemical Co.) solution for 2 h at the low
temperature of ∼4 °C and washed out in toluene and acetone for 30 min
each with ultrasonication. Finally, OTS-treated substrate was annealed in a
vacuum chamber for 2 h at 150 °C and kept in vacuum chamber at 50 °C.
Lift-off process was used to pattern the S/D electrode of the pentacene

OTFT. Photoresist (negative type PR, AZ5214-E) was spin-coated on the
substrate with a speed of 5000 rpm for 45 s and the layer was exposed to
UV light of ∼350 nm major wavelength through the mask and then washed
out with developer and DI water. Subsequently, the substrate was exposed
to UV-ozone in a UV tip cleaner for 10 min and MWNT/PEDOT:PSS
film for S/D electrode was spin-coated (5000 rpm) on the whole substrate
surface. Then the substrate was annealed in a vacuum oven at ∼100 °C for
2 h and washed in acetone with ultrasonication. The patterning process of
the MWNT/PEDOT:PSS film to be used as a S/D electrode in OTFT
was briefly summarized elsewhere.22 Pentacene films as an organic
semiconductor in OTFTs were deposited at 70 °C with a deposition
rate of 0.2−0.3 Å/s in an organic molecular beam deposition (OMBD)
system at a pressure of 2 × 10−6 Torr. This fabrication procedure was also
utilized to prepare a p-type part of an inverter (channel length: 100 μm and
channel width: 1000 μm) and n-type organic semiconductor (N, N′-
ditridecyl perylene diimide (PTCDI-C13)) films were deposited at room
temperature with a rate of 0.2−0.3 Å/s in an OMBD system.
Sheet resistance of the MWNT/PEDOT:PSS film was measured with

4-point probe method (KEITHLEY 2400 source meter) and the top-view
of the S/D electrodes patterned using photolithography were observed
with optical microscope (OM). The morphology of the MWNT/
PEDOT:PSS film was investigated using atomic force measurement
(AFM, Veeco Nanoscope V in NCNT) and secondary emission
microscope (SEM, JEOL JSM-7401F). The bonding state and work

function of the MWNT/PEDOT:PSS film were investigated with X-ray
photoemission spectroscopy (XPS) and ultraviolet photoemission
spectroscopy (UPS) measurement. The current−voltage (I−V) character-
istics of the pentacene TFT and inverter were measured at room
temperature using Agilent E5270A precision semiconductor parameter
analyzer and Keithley 4200 semiconductor characterization system.

3. RESULTS AND DISCUSSION

Figure 1b shows TEM images of as-purchased MWNTs, which
have different wall number and diameter. MWNTs showed
multi walls between 5 and 20 wall number and diameter also
varied (5−20 nm) depending on the wall number. Several
impurities around the MWNT chains were also observed and
they were mainly originated from the metal catalyst. As
described in the experimental section and Figure 1a, various
MWNT/PEDOT:PSS solutions were prepared with as-
purchased MWNT, UV MWNT, or Oxy MWNT and
PEDOT:PSS solution, 0.2 MWNT (films made with MWNT
0.985 wt % in solution and MWNT/PEDOT:PSS = 2:1 weight
ratio), 0.2 UVMW (UV-treated MWNT 0.98 wt % in solution

Figure 1. (a) Schematic diagram showing how to prepare various
types of MWNT/PEDOT:PSS films and (b) TEM images of the as-
purchased MWNTs, which have different wall number and diameter.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am201622j | ACS Appl. Mater. Interfaces 2012, 4, 982−989983



and UV MWNT/PEDOT:PSS = 1:1 weight ratio), 0.2 OMWNT
(Oxy MWNT 0.98 wt % in solution and Oxy MWNT/
PEDOT:PSS = 1:1 weight ratio) and 0.3 OMWNT (Oxy
MWNT 1.46 wt % in solution and Oxy MWNT/PEDOT:PSS =
3:2 weight ratio) films were prepared on SiO2 (300 nm)/Si
substrates. The properties such as morphology, resistivity and
work function were highly dependent on the MWNT oxidation
state as well as the MWNT concentration in PEDOT:PSS
solution. The morphology of the spin-coated MWNT/
PEDOT:PSS film was investigated using OM and AFM images
as shown in panels a and b in Figure 2. PEDOT:PSS film shows
smooth surface morphology without any agglomeration, but the
MWNT aggregation was observed in the MWNT/PEDOT:PSS
composite film from the entanglement of the MWNT chains. In
spite of the higher MWNT and PEDOT:PSS concentration in the
solution, the number and size of MWNT agglomerations in the
0.3 OMWNT (or 0.2 OMWNT) film was smaller than 0.2

MWNT because the CNT dispersion was improved by the
formation of the functional group and the ring-opening or chain
break in the CNT during the oxidation process.16−18,25 The
transmittance at visible region (400−800 nm wavelength) of
various MWNT/PEDOT:PSS films were compared as shown in
Figure 2c. OMWNT films on the glass substrate showed high
transparency (0.2 OMWNT: 90.4% and 0.3 OMWNT: 71.2% at
550 nm), which is comparable to PEDOT:PSS film, but 0.2
UVMW and 0.2 MWNT films on the glass substrate were
semitransparent at visible region (0.2 UVMW: 45.6% and 0.2
MWNT: 56.5% at 550 nm) because of the dense tangles of
MWNT long chains. MWNT chains were not broken after UV
treatment and therefore, the configuration of CNT chains in 0.2
UVMW is almost the same as 0.2 MWNT. Even though the UV
treatment has an effect on the transparency of the composite film,
0.2 UVMW actually showed lower transparency compared with
0.2 MWNT, in spite of the MWNT functionalization. We believe

Figure 2.Morphology of MWNT/PEDOT:PSS films observed with (a) OM and (b) AFM; (c) transmittance of various MWNT/PEDOT:PSS films
in the visible region (400−800 nm wavelength); and (d) roughness and sheet resistances of various MWNT/PEDOT:PSS films.
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that low transparency of 0.2 UVMW results from the higher
concentration of PEDOT:PSS in the solution. As summarized in
table 1, the PEDOT:PSS concentration in 0.2 UVMW solution is
twice higher than that of 0.2 MWNT solution, and therefore UV
MWNT chains in 0.2 UVMW are more densely packed and
covered with PEDOT:PSS molecules. Roughness (calculated from
AFM images of 2.5 × 2.5 μm2) of 0.2 UVMW was comparable
with 0.2 MWNT, as shown in Figure 2d. Apart from morphology,
0.2 UVMW showed distinct electrical properties (work function

and sheet resistance) and the sheet resistance of 0.2 UVMW or 0.3
OMWNT is much lower than that of PEDOT:PSS film but higher
than that of 0.2 MWNT. This result confirmed that the electrical
properties of MWNT/PEDOT:PSS films were highly dependent
on the oxidation process of MWNT.
Panels a and b in Figure 3 show comparative XPS spectra of C

1s and O 1s core levels at the surface regions of various MWNT/
PEDOT:PSS films. PEDOT:PSS has chemical bonding among
carbon, sulfur, oxygen, and hydrogen atoms and MWNT is

Table 1. Film Properties of the CNT/PEDOT:PSS Film and the Characteristics of the Pentacene TFT with Various Types of
CNT/PEDOT:PSS S/D Electrode

MWNT/PEDOT:PSS film properties characteristics of OTFTs

materials (MWNT wt % in
PEDOT:PSS solution)

wt% ratio between
MWNT and
PEDOT:PSS

thickness
(nm)

sheet resistivity
(Ω/□)

roughness
(nm)

optical
transmit-ttance
at 550 nm (%)

work
function
(Φ)

field-effect
Mobility

(cm2/(V s))

on/off
current
ratio

threshold
voltage (Vth)

PEDOT:PSS22 (0.985
w(0.985 wt %)t %)

50 980000 ± 230000 0.815 96.8 4.95 0.05 ± 0.05 ∼1 × 105 1.45 ± 0.2

0.2 MWNT (0.980 wt %) 2:1 150 ± 50 2150 ± 500 25.4 56.5 4.70 0.24 ± 0.01 ∼5 × 105 −4.4 ± 0.5
0.2 OMWNT (0.980 wt %) 1:1 100 ± 20 156000 ± 10000 10.7 90.4
0.3 OMWNT (1.46 wt %) 3:2 120 ± 20 46800 ± 3000 14.6 71.2 5.09 0.35 ± 0.01 ∼5 × 105 −4.2 ± 0.5
0.2 UVMW (0.980 wt %) 1:1 150 ± 50 14000 ± 2000 39 45.6 4.90 0.37 ± 0.01 ∼5 × 105 −3.8 ± 0.5

Figure 3. Comparative XPS spectra of (a) C 1s and (b) O 1 s core levels and (c) the atomic composition at the surface region of various MWNT/
PEDOT:PSS films.
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composed of the carbon−carbon bonding. The main asymmetric
peak at 284.5 eV was assigned to the sp3 and sp2 carbon−carbon
bonding and the tail peaks at 285.9 and at 286.8 eV were assigned
to the carbon−sulfur and carbon−oxygen bonding. The small peak
at 291.0 eV indicating π−π* transition in PEDOT:PSS film was
also observed as shown in Figure 3a.19,26,27 The intensity of the
main peak at 284.5 eV (C 1s core level) in MWNT/PEDOT:PSS
film was increased compared with the PEDOT:PSS film without a
change in the position but there is no significant variation in the
XPS spectrum due to the oxidation of MWNT. The O 1s core
levels of PEDOT:PSS consists of the peaks from PSSH, PSS−Na+

and PEDOT but in the MWNT/PEDOT:PSS film, the intensities
were decreased without change in the peak position just like S in
the film. Small peaks indicating −COH, −COO, −COOH, and
physically absorbed O atoms newly appeared at 0.2 MWNT.28,29 O
1s core levels of 0.2 UVMW and 0.3 OMWNT were composed of
various oxidation states of MWNT as well as PEDOT:PSS and
among them, the −COOH and −COH bonding states became
main peaks of O 1s core levels in the 0.3 OMWNT film. The
atomic concentration of carbon in the 0.2 MWNT film was higher
than PEDOT:PSS film and the atomic concentration of hydrogen
and sulfur were slightly lower due to the MWNT chains consisting
of sp2 carbon bonding. Both 0.2 UVMW and 0.3 OMWNT films
showed higher atomic concentration of oxygen component
compared with 0.2 MWNT due to −COH, −COO, or
−COOH group of oxidized MWNT. 0.3 OMWNT with highly

oxidized MWNT showed more oxygen concentration and higher
oxidation states than other films, as shown in Figure 3c.
To analyze the effect of MWNT oxidation state on the

performance of the MWNT/PEDOT:PSS film as S/D electro-
des, we fabricated the bottom-contact pentacene TFTs with
MWNT/PEDOT:PSS S/D electrodes as shown in Figure 4a and
electrical properties of them were characterized. The field-effect
mobility in the saturated regime (VD = −40 V) was calculated
from the transfer curve shown in Figure 4b. Compared with the
pentacene TFT with 0.2 MWNT S/D electrode (μ = 0.24 cm2/
(V s)), the pentacene TFTs with 0.2 OMWNT and 0.3 UVMW
films showed higher field-effect mobilities of 0.32 and 0.39 cm2/
(V s), respectively. Output curves of the pentacene TFTs with
0.2 MWNT and 0.2 UVMW S/D electrodes were compared in
Figure 4c and the pentacene TFT with 0.2 UVMW S/D
electrode showed much higher drain current at the same drain
voltage compared with that of 0.2 MWNT. The threshold
voltage of pentacene TFTs with 0.2 UVMW and 0.3 OMWNT
S/D electrodes were smaller (about −2.5 V) compared to the
TFTs with 0.2 MWNT S/D electrode (VT = −4.4 V). The
contact resistance between S/D electrode and pentacene was
measured by controlling the gate voltage in the range of −10 to
−40 V in the linear region with the drain voltage of −5 V. As
shown in Figure 4d, contact resistance values were highly
dependent on the S/D electrode material and interface between
0.2 UVMW (or 0.3 OMWNT) and pentacene showed lower

Figure 4. (a) Schematic of bottom-contact pentacene TFTs with MWNT/PEDOT:PSS S/D electrodes, (b) the transfer and (c) output
characteristics of the pentacene TFTs with various MWNT/PEDOT:PSS S/D electrodes, and (d) the contact resistance between MWNT/
PEDOT:PSS electrode and pentacene.
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contact resistance than the 0.2 MWNT (or Au/Ti) and
pentacene. We believe that the better performance of the
pentacene TFTs with 0.2 UVMW or 0.3 OMWNT is
fundamentally attributable to the lower contact resistance from
the higher work function of the S/D electrode.
Figure 5a shows the comparative UPS spectra of various

MWNT/PEDOT:PSS films. The secondary cutoff region
(Ecutoff) and Fermi energy (EF) were clearly defined and the
work function of the MWNT/PEDOT:PSS film was calculated
using the following eq 11,22

φ = ν = − +h E E( 21.2 eV) cutoff Fermi (1)

.Here, hν (21.2 eV) is the incoming photon energy from He I
source and the −5 V bias was applied to make a clear boundary in
the Ecutoff region. The work function of the conductive film highly
depends on the surface properties as well as bulk properties. As
seen in the morphological images of 0.2 UVMW or 0.2 MWNT,
MWNT chains were densely tangled at the surface region and
therefore, it is believed that the surface properties including the
work function highly depend on the properties of MWNT as well
as those of PEDOT:PSS. The work function of PEDOT:PSS and
0.2 MWNT were measured to be 4.95 and 4.70 eV, respectively.
At the surface region of 0.2 MWNT, MWNT, which has a
relatively lower work function (4.6 eV) compared with that of
PEDOT:PSS (5.0 eV), is densely packed and highly influences
surface properties. Thus the work function of 0.2 MWNT film is
almost similar with that of MWNT material. On the other hand,
as the oxidation state of MWNT varies, the surface properties of
MWNT/PEDOT:PSS film were highly influenced by the chain-
breaking or ring-opening of MWNT during the oxidation process.
As a result of this, conductivity of MWNT highly decreases but
work function slightly increases owing to the addition of electron
withdrawing groups such as −COH, −COO, and −COOH. 0.2
UVMW showed a high work function of 4.9 eV and the work
function of 0.3 OMWNT was larger than the PEDOT:PSS film,
as shown in the comparative UPS spectra of Figure 5a. The work
function difference between 0.2 UVMW and 0.3 OMWNT was
induced by the oxidation state of oxidized MWNT, and the
differences in oxidation states of them were confirmed with XPS
measurement of Figure 3b.
In p-type TFT, high work function of S/D electrode enables

electrode/semiconductor interface to form low hole injection
barrier and the hole loss at the interface can be minimized. The
hole injection barrier is given as

φ = − φEB Homo(organic) (2)

,and here, EHOMO (organic) is the highest occupied molecular level
(HOMO) of pentacene and φ is the work function of the metal as
given in eq 1. The work function of the S/D electrode is a crucial
factor determining the contact resistance between S/D electrode
and pentacene in pentacene TFTs and the S/D electrode of high
work function close to the HOMO level of pentacene can form an
ohmic contact with low hole-injection barrier.1,22,30,31With the
pentacene deposition, EHOMO(organic) and the shift of Ecutoff(metal)
were observed when the pentacene layer thickness was high
enough and the actual hole injection barrier between the S/D
electrode and pentacene can be obtained from the UPS spectra
shown in panels b and c in Figure 5.30,31 On the basis of the
valence band structure of pentacene thin layers on 0.2 MWNT
and 0.2 UVMW, actual hole injection barriers were calculated as
shown in Figure 5d. The hole injection barrier between pentacene
and 0.2 UVMW S/D electrode was 0.383 eV and this value was

significantly lower than that between pentacene and 0.2 MWNT
S/D electrode because of the high work function of 0.2 UVMW.

Figure 5. (a) Comparative UPS spectra including secondary cutoff and
Fermi edge regions of various MWNT/PEDOT:PSS films, (b, c) UPS
spectra of the pentacene layers grown on (b) 0.2 MWNT and (c) 0.2
UVMW films, and (d) the hole injection barrier between the MWNT/
PEDOT:PSS film and pentacene calculated from the UPS spectra.
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Additionally, the complementary inverter with 0.2 UVMW
film as a S/D electrode was also fabricated as shown in Figure
6a and performance was compared with 0.2 MWNT S/D
electrode. As compared in Figure 6d, the difference in the

saturation current and mobility between p-type and n-type TFT
result in the positive shift of the inverter threshold voltage.
Nevertheless, the complementary inverters showed good
output voltage (Vout)−input voltage (Vin) characteristics as
shown in Figure 6b. The Vout stayed close to VDD at low Vin and
abruptly dropped to 0 V above the specific Vin.

32,33 This
behavior was from the complementary turning on and off
operation of p-type (pentacene) and n-type (PTCDI-C13)
TFTs. The DC gains (dVout/dVin) as a function of Vin was
plotted in Figure 6c and their values were almost 50, which is
much higher than DC gains (near 30) of the inverter with 0.2
MWNT S/D electrode.

4. CONCLUSION
The effect of the MWNT oxidation on the MWNT/PEDOT:
PSS composite film properties such as surface roughness, work
function, surface energy, optical transparency, and conductivity
were characterized. The oxidation process of MWNT reduced
the conductivity of MWNT/PEDOT:PSS composite film but
increased the work function due to the formation of the
functional groups from the ring-opening or chain break of
MWNT during oxidation process. 0.2 UVMW film showed a
high work function and conductivity and exhibited excellent
performance as a S/D electrode in the pentacene TFT and the
complementary inverter.
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