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ABSTRACT O0ligothiophene-terminated poly(ethylene glycol) was synthesized and used as a non-ionic and

amphiphilic surfactant for fabricating high-quality single-walled carbon nanotube (SWCNT) films by a simple spin

coating method. The absence of charge repulsion between SWCNT/surfactant complexes successfully leads to

formation of a dense network of SWCNTs on the substrate through a single deposition of spin coating. When the

SWCNT film was treated with nitric acid and thionyl chloride after washed with dichloromethane and water, a

high-performance SWCNT film with the sheet resistance of 59 ohm/sq and the transparency of 71% at 550 nm was

successfully obtained. Since the SWCNT film exhibits a high value of 4/, (~—17) and excellent dimensional

stability after releasing from the substrate, the film can be used as a transparent electrode in flexible

optoelectronic devices.
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ransparent and electrically conduc-
T tive films have been widely used as

an electrode for organic electronics
such as organic light-emitting diodes and
organic photovoltaics. Recently, single-
walled carbon nanotube (SWCNT) films at-
tract much attention as an alternative to
metal oxide electrodes due to their unique
electrical conductivity, excellent mechanical
properties, and feasibility of solution pro-
cess, which satisfies the industrial demand
for flexible and low-cost electrodes.’

For fabricating SWCNT films, some ap-
proaches based on the direct growth of
SWCNTSs on the substrate have been
reported.””> However, these methods are
unsuitable for plastic substrates because of
the high temperature required for the
chemical vapor deposition process. There-
fore, development of a solution-based
SWCNT deposition process, which is simple
and low-cost, is strongly demanded. Various
methods of solution-based SWCNT deposi-
tion including vacuum filtration (VF),°~°
spraying,'®"" dip coating,'? bar
coating,'>'* and spin coating’>'® have
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been reported. Among these methods, the
spin coating has been recognized as the
most promising process for mass produc-
tion and industrialization of SWCNT thin
films because of the uniformity of the film,
ease of thickness control, short coating
time, low-temperature fabrication, and high
reproducibility.

Although the spin coating process is
the most effective method for fabricating
the SWCNT thin film, a few reports on the
SWCNT films fabricated by the spin coating
have been reported because of the lack of
appropriate surfactant for dispersion of
SWCNTs in solvent. The most conventional
surfactants used for dispersion of SWCNTs
are sodium dodecyl sulfate (SDS) and so-
dium dodecylbenzene sulfonate
(SDBS).8 10111317720 Although these surfac-
tants have been well-known to disperse
SWCNTs effectively in aqueous media for
the spin coating process, the strong charge
repulsion between complexes of SWCNT/
surfactant due to ionic groups of surfactant
prohibits deposition of SWCNTSs on the sub-
strate, and as a result, the thickness of the
SWCNT film is limited. For this reason, the
preparation of SWCNT thin film prepared by
the spin coating has not been thoroughly
studied. Particularly, a high-performance
SWCNT film which fulfills the requirement
for flat panel displays (transmittance >80%
at 550 nm and sheet resistance <100 ohm/
sq) has not been fabricated yet through a
single deposition of spin coating.

To overcome the problem, two types of
spin coating processes have been pro-
posed, viz. repeated spin coating of SWCNT
solution without surfactant’® and the dual
spinning method,?' which exclude the re-
pulsive effect of surfactant during the spin
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Figure 1. (a) Chemical structure of 5TN-PEG, (b) comparison of SWCNT dispersion in dichloromethane and ethanol, (c) UV—visible—NIR
absorption spectra of 5TN-PEG (S) and SWCNT/5TN-PEG complex (C) in two different solvents, and (d) TEM image of exfoliated SWCNT/
5TN-PEG complex in ethanol. Dispersions of SWCNT/5TN-PEG (SWCNT/5TN-PEG = 1/10 w/w) complexes are prepared by sonication

and centrifugation.

coating process. However, these processes can not
only solve the fundamental problem of spin coating
process of SWCNTSs but also are unpractical. Recently,
Hellstrom et al.”> have reported that SWCNT thin films
can be successfully fabricated by a single deposition of
spin coating with a non-ionic surfactant (poly-
thiophene) and exhibit high performance (80 ohm/sq
at transmittance 72% at 550 nm).

In this paper, we report that a highly conductive
and transparent SWCNT thin film has been successfully
fabricated by a single deposition of spin coating using
an amphiphilic surfactant, quinquethiophene-
terminated poly(ethylene glycol) (5TN-PEG). Although
5TN-PEG does not have ionic groups in the molecule, it
has been reported that 5TN-PEG can effectively stabi-
lize nanotube dispersions.?? Moreover, since the molec-
ular weight of 5TN-PEG (~2000 g/mol) used in this
study is lower than other commercial non-ionic surfac-
tants such as Pluronic or Triton-X,%* it is expected that
the surfactant can be easily washed out after deposition
of SWCNTs. When the film was treated with nitric acid
and thionyl chloride after the surfactant was washed
with dichloromethane and water, highly conductive
and transparent SWCNT films were obtained due to ef-
fective removal of surfactant and chemical doping. Fur-
thermore, the film was easily separated from the sub-
strate by floating the sample on water because the
SWCNT thin film is dimensionally stable. Consequently,
these high-performance and free-standing SWCNT films
can be used for various optoelectronic devices.

RESULTS AND DISCUSSION

To disperse SWCNTs homogeneously in organic sol-
vent, the non-ionic, amphiphilic surfactant (5TN-PEG),
whose chemical structure is shown in Figure 1a, was
used. It has been known that the oligothiophene part
(5TN) in 5TN-PEG is strongly physisorbed onto the nano-
tube surface via strong m— interaction,?* 27 while
PEG is soluble in various organic solvents. Ethanol is
chosen as a solvent to disperse SWCNTs in the pres-
ence of 5TN-PEG because ethanol has a low boiling
point and low surface energy. The SWCNT solution was
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prepared by mixing 1.7 mg/mL SWCNTs and 17 mg/mL
5TN-PEG in ethanol for 8 h using a bath-type ultrasoni-
cator. After sonication, the solution was centrifuged at
5500 rpm for 90 min, and the upper 50% of solution was
decanted. The dispersion of SWCNTs with 5TN-PEG in
dichloromethane was also prepared by the same
method. When the UV—vis—NIR absorption spectra of
5TN-PEG and SWCNT/5TN-PEG complex in ethanol are
compared with those in dichloromethane, as shown in
Figure 1c¢, it reveals that two additional absorption
peaks are observed in the SWCNT/5TN-PEG in ethanol,
while 5TN-PEG in ethanol shows one absorption peak
(410 nm) corresponding to the absorption of oligothio-
phene. Observation of these two absorption peaks indi-
cates the dispersion of nanotubes in solution because
the peaks at 700 and 1000 nm are attributed to the first
metallic (M;;) and the second semiconducting van
Hope transition (S,,) of SWCNTSs, respectively.?® How-
ever, the solution in dichloromethane after centrifuga-
tion does not show a significant absorption in the re-
gions corresponding to the absorption of nanotubes.
This is because oligothiophene in 5TN-PEG, which can
interact with CNTs by w—r interaction, is dissolved in
dichloromethane and thus loses the function to dis-
perse SWCNTs.?° Hence, dichloromethane should not
be used for dispersion of SWCNTs, but can be used as
an effective solvent to wash excess 5TN-PEG after for-
mation of CNT films.

Figure 1d shows a transmission electron micro-
scope (TEM) image of dispersed SWCNTs with 5TN-
PEG, where the sample for the TEM image was pre-
pared by depositing droplets of the dispersed solution
onto the carbon-coated copper grid. TEM image indi-
cates that 5TN-PEG can homogeneously disperse
SWCNTSs and effectively exfoliate SWCNT bundles in
ethanol.

Films of SWCNTSs on the substrate are fabricated
from SWCNT/5TN-PEG (1/10 w/w) dispersion by a
simple spin coating method. The thickness of the
SWCNT film is controlled by changing the rpm of spin
coating. After deposition, SWCNT films are washed with
dichloromethane and water to remove the surfactant
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Figure 2. (a) Visual transparency of SWCNT films after de-
positing on the glass of 25 mm X 25 mm by spin coating
(left), after washing with dichloromethane and water
(middle), and after chemical treatment (right); (b) transmit-
tance spectra of SWCNT films.

and baked at 120 °C to enhance adhesion between
nanotubes and substrate. When the washed SWCNT
films are treated with HNO; and SOCI, to improve elec-
trical and optical properties of films,'®3°~3* transpar-
ent and homogeneous films are obtained (Figure 2a).
It should be noted that the color of films changes from
yellowish (as-prepared) to gray (after washing and after
treatment with both SOCI, and HNO3) due to the re-
moval of yellow-colored 5TN-PEG. To identify the re-
moval of surfactant, UV—visible spectra of SWCNT/5TN-
PEG films are measured. In Figure 2b, as-prepared film
has a strong absorption in the range of 330—550 nm
corresponding to the absorption of oligothiophene,
whereas the absorption peak is drastically decreased af-
ter the film is washed with dichloromethane and wa-
ter. Quantitatively, the transmittance at 408 nm is in-
creased from 26.9 to 67.9%. The transmittance at 408
nm is further increased to 68.3, 70.0, and 70.4% when
treated with SOCI,, HNO3, and both HNO; and SOCI,, re-
spectively, indicating that the chemical treatment with
HNO; and/or SOCI, contributes to the removal of re-
sidual surfactant and that HNO; is more effective than
SOCl, for removing the surfactant.

When the nanoscale morphology of SWCNT films is
examined by scanning electron microscopy (SEM), as
shown in Figure 3, the directional orientation of nano-
tubes is not observed in our films, unlike ealier
reports.?’*>3% |Individual SWCNTs are randomly distrib-
uted, forming a uniform network. The diameters of nano-
tube bundles are in the range of 5—20 nm. Recently, Ly-
ons et al.” have demonstrated that the exfoliation of
CNTs is required to obtain high electrical conductivity
in the SWCNT network because nanotubes with smaller
bundle size provide a larger number of pathways for
charge transport. Nirmalraj et al.® have also shown that
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Figure 3. SEM images of SWCNT network film. The film was
prepared by spin coating in the presence of 5TN-PEG, and
then 5TN-PEG is removed by dipping in dichloromethane
and water followed by chemical treatment with both HNO;
and SOCl,. Inset shows a highly magnified image of the net-
work structure.

the resistance of electron transport at a junction is de-
creased as SWCNTSs are debundled. Compared with the
previous report on SWCNT film fabricated by the spin
coating with polymeric surfactant,’® the size of SWCNT
bundles in our system is much smaller, and therefore,
our SWCNT films are expected to exhibit higher
perforamance.

When the sheet resistance of SWCNT films is plot-
ted against the transmittance, as shown in Figure 4a,
SWCNT network films have very low sheet resistance
of 59 ohm/sq with 71% transmittance at 550 nm after
the films are treated with both HNO3 and SOCI,. Fur-
thermore, the sheet resistance of the SWCNT films
after chemical doping remained nearly constant within
10% deviation after exposure to ambient atmosphere
for 4 days (see Figure S1 of Supporting Information).
The effect of HNO; and SOCI; on the enhancement of
electrical conductivity of SWCNTSs has still been contro-
versial: the electrical conductivity is enhanced by re-
moval of surfactant by HNO; and/or SOCI,, or the en-
hancement of electrical conductivity is due to p-doping
of HNO; and/or SOCI, physisorbed on the CNT surface.
Nevertheless, there is agreement that the treatment of
HNO; and SOCI, would enhance the electrical conduc-
tivity of SWCNT network films,'%12393273438 | gy sys-
tem, the sheet resistance of the SWCNT films was re-
duced by 90% when dipped in HNO; or SOCl,, as
compared with the washed sample, and further re-
duced up to 94—95% when the films are treated with
both HNO; and SOCL,. It is also noteworthy that SOCl,
is slightly more effective than HNOs in our system at en-
hancing the performance of the SWCNT film, although
the washing efficiency of HNO; is slightly better than
SOCl, (Figure 2b).

The effect of SOCl, and HNO3 on the SWCNT films
fabricated using 5TN-PEG as a surfactant was exam-
ined by X-ray photoelectron spectroscopy (XPS) (Fig-
ure 4b) and TEM (Figure 4c—e). The C 1s peak of the car-
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Figure 4. (a) Plot of sheet resistance as a function of transmittance at 550 nm for spin-coated SWCNT films, and (b) XPS spectra
of C 1s core level of SWCNT. TEM images of the SWCNT network of (c) as-prepared, (d) washed, and (e) HNO;- and SOClI,-
treated films. Insets show highly magnified images of SWCNT films.

e

bon sp? orbital, observed at 284.7 eV for washed film,
was downshifted to 284.5 eV for HNOs-treated film and
to 284.4 eV for SOCI, or both treated film. This down-
shift associated with the charge transfer between CNTs
and absorbates provides evidence of p-type
doping.'®324° Additional evidence for doping is the ob-
servation of the change of the full width at half-
maximum (fwhm) of the C 1s peak that is closely re-
lated to electron delocalization.*" As listed in Table 1,
the fwhm values of the C 1s peak of SOCl, and both
treated films are, respectively, 0.12 and 0.11 eV
broader than the washed film, whereas the fwhm of
HNOs-treated film is not changed. Therefore, it is con-
cluded that SOCI, has better ability to dope SWCNTs
than HNO;.

Comparison of TEM images of samples reveals that
SWCNTs in the as-prepared film are buried in the 5TN-
PEG matrix (Figure 4c), while SWCNT bundles with uni-
form network are clearly exposed after washing (Figure
4d). Although most of the 5TN-PEG is removed by wash-

|
TABLE 1. Peak Positions and Full Width at Half-Maximum
Values of C 1s Core Level in SWCNT Films before and after
Chemical Treatments

treatment binding energy (eV) fwhm (eV)
washing 284.7 1.133
HNO; 284.5 1132
S0cl, 284.4 1.254
HNO; + S0Cl, 284.4 1.232
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ing, some surfactants still remain on the nanotube junc-
tions and thus block the pathway of charge transport.
When films are treated with HNO3 and SOCI,, these re-
sidual surfactants that are locally concentrated on junc-
tions are completely removed, and consequently, indi-
vidual nanotube bundles contact each other directly
without an insulating barrier (Figure 4e). In short, the
enhancement of electrical conductivity of SWCNT films
arises from not only p-type doping but also removal of
surfactant by HNO; and SOCI,.

The most important parameters for evaluating the
performance of transparent electrodes are generally
the transparency and the sheet resistance. However,
since the sheet resistance of the SWCNT film is strongly
dependent upon the transparency, it is not informa-
tive to directly compare each property of SWCNT films.
Recently, it has been proposed that the ratio of the di-
rect current conductivity, g4, to the optical conductiv-
ity, oac (at typically 550 nm), is considered as a figure of
merit (FOM)®'"131742 and that a higher value of o4/
o, indicates better performance of the SWCNT net-
work. This FOM comes from the relationship with trans-
parency, T, and sheet resistance, R;, as given by

The average value of ¢4/0, for SWCNT films is in-
creased from 0.64 (washing), 8.8 (HNO; treatment),
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Figure 5. (a) Comparison of electro-optical performances of
SWCNT films with those of other SWCNT films previously re-
ported in the literatures (b) o4./o 5 values of our spin-coated
films before and after chemical treatment.

and 10 (SOCl, treatment) to 15 (both HNO3 and SOCI,
treatment). The highest record of FOM is about 17
after both HNO; and SOCI, are treated (Figure 5b),
which satisfies the minimum requirement for flat panel
display (80% transparency at 550 nm, sheet resistance
100 ohm/sq, FOM ~ 16)."° Figure 5a and Table 2 com-
pare our result with other reported data for SWCNT
films. Our film prepared by the simple spin coating ex-

B
Figure 6. Photographs of free-standing films: (a) floating on

the water surface, (b) releasing from the glass substrate, and
(c) transferred to filter paper.

hibits better optical and electrical performance as com-
pared with other transparent and conductive SWCNT
films.

Another advantage of our films is dimensional stabil-
ity. When the SWCNT film is floated on water, it is eas-
ily separated from its substrate and can be transferred
to other substrate. This “free-standing” SWCNT film has
an important advantage for microelectronic applica-
tions.*® Especially, the transfer of the SWCNT film on a
flexible substrate such as polyethylene terephthalate
(PET) and polydimethylsiloxane is essential for fabrica-
tion of flexible electronics. Figure 6 shows the photo-
graphs of the preparation of free-standing film. When
the film is immersed into deionized water, the film is
floated on the water surface and then released from the
glass (Figure 6a,b). Transference of this free-standing

TABLE 2. Comparison of Electro-optical Performance of Our SWCNT Network Films with Other SWCNT Films Reported in

the Literature

type of SWCNT surfactant method
laser ablation Triton X-100 VF
arc-discharge SDS VF
arc-discharge SDBS VF
arc-discharge PEDOT:PSS® VF

HiPco SDS VF
arc-discharge SDS VF + stamp
arc-discharge Nafion spray coating
arc-discharge SDS spray coating
arc-discharge” no surfactant dip coating
HiPco P3HTC drop casting
HiPco SDBS + Triton X-100 bar coating
arc-discharge no surfactant spin coating®
arc-discharge P3DT¢ spin coating”
arc-discharge 5TN-PEG spin coating”

treatment 4l Oy ref
SOBr, 25 9
HNO; + S0Cl, 14 30
HNO3 35 38
15 8

HNO; + S0l ~4.6 33
Sodl, 16 21
HNO3 16 18
HNO; 24 10

~33 12
l 6.8 43
oleum 12 13
HNO; 19 16
Socl, 13 15
HNO, 8.8 this work
S0, 10
HNO; + S0Cl, 17

“Pretreatment with HNO; before film fabrication. Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate). “Poly(3-hexylthiophene). %Poly(3-dodecylthiophene). Spin

coating repeated 100 times. ‘Single deposition.
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film onto another substrate can be easily achieved by
scooping up the floating one. We successfully trans-
ferred the films on filter paper (Figure 6c). The free-
standing film exhibited high bending stability (see Fig-
ure S2 of Supporting Information).

CONCLUSIONS

We have successfully fabricated high-performance
SWCNT films by a single deposition of spin coating.
For successful spin coating, a non-ionic and amphiphilic
surfactant, 5TN-PEG, was used to avoid charge repul-

METHODS

Arc-discharge SWCNTs were purchased from Hanwha Nano-
tech Co., Ltd. (South Korea) and used without further purifica-
tion. Quinquethiophene-terminated poly(ethylene glycol) (5TN-
PEG) was synthesized according to our previous report.?* To
disperse SWCNTSs in organic solvent, SWCNTSs (5.1 mg) and 5TN-
PEG (51 mg) were added in 3 mL of ethanol and stirred for 5 min
to dissolve 5TN-PEG. The SWCNT solution was then sonicated in
a bath-type sonicator (Hwashin Instrument, Power Sonic 410) for
8 h and centrifuged at 5500 rpm for 90 min (Hettich, DE/EBA
20). The supernatant was carefully decanted and saved.

Bare glasses of 25 mm X 25 mm were cleaned with ac-
etone and isopropyl alcohol and then dried at 200 °C for 30
min. After complete drying, the glass was treated with a
UV—ozone cleaner for 15 min. SWCNT films on glass were pre-
pared from the above decanted solution by spin coating (Lau-
rell, WS-400A-6TFM-LITE). The thickness of the SWCNT film was
controlled by adjusting the rpm of spin coating. After spin coat-
ing, the samples were soaked in dichloromethane for 30 min to
remove surfactant and annealed at 120 °C for 30 min. For further
removal of surfactant, films were rinsed with deionized water
for 30 min and baked at 120 °C for 30 min. Finally, washed films
were chemically treated for hole doping and/or further removal
of surfactant with three different methods: (1) dipping in SOCl,
(Fluka, =99%) for 30 min and drying in air, (2) dipping in HNO;
(60%) for 1 h and drying in air followed by soaking in deionized
water for 30 min and then drying in air, and (3) HNO; treatment
followed by dipping in SOCI,.

For preparation of free-standing films, SWCNT films spin-
coated on glass were annealed for a short period of time (<1
min) at 120 °C. When the films were dipped in deionized water,
films were immediately released from the glass and floated on
the water surface.

The absorption spectra of the SWCNT dispersion were ob-
tained from a UV—visible—NIR spectrophotometer (Varian, Cary
5000), and the transmittance of SWCNT films was measured by a
UV—visible spectrophotometer (HP 8452A). The morphologies
of SWCNT films were observed by a transmission electron micro-
scope (JEOL, JEM-1010) and field emission scanning electron
microscope (JEOL, JSM-6700F). Electrical properties of SWCNT
films were characterized by a four-point probe measurement sys-
tem (Napson, CRESBOX). X-ray photoelectron spectra were ob-
tained on AXIS-His (Kratos).

Acknowledgment. The authors thank the Ministry of Educa-
tion, Science and Technology (MEST), Korea, for financial sup-
port through the Global Research Laboratory (GRL) program.

Supporting Information Available: Stability of SWCNT films
after HNO; and SOCI, treatments, and bending stability of free-
standing film. This material is available free of charge via the In-
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