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tubes (CNTs) have received increas-

ing attention due to their outstanding
mechanical, thermal, and electrical prop-
erties.2~% In particular, research has focused
on realizing in macroscopic objects the
properties of single CNT molecules. CNTs
have been formed into neat fibers”~'° as
well as thin conductive films."" "3 In parti-
cular, transparent CNT films could replace
indium tin oxide (ITO) because of their
flexibility, resistance to flexural fatigue,
and ease of manufacturing compared to
the brittle ITO films, which must be fabri-
cated by sputtering at low pressure or chem-
ical vapor deposition at high tempera-
ture.”> Moreover, CNT films may enable
new applications in flexible electronics, be-
cause of their ability to bend repeatedly
without cracking.'*'”

Transparent conductive CNT films have
been fabricated using a variety of processes
that include dry and wet methods. The dry
fabrication route consists of drawing films
directly from CNT arrays.'®"” Wet methods
consist of dispersing the CNTs in a liquid
and then fabricating films from the liquid
phase. Multiple approaches have been used
for wet method thin film assembly, in-
cluding vacuum filtration,"""¥72° drop-
casting,?’ spin-coating,** rod-coating,?
spray-coating,?*?> and dip-coating.26~ 22
Although the fluid phase approach is
more conducive to industrial/commercial
production, just a few of the above tech-
niques (rod-, spray-, and dip-coating) are
suitable for scale up and can be adapted
to high-throughput coating processes
such as slot, knife, slide, and roll coat-
ing.2° Most liquid phase film fabrication
methods rely on functionalization or
the use of surfactants and sonication to
form CNT dispersions. Functionalization

Since their discovery,! carbon nano-
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ABSTRACT

Transparent conductive carbon nanotube (CNT) films were fabricated by dip-coating solutions
of pristine C(NTs dissolved in chlorosulfonic acid (CSA) and then removing the CSA. The film
performance and morphology (including alignment) were controlled by the CNT length,
solution concentration, coating speed, and level of doping. Using long CNTs (~10 um),
uniform films were produced with excellent optoelectrical performance (~100 €2/sq sheet
resistance at ~90% transmittance in the visible), in the range of applied interest for touch
screens and flexible electronics. This technique has potential for commercialization because it
preserves the length and quality of the CNTs (leading to enhanced film performance) and
operates at high CNT concentration and coating speed without using surfactants (decreasing
production costs).

KEYWORDS: dip-coating - carbon nanotube - transparent conductive films -
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degrades the electrical properties of the

CNTs, disrupting the sp® bonds and yield-

ing low film conductivity. Surfactant sta-

bilization relies on sonication, which short-

ens the CNTs;*® this also degrades film

conductivity because it raises the number  *Address correspondence to

of CNT—CNT junctions per unit area of mpe@rice.edu.

the film.>' Moreover, good surfactants peceived for review July 17, 2012
adsorb strongly on CNTs, and their re-  and accepted October 5, 2012.
moval from the film is difficult; surfactant . .
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residues in the final film increase sheet  19.1021/nn3032019
resistance.*? Therefore, a solvent able to effec-
tively disperse CNTs without damaging the  ©2012 American Chemical Society
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Figure 1. Schematic of the dip-coating process: (a) homogeneous solution of CNTs in chlorosulfonic acid; (b) withdrawal step
and formation of the film on the glass slide by controlling the lifting speed; (c) coagulation and washing steps for the removal
of CSA using a chloroform bath or a series of baths of chloroform coagulation followed by diethyl ether and water washes; (d)
dip-coating setup; (e) 90% transparent thin film obtained by dip-coating from DWNT—CSA solutions.

ultimate properties of the films is needed. Chlorosul-
fonic acid (CSA) is a viable solution, and it circumvents
the potentially detrimental effects of sonication, func-
tionalization, and use of surfactants.>*3** CSA-CNT solu-
tions have already been used for SWNT film fabrication;
however, these techniques were not scalable®*3¢ or
yielded poor film properties.>”®

This paper demonstrates the production of high-
performance transparent conductive CNT films from
CSA solutions by dip-coating. This is followed by CSA
removal through a simple series of steps (coagulation
or drying, followed by washing) that stabilizes the films
and preserves the film structure after fabrication. This
process is inherently scalable, and no sonication is
needed; therefore, it can produce films consisting of
~10um long CNTs, yielding excellent electrical proper-
ties. Film morphology and optical and electrical prop-
erties are controlled by the coating speed, CNT—CSA
concentration, and level of doping.

RESULTS AND DISCUSSION

Thin films were fabricated starting from solutions of
CNTs in CSA. Both HiPco single-walled carbon nano-
tubes (SWNTs) (length L ~0.5 um, diameter D ~1 nm)*3
produced at Rice University and double-walled carbon
nanotubes (DWNTs) (L ~10 um, D ~2.4 nm) from
Continental Carbon Nanotechnologies, Inc. (CCNI)
were used (see Methods). SWNTs and DWNTs were
dissolved (without sonication) in CSA at 1000, 2000,
and 3000 ppm wt % (deposition from lower concen-
tration solutions yielded sparse CNT coverage, high
transparency ~99.5%, and high sheet resistance R, ~
12 kQ/sq). Beyond a critical concentration w;, CNTs
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form biphasic solutions with an isotropic (randomly
oriented) phase in equilibrium with a nematic liquid
crystalline phase3*394° This critical concentration
scales inversely with CNT aspect ratio*' as w;, & DJ/L.
The measured transition concentrations were 4100 ppm
for SWNTs>3 and 125 ppm for DWNTSs; therefore, the
SWNT solutions were isotropic, whereas the DWNT
solutions contained a small amount of nematic phase
(~10—20% depending on overall concentration; see
Figure S1 in Supporting Information for images of
SWNT and DWNT solutions). Glass slides were lowered
into the CNT—CSA solution and were withdrawn at a
controlled speed by a motorized arm (see Figure 1).
Three methods were used to remove CSA from the
films: (1) coagulation by immersion of the glass slide in
chloroform (CHCI5) followed by oven drying; (2) co-
agulation by immersion of the glass slide in chloro-
form, followed by washes in diethyl ether (C4H;,0) and
then water, with final oven drying; (3) direct evapora-
tion of CSA in a vacuum oven at 150 °C followed by
diethyl ether wash and drying as shown in previous
literature.?” Figure 1e shows an example of a 90%
transmittance film fabricated using the dip-coating
technique. All three methods yielded homogeneous
films (Figure 2a) but different amounts of residual
sulfuric acid (H,SO,4) doping (see discussion below).
Chloroform was chosen as the coagulant because it
dissolves CSA without reacting (unlike water, which
forms hydrochloric acid (HCl) gas and sulfuric acid),
which can damage the film structure. Because of its
high volatility, chloroform rapidly evaporates from the
film once the slide is removed from the bath. However,
chloroform is not a good solvent for sulfuric acid and
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Figure 2. (a) Transmitted light micrographs of SWNT (top)
and DWNT (bottom) films fabricated from a 1000 ppm
solution at different withdrawal speeds. The scale bar is
equal to 50 um, and the red arrow represents the coating
direction. (b) Polarized light micrographs of SWNT (top) and
DWNT (bottom) films fabricated from a 1000 ppm solution
at different withdrawal speeds (1 to 3 mm/min): SWNT films
show isotropic orientation at low shear rate. Slightly or-
dered structures in the coating direction can be seen at
3 mm/min coating speed. DWNT films show a preferential
orientation in the coating direction due to the liquid crystal-
line domains in the 1000 ppm CSA solution: these domains
are stretched during dip-coating and yield ordered CNT
bundles in the film (bright regions). The films were coagu-
lated with chloroform (method 1). The scale bar is equal to
50 um. The red and white arrows represent the coating
direction and the cross polars, respectively.

hence leaves residual acid in the film. Washing in
diethyl ether and water are necessary to remove
sulfuric acid whenever sulfuric acid doping is not
desired (as discussed below). The use of these three
methods allowed the study of film electrical properties
depending on the residual acid level.

SWNT and DWNT films displayed remarkably differ-
ent morphology (Figure 2). Under cross-polarized light
(Figure 2b), no ordered structure was observed in
SWNT films coated at low speed (1—2 mm/min),
whereas small birefringent regions are observable in
films coated at higher speed (3 mm/min). Conversely,
all DWNT films showed elongated birefringent do-
mains aligned along the coating direction at all con-
centrations. This morphology is consistent with the
microstructure of the coating solutions and the action
of the shear field. In isotropic SWNT solutions, at low
speed, the shear rate was insufficient to produce

MIRRI ET AL.

ordering in the films, whereas some shear-induced
ordering was observed at high speed. Conversely, the
pre-existing liquid crystalline domains in the DWNT
solutions were stretched and aligned by the shear field.

Due to the CNT orientation, we expected the DWNT
films to display anisotropic electrical properties.*>~*4
We measured sheet resistance with a linear four-point
probe at three different angles with respect to the
coating direction and found no angular variation irre-
spective of the CSA removal technique (for example, a
typical method 1 film had 117.0 £ 12.6, 117.8 &+ 11.4,
and 118.3 £8.0 Q/sq at 0°,45°,and 90°, respectively, at
~85% transmittance). Further study of the film mor-
phology (Figure 3) using scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM) leads to an explanation. The films consist of
large bundles aligned along the coating direction
(responsible for the optical birefringence) connected
through a network of thinner bundles and individual
CNTs predominantly aligned perpendicular to the
large bundles. These perpendicular structures ensure
isotropic film conductivity; they may arise from the
isotropic phase present in the solution or be induced
by vorticity aligning in the shear flow (known to occur
in liquid crystalline polymers* and CNT fluids?®44),

The thickness, hye, Of the dip-coated liquid film,
called the wet film thickness, is controlled by the
interplay of surface tension and gravity, which op-
pose film formation, and viscous forces, which draw
liquid from the coating bath onto the substrate 2°484°
Whereas surface tension and gravity are process-
independent, viscous forces can be controlled by the
withdrawal speed u and solution CNT concentration
(which affects viscosity). CNT concentration also affects
the dry film thickness through hy,e; = hary, where ¢ is
the CNT volume fraction in the coating liquid. Figure 4
shows how transmittance and sheet resistance (both
related to the dry film thickness) change with with-
drawal speed at different DWNT concentrations. As
expected, higher withdrawal speed and higher CNT
concentration yield thicker films (lower transmittance
and lower sheet resistance). For Newtonian fluids, the
relationship of wet film thickness to process param-
eters (the well-known Landau—Levich relation) is a
function of the capillary number (ratio of viscous to
surface tension forces),? or, in terms of velocity, hyes ~
u*. However, CNT solutions in CSA are non-New-
tonian; in the range of measurements, they shear thin
as power-law fluids with apparent viscosity 77, = Ky" ",
where y is the shear rate, n is the power law exponent
(n =1 is a Newtonian fluid), and K is the consistency
index (see rheology measurements in Supporting In-
formation, Figure S2). Gutfinger and Tallmadge ex-
tended the Landau—Levich model to power-law
fluids,*® obtaining hyer o< u*” ™V, Our film thickness
data (Supporting Information, Figure S3) is closer to the
Newtonian behavior, probably due to the low shear
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