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ABSTRACT: Tangential flow interfacial self-assembly (TaFISA) is a
promising scalable technique enabling uniformly aligned carbon nanotubes
for high-performance semiconductor electronics. In this process, flow is
utilized to induce global alignment in two-dimensional nematic carbon
nanotube assemblies trapped at a liquid/liquid interface, and these assemblies
are subsequently deposited on target substrates. Here, we present an
observational study of experimental parameters that affect the interfacial
assembly and subsequent aligned nanotube deposition. We specifically study
the water contact angle (WCA) of the substrate, nanotube ink composition,
and water subphase and examine their effects on liquid crystal defects, overall
and local alignment, and nanotube bunching or crowding. By varying the substrate chemical functionalization, we determine that
highly aligned, densely packed, individualized nanotubes deposit only at relatively small WCA between 35 and 65°. At WCA (< 10°),
high nanotube bunching or crowding occurs, and the film is nonuniform, while aligned deposition ceases to occur at higher WCA
(>65°). We find that the best alignment, with minimal liquid crystal defects, occurs when the polymer-wrapped nanotubes are
dispersed in chloroform at a low (0.6:1) wrapper polymer to nanotube ratio. We also demonstrate that modifying the water subphase
through the addition of glycerol not only improves overall alignment and reduces liquid crystal defects but also increases local
nanotube bunching. These observations provide important guidance for the implementation of TaFISA and its use toward creating
technologies based on aligned semiconducting carbon nanotubes.

■ INTRODUCTION
Semiconducting carbon nanotubes are exciting materials for
next-generation semiconductor electronics due to their thin
body electrostatics, high current carrying capacity, and long
mean free paths.1−3 To exploit the electronic properties of
nanotubes in field-effect transistors (FETs), semiconducting
carbon nanotubes must be assembled into highly aligned arrays
at intermediate (∼100 μm−1) packing densities.4,5 These ideal
nanotube films are predicted to enable FETs with lower power
consumption, increased switching speed, and improved
electrostatic gating.4,6−8 However, achieving these ideal films
of highly aligned nanotubes has been historically difficult.
Toward producing these ideal films, many techniques have

been developed, including shear,9,10 vacuum filtration,11

Langmuir−Blodgett12 and −Schaefer,13 floating evaporative
self-assembly (FESA),14−16 dimension-limited self-align-
ment,17,18 and DNA-directed assembly.19 Recently, we
developed a particularly promising approach�tangential flow
interfacial self-assembly (TaFISA)�which results in the
deposition of highly aligned nanotube arrays (within ±5.7°)
across 10 cm substrates.20 In this process, an ink of polymer-
wrapped nanotubes in organic solvent is flowed through an
open channel composed of a target substrate and sacrificial
barrier suspended in a water subphase. By translation of the

substrate and sacrificial barrier together through the flowing
ink/water interface, uniform films of highly aligned nanotubes
are fabricated. The high array uniformity translates to excellent
FET characteristics and reproducibility with high on-state
current density averaging 520 μA μm−1 at −0.6 V and FET to
FET variation of only 19%.
In this initial work,20 we determined that the nanotubes

collect at the two-dimensional ink/water interface, and the
additional confinement at this interface leads to liquid crystal
assembly. Due to the underlying liquid crystal phenomena
guiding the alignment, increasing ink flow rate, increasing
concentration, and decreasing temperature were demonstrated
to improve the nanotube alignment. These initial results were
promising; however, this previous work primarily focused on
elucidating the liquid crystalline mechanism and demonstrating
that the aligned nanotube arrays are promising for industrial
semiconductor electronics. Here, we present additional
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observations on the effect of deposition parameters, including
the substrate, nanotube ink composition (polymer to nanotube

ratio and ink solvent), and the water subphase, on the

interfacial assembly and subsequent nanotube film morphology

(i.e., alignment, nanotube individualization, and liquid crystal
defects) from the liquid/liquid interfaces. Preliminary studies

of the effect of these parameters on TaFISA have been

reported in the thesis of Jinkins.21 A more thorough report and

discussion of these observations are presented here.

■ EXPERIMENTAL SECTION
Preparation of Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-

(6,6′-{2,2′-bipyridine})]-Wrapped Semiconducting Carbon
Nanotubes. Semiconducting carbon nanotubes are isolated accord-
ing to our previously published procedures20 from arc-discharge
nanotube soot (Sigma-Aldrich, #698695) using a 1 to 1 ratio by
weight of raw soot to polyfluorene derivative polymer wrapper,
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-{2,2′-bipyridine})]
(PFO-BPy) (American Dye Source, Inc., Quebec, Canada; #ADS153-
UV). Briefly, PFO-BPy is dispersed in toluene, and this mixture is
combined with the nanotube powder at a concentration of 2 mg mL−1

and sonicated at 40% amplitude for 30 min using a horn-tip sonicator.
The solution is then centrifuged to remove unselected nanotubes and

Figure 1. Effect of the chemical functionalization of the substrate surface and WCA on nanotube arrays aligned via TaFISA. (a−h) POM and SEM
images (insets) of TaFISA-deposited nanotube arrays on surfaces coated with hydroxyl groups (from piranha treatment) (a), partial HMDS
coverage (b), APTES (c), full HMDS coverage (d), surface grafted poly(styrene-rand-methyl methacrylate) (PS−PMMA) (e), poly(styrene-rand-
methyl methacrylate-rand-glycidyl methacrylate) (PG4−46) (f), poly(styrene-rand-glycidyl methacrylate) (PS-GMA) (g), and OTS (h). Chemical
structures of each surface are shown below each respective POM image. Flow direction is horizontal. The SEM insets are 1 × 1 μm2.

Figure 2. Effect of chemical functionalization of the substrate surface at low WCA on nanotube alignment. (a−c) AFM images and traces of
TaFISA nanotube films deposited on piranha, partial HMDS, and APTES-treated substrate surfaces, respectively. Flow direction is horizontal.
Color scale bar applies to all panels (range: 10 nm). Linear scale bar in inset in (a) is 60 nm, and linear scale bar in (c) is 500 nm and applies to all
large panels.
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other amorphous carbon species. The supernatant is collected, and
the excess PFO-BPy is removed through subsequent centrifugation
and sonication steps until the desired PFO-BPy /nanotube ratio is
achieved (3−10 repetitions). The nanotube concentration in the final
ink solutions is determined using known optical cross sections from
the S22 transition.

15,22

Preparation of Poly[(9,9-dioctylfluorenyl-2,7-diyl)-Wrapped
(7,5)-Enriched Semiconducting Carbon Nanotubes. (7,5)-
Enriched semiconducting carbon nanotubes are extracted from a
CoMoCAT produced small diameter (0.7−1.2 nm) nanotube powder
(Southwest Nanotechnologies) using poly(9,9-dioctylfluorene-2,7-
diyl) (PFO) following our previously published procedure.23,24

Briefly, PFO in toluene is combined with CoMoCAT nanotubes
(1:0.5 mass ratio) through horn-tip sonication and centrifuged to
remove nanotubes not wrapped with the PFO. The excess PFO in the
highly pure semiconducting nanotube solution is then removed
through subsequent centrifugation and sonication steps to achieve a
PFO/nanotube ratio near 1:1.
Preparation of Substrates. Si wafers with 90 nm of dry, thermal

oxide, or native oxide are used in this paper. Quartz substrates are also
used in Figure 3 as barriers to facilitate viewing of the ink flow
dynamics. The substrates are cleaned with a piranha solution of
H2SO4 (91−92.5%)/H2O2 (30%) at a ratio of 2:1 by volume at 110
°C for 1 h, rinsed with deionized water (resistivity ∼18 MΩ), and
dried with N2. All substrates except those in Figure 1 and 2 are then
baked for 335 s at 205 °C and exposed to 2 s of hexamethyldisilazane
(HMDS) vapor. Specific substrate treatment for Figures 1 and 2 and
experimental conditions for each figure are included in the Supporting
Information (Supporting Note 1).

■ RESULTS AND DISCUSSION
Effect of Substrate Chemical Functionalization and

Water Contact Angle. First, we study the effect of the
chemical functionalization of the substrate on the nanotube
deposition from inks of arc-discharge semiconducting carbon
nanotubes isolated with poly[(9,9-dioctylfluorenyl-2,7-diyl)-
alt-co-(6,6′-{2,2′-bipyridine})] (PFO-BPy) and dispersed in
chloroform. Chemical functionalization of the substrate and
the sacrificial barrier, which together define the TaFISA
channel, can affect the assembly of nanotube films aligned via
TaFISA in multiple ways. First, because the TaFISA process
relies on a well-formed and controllable ink/water interface
and an ink/water/substrate contact line that smoothly moves
across the substrate surface, we expect that the water contact

angle (WCA) will affect nanotube deposition. For example, if
the WCA is too small (i.e., hydrophilic), the ink will not be
able to dewet the water from the substrate, and a well-defined
ink/water/substrate contact line will not form at the
substrate�thereby preventing highly ordered nanotubes
from depositing from the 2D nematic assembly at the liquid/
liquid interface. Second, the chemical functionalization of the
substrate will affect the ability of nanotubes to deposit and
adhere to the substrate. Previous work has demonstrated that
deposited nanotube density is dependent upon solvent
structuring at the substrate, affected by both the chemical
functionalization of the target substrate and the nanotube ink
solvent.25 While the original paper reporting the TaFISA
process20 demonstrated uniform and highly aligned nanotubes
on surfaces treated with HMDS (WCA = 30−45°), it is
important to understand the limitations and effect of the
surface chemical functionalization and WCA, independently,
toward improving the alignment further.
To study the effect of chemical functionalization on

nanotube deposition, substrate and barrier surfaces coated
with different self-assembled monolayers and polymers, in
which the WCA ranges from less than 10 to 112°, are
investigated via scanning electron microscopy (SEM) and
polarized optical microscopy (POM) (Figure 1). The optimal
nanotube alignment achieved is observed on substrates with
partial coverage of HMDS and a corresponding WCA of 35°
(Figure 1b) and with 3-aminopropyltriethoxysilane (APTES)
and a corresponding WCA of 40° (Figure 1c).
On the other hand, when the WCA is below (WCA < 10°)

or above (WCA > 65°), the global nanotube alignment and/or
uniformity is worse, and more nanotube bunching can occur.
For example, when the WCA is too hydrophobic, several
different phenomena are observed. When the WCA is 65°, the
deposition results in intermittent regions of highly aligned
nanotubes (Figure 1d) due to the ink/water interface stick−
slipping across the substrate. At higher WCAs between 72 and
90° (Figure 1e−g), only random nanotube films of various
densities are deposited on the substrate, likely from the bulk of
the nanotube ink (i.e., not from the ink/water interface).
Nanotubes depositing from the bulk of the ink are also likely
the cause of the crossing nanotubes deposited on the aligned

Figure 3. Effect of nanotube ink solvent on ink spreading during TaFISA. Screenshots from video at time = 0 s (i.e., the beginning of the ink flow)
(a−c) and time = 10 s (d−f) of TaFISA depositions using nanotube ink with chloroform (a,d), toluene (b,e), and ODCB (c,f) solvents. The ink/
water and air/ink interfaces are outlined with dashed white and red lines. Flow direction is horizontal. Scale bar in (f) is 1 mm and applies to all
panels.
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arrays shown in Figure 1c inset as well as similar aligned films
throughout the paper. At an even higher WCA of 112° on a
surface terminated with octadecyltrichlorosilane (OTS), nano-
tubes are not deposited at all. Future experiments will be
needed to explore mechanisms in more detail, but the lack of
alignment of the nanotubes at WCAs greater than 65° is
hypothesized to be due to irregularities in the movement of the
ink/water contact line. The density dependence observed in
Figure 1e−h can likely be attributed to varying nanotube
adhesion to the substrate as a result of different solvent
structuring, as demonstrated by Dwyer et al.25

In contrast, when the substrate surface is too hydrophilic
(WCA < 10°), which is achieved by functionalizing the surface
with hydroxyl groups via piranha treatment, the nanotubes
deposit in noncontinuous bunched arrays with high local
alignment (Figure 2a). This bunching likely occurs because the
water subphase does not dewet from the substrate, inhibiting
formation of a well-defined, linear substrate/ink/water contact
line and interfering with nanotube deposition from the ink/
water interface onto the substrate. The films are non-
continuous and lack global alignment; however, high nanotube
packing densities are achieved (>100 μm−1, inset in Figures 2a
and S1) due to nanotube bunching. Even though the
nanotubes are bunched laterally, their thickness (3 nm) is
consistent with that of approximately one to two layers of
polymer-wrapped nanotubes. In comparison, the atomic force
microscopy (AFM) data show that the HMDS- and APTES-
functionalized substrates demonstrate very similar array
morphology including similar nanotube packing densities, 51
± 5 and 56 ± 8 μm−1, respectively, despite the difference in
functional headgroup termination (methyl versus amine)
(Figure 2b,c). For the remainder of this paper, we use
HMDS-treated substrates with a WCA of 35°.
Effect of Solvent and Wrapping Polymer on TaFISA

Alignment. To elucidate the effect of ink solvent on resulting
nanotube deposition, we first study the effect of ink solvent on
ink spreading and the water/solvent/substrate contact line

(Figure 3). We compare nanotube ink composed of polymer-
wrapped nanotubes and three separate solvents: chloroform,
toluene, and 1,2-orthodichlorobenzene (ODCB) flowed
through a TaFISA channel on a water subphase (schematic
of the experimental setup shown in Figure S2). The
chloroform and toluene inks are composed of arc-discharge
semiconducting carbon nanotubes isolated with PFO-BPy,
while the ODCB ink is composed of (7,5)-enriched nanotubes
isolated with poly[(9,9-dioctylfluorenyl-2,7-diyl) (PFO) from
as-produced cobalt molybdenum catalysis of carbon monoxide
disproportionation (CoMoCAT) powder.
After injecting ink into the channel (i.e., at time = 10 s),

chloroform and toluene ink form thin ink layers on the water
that are 1.0 ± 0.1 mm (Figure 3d) and 1.6 ± 0.2 mm (Figure
3e) thick, respectively, while the ODCB forms a thicker layer
with larger variation, 5.0 ± 2.0 mm. Additionally, instead of
flowing across the channel length, the ink flows downward
(Figure 3f). This difference in flow dynamics is likely due to
rheological differences, including solvent density, viscosity, and
interfacial energies. For example, solvent density will influence
whether the ink is supported on top of water (ρ = 1 g mL−1) or
sinks. The density of toluene is 0.9 g mL−1 which is favorable
for layering on top of the water, while the densities of ODCB
and chloroform are 1.3 and 1.5 g mL−1, respectively, decreasing
the ability of these inks to flow through the TaFISA channel
before sinking. However, previous work has shown that the
ethanol stabilizer used in the chloroform leads to fast spreading
of chloroform on water,14,16 which may help the chloroform
ink flow through the channel before dropping, unlike ODCB.
The flow will also be influenced by the spreading parameter, S,
which is based on the air−water surface tension, the air−oil
surface tension, and the oil−water interfacial tension. When S
is positive, the oil will spread over water, while for a negative S,
oil will not spread on the water as it is not energetically
favorable. For chloroform−water and toluene−water, S > 0
(see Supporting Information Note 2 for calculation), while for

Figure 4. Effect of the nanotube ink solvent on TaFISA-aligned nanotube arrays. SEM image, AFM image, and AFM cross-section from TaFISA
films obtained using nanotube inks with chloroform (a−c) and toluene (d−f) as the organic solvent, respectively. Flow direction is horizontal. The
scale bar in (d) is 500 nm and applies to (a,d). Linear scale bar in (e) is 500 nm, and color bar range below is 6 nm. Both scale bars apply to (b,e).
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ODCB−water, S is negative,26,27 inhibiting controllable
nanotube deposition from the TaFISA process.
The solvent viscosities are also different, which likely

influences the ink spreading. Toluene and chloroform have
similar viscosities of 0.6 mPa S, while the viscosity of the
ODCB is 1.3 mPa S. Increased ink viscosity will reduce the ink
velocity, in turn decreasing the likelihood of the ink flowing
through the channel before pooling and sinking.
We study in more detail the resulting nanotube alignment

from using the two solvents with more controlled deposition
dynamics�chloroform and toluene. SEM and AFM images of
nanotube arrays aligned via TaFISA using chloroform and
toluene are shown in Figure 4. While both solvents result in
locally aligned nanotube arrays, SEM and AFM of the
depositions show more waviness and deviation from the flow
direction in the toluene deposition (Figure 4d,e). The toluene
ink layer thickness increases more over time (110% increase)
at the same ink flow rate and channel width as chloroform
(10% increase) (Figure 3); thus, this lower degree of alignment
could be partly caused by lower effective shear rates in the
channel. AFM also indicates that in the toluene deposition, the
nanotubes are more bunched on the substrate (resulting in
wider traces in the AFM section). The lower solubility of
nanotubes within the toluene ink could be an additional cause
of bunching within the film.
Regardless of the solvent (chloroform, toluene, or ODCB),

aligned nanotube arrays are formed (Figures 4, S3), which are
characteristic of the two-dimensional interfacial assembly of
TaFISA. This indicates that the interfacial assembly is not
restricted to the PFO-BPy-wrapped arc-discharge nanotubes in
chloroform used in our previous work and can be adapted to
different combinations of solvents and polymer wrappers and
to nanotubes produced via different methods. However, the
ODCB ink deposition is very nonuniform with only a thin

layer of aligned nanotube aggregates at the top of the
deposition area (Figure S3). While the smaller diameter
(7,5) nanotubes (diameter of 0.82 nm) in the ODCB ink are
less stiff and will be more difficult to align than arc-discharge
nanotubes (diameter ∼1.5 nm) in the chloroform and toluene
inks, the large nonuniformity across the film is likely due to
poor spreading of the ink layer (Figure 3c,f). For the remainder
of this article, we use inks of PFO-BPy-wrapped arc-discharge
nanotubes dispersed in chloroform.

Effect of PFO-BPy Wrapping Polymer to Nanotube
Ratio. Because the TaFISA process relies on the interfacial
adsorption of nanotubes at the ink/water interface, we expect
that the amount of free polymer in the solution will affect the
alignment and morphology of the resulting nanotube films.
Here, we observe that decreasing the PFO-BPY/ nanotube
ratio results in more uniform nanotube arrays, with smaller
defected regions and less deviation from the flow direction
(Figure 5). This trend is qualitatively observed from POM
images at three different PFO-BPy/nanotube ratios, where
brighter yellow indicates that the nanotubes are aligned with
the flow direction (horizontal) and darker regions correspond
to nanotubes misaligned from the direction of flow. At a high
PFO-BPy/nanotube ratio of 3.7:1, the POM image exhibits
some bright yellow regions; however, a large portion of the
image shows dark regions, where the nanotube alignment is
changing direction. At a ratio of 1:1, the darker defective
regions where the alignment is changing direction become
smaller, and at a much lower ratio of 0.6:1, the film is almost
uniformly yellow, indicating that the majority of the nanotubes
are aligned with the direction of flow. The small dark regions
observed in Figure 5c are small deviations in alignment and
have been correlated primarily to liquid crystal defects due to
the underlying role of liquid crystal assembly on alignment.20

The effect of the PFO-BPy/nanotube ratio is also seen on a

Figure 5. Effect of the PFO-BPy to nanotube ratio on nanotube arrays aligned via TaFISA. (a−c) POM images from TaFISA films fabricated using
nanotube ink with PFO-BPy/nanotube ratios of 3.7:1, 1:1, and 0.6:1, respectively. Flow direction is horizontal. Scale bar in (c) is 250 μm and
applies to (a−c). (d−f) SEM images of TaFISA films shown in (a−c), respectively. Scale bar in (f) is 500 nm and applies to (d−f).
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more local scale in SEM images Figure 5d−f. With a decreasing
PFO-BPy/nanotube ratio, the nanotube alignment becomes
more oriented with the direction of flow, consistent with the
POM data. Additionally, at high polymer ratios, more black
“spots” are seen on the film, which correspond to free PFO-
BPy (i.e., polymer that is not wrapping a nanotube but instead
is free in the solution) that deposits from the solution along
with the nanotubes and can be removed by refluxing in toluene
(shown in Figure S4). The amount of free polymer deposited
on the nanotube films decreases with decreasing PFO-BPy/
nanotube ratio.
These results indicate that to achieve uniform films of highly

aligned nanotubes from the TaFISA technique, a low polymer
to nanotube ratio must be used. However, if the PFO-BPy/
nanotube ratio is too low, the nanotubes will aggregate in the
solution, so likely that there is an intermediate range of ideal
PFO-BPy/nanotube concentrations. AFM measurements of
individual nanotubes (Figure S5) show that the average
nanotube heights are consistent across the PFO-BPy/nanotube
ratio range studied here, indicating that the improvement in
film uniformity and alignment observed is not due to changes
of the individual nanotube aggregation within the inks.
Effect of Water Subphase Modification. Formation of a

well-defined ink/water interface and ink/water/substrate
contact line is paramount for collecting and confining the
nanotubes into nematic assemblies, aligning the nanotubes
with flow, and depositing the aligned nanotubes onto the target
substrate without disorder. With the goal of obtaining a more
controlled ink/water interface, we studied the effect of an

additive with high viscosity, glycerol (μ = 1500 mPa S), on the
water subphase (Figure 6). POM images from TaFISA
depositions using subphases consisting of 100% water (Figure
6a), 20% glycerol/80% water (by volume) (Figure 6b), and
40% glycerol/60% water (by volume) (Figure 6c) are shown at
a volumetric flow rate of 0.5 mL min−1. The addition of
glycerol will also slightly lower the water surface tension,28

however, not substantially enough to prevent an ink/water
interface and the resulting 2D nanotube liquid crystals from
forming. With the addition of 20% glycerol to the water
subphase, the POM images of the nanotube film are globally
uniform, with less defected regions (Figure 6b compared to
Figure 6a, deposition without glycerol); however, with the
addition of 40% glycerol, the POM images are darker and less
homogeneous, indicating more disordered nanotube alignment
(Figure 6c). The POM uniformity with an intermediate
amount of glycerol added to the water subphase is promising;
however, comparison of the SEM insets from depositions
(Figure 6a,b,c) and AFM measurements (Figure 6d,e,f) shows
that the addition of glycerol increases the nanotube bunching
while at the same time marginally increasing the thickness of
the nanotube layer, indicating multilayers or a small degree of
bundling. While individualized nanotubes are thought to be
more desirable, bundled nanotubes may still be sufficient for
high-performance devices as recent work demonstrated high
transconductance and current densities in FETs based on
arrays of bundled nanotubes.29 Future work will focus on
taking advantage of subphase modification to increase
nanotube alignment and uniformity while also preventing

Figure 6. Effect of the addition of glycerol in the water subphase on nanotube films aligned via TaFISA. POM and SEM (inset) images of nanotube
films obtained using all water subphase (a), a subphase of 20 vol % glycerol and 80 vol % water (b), and a subphase of 40 vol % glycerol and 60 vol
% water (c) at a flow rate of 0.5 mL min−1. Flow direction is horizontal. Scale bars in (c) are 250 μm (POM image) and 500 nm (SEM image) and
apply to (a−c). (d−f) AFM and traces (below) of aligned nanotube morphology using the subphases in (a−c), respectively, at a flow rate of 1 mL
min−1. Scale bar in (f) is 500 nm and color bar range at right is 9.5 nm, and both apply to (d−f).
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deleterious nanotube aggregation into larger bundles (>5 nm
in size) that are more difficult to electrostatically gate.29

We also investigate the effect of ethanol in the water
subphase to study how decreasing the subphase surface tension
affects the TaFISA alignment. Through previous work, we have
determined that the ethanol stabilizer (as opposed to the
amylene stabilizer) in chloroform is vital to achieve alignment
in FESA films.16 With 1 vol % ethanol in the water subphase
(Figure 7b), the nanotube films are very similar to films
obtained with a 100% water subphase (Figure 7a). However,
with 4.7 vol % ethanol in the water subphase, nanotubes are
not deposited onto the substrate (Figure 7b) at all. While
videos of ink spreading and contact-line dynamics during these
depositions with different ethanol concentrations look similar,
at 4.7 vol % ethanol, we hypothesize that the surface tension of
the water is sufficiently decreased to interfere with the
accumulation of nanotubes at the liquid/liquid interface.

■ CONCLUSIONS
In this work, we perform more detailed studies into
experimental parameters that directly affect the interfacial
assembly and alignment of carbon nanotubes in the TaFISA
process. We find that the interfacial assembly of carbon
nanotubes occurs for at least two types of carbon nanotubes
and polymer wrappers�arc-discharge and (7,5)-enriched
nanotubes from the CoMoCAT process, wrapped with PFO-
BPy and PFO, respectively. We optimized the PFO-BPy/
nanotube ratio to obtain highly aligned nanotube films at a
0.6:1 ratio. Furthermore, we identify the window of the
substrate WCA over which optimum carbon nanotube
alignment occurs. Modification of the water subphase is
studied through the addition of glycerol and ethanol. The
alignment on a glycerol/water subphase is promising for future
investigations due to the high macroscopic film uniformity and
alignment and could be especially promising if used in
conjunction with a polymer wrapper that more strongly
prevents bundling of nanotubes. Additionally, future work
would also need to be performed to determine if glycerol
residues remain on the nanotubes and how the residues affect
the device performance. This work demonstrates important
progress toward determining the parameter space that affects
the liquid−liquid interfacial assembly of nanotubes.
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