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ALIGNMENT OF CARBON NANOTUBES IN 
CONFINED CHANNELS 

REFERENCE TO GOVERNMENT RIGHTS 

2 
the deposition substrate at a rate that is greater than the 
rotational diffusion coefficients of the carbon nanotubes in 
the fluid suspension. 

In some embodiments of the methods, the fluid suspen-

This invention was made with government support under 
1462771 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

5 sion flows over a liquid that is immiscible with the fluid 
suspension in an open channel. Alternatively, a liquid that is 
immiscible with the fluid suspension can be flowed through 
a closed channel along with the fluid suspension, such that 
the fluid suspension and the immiscible liquid flow side-by-

BACKGROUND 
10 side. This creates an interface between the fluid suspension 

and the immiscible liquid at which the carbon nanotubes 
become aligned and concentrated, relative to their concen
tration in the bulk of the fluid suspension. By translating the 
interface across the deposition substrate, an array of aligned 

Single-walled carbon nanotubes (SWCNTs) are key 
building blocks for nanoscale science and technology due to 
their interesting physical and chemical properties. SWCNTs 
are particularly promising for high speed and low power 15 

semiconductor electronics. A challenge, however, is the 
hierarchical organization of these building blocks into orga
nized assemblies and, ultimately, useful devices. Ordered 
structures are necessary, as random network SWCNT thin 
films result in sub-optimal electronic properties, including 20 

reduced channel conductance and mobility. Numerous tech
niques for aligning SWCNTs have been explored to solve 
this shortcoming and achieve higher conductance and mobil
ity. These approaches can be divided into two main catego
ries: (a) direct growth via chemical vapor deposition and 25 

arc-discharge, and (b) post synthetic assembly. In the case of 
direct growth, both metallic and semiconducting SWCNTs 
are produced. In this case, the performance ofSWCNT field 
effect transistors (FETs) that include the SWCNTs in a 
channel layer is limited by the metallic SWCNTs 30 

(m-SWCNTs), thus motivating attempts to purify semicon
ducting SWCNT (s-SWCNT) samples with homogeneous 
electronic properties. 

A variety of post-synthetic sorting methods have been 
developed to separate m- and s-SWCNTs according to their 35 

specific physical and electronic structures, which are usually 
implemented in aqueous or organic solutions. In order to 
take advantage of the high purity of s-SWCNTs that can be 
produced by these solution-based sorting approaches in 
semiconductor electronic devices, solution-based methods 40 

for assembling and aligning s-SWCNTs, such as evapora
tion-driven self-assembly, blown-bubble assembly, gas flow 
self-assembly, spin-coating, Langmuir-Blodgett and -Shafer 
methods, contact-printing assembly, and AC electrophore
sis, have been developed. While each of these methods has 45 

its strengths, new methods are still needed to improve the 
fidelity of s-SWCNT assembly and alignment in order to 
enable the fabrication of practical s-SWCNT-based elec-

carbon nanotubes can be deposited over a large surface area. 
Other principal features and advantages of the invention 

will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. lA is a schematic diagram of an aligned carbon 
nanotube array being deposited in a closed, confined flow 
channel. 

FIG. lB is a schematic diagram of an aligned carbon 
nanotube array being deposited in another embodiment of a 
closed, confined flow channel. 

FIG. lC is a schematic diagram showing the translation of 
a liquid/fluid suspension interface translating across the 
deposition substrate using the deposition system of FIG. lB. 

FIG. lD is a schematic diagram of an aligned carbon 
nanotube array being deposited in yet another embodiment 
of a closed, confined flow channel. 

FIG. lE is a schematic diagram showing the translation of 
a liquid/fluid suspension interface translating across the 
deposition substrate using the deposition system of FIG. lD. 

FIG. 2 is a schematic diagram of an aligned carbon 
nanotube array being deposited in an open, confined flow 
channel with a stationary liquid floor. 

FIG. 3 is a schematic diagram of an aligned carbon 
nanotube array being deposited in an open, confined flow 
channel with a flowing liquid floor. 

FIG. 4 is a schematic diagram showing a top view (left 
panel) and cross-sectional side view (right panel) of the 
closed, confined flow channel of Example 1. 

tronic devices. 

SUMMARY 

FIG. 5, panels (a)-(d) show SEM images of aligned 
50 carbon nanotube arrays deposited at different shear rates, in 

accordance with Example 1. 

Methods for forming arrays of aligned carbon nanotubes 
are provided. Also provided are the arrays formed by the 
methods. 

One embodiment of a method comprises creating a shear 
flow of a fluid suspension of organic material-coated carbon 
nanotubes through a flow channel that is defined by a 
deposition substrate and a confining wall, wherein a velocity 
gradient is formed across the flowing fluid suspension; and 
depositing organic material-coated carbon nanotubes from 
the fluid suspension onto the deposition substrate, wherein 
the deposited organic material-coated carbon nanotubes are 
aligned along the direction of shear flow. The flow channel 
can be a closed channel or an open channel. 

In some embodiments of the methods, the fluid suspen
sion of organic material-coated carbon nanotubes flows over 

55 

FIG. 6 is an SEM image of an aligned carbon nanotube 
array formed from a chloroform-based fluid suspension, in 
accordance with Example 2. 

FIG. 7 is an SEM image of an aligned carbon nanotube 
array formed from a toluene-based fluid suspension, in 
accordance with Example 2. 

FIG. 8 is an SEM image of an aligned carbon nanotube 
array formed from a 1,2-dichlorobenzene-based fluid sus-

60 pension, in accordance with Example 2. 

DETAILED DESCRIPTION 

Methods for forming arrays of aligned carbon nanotubes. 
65 Also provided are the arrays formed by the methods and 

electronic devices that incorporate the arrays as active 
layers. 
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coatings can be removed from the carbon nanotubes after the 
carbon nanotube arrays have been deposited. For example, 
the coatings can be selectively dissolved or etched away. 
Alternatively, for polymers having a bi-pyridine repeat unit, 
the coatings can be removed via exposure to a transition 
metal salt, such as a transition metal ( e.g., rhenium) carbonyl 
salt, as described in U.S. Pat. No. 9,327,979. 

The carbon nanotubes are dispersed in solution to provide 
a fluid suspension of the carbon nanotubes. A wide variety 

The arrays are formed by flowing a fluid suspension of 
carbon nanotubes through a confined channel under condi
tions that create a velocity gradient across the flowing 
suspension. In some embodiments of the methods, the fluid 
suspension of carbon nanotubes flows across another liquid 5 

to provide a liquid/fluid suspension interface at which the 
carbon nanotubes become concentrated. As a result of the 
accumulation/confinement of the carbon nanotubes at the 
liquid/fluid suspension interface, the shear forces acting on 
the carbon nanotubes, or a combination of both effects, the 
carbon nanotubes become aligned along the flow direction 

10 of organic solvents and mixtures of organic solvents can be 
used to form the solution, provided that the solvents are able 
to solubilize the carbon nanotubes. In embodiments of the 
methods where an open, confined channel is used, the 

as they flow over, and are deposited upon, a deposition 
substrate. The methods provide a rapid and scalable means 
of forming a film of aligned carbon nanotubes over a large 
surface area. By adjusting the flow parameters and channel 15 

dimensions and design, the degree of aligrnnent and linear 
packing density of the carbon nanotubes in the deposited 
arrays can be controlled. 

The carbon nanotubes may be SWCNTs, including 
SWCNTs processed from high pressure carbon monoxide 20 

(HiPco) produced powders and SWCNTs made via arc
discharge methods. The carbon nanotubes are characterized 
by very small diameters; for example, less than 5 nm and 
more typically less than 2 nm. Carbon nanotubes of various 
lengths can be aligned using the methods. This includes very 25 

short carbon nanotubes that have lengths of no greater than 

organic solvent desirably has a relatively high boiling point 
at the film deposition temperature and pressure, typically 
ambient temperature and pressure, such that it evaporates 
slowly. Examples of solvents having relatively high boiling 
points include toluene and 1,2-dichlorobenzene. However, 
lower boiling organic solvents, such as chloroform, can also 
be used. The concentration of the carbon nanotubes in the 
fluid suspension may affect the density of the carbon nano-
tubes in the deposited arrays, particularly when the deposi
tion time or the area of the deposition interface is limited. A 
wide range of carbon nanotube concentrations can be 
employed. By way of illustration only, in some embodi
ments of the methods, the fluid suspension has a carbon 
nanotube concentration in the range from 0.01 µg/mL to 250 
µg/mL. 

The methods are carried out by creating a flow of the fluid 
suspension comprising the carbon nanotubes through a 
confined flow channel, whereby a flow velocity gradient is 
formed across the flowing suspension. The confined flow 
channel is a narrow conduit that is defined by the deposition 
substrate and a confinement substrate. The deposition sub-
strate is the substrate onto which the carbon nanotubes are 
deposited to form the carbon nanotube array. Therefore, this 
substrate should be composed of a material to which the 
carbon nanotubes, including coated SWCNTs, readily 
adhere. Different deposition substrate materials may be 

1 µm, or even no greater than 0.5 µm. This is significant 
because short nanotubes are substantially more difficult to 
align than their longer counterparts. In a sample (e.g., 
powder) of carbon nanotubes in which the dimensions of the 30 

individual carbon nanotubes vary, the dimensions recited 
above refer to the average dimensions for the carbon nano
tubes in the sample. However, the samples can be selected 
such that none of the carbon nanotubes in the sample exceed 
the maximum dimensions recited above. For some device 35 

applications, it is desirable for the carbon nanotubes to be 
semiconducting SWCNTs (s-SWCNTs). Therefore, the car
bon nanotubes used in the methods can be pre-sorted to 
remove all, or substantially all ( e.g., >90% ), of the metallic 
SWCNTs (m-SWCNTs). 40 preferred for different carbon nanotube coating materials 

and/or for different channel geometries. In some embodi
ments of the methods, hydrophilic substrates, such as silicon 
oxide (e.g., SiO2) can be used. In other embodiments, 
non-hydrophilic substrates or hydrophilic substrates can also 

The individual carbon nanotubes can be coated with an 
organic material in order to facilitate their aligrnnent and 
deposition onto a substrate and to avoid aggregation in the 
fluid suspension or in the deposited array. For clarification, 
these coated carbon nanotubes each have a partial or com
plete film of an organic material on their surface; they are not 
all distributed in a continuous organic (e.g., polymer) 
matrix. The coatings may be, but need not be, covalently 
bonded to the surfaces of the carbon nanotube. Organic 
materials that form the coatings include monomers, oligom
ers, polymers, and combinations thereof. The coating may 

45 be used. Other deposition substrate materials that can be 
used include metal oxides (including, but not limited to, 
aluminum oxide, hafnium oxide, and lanthanum oxide), 
high-k dielectric materials, such as SiN, and common semi
conductor materials, such as silicon and germanium. The 

50 deposition substrate can also be a polymer substrate for 
flexible electronics applications, including but not limited 
to, polydimethylsiloxane, polyethersulfone, poly ( ethylene 
terephthalate ), and the like. These materials may compose 
the deposition substrate, or may be applied as coatings over 

be a coating that was used in a pre-sorting step to isolate 
s-SWCNTs from a mixture of s-SWCNTs and m-SWCNTs. 
These types of coatings are referred to herein as semicon
ductor-selective coatings. A number of semiconductor-se
lective coatings are known, including semiconductor-selec
tive polymer coatings. Descriptions of such polymers can be 
found, for example, in Nish, A.; Hwang, J. Y.; Doig, J.; 
Nicholas, R. J. Highly selective dispersion of single-walled 
carbon nanotubes using aromatic polymers. Nat. Nanotech- 60 

nol. 2007, 2, 640-6. The semiconductor-selective polymers 
are typically organic polymers with a high degree of it-con
jugation and include polyfluorene derivatives, such as poly 
(9,9-dialkyl-fluorene) derivatives, and poly(phenyl 
vinylene) derivatives. While the semiconductor-selective 65 

coatings may be conductive or semiconductive materials, 
they can also be electrically insulating. Optionally, the 

55 a bulk substrate base. 
The confinement substrate, together with the deposition 

substrate, defines the flow charmel. The confinement sub
strate material should be selected such that the carbon 
nanotubes adhere less readily to the confinement substrate 
than to the deposition substrate during the carbon nanotube 
array deposition process. Thus, different confinement sub
strate materials may be preferred for different carbon nano
tube coating materials and/or for different channel geom
etries. By way of illustration only, for organic material
coated carbon nanotubes that adhere well to a hydrophobic 
deposition substrate, the confinement substrate may be com
posed of a material that is less hydrophobic than the material 
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ment shown in FIG. lA, but the fluid suspension is flowed 
through the channel along with another liquid 118, such that 
fluid suspension 108 and liquid 118 flow side-by-side 
between deposition substrate 102 and confinement substrate 

from which the deposition substrate is composed. Similarly, 
for organic material-coated carbon nanotubes that adhere 
well to a hydrophilic deposition substrate, the confinement 
substrate may be composed of a material that is less hydro
philic than the material from which the deposition substrate 
is composed. Examples of suitable materials for the con
finement substrate include, but are not limited to, fluoropo
lymers, such as polytetrafluoroethylene and Viton, and glass 
or quartz coated with a hydrophobic polymer. Uncoated 
glass and quartz can also be used. It is not necessary to 
eliminate the deposition of carbon nanotubes on the con
finement substrate. However, if deposition of the carbon 
nanotubes on the confinement substrate is significant, it may 

5 104. Liquid 118 selected such that it is immiscible with fluid 
suspension 108. For example, liquid 118 may be water. As 
a result, a fluid suspension/liquid interface 111 is formed 
between the two layers. As fluid suspension 108 and liquid 
118 flow through the channel, carbon nanotubes 112 in the 

10 suspension become aligned along the direction of flow and 
concentrated at interface 111. This creates a thin contact line 

be desirable to periodically replace the confinement sub
strate or to clear the confinement substrate of the deposited 15 

carbon nanotubes. 
The deposition substrate and the confinement substrate 

can be arranged such that they form a closed, confined 
channel or an open, confined channel. A closed, confined 
channel is a conduit that surrounds the flowing suspension of 20 

carbon nanotubes around its circumference, and, in a closed, 
confined channel, the flowing suspension of carbon nano
tubes is not exposed to air on any side as it flows through the 
conduit. In some embodiments of the closed channels, the 
deposition substrate is a planar substrate. In a closed channel 25 

carbon nanotube deposition system, the deposition substrate 
can remain stationary as the fluid suspension of carbon 
nanotubes flows over it, as discussed in more detail in 
Example 1. 

A schematic illustration of one embodiment of a portion 30 

of a closed, confined channel is shown in FIG. lA. As a 
suspension of carbon nanotubes flows through the closed, 
confined channel, a flow velocity gradient (shear rate) gives 
rise to shear forces that align the carbon nanotubes with their 
long axes (lengths) along the direction of the flow. When the 35 

carbon nanotubes in the fluid suspension contact a deposi
tion substrate they are deposited on the surface of that 
substrate with their long axes oriented in the direction of the 
flow. 

The channel is defined by a deposition substrate 102 and 40 

a confinement substrate 104. (Only the top portion ("ceil
ing") of the confinement substrate is show in this figure, the 
confinement substrate further includes side walls (i.e., walls 
in the yz plane; not shown) that confine the fluid suspension 
laterally. The side walls 103 are shown in the simplified front 45 

view of the channel in the inset.) A conduit 106 is defined by 
deposition substrate 102 and confinement substrate 104. 
When a fluid suspension 108 of carbon nanotubes flows 
through conduit 106, velocity gradients are formed across 
the fluid between deposition substrate 102 and confinement 50 

substrate 104. (The velocity gradients along they-direction 
are represented by arrows, the sizes of which correspond to 
the velocity in that part of the channel.) As a result, carbon 
nanotubes 112 in fluid suspension 108 become aligned along 
the flow direction (the z-axis in the figure) and the aligned 55 

carbon nanotubes are deposited onto deposition substrate 
102 to form an array of aligned carbon nanotubes 114. 
Confinement substrate 104 may be composed of more than 
one material. For example, in the embodiment shown here, 
walls 103 may be provided by a rubber spacer (or rubber 60 

spacers), sandwiched between the deposition substrate and 
the upper portion of confinement substrate 104, where the 
upper portion may be a composed of a material other than 
rubber. 

Another embodiment of a portion of a closed, confined 65 

channel is shown in FIG. lB. In this embodiment, the closed, 
confined channel has the same configuration as the embodi-

of concentrated carbon nanotubes from which aligned car
bon nanotubes 112 are deposited onto deposition substrate 
102 to form an array of aligned carbon nanotubes 114. By 
changing the volumetric flow rate of fluid suspension 108 
relative to the volumetric flow rate of liquid 118, interface 
111 can be translated across deposition surface 102 to form 
a continuous array 114 over a large surface area. This 
progression is illustrated schematically in FIG. lC, where 
panel (a) shows the position of interface 111 at a first relative 
volumetric flow rate and panel (b) shows the position of 
interface 111 translated further along deposition substrate 
102 after reducing the volumetric flow rate of liquid 118 
relative to that of fluid suspension 108. Alternatively, the 
relative volumetric flow rates of liquid 118 and fluid sus
pension 108 can be held constant and the array 114 of carbon 
nanotubes 112 can be deposited over deposition substrate 
102 by translating the deposition substrate in a direction 
perpendicular to interface 111 as the liquid and the fluid 
suspension are flowing through the channel. 

Another embodiment of a portion of a closed, confined 
channel is shown in FIG. lD. In this embodiment, the 
closed, confined channel has the same configuration as the 
embodiment shown in FIG. lB, except that the fluid sus
pension of carbon nanotubes 108 is flanked by liquid 118 on 
one side and by a solvent 115 on the opposite side. Solvent 
115 can be the same solvent in which the carbon nanotubes 
of the fluid suspension are suspended, or it can be a different 
solvent in which the carbon nanotubes are not soluble or 
dispersible, such that a second liquid/liquid interface 117 is 
formed in the channel. In some embodiments, solvent 115 is 
a fluorinated organic solvent. As in the embodiment shown 
in FIG. lB, carbon nanotubes 112 in fluid suspension 108 
become aligned along the direction of flow and concentrated 
at interface 111. This creates a thin contact line of concen
trated carbon nanotubes from which aligned carbon nano
tubes 112 are deposited onto deposition substrate 102 to 
form an array of aligned carbon nanotubes 114. 

By changing the volumetric flow rate of solvent 115 
relative to the volumetric flow rate of liquid 118, interface 
111 can be translated across deposition surface 102 to form 
a continuous array 114 over a large surface area. This 
progression is illustrated schematically in FIG. lE, where 
panel (a) shows the position of interface 111 at a first relative 
volumetric flow rate and panel (b) shows the position of 
interface 111 translated further along deposition substrate 
102 after reducing the volumetric flow rate of liquid 118 
relative to that of solvent 115. Alternatively, the relative 
volumetric flow rates of liquid 118 and solvent 115 can be 
held constant and the array 114 of carbon nanotubes 112 can 
be deposited over deposition substrate 102 by translating the 
deposition substrate in a direction perpendicular to interface 
111 as the liquid and the fluid suspension are flowing 
through the channel. 

Relative to the embodiment shown in FIG. lB, the 
configuration shown in FIG. lD uses a lower quantity of 
carbon nanotubes since a smaller volume of the fluid sus-
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pension of carbon nanotubes is required. In addition, if the 
carbon nanotubes are not soluble or dispersible in solvent 
115, unwanted deposition of carbon nanotubes on the con
finement substrate can be reduced or eliminated. 

In embodiments of the type illustrated in FIGS. lB-lE, 
the liquid, the fluid suspension, and the solvent can be 
introduced into the channel using separate inputs. The inputs 
can be configured such that the liquid, the fluid suspension, 
and the solvent enter the channel, for example, perpendicu
lar or parallel to the flow direction. To establish a stable, 
well-defined liquid/fluid suspension interface, the flow cell, 
optionally, can be primed with an initial volume of the 
liquid, the fluid suspension, the solvent, or a combination of 
two or more thereof. This may be done in order to prevent 
uncontrollable surface wetting of the flow cell walls that 
might occur in the presence of an air/liquid interface. 

The deposition and confinement substrates also can be 
arranged such that they form an open, confined channel. On 
open, confined channel is a trough-like conduit that has an 
open air space above the flowing suspension of carbon 
nanotubes. In some embodiments of the open channels, the 
deposition substrate and the confinement substrate are planar 
substrates that are disposed opposite and facing one another, 
separated by a gap. The facing surfaces of the deposition 
substrate and the confinement substrate can be, but need not 
be, oriented in a parallel arrangement. In these embodi
ments, the channel can be further defined by a layer of 
liquid, such as water, spanning the gap between the two 
substrates and serving as a channel floor. In this type of 
open, confined channel, the fluid suspension is flowed over 
the layer of liquid and between the deposition substrate and 
the confinement substrate. An array of carbon nanotubes can 
be deposited over an area of the deposition substrate by 
moving the deposition substrate in a direction perpendicular 
to the surface of the liquid as the suspension is flowing 
through the channel, or by translating the interface between 
the fluid suspension and the liquid across the deposition 
substrate as the suspension is flowing through the channel. 

A schematic illustration of one embodiment of an open, 
confined channel is shown in FIG. 2. The channel is defined 

8 
liquid film 303 can be provided below fluid suspension 208 
by introducing the liquid into channel 206 through a separate 
input port (represented here by a needle 309 for simplicity), 
wherein an interface 311 is formed between fluid suspension 

5 208 and liquid film 303. An advantage of using flowing 
liquid film 303 is that it reduces the drag on fluid suspension 
208 and utilizes the flowing liquid film to achieve the high 
velocity and velocity gradients that give rise to shear flow. 
This reduction of drag on the fluid suspension 208 can result 

10 in better laminar flow, which may result in better alignment 
of the carbon nanotubes in the deposited film. By moving 
deposition substrate 202 across interface 311 as fluid sus
pension 208 is flowing, the array of aligned carbon nano
tubes 214 can be formed continuously over a large surface 

15 area. In a variation of the method shown in FIG. 3, the entire 
layer ofliquid 208 is flowing, rather than just a portion of the 
top layer of the liquid. 

The components of this channel are the same as those of 
the embodiment of FIG. 2, except that a top portion ofliquid 

20 layer 203 is a liquid film 303 flowing in the same direction 
315 as, but at a faster flow rate than, fluid suspension 208. 
(The relative velocities of the fluid suspension and the liquid 
film are represented by arrows, the lengths of which corre
spond to the velocities of their respective layers.) As shown 

25 in the figure, flowing liquid film 303 can be provided below 
fluid suspension 208 by introducing the liquid into channel 
206 through a separate input port (represented here by a 
needle 309 for simplicity), wherein an interface 311 is 
formed between fluid suspension 208 and liquid film 303. 

30 An advantage of using flowing liquid film 303 is that it 
reduces the drag on fluid suspension 208 and utilizes the 
flowing liquid film to achieve the high velocity and velocity 
gradients that give rise to shear flow. This reduction of drag 
on the fluid suspension 208 can result in better laminar flow, 

35 which may result in better alignment of the carbon nano
tubes in the deposited array. By moving deposition substrate 
202 across interface 311 as fluid suspension 208 is flowing, 
the array of aligned carbon nanotubes 214 can be formed 
continuously over a large surface area. In a variation of the 

40 method shown in FIG. 3, the entire layer of liquid 208 is 
flowing, rather than just a portion of the top layer of the 
liquid. 

by a deposition substrate 202 and a confinement substrate 
204. The channel is further defined by a layer of liquid 203, 
such as water, that provides a floor to the channel. A fluid 
suspension 208 of carbon nanotubes is introduced into the 
channel 206 through an input port (represented here by a 
needle 209 for simplicity). Liquid layer 203 and fluid 
suspension 208 are immiscible and, therefore, a fluid sus
pension/liquid interface 211 is formed between the two 
layers (see inset). As fluid suspension 208 flows over liquid 
layer 203, carbon nanotubes 212 in the suspension become 
aligned along the direction of flow 213 and concentrated at 
interface 211. From interface 211, aligned carbon nanotubes 
212 are deposited onto deposition substrate 202 to form a 
film of aligned carbon nanotubes 214. By moving deposition 
substrate 202 across interface 211 as fluid suspension 208 is 55 

flowing, the film of aligned carbon nanotubes 214 can be 
formed continuously over a large surface area. 

The dimensions of the confined channels are designed to 
provide a flow velocity gradient in the suspension of carbon 

45 nanotubes, wherein the flow velocity is at a minimum (e.g., 
zero) at the substrate surfaces and highest at or near the 
center of the flow. By way of illustration, some embodi
ments of the channels have a maximum spacing between the 
deposition substrate and the confinement substrate of 5 mm 

50 or shorter, including 3 mm or shorter, and further including 
1 mm or shorter. For example, spacings in the ranges from 
0.05 mm to 5 mm and from 0.1 mm to 3 mm can be used. 
Since the channels may not have a regular or symmetric 
cross-section, the spacing between the deposition substrate 
and the confinement substrate of a channel corresponds to 
the maximum spacing between the deposition substrate and 
the confinement substrate, as measured along a surface 
normal of the deposition substrate. Thus, if the deposition 
substrate and the confinement substrate are parallel, planar 
substrates separated by a gap, the spacing simply corre
sponds to the size of the gap. The lengths and, in the case of 

Another embodiment of an open, confined channel is 
shown schematically in FIG. 3. The components of this 
channel are the same as those of the embodiment of FIG. 2, 60 

except that a top portion of liquid layer 203 is a liquid film 
303 flowing in the same direction 315 as fluid suspension 
208 In some embodiments, liquid film 303 flows at a faster 
flow rate than fluid suspension 208. (The relative velocities 
of the fluid suspension and the liquid film are represented by 65 

arrows, the lengths of which correspond to the velocities of 
their respective layers.) As shown in the figure, flowing 

the closed confined channels, the widths of the channels are 
not particularly limited and can be selected to provide a 
carbon nanotube array over a desired surface area. By way 
of illustration, some embodiments of the channels have 
lengths of at least 1 mm, at least 10 mm, at least 100 mm, 
at least 1 m, or larger. Some embodiments of the closed 
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channels have widths of at least 500 µm, at least 1 mm, at 
least 10 mm, at least 100 mm, at least 1 m, or larger. This 
includes closed channels having widths in the range from 
500 µm to 500 mm, further includes closed channels having 
widths in the range from 700 µm to 30 mm, and still further 5 

includes closed channels having widths in the range from 1 
mm to 20 mm. 

lower flow velocity gradients, including flow velocity gra
dients that are lower than the rotational diffusion coefficients 
of the carbon nanotubes, can be used.) 

The optimal volumetric flow velocity will depend, at least 
in part, on the length and diameters of the carbon nanotubes 
being deposited. For example, for carbon nanotubes having 
lengths of approximately 500 llll1 and diameters of approxi
mately 1.5 lllll, the volumetric flow velocity may be selected 
to provide a velocity gradient of at least 120 mm/s/mm. 

The flow velocity of the suspension of carbon nanotubes 
in the channel will depend, in part, on the charmel type and 
dimensions. In particular, for short or small diameter carbon 
nanotubes that are being deposited in a closed confined 
channel that does not use a liquid/fluid suspension interface 

10 However, larger velocity gradients can provide better align
ment. Thus, in some embodiments of the methods, the fluid 
suspension of carbon nanotubes has a velocity gradient of at 
least 900 mm/s/mm. This includes embodiments of the 
methods wherein the fluid suspension of carbon nanotubes 
has a velocity gradient of at least 1500 mm/s/mm, and 

to concentrate and align the carbon nanotubes (that is, a 
closed confined channel of the type illustrated in FIG. lA), 

15 
the flow velocity should be sufficiently high to produce a 
flow velocity gradient that is greater than the rotational 
diffusion coefficients of the carbon nanotubes in the suspen
sion. In this type of close confinement channel, the rotational 
diffusion coefficient can be determined using Equation 5 in 

20 
Tirado, M. M., Martinez, C. L., de la Torre, J. G. Compari
son of theories for the translational and rotational diffusion 
coefficients of rod-like macromolecules. Application to short 
DNA fragments. J. of Chem. Phys. 87, 4, 2047-52. The flow 
velocity gradients are calculated assuming a plane Poiseuille 
flow with a symmetric parabolic velocity profile. For sim
plicity, this assumption is used here. However, for some 
systems, the profile may not be parabolic. In this calculation, 
assuming no slip conditions at the charmel walls, the veloc-

further includes embodiments of the methods wherein the 
fluid suspension of carbon nanotubes has a velocity gradient 
of at least 3000 mm/s/mm. In some embodiments the fluid 
suspension of carbon nanotubes has a velocity gradient in 
the range from 120 mm/s/mm to 66000 mm/s/mm; from 900 
mm/s/mm to 60000 mm/s/mm; or from 1500 mm/s/mm to 
30000 mm/s/mm. For longer and/or thicker carbon nano
tubes lower velocity gradients may be more suitable, while 

25 for shorter and/or thinner carbon nanotubes higher velocity 
gradients may be more suitable. 

The present methods do not require that all of the depos
ited carbon nanotubes be aligned; only that the average 
degree of aliglllllent of the carbon nanotubes in the array is 

ity as a function of position perpendicular to the channel is 
given as 

where V max is the maximum flow velocity at the center of the 
channel, µ is the viscosity of the fluid, L is the length of the 
channel, d is the diameter of channel, and li.P is the pressure 
difference across the length of the charmel. This pressure 
difference is given as 

Q 12µL 
!:.P=--

h d 3 

where Q is the volumetric flow velocity, h is defined as the 
width of the channel, and all other variables are as stated 
previously. The flow velocity gradient at the wall can be 
determined from the derivative of the previous V(y) expres
sion evaluated at the wall of the channel 

dV(-~) = !:.P[~] 
dy 2 µL 2 

and will have units of mm/s/mm. In the context of a closed 
confined channel that does not use a liquid (e.g., water)/ 
carbon nanotube suspension interface, as illustrated in 
Example 1 (see, FIG. 5, panel (a)), operating under condi
tions in which the flow velocity gradient is lower than the 
rotational diffusion coefficients of the carbon nanotubes 
results in the deposition of an array of randomly oriented 
(i.e., unaligned) carbon nanotubes. (It should be noted, 
however, that for deposition systems that utilize a liquid/ 
fluid suspension interface to align the carbon nanotubes 

30 measurably greater than that of an array of randomly ori
ented carbon nanotubes. The degree of alignment in the 
deposited carbon nanotube arrays will depend on the flow 
rate and the flow channel geometry and dimensions. The 
degree of alignment of the SWCNTs in the arrays refers to 

35 their degree of aliglllllent along their longitudinal axes 
within an array, which can be quantified using polarized 
Raman spectroscopy, as described in Joo et al., Langmuir, 
2014, 30(12), pp. 3460-3466 ("Joo et al."). In some embodi
ments, the deposited arrays have a carbon nanotube mean 

40 degree of aliglllllent of ±40° or better. (That is, the mean of 
the magnitude of misaliglllllent for the carbon nanotubes in 
the array is no greater than 40° .) This includes embodiments 
in which the carbon nanotubes have a mean degree of 
aliglllllent of ±20° or better, further includes embodiments in 

45 which the carbon nanotubes have a mean degree of align
ment of ±4 ° or better, and still further includes embodiments 
in which the carbon nanotubes have a mean degree of 
aliglllllent of ±1 ° or better. For some electronic device 
applications, such as charmel layers in thin film transistors, 

50 imperfect aliglllllent may be preferred in order to ensure 
continuous interconnectivity of the carbon nanotubes over a 
surface area having dimensions greater than the lengths of 
the carbon nanotubes. 

The density of the carbon nanotubes in the deposited 
55 arrays will depend on a variety of factors, including the 

channel geometry ( e.g., open or closed), whether the depo
sition method utilizes a liquid/fluid suspension interface, the 
concentration of carbon nanotubes in the deposition solu
tion, and/or the duration of the deposition process. The 

60 density of carbon nanotubes in the arrays refers to their 
linear packing density, which can be quantified in terms of 
the number of carbon nanotubes per µm and measured as 
described in Joo et al. In some embodiments, the deposited 
arrays have a carbon nanotube density of at least 5 carbon 

65 nanotubes/µm. This includes embodiments in which the 
arrays have a carbon nanotube density of at least 20 carbon 
nanotubes/µm and at least 30 carbon nanotubes/µm. 
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The arrays can be deposited as highly uniform films over 
large surface areas, where a uniform film is a continuous film 

12 

in which the carbon nanotubes are aligned along a substan
tially straight path, without domains of randomly oriented 
carbon nanotubes. The area over which the carbon nanotube 5 

material. The supernatant was then centrifuged and dis
persed with sonication via the horn tip sonicator three times 
in toluene to rinse off as much excess PFO-BPy as possible. 
The final solution was prepared by horn-tip sonication of the 
rinsed SWCNT pellet in chloroform. The final concentra
tions of nanotubes in chloroform included 20 to 250 µg/mL, arrays can be formed is not particularly limited and can be 

sufficiently large to cover an entire semiconductor wafer. By 
way of illustration, uniform carbon nanotube arrays can be 
deposited over surface areas of at least 1 mm2

, at least 10 
mm2

, or at least 100 mm2
, or at least 1 m2

. 

Depending on the intended application of the carbon 
nanotube arrays, it may be desirable to define a pattern in the 
arrays. For example, the arrays can be patterned into a series 
of lines, an array dots, and the like. The pattern can be 
defined in the array after it is formed. Therefore, some 
embodiments of the methods include a step in which the 
arrays are lithographically patterned using, for example, 
photolithography techniques. Alternatively, a pattern can be 
defined in the array as it is deposited by using a patterned 
deposition substrate having at least two surface domains, 
wherein the carbon nanotubes adhere more readily to one of 
the two surface domains than to the other. For example, 
selected areas on the surface of the deposition substrate can 

also including 20-150 µg/mL. 
Devices having flow channels of different dimensions 

were fabricated in order to achieve a range of velocity 
10 gradients. For each device, a silicon dioxide substrate (Addi

son Engineering, 90 nm oxide) (i.e., a deposition substrate) 
was cleaned using a Piranha procedure (2: 1 mixture of 
H2 SO4 :H2 O2 ) for one hour. The substrate was then treated 
with hexamethyldisilazane (HMDS). The substrate was set 

15 on the bottom plate of a clamping device. This clamping 
device was composed of an aluminum bottom sheet and an 
aluminum top sheet, with holes for screws fed through the 
entire device on both sides. Nuts were tightened on the 
screws to ensure a proper seal. The aluminum top sheet had 

20 a hole near its center to provide a tubing inlet into the 
channel-this is how the carbon nanotube suspensions were 
introduced. 

be coated or functionalized with a hydrophilic material 
and/or selected areas on the surface deposition substrate can 25 

be coated or functionalized with a hydrophobic material, 
such that the carbon nanotubes are preferentially deposited 
onto and aligned along the more hydrophilic domains. 

A schematic diagram of the device used in this example 
is shown in FIG. 4. A mask 440 made out ofperfluoroalkoxy 
(PFA) was formed on top of the silicon dioxide substrate 402 
to define the side walls of a closed channel 406. PFA layer 
thicknesses of0.127 mm to 1 mm were used in the different 
devices to form channels with widths ranging from 1 to 20 
mm). The channel lengths ranged from 5 mm to 50 mm. A 
top glass plate (i.e., a confinement substrate) 404 with an 
entry port 442 for the fluid suspensions of carbon nanotubes 

The nature of the pattern will depend on the intended 
application of the array. For example, if an array of aligned 30 

s-SWCNTs is to be used as the channel material in a field 
effect transistor (FET), a pattern comprising a series of 
parallel stripes can be defined in the array. FETs comprising 
the arrays of aligned s-SWCNTs as channel materials gen
erally comprise a source electrode in electrical contact with 
the channel material and a drain electrode in electrical 
contact with the channel material; a gate electrode separated 
from the channel by a gate dielectric; and, optionally, an 
underlying support substrate. Various materials can be used 
for the components of the FET. For example, a FET may 
include a channel comprising an array comprising aligned 
s-SWCNTs, a SiO2 gate dielectric, a doped Si layer as a gate 
electrode and metal (Pd) films as source and drain elec
trodes. However, other materials may be selected for each of 
these components. 

Example 1: Shear-Based Alignment of 
Polymer-Wrapped s-SWCNTs Using a Closed, 

Confined Channel 

was placed over the PFA mask, such that the hole in the 
aluminum top sheet and the entry port were aligned. A tube 
409 was then inserted through the hole in the aluminum top 

35 sheet and the entry port to allow the fluid suspensions to be 
fed into channel 406. 

Once the device was set up, a syringe pump was used to 
force the fluid suspensions 408 of carbon nanotubes through 
the device, whereby an array of aligned carbon nanotubes 

40 was deposited onto the silicon dioxide substrate in the 
channel. The typical duration of deposition was -20 sec
onds, but longer deposition durations should show an 
increase in linear density without sacrificing the alignment 
quality. Volumetric flow rates in the range from 350 pt/min 

45 to 22000 µUmin were used to create velocity gradients in 
the range from 120 mm/s/mm to 66000 mm/s/mm in the 
closed channels. 

After each suspension was passed through the device, 
pure chloroform was used to wash the remaining suspension 

50 from the channel to prevent random tubes from being 
deposited across the substrate in a "coffee stain" as the films 
dried in air. This substrate was also rinsed with isopropyl 
alcohol. 

This example illustrates methods of aligning carbon nano
tubes using a closed, confined flow channel. As shown in this 
example, the degree of overall carbon nanotube alignment in 
the array can be controlled by varying the channel dimen
sions and the flow rate of the carbon nanotube suspension. 55 

The packing density of the carbon nanotubes in the array can 

After deposition, the aligned carbon nanotube arrays were 
imaged with a scanning electron microscope (SEM) (Zeiss 
LEO 1530) to characterize the alignment. The alignment 
was also characterized using cross-polarized reflected light 
microscopy (Nikon Optiphot-2). The degree of alignment 
was estimated by measuring the angles of carbon nanotubes 

be controlled by varying the concentration of the nanotubes 
in the suspension. 

Methods: 
The polymer coated nanotube suspension was initially 

extracted from a mixture of arc-discharge SWCNT powders 
60 (approximately 60 carbon nanotubes) from typical areas of 

deposition from each sample. This data was then plotted as 
a histogram and the histogram was fit with a Gaussian peak, 
centered at 8=0°. The a of the Gaussian was then calculated 

(2 mg mL- 1
) and PFO-BPy (American Dye Source, Inc., 

Quebec, Canada; #AD153-UV, 2 mg mL- 1
). This mixture 

was sonicated with a horn tip sonicator (Fisher Scientific, 
Waltham, Mass.; Sonic dismembrator 500) for 30 min in 65 

toluene (60 mL). The solution was centrifuged in a swing 
bucket rotor at 300000 g for 10 min to remove undispersed 

for each distribution and was used to represent the alignment 
range for each sample. The degree of alignment was shown 
to qualitatively increase with increasing velocity gradient 
with the alignment being random at 120 mm/s/mm and the 



US 10,873,026 B2 
13 

alignment increasing so that the maJonty of the carbon 
nanotubes aligned within ±10° at 28000 mm/s/mm. While it 
was difficult to determine the density of carbon nanotubes 
for the 120 mm/s/mm because it was random, the linear 
density of carbon nanotubes was determined to be approxi- 5 

mately 30 tubes/µm for the 900 and 4000 mm/s/mm samples 
and a slightly lower density of 22 tubes/µm for the 28000 
mm/s/mm sample. This lower density was because a lower 
concentration solution was used for the deposition. 

14 
substrate. This resulted in the deposition of an aligned 
carbon nanotube array across the surface of the silicon 
dioxide substrate. 

After array deposition, the aligned carbon nanotube array 
was characterized using scarming electron microscopy 
(Zeiss LEO 1530) and cross-polarized reflected light micros
copy (Nikon Optiphot-2). Carbon nanotube degree of align
ment was qualitatively evaluated using scanning electron 
microscopy to confirm that velocity gradients induced car-

Discussion: 
SEM images of arrays of aligned carbon nanotubes depos

ited at flow velocity gradients of 120 mm/s/mm, 900 mm/s/ 
mm, 4000 mm/s/mm, and 28000 mm/s/mm are shown in 
panels (a), (b), (c), and (d) of FIG. 5, respectively. As shown 

10 bon nanotube alignment self-assembly when the SWCNTs 
were dispersed in a range of organic solvents. Local regions 
of 1 µm2 of the chloroform-based deposition exhibited 
excellent alignment, with the majority of carbon nanotubes 

in these panels, the carbon nanotubes in the array deposited 15 

under a velocity gradient of 120 mm/s/mm were effectively 
randomly distributed. However, increasing the velocity gra
dient (shear rate) increased the alignment of the carbon 
nanotubes. 

Example 2: Alignment of Polymer-Wrapped 
s-SWCNTs Using an Open, Confined Charmel 

20 

aligned within ±3 ° ( calculated as per the previous process in 
Example 1, using aprox. 30 nanotubes). The linear density 
was estimated for each sample as follows: 40, 30, and 22 
tubes/µm for the chloroform-, toluene-, and 1,2-dichloroben
zene-based carbon nanotube suspensions, respectively. 

Discussion: 
An SEM image of an array of aligned carbon nanotubes 

deposited at a flow velocity gradient of roughly 5 mm/s/mm 
from the chloroform-based carbon nanotube suspension is 
shown in FIG. 6. An SEM image of an array of aligned 
carbon nanotubes deposited at flow velocity gradient of This example illustrates methods of aligning carbon nano

tubes using an open, confined flow charmel. As shown in this 
example, the degree of overall carbon nanotube alignment in 
the array can be controlled by varying the channel dimen
sions and the flow rate of the carbon nanotube suspension. 

Methods: 

25 roughly 1.7 mm/s/mm from the toluene-based carbon nano
tube suspension is shown in FIG. 7. An SEM image of an 
array of aligned carbon nanotubes deposited at flow velocity 
gradient of roughly 0.8 mm/s/mm from the 1,2-dichloroben
zene based carbon nanotube suspension is shown in FIG. 8. 

The polymer coated nanotube suspension was initially 
extracted from a mixture of arc-discharge SWCNT powders 
(2 mg mL- 1

) and PFO-BPy (American Dye Source, Inch., 
Quebec, Canada; #AD153-UV, 2 mg mL- 1

). This mixture 
was sonicated with a horn tip sonicator (Fisher Scientific, 
Waltham, Mass.; Sonic dismembrator 500) for 30 min in 
toluene (60 mL). The solution was centrifuged in a swing 
bucket rotor at 300000 g for 10 min to remove undispersed 
material. The supernatant was then centrifuged and dis
persed with sonication via the horn tip sonicator three times 

30 It was observed that carbon nanotube alignment in the arrays 
increased with increasing velocity gradient. 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 

35 construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more". 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 

in toluene to rinse off as much excess PFO-BPy as possible. 40 

The final solution was prepared by horn-tip sonication of the 
rinsed SWCNT pellet in the target solvent, i.e., chloroform, 
toluene, or 1,2-dichlorobenzene. The final concentrations of 
nanotubes in organic solvent included 1 to 50 µg/mL, also 
including 5-20 µg/mL. 45 The embodiments were chosen and described in order to 

Devices having flow channels of different dimensions 
were fabricated in order to achieve a range of velocity 
gradients. For each device, a silicon dioxide substrate (Addi
son Engineering, 90 nm oxide) (i.e., a deposition substrate) 
was cleaned using a Piranha procedure (2:1 mixture of 50 

H2 SO4 :H2O2 ) for one hour. The substrate was then treated 
with hexamethyldisilazane (HMDS). 

A channel was created between the silicon dioxide sub
strate and a polytetrafluoroethylene (PTFE) substrate (i.e., a 
confinement substrate). In the different devices, the gap 55 

between the silicon dioxide substrate and the PTFE substrate 
(which corresponds to the diameter of the channel) was in 
the range from 0.7 mm to 3 mm. The charmel was placed 
into a trough of water with a portion of the deposition and 
confinement substrates extending above the surface of the 60 

water, such that the water provided the floor of the channel. 
The carbon nanotube suspension was dispensed from a 

needle inserted into the channel, at the surface of the water. 
As the suspension of carbon nanotubes was flowed through 
the charmel, the silicon dioxide deposition substrate was 65 

translated vertically out of the water at a rate of 15 mm/min 
to move the fluid suspension/water interface across the 

explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem
plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. A method of forming a carbon nanotube array, the 

method comprising: 
creating a shear flow of a fluid suspension of organic 

material-coated carbon nanotubes through a flow chan
nel, wherein the flow charmel is defined by a deposition 
substrate comprising a first material and a confining 
wall comprising a second material, wherein a velocity 
gradient is formed across the flowing fluid suspension 
and further wherein the flowing fluid suspension passes 
over the deposition substrate and exits the flow chan
nel; 

depositing organic material-coated carbon nanotubes 
from the fluid suspension onto the deposition substrate 
to form a film of carbon nanotubes on the deposition 
substrate, wherein: the deposited organic material-
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coated carbon nanotubes in the film are aligned along 
the direction of shear flow; the film is formed while the 
fluid suspension is flowing over the deposition sub
strate; and the organic material-coated carbon nano
tubes are aligned and deposited on the deposition 5 

substrate without the use of an energized electrode pair. 
2. The method of claim 1, wherein the organic material 

coated carbon nanotubes consist essentially of semiconduct
ing single-walled polymer coated carbon nanotubes. 

3. The method of claim 1, wherein the velocity gradient 10 

has a magnitude of at least 900 mm/s/mm. 
4. The method of claim 1, wherein the organic material

coated carbon nanotubes have lengths of no greater than 1 
µm. 

5. The method of claim 1, further comprising removing 15 

the organic material from the deposited organic material
coated carbon nanotubes. 

6. The method of claim 1, wherein the flow channel is a 
closed channel. 

16 
tion substrate comprising a first material; the confining 
wall comprising a second material, which is disposed 
opposite and facing the deposition substrate; and a floor 
comprising a layer of a liquid that is immiscible with 
t~~ fluid suspension and is disposed between the depo
s1t10n substrate and the confining wall, wherein a 
velocity gradient is formed across the flowing fluid 
suspension; and 

depositing organic material-coated carbon nanotubes 
from the fluid suspension onto the deposition substrate 
during the shear flow of the fluid suspension of the 
organic-material-coated nanotubes through the flow 
channel, wherein the deposited organic material-coated 
carbon nanotubes are aligned along the direction of 
shear flow. 

14. The method of claim 13, wherein creating a shear flow 
of the fluid suspension of organic material-coated carbon 
nanotubes through the flow charmel comprises flowing the 
fluid suspension of organic material-coated carbon nano-

7. The method of claim 6, wherein the fluid suspension of 
organic material-coated carbon nanotubes flows at a rate that 

20 tubes on the layer of the liquid. 
15. The method of claim 13, wherein the liquid that is 

immiscible with the fluid suspension is water. is greater than the rotational diffusion coefficients of the 
carbon nanotubes in the fluid suspension and the flow 
channel has a width of at least 500 µm. 

8. The method of claim 6, wherein the fluid suspension of 
organic material-coated carbon nanotubes flows at a rate that 

16. The method of claim 14, further comprising translat
ing the fluid suspension of organic material-coated carbon 

25 nanotubes across the deposition substrate as it is flowing 
through the flow channel. 

is at least twice as large as the rotational diffusion coeffi
cients of the carbon nanotubes in the fluid suspension and 
the velocity gradient has a magnitude of at least 900 mm/s/ 
mm. 

9. A method of forming a carbon nanotube array, the 
method comprising: 

creating a shear flow of a fluid suspension of organic 
material-coated carbon nanotubes through a closed 
flow channel that is defined by a deposition substrate 
comprising a first material and a confining wall com
prising a second material, wherein a velocity gradient 

17. The method of claim 14, wherein creating a shear flow 
of the fluid suspension of organic material-coated carbon 
nanotubes through the flow channel further comprises flow-

30 ing the layer of the liquid in the same direction as the fluid 
suspension of organic material-coated carbon nanotubes. 

18. The method of claim 17, further comprising changing 
the volumetric flow rate of the fluid suspension of organic 
material-coated carbon nanotubes relative to the volumetric 

35 flow rate of the layer ofliquid, such that an interface formed 

is formed across the flowing fluid suspension; 
flowing a liquid that is immiscible with the fluid suspen

sion through the closed flow channel along with the 40 

fluid suspension, wherein the fluid suspension and the 
liquid flow side-by-side and the organic material
coated carbon nanotubes are concentrated at the inter
t:ace between the fluid suspension and the liquid, rela
tive to their concentration in the bulk of the fluid 45 

suspension, and are aligned parallel with the interface; 
and 

depositing organic material-coated carbon nanotubes 
from _the interface onto the deposition substrate, 
wherem the deposited organic material-coated carbon 50 

nanotubes are aligned along the direction of shear flow. 
10. The method of claim 9, wherein the liquid is water. 
11. The method of claim 9, further comprising translating 

the interface between the fluid suspension and the liquid 
across the deposition substrate. 55 

12. The method of claim 9, further comprising flowing a 
solvent through the flow charmel along with the fluid sus
pension and the liquid, wherein the fluid suspension flows 
between the liquid and the solvent. 

13. A method of forming a carbon nanotube array, the 60 

method comprising: 
creating a shear flow of a fluid suspension of organic 

material-coated carbon nanotubes through a flow chan
nel, wherein the flow charmel is defined by: a deposi-

by the layer of liquid and the fluid suspension translates 
along the deposition substrate. 

19. A method of forming a carbon nanotube array, the 
method comprising: 

creating a shear flow of a fluid suspension of organic 
material-coated carbon nanotubes through a flow chan
nel, wherein a velocity gradient is formed across the 
flowing fluid suspension, the flow channel being 
defined by a deposition substrate comprising a first 
material and a confining wall comprising a second 
material and having a channel width of at least 500 µm; 
and 

depositing organic material-coated carbon nanotubes 
from the fluid suspension onto the deposition substrate 
while the fluid suspension is flowing through the flow 
channel, wherein: the deposited organic material
coated carbon nanotubes in the film are aligned along 
the direction of shear flow; the film is formed while the 
fluid suspension is flowing over the deposition sub-
strate; and the organic material-coated carbon nano
tubes are aligned and deposited on the deposition 
substrate without the use of an energized electrode pair. 

20. The method of claim 19, wherein the flow charmel has 
a channel height in the range from 0.5 mm to 5 mm. 

21. The method of claim 9, wherein the organic material
coated carbon nanotubes from the interface are deposited 
onto the deposition substrate while the fluid suspension and 
the liquid flow side-by-side. 

* * * * * 


