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(57) ABSTRACT 
Methods of forming films of aligned elongated nanopar
ticles, films made using the methods, and electronic devices, 
such as transistors, that incorporate the films are provided. In 
the methods, elongated nanoparticles floating at the surface 
of a liquid film are deposited onto a liquid film-adsorbing 
surface region of a substrate as the liquid film dissipates 
from the surface. The alignment and deposition of the 
elongated nanoparticles occurs along a contact line that is 
defined by the liquid film, the substrate, and either an 
immiscible liquid suspension of the elongated nanoparticles 
or air. As the liquid film dissipates, the contact line recedes 
across the liquid film-adsorbing surface region and elon
gated nanoparticles pinned at the contact line are deposited 
onto the surface in the form of a nanoparticle film. 
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SURFACE-WATER-ASSISTED DEPOSITION 
OF PATTERNED FILMS OF ALIGNED 

NANOPARTICLES 

REFERENCE TO GOVERNMENT RIGHTS 

[0001] This invention was made with government support 
under 1727523 awarded by the National Science Founda
tion. The government has certain rights in the invention. 

BACKGROUND 

[0002] Semiconducting carbonnanotubes (CNTs) are one
dimensional materials with exceptional electronic proper
ties. Field effect transistors fabricated with CNT-based chan
nels have been shown to exhibit current density greater than 
silicon and gallium arsenide transistors. (Brady, Gerald J., et 
al., "Quasi-ballistic carbon nanotube array transistors with 
current density exceeding Si and GaAs", Science Advances, 
2017, Volume 2, Issue 9) CNTs' high current carrying 
capacity and the ability to easily modulate their conductivity 
due to their small diameter make them promising materials 
for next generation communication and logic devices. Maxi
mizing the performance of CNT-based transistors requires 
that the CNTs in the transistors are aligned and arranged into 
densely packed monolayer arrays. 
[0003] High purity semiconducting CNTs are available as 
suspensions in aqueous and organic solvents, referred to as 
inks. The fabrication and deposition of aligned arrays of 
CNTs onto substrates from inks has been investigated using 
shear, vacuum filtration, directed evaporation, dielectropho
resis, evaporative self-assembly, blown-bubble assembly, 
gas flow self-assembly, spin-coating, contact-printing 
assembly, elastomeric release, dimension-limited self-align
ment, DNA directed assembly, and Langmuir-Blodgett and 
-Schaefer methods, among others. 
[0004] Some alignment methods accumulate CNTs at the 
interface between two immiscible liquids or between a 
liquid and a gas. CNTs can self-align at such interfaces, and 
the aligned CNTs can be picked up or deposited onto 
substrates. For example, it has been observed that spreading 
thin layers of polymer wrapped CNTs dispersed in organic 
solvents, like chloroform, on top of a water bath results in 
the self-alignment of the CNTs at the interface between the 
chloroform and water (Joo, Yongho, et al., "Dose-Con
trolled, Floating Evaporative Self-assembly and Alignment 
of Semiconducting Carbon Nanotubes from Organic Sol
vents," Langmuir, 2014, Volume 30, Issue 12, pages 3460-
3466), (Jinkins, Katherine R., et al., "Nanotube Alignment 
Mechanism in Floating Evaporative Self-Assembly, 
Langmuir, 2017, Volume 33, Issue 46, pages 13407-13414.). 
Using this effect, CNT assemblies can be transferred to 
large-area substrates by continuously flowing thin layers of 
the CNT ink over the surface of an aqueous subphase and 
simultaneously lifting a target substrate through the flowing 
ink layer at constant velocity-in a process termed tangen
tial flow interfacial self-assembly (TaFISA). 

SUMMARY 

[0005] Methods of forming films of aligned elongated 
nanoparticles, films made using the methods, and electronic 
devices, such as transistors, that incorporate the films are 
provided. Also provided are methods of forming a patterned 
substrate for use in the film-forming methods. 
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[0006] One embodiment of a method of forming a film of 
aligned elongated nanoparticles on a substrate includes the 
steps of: providing a substrate having at least one liquid 
film-adsorbing surface region bounded by at least one liquid 
film-repelling surface region; forming a liquid film on the at 
least one liquid film-adsorbing surface region, wherein the 
liquid film is bounded by the at least one liquid film
repelling surface region: contacting a suspension that com
prises dispersed elongated nanoparticles with the at least one 
liquid film, wherein the suspension is immiscible with the at 
least one liquid film, such that the at least one liquid film and 
the suspension form an interface and elongated nanopar
ticles are transferred from the suspension to a surface of the 
at least one liquid film at the interface; and allowing the at 
least one liquid film to dissipate, whereby the elongated 
nanoparticles are deposited on the at least one liquid film
adsorbing surface region along a contact line defined by: the 
liquid film: the substrate; and the suspension or air, as the 
liquid film dissipates. 
[0007] One embodiment of a method of patterning a 
silicon dioxide surface of a substrate with one or more 
hydrophilic surface regions bounded by one or more less 
hydrophilic surface regions includes the steps of: forming a 
layer of a resist on the silicon dioxide surface; patterning the 
layer of resist to expose one or more regions of the silicon 
dioxide surface through the layer of resist: depositing a layer 
of yttrium metal or a layer of scandium metal over the layer 
of resist and the one or more exposed regions of the silicon 
dioxide surface to form yttrium metal-coated or scandium 
metal-coated surface regions on the silicon dioxide surface: 
removing the patterned layer of resist from the silicon 
dioxide surface: oxidizing the yttrium metal or scandium 
metal on the silicon dioxide surface: forming a layer of 
material having a lower hydrophilicity than the silicon 
dioxide on the silicon dioxide surface and over the oxidized 
yttrium or oxidized scandium; and removing the oxidized 
yttrium or oxidized scandium from the silicon dioxide 
surface to form one or more hydrophilic silicon dioxide 
surface region bounded by the material having the lower 
hydrophilicity than the silicon dioxide. 
[0008] One embodiment of a field effect transistor 
includes: a source electrode: a drain electrode: a gate elec
trode; and a conducting channel in electrical contact with the 
source electrode and the drain electrode, the conducting 
channel comprising a film comprising aligned semiconduct
ing single-walled carbon nanotubes. Some embodiments of 
the field effect transistor are characterized by a current 
density of at least 1.8 mA µm- 1 and a transconductance of at 
least 1.14 mS µm- 1

, as measured at 0.6 V drain voltage. 
[0009] 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 descrip
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Illustrative embodiments of the invention will 
hereafter be described with reference to the accompanying 
drawings, wherein like numerals denote like elements. 
[0011] FIG. 1, panels (a)-(f) illustrate the formation of a 
high-density film of aligned elongated nanoparticles using 
surface-water-assisted deposition onto the floor of a flow 
channel. 
[0012] FIG. 2A, panels (a)-(e) illustrate the formation of a 
high-density film of aligned elongated nanoparticles from an 
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interface between an aqueous medium and an immiscible 
organic solvent using surface-water-assisted deposition. 
FIG. 2B illustrates the formation of a high-density film of 
aligned elongated nanoparticles using surface-water-assisted 
tangential flow interfacial self-assembly (TaFISA) deposi
tion. FIGS. 2C-2H illustrate the stages of nanoparticle film 
deposition during the surface-water-assisted TaFISA 
method. For simplicity, the elongated nanoparticles floating 
on the water in FIGS. 2Aand 2B are shown as dots as if they 
are aligned normal to the image. However, elongated nano
tubes in the nanoparticle ink and floating on the water are 
mobile and could have other orientations. 
[0013] FIG. 3, panels (a)-(g), shows a process flow to form 
patterned hydrophobic and hydrophilic surface regions on a 
hydrophilic SiO2 surface. 
[0014] FIGS. 4, panels (a)-(d) shown high resolution 
atomic force microscopy (AFM) height images of -50 
µm-wide stripes of semiconducting single-walled carbon 
nanotube films formed as on hydrophilic regions of a 
substrate using a TaFISA based process at increasing mag
nification, as described in the Example. 
[0015] FIGS. SA-SD show high resolution AFM height 
images of semiconducting single-walled carbon nanotube 
films formed using the TaFISA based process on hydrophilic 
stripes (FIG. SA) and on uniform hydrophobic regions (FIG. 
5B) with corresponding histograms (FIGS. SC, SD) of the 
alignment angle of the visible semiconducting single-walled 
carbon nanotube segments. 
[0016] FIGS. 6A-6C shows high resolution AFM height 
images of s-SWCNT films (panels (a), superimposed 
manual traces of the visible s-SWCNT segments (panels (b)) 
and histograms of the angle distribution of the visible 
s-SWCNT segments (panels (c) for three s-SWCNT films 
deposited using surface-water-assisted TaFISA. 
[0017] FIG. 7 shows a high-resolution AFM height image 
of a semiconducting single-walled carbon nanotube film that 
is used as the channel in a field effect transistor (FET) in the 
Example. 
[0018] FIGS. SA and 8B shows representative transfer 
curves of an FET made on the high packing density film of 
semiconducting single-walled carbon nanotubes shown in 
FIG. 7. FIGS. SC and SD show plots of the maximum 
current density (FIG. SC) and maximum transconductance 
(FIG. SD). 
[0019] FIG. 9 shows calibration data correlating the pack
ing density of a semiconducting single-walled carbon nano
tube film measured by AFM imaging to the ratio of the 
semiconducting single-walled carbon nanotube G peak to Si 
520 cm- 1 peak of Raman spectra of a semiconducting 
single-walled carbon nanotube film measured on both a 
hexamethyldisilazane (HMDS) treated substrate and a 
yttrium oxide treated hydrophilic substrate. Both substrates 
produced similar calibration results when fitted using least 
squares regression. 
[0020] FIG. lOA shows Raman spectroscopic measure
ments of semiconducting single-walled carbon nanotube 
film alignment. FIG. 10B shows linear and logarithmic 
Raman signals of semiconducting single-walled carbon 
nanotube G peak and Si 520 cm- 1 of a closely packed film 
of semiconducting single-walled carbon nanotubes on a 
Si/SiO2 (-130 nm) sample as a function of sample rotation. 
Data were collected using a polarized 532 nm laser and a 
polarizer in the scattered photon light path oriented parallel 
to the Raman laser. The dashed line is a cos4 (a) curve fitted 
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to the semiconducting single-walled carbon nanotube G 
peak max and minimums that represent the predicted signal 
of a perfectly aligned film of semiconducting single-walled 
carbon nanotubes under idealized polarization conditions. 
The solid lines are the predicted signals of semiconducting 
single-walled carbon nanotube films with various degrees of 
alignment disorder represented by a wrapped normal distri
bution with standard deviations of 5°, 10°, 15° and 20°. Also 
shown is a fitted [sin(a)cos(a)] 2 curve of the predicted Si 
520 cm- 1 peak height under these polarization and sample 
rotation conditions. 
[0021] FIGS. llA and 118 show cross-polarized optical 
images of a s-SWCNT film in accordance with Example 2. 
[0022] The images in FIGS. 12A and 12B are AFM height 
images showing representative s-SWCNT films in accor
dance with Example 2. 

DETAILED DESCRIPTION 

[0023] Methods of forming films of aligned elongated 
nanoparticles, films made using the methods, and electronic 
devices, such as transistors, that incorporate the films are 
provided. Also provided are methods of forming a patterned 
substrate for use in the film-forming methods. 
[0024] In the methods, elongated nanoparticles, such as 
carbon nanotubes, floating at the surface of a liquid film are 
deposited onto a surface of a substrate as the liquid film 
dissipates on the surface. The alignment and deposition of 
the elongated nanoparticles occurs along a contact line that 
is defined either by the liquid film, the substrate, and a 
second liquid that is immiscible with the liquid film or by the 
liquid film, the substrate, and air. As the liquid film dissi
pates, the contact line recedes across the surface of the 
substrate and the elongated nanoparticles are deposited from 
the contact line onto the substrate surface in the form of a 
nanoparticle film. 
[0025] The methods can produce large-area ( e.g., wafer
scale) patterned films of elongated nanoparticles with excep
tionally high nanoparticle alignment and linear packing 
densities in a continuous and scalable process. The degree of 
alignment of the elongated nanoparticles in the deposited 
films refers to their degree of alignment along their long axes 
within the film, which can be quantified using the methods 
described in the Example. In some embodiments, the depos
ited films have an elongated nanoparticle mean degree of 
alignment of ±10° or better. (That is, the mean of the 
magnitude of misalignment for the elongated nanoparticles 
in the deposited film is no greater than 10°.) This includes 
elongated nanoparticle films in which the elongated nan
oparticles have a mean degree of alignment of +6° or better. 
[0026] The density of the elongated nanoparticles in the 
films can be measured by their linear packing density, which 
can be quantified in terms of the number of elongated 
nanoparticles per µm and measured as described in the 
Example. In some embodiments, the method described 
herein deposit films having an elongated nanoparticle linear 
packing density of at least 30 elongated nanoparticles/µm. 
This includes embodiments in which the films have an 
elongated nanoparticle linear packing density of at least 50 
elongated nanoparticles/µm, at least 100 elongated nanopar
ticles/µm, and at least about 200 elongated nanoparticles/ 
µm. 
[0027] The high nanoparticle packing densities and degree 
of alignment that can be achieved using the methods render 
films made by the methods suitable for use in a variety of 



US 2025/0054755 Al 

high-performance electronic applications, including as 
channel layers in FETs. The high density and degree of 
alignment that can be achieved in semiconducting single
walled carbon nanotube (s-SWCNT) films made using the 
present methods, enables the fabrication of FETs having a 
current density of at least 1.8 mA µm- 1 and a transconduc
tance of at least 1.14 mS µm- 1 (measured at 0.6 V drain 
voltage). This includes FETs having a current density ofup 
to 2.2 mA µm- 1 and a transconductance of up to 1.4 mS 
µm-1, or even higher (measured at 0.6 V drain voltage). 
More details regarding the fabrication and characterization 
of such high-performance FET are provided in the Example. 

[0028] The methods are carried out on a substrate having 
a surface with at least one liquid film-adsorbing surface 
region, the boundaries of which are defined by one or more 
liquid film-repelling surface regions. The liquid film-adsorb
ing and liquid-film-repelling surface regions are character
ized by a difference in their hydrophilicity, such that a liquid 
applied to the surface adsorbs to the liquid film-adsorbing 
regions, but not to the liquid film repelling regions. Depend
ing upon the liquid being used, the liquid film-forming 
regions may by more hydrophilic than the liquid film
repelling regions or vice versa. For example, if the liquid 
films comprise an aqueous medium or comprise a hydro
philic organic solvent, the liquid film-adsorbing regions will 
be more hydrophilic than the liquid film-repelling regions. 
(For the purposes of this disclosure, the term "aqueous 
medium" refers to pure water, as well as aqueous solutions 
in which one or more solutes are dissolved in water and 
aqueous solutions that include one or more organic solvents 
as minority cosolvents. For example, solutes that depress the 
melting point of water or antibacterial agents may be dis
solved in water to provide an aqueous medium.) However, 
if the liquid films comprise a hydrophobic organic solvent, 
the liquid film-adsorbing regions will be less hydrophilic 
than the liquid film-repelling regions. It should be noted that 
the description of the liquid film adsorbing and liquid film 
repelling regions as having "a difference in their hydrophi
licity" does not imply that both regions are hydrophilic (i.e., 
having a water contact angle of 0° or greater). Rather, it is 
possible for both the liquid film-adsorbing and liquid film
repelling regions to be hydrophilic, for both the liquid 
film-adsorbing and liquid film-repelling regions to be hydro
phobic (i.e., having a water contact angle of 0° or greater), 
for the liquid film-adsorbing regions to be hydrophilic and 
the liquid film-repelling regions to be hydrophobic, or for 
the liquid film-adsorbing regions to be hydrophobic and the 
liquid film-repelling regions to be hydrophilic. The key is 
that the difference in the hydrophilicities of the two regions 
be sufficiently different to allow for selective liquid film 
retention on the liquid film-adsorbing regions. 

[0029] As used herein, a hydrophilic surface region is a 
surface region having a water contact angle of equal to or 
less than 90° and a hydrophobic surface region is a surface 
region having a water contact angle (WCA) of greater than 
90°, as measured using the sessile drop method at the 
temperature at which film formation is being conducted. For 
film deposition at room temperature, this temperature would 
be -23° C. For purposes of illustration only, in some 
embodiments of the methods both the liquid film-adsorbing 
and liquid film-repelling surface regions are hydrophilic by 
the above definition of hydrophilicity, but the liquid film
adsorbing regions are more hydrophilic. For example, a 
liquid film-adsorbing region can have a WCA of less than 
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10° and a liquid film-repelling region can have a WCA in the 
range from 25° to 60° or vice versa. 
[0030] One embodiment of a method of forming a film of 
aligned elongated nanoparticles is illustrated schematically 
in FIG. 1. The process begins with a substrate 102 having a 
surface with a liquid film-adsorbing surface region (here, a 
stripe) 104. Stripe 104 is bounded above and below by two 
liquid film-repelling regions 106. 
[0031] A liquid film 108 is formed on each of the one or 
more liquid film-adsorbing surface regions 104 by contact
ing the substrate surface with liquid that adsorbs to the liquid 
film-adsorbing surface regions to form a liquid film thereon. 
The substrate surface may be contacted with the liquid by 
flowing the liquid over the substrate surface, by submerging 
the substrate in the liquid, by spraying the liquid onto the 
substrate surface, by printing the liquid onto the substate 
surface, or by other means. The liquid is selectively retained 
on the one or more liquid film-adsorbing surface regions, but 
not on the liquid film-repelling regions, such that the bound
aries ofliquid film-adsorbing surface regions are defined by 
the liquid film-repelling surface regions. This is illustrated in 
FIG. 1, panel (b), which shows a liquid film 108 immobi
lized on stripe 104 and bounded by liquid film repelling 
regions 106. 
[0032] A suspension 109 of elongated nanoparticles 111 in 
a second liquid that is immiscible with the liquid of liquid 
film 108, referred to herein as a "nanoparticle ink." is then 
contacted with liquid film 108. A suspension can be con
tacted with a liquid film by flowing the suspension over the 
liquid film, forming a layer of the suspension over the liquid 
film, spraying the suspension onto the liquid film, inkjet 
printing the suspension onto the liquid film, or by other 
means. When immiscible suspension 109 is in contact with 
liquid film 108 an interface is formed between the suspen
sion and the liquid film and some elongated nanoparticles 
111 from suspension 109 are transferred to liquid film 108 
where they "float" on top of liquid film 108 (FIG. 1, panel 
( c )). These floating elongated nanoparticles are free to move 
on liquid film 108 until they contact and are pinned at a 
contact line formed by liquid film 108, substrate 102, and 
either suspension 109 or air. As liquid film 108 dissipates 
and the contact line recedes across the liquid film-adsorbing 
region 104 elongated nanoparticles 111 pinned at the contact 
line become fixed on liquid film-adsorbing region 104 and 
are self-aligned along the contact line. Subsequently depos
ited elongated nanoparticles self-align to the previously 
deposited elongated nanoparticles as liquid film 108 contin
ues to dissipate, resulting in the deposition of a densely 
packed film of highly aligned elongated nanoparticles 112 
on substrate 102. Some elongated nanoparticles 111 may 
also be deposited onto liquid film-repelling surface regions 
106. However, nanoparticles films formed on those regions 
will generally have a lower nanoparticle packing density and 
degree of alignment than the nanoparticle films deposited on 
liquid film-adsorbing region 104. 
[0033] The elongated nanoparticles may be deposited onto 
the substrate in the presence of the immiscible suspension 
(i.e., while the suspension in contact with the liquid film), in 
which case the dissipation of the liquid films that form on the 
liquid film-adsorbing surface regions may be due to the 
dissolution of liquid into the immiscible liquid of the nan
oparticle suspension. In this scenario, the elongated nan
oparticles are deposited along a contact line formed by the 
liquid film, the substrate, and the suspension. Alternatively, 
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the elongated nanoparticles may be deposited onto the 
substrate after the nanoparticle suspension is no longer in 
contact with the liquid films that form on the liquid film
adsorbing surface regions ( e.g., after a flow of the suspen
sion over the liquid films has stopped or after the liquid films 
have been extracted from the suspension), in which case the 
dissipation of the liquid films is due to the evaporation of 
liquid from the films and the elongated nanoparticles are 
deposited along a contact line formed by the liquid film, the 
substrate, and air. In some embodiments of the methods, the 
deposition of the elongated nanoparticles may occur both in 
the presence of the nanoparticle suspension (FIG. 1, panel 
(d)) and subsequently as the liquid film evaporates in air 
(FIG. 1, panel (e)). The film of aligned elongated nanopar
ticles 112 deposited along the receding contact lines is 
characterized by a high linear packing density and high 
elongated nanoparticle alignment (FIG. 1, panel (f)). 
[0034] It should be noted that, the immiscible suspensions 
used in the methods need not be perfectly immiscible, as 
some degree of dissolution of the liquid of the liquid film in 
the suspension is permissible. Thus, an immiscible suspen
sion need only be sufficiently immiscible to allow for 
nanoparticle film formation based on the principles 
described herein and on the timescale of the nanoparticle 
film deposition process. 
[0035] The embodiment of the method shown in FIG. 1 
illustrates how the methods can be carried out in a flow 
channel in which liquid film-adsorbing regions are patterned 
on one or more interior surfaces of the channel. The flow 
channel may be a closed channel or an open channel (i.e., a 
trench). In these methods, the liquid that forms the liquid 
films is flowed through the channel. After the flow of liquid 
is stopped, the films of the liquid are selectively retained on 
the liquid film-adsorbing surface regions. The elongated 
nanoparticle-containing suspension is then flowed through 
the channel, over the adsorbed liquid films, and the depo
sition of the elongated nanoparticles onto the surface pro
ceeds as described above. In these embodiments of the 
methods, the aligned nanoparticle films will typically be 
deposited on the floor of the flow channel, but may also be 
deposited on other channels surfaces, such as the walls. 
[0036] In other embodiments of the methods, one or more 
films of aligned elongated nanoparticles are deposited from 
a two-dimensional (2D) liquid/suspension interface formed 
between an adsorbed liquid film and an overlying water
immiscible suspension in which the elongated nanoparticles 
are suspended. In these embodiments, as a substrate pat
terned with one or more liquid film-adsorbing surface 
regions is translated across the liquid/suspension interface, 
some of the liquid is retained on the liquid-film adsorbing 
surface regions as those regions pass from the layer of the 
liquid into the layer of the suspension and then into the air. 
This method is illustrated schematically in FIG. 2A, which 
shows a cross-sectional view of a substrate 202 having a 
liquid film-adsorbing stripe (denoted as having a water 
contact angle (WCA)=0°) 204 bounded by upper and lower 
liquid film-repelling surface regions 206 (denoted as having 
a WCA=) 40°. Initially, stripe 204 is submerged in liquid 
205, which forms an interface 207 with an overlying sus
pension 209 of elongated nanoparticles 211 (FIG. 2A, panel 
(a)). Liquid 205 and the liquid of suspension 209 are 
sufficiently immiscible that suspension 209 spreads on liquid 
205 to form interface 207. As suspension 209 evaporates, 
additional suspension may be supplied continuously or 
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intermittently to maintain interface 207 for the duration of 
the nanoparticle deposition process. In some embodiments 
of the methods, suspension 209 is continuously flowed over 
liquid 205 throughout the nanoparticle film deposition pro
cess, as discussed in conjunction with FIG. 2B, below. 
[0037] As substrate 202 is extracted from liquid 205 and 
through suspension 209, a liquid film 208 is retained and 
immobilized on liquid film-adsorbing stripe 204 (FIG. 2A, 
panels (b) and ( c)) and some elongated nanoparticles 211 
from suspension 209 are transferred to interface 207 where 
they "float" on the surface ofliquid film 208. These floating 
elongated nanoparticles 211 become pinned and aligned at a 
contact line formed by the liquid film 208, substrate 202, and 
either suspension 209 or air. The pinned elongated nanopar
ticles are then deposited as an aligned nanoparticle film on 
substrate 202 as liquid film 208 dissipates, causing the 
contact line to recede across liquid film-adsorbing surface 
region 204. 
[0038] The elongated nanoparticles in may be deposited 
onto the substrate while the liquid film is still submerged in 
the suspension, in which case the dissipation of the liquid 
film may be due to the dissolution of liquid into the 
suspension, and the elongated nanoparticles are deposited 
along a contact line formed by the liquid, the substrate, and 
the suspension. Alternatively, as shown in FIG. 2A, elon
gated nanoparticles 211 may be deposited onto substrate 202 
after liquid film 208 is fully extracted from suspension 209, 
in which case the dissipation of the liquid film is due to the 
evaporation of liquid into the air and the elongated nanopar
ticles are deposited along a contact line formed by liquid 
film 208, substrate 202, and the air (FIG. 2A, panel (d)). In 
some embodiments of the methods, the deposition of the 
elongated nanoparticles onto a substrate may occur as the 
liquid film dissipates due to dissolution while the liquid film 
is still submerged in the suspension and also as the liquid 
film dissipates by evaporation after the liquid film has been 
fully extracted from the suspension. The film of aligned 
elongated nanoparticles deposited along the receding con
tact lines is characterized by a high linear packing density 
and high elongated nanoparticle alignment (FIG. 2A, panel 
(e)). 
[0039] FIG. 2B illustrates an embodiment of the method 
depicted in FIG. 2A in which immiscible suspension 209 is 
continuously flowed over liquid 205 while an elongated 
nanoparticle film 212 is deposited onto liquid film-adsorbing 
surface regions 204 of substrate 202. Interface 207 is formed 
by flowing suspension 209 tangentially over the surface of 
liquid 205 within a flow channel. Because these methods use 
tangential flow and nanoparticle self-assembly at a contact 
line, the methods are referred to as Tangential Flow Inter
facial Self-Assembly ("TaFISA"). The width of the flow 
channel is defined by substrate 202 and a confining wall 213 
disposed opposite substrate 202 and separated from sub
strate 202 by a gap. Substrate 202 and confining wall 213 are 
immersed in liquid 205. During the deposition of elongated 
nanoparticle film 212 onto substrate 202, suspension 209 
flows between substrate 202 and confining wall 213 and 
over liquid 205 as substrate 202 is translated across interface 
207. The flow direction of suspension 209 is indicated by an 
arrow in the figure. Translating substrate 202 across inter
face 207 may be achieved by moving substrate 202 relative 
to interface 207 (i.e., by extracting substrate 202 from liquid 
205 and suspension 209) or by changing the position of 
interface 207 relative to substrate 202 (i.e., by increasing the 
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decreasing the level ofliquid 205 in the flow channel). In the 
embodiment of the method shown in FIGS. 2B, substrate 
202 and barrier wall 213 are oriented vertically and parallel. 
However, substrate 202 and barrier wall 213 need not be 
arranged with a parallel orientation and one or both of 
substrate 202 and barrier wall 213 can be tilted off-vertical. 

[0040] FIGS. 2C-2H illustrate the step-wise formation of 
an elongated nanoparticle film using the flow channel of 
FIG. 2B. In FIGS. 2C-2H, the flow direction is in the plane 
of the page from right to left. The submerged portion of the 
substrate is indicated with a dash-dot line and the positions 
of the liquid film-adsorbing and liquid film-repelling surface 
regions on the substrate in each step are shown in the panels 
to the right in the figures. Initially, liquid film-adsorbing 
surface region 204 is fully submerged in liquid 205 and 
flowing suspension 209. At this initial stage of the method, 
nanoparticles 211 from interface 207 may deposit on upper 
liquid film-repelling surface region 206 due to hydrophobic
hydrophobic interactions (FIG. 2C). As liquid film-adsorb
ing region 204 is extracted from liquid 205 and through 
flowing suspension 209 (FIG. 2D), liquid films 208 are 
retained on liquid film-adsorbing surface regions 204. Elon
gated nanoparticles 211 transferred from suspension 209 to 
liquid film 208, where they float at the surface of the liquid. 
A contact line is formed at the leading edge of liquid 
film-adsorbing surface region 204, liquid film 208, and air as 
liquid film-adsorbing surface region 204 moves out of 
flowing suspension 209. When liquid film-adsorbing surface 
region 204 emerges from flowing suspension 209, a second 
contact line is formed at the trailing edge of liquid film
adsorbing surface region 204, liquid 208, and air and nan
oparticles 211 from interface 207 may deposit on lower 
liquid film-adsorbing surface region 206 due to hydropho
bic-hydrophobic interactions (FIG. 2E). Elongated nanopar
ticles 211 floating on liquid film 208 condense and are 
deposited onto substrate 202 at the contact lines. As liquid 
film 208 evaporates, it recedes and, as a result, the contact 
lines move inward across liquid film-adsorbing surface 
region 204 and a film of aligned elongated nanoparticles 212 
is deposited across substrate 202 (FIG. 2F). The extraction 
of substrate 202 from aqueous medium 205 and suspension 
209 can continue until all hydrophilic surface regions have 
passed out of suspension 209. To discontinue nanoparticle 
film deposition, flowing suspension 209 can be replaced 
with a water-immiscible solvent 226 that is free of the 
nanoparticles. As aqueous film 208 continues to evaporate, 
the film of elongated nanoparticles 212 continues to grow 
(FIG. 2G). In this manner, films of elongated nanoparticles 
can be formed over a large area in a short time. By way of 
illustration, a liquid film retained on a liquid film-adsorbing 
surface region may completely evaporate within a few 
seconds or less (e.g., 10) seconds or less). The film of 
aligned elongated nanoparticles 212 may cover the entire 
liquid film-adsorbing region surface area or, if the concen
tration of nanoparticles in the suspension is insufficient to 
provide complete coverage, a bare patch may remain on 
liquid film-adsorbing surface region 204 (FIG. 2H). 

[0041] The elongated nanoparticles films can be formed 
from a variety of elongated nanoparticles, where elongated 
nanoparticles are characterized by high aspect ratios and 
nanoscale diameters. For the purposes of this disclosure, a 
high aspect ratio is defined as a length to diameter ratio of 
at least 5, including aspect ratios of at least 10, and a 
nanoscale diameter is defined as a diameter of no greater 
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than 1000 nm, including diameters of no greater than 100 
nm, no greater than 10 nm and no greater than 1 nm. 
Elongated nanoparticles include carbon nanoparticles, metal 
nanoparticles, and semiconducting nanoparticles, such as 
single-walled carbon nanotubes (SWCNTs), including both 
semiconducting SWCNTs (s-SWCNTs) and metallic 
SWCNTs (m-SWCNTs), multi-walled carbon nanotubes 
(MWCNTs ), other types of single wall and/or multi wall 
nanotubes such as but not limited to boron nitride nanotubes, 
graphene nanoribbons, cellulose nanofibers (CNFs) and 
cellulose nanocrystals, metal nanowires (NWs), semicon
ducting nanowires such as Si or ZnO nanowires, ceramic 
nanowires, and nanowires made from organic materials. 
[0042] The suspensions of the elongated nanoparticles are 
formed by dispersing the nanoparticles in a liquid. The 
liquid from which the suspension if formed will depend on 
the nanoparticles being used and may be an aqueous 
medium or an organic medium. A wide variety ofliquids and 
mixtures of organic liquids may be used to form the liquid 
films and the suspension, provided that the liquid used to 
form the suspension is immiscible with the liquid used to 
form the liquid films. In some embodiments of the methods, 
the liquid film is an aqueous medium and the suspension is 
a non-aqueous organic liquid, or vice versa. Examples of 
suitable organic liquids include chloroform, toluene, 1,2-
dichlorobenzene, carbon tetrachloride, cyclohexane, 1,2-
dichloroethane, 1, 1,2-trichloroethane, dichloromethane, 
chlorobenzene, 3-chlorotoluene, a-xylene, m-xylene, p-xy
lene, and mixtures of two or more thereof. 
[0043] If the elongated nanoparticles are not sufficiently 
dispersible in a chosen aqueous medium or non-aqueous 
organic liquid, the nanoparticles may be surface-treated 
and/or coated with a material that renders the nanoparticles 
sufficiently dispersible. For example, s-SWCNTs may be 
coated in 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 semiconductor-selective coatings. A number of semicon
ductor-selective coatings are known, including semiconduc
tor-selective polymer coatings. Descriptions of such poly
mers 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. Nanotechnol. 2007, 2, 640-6. The semiconductor-se
lective polymers are typically organic polymers with a high 
degree of x-conjugation and include polyfluorene deriva
tives, such as poly(9,9-dialkyl-fluorene) derivatives, and 
poly(phenyl vinylene) derivatives. Optionally, the coatings 
can be removed from the elongated nanoparticles after the 
nanoparticle films have been deposited. 
[0044] The concentration elongated nanoparticles in the 
suspension will depend on the type of nanoparticles being 
used and the size of the surface area to be covered. Gener
ally, at lower nanoparticle concentrations, less substrate 
surface area is covered. Substrate surface area coverage 
increases with increasing nanoparticle concentration in the 
suspension. At sufficiently high nanoparticle concentrations, 
the elongated nanoparticles at the liquid/suspension inter
face can interact and form two-dimensional liquid crystals 
floating at the surface of the liquid. These floating liquid 
crystals can then be deposited onto a liquid film-adsorbing 
surface region as the liquid film dissipates and the contact 
line recedes across the substrate. By way of illustration, the 
elongated nanoparticle concentration (e.g., the s-SWCNT 



US 2025/0054755 Al 

concentration) in the suspensions can be in the range from 
5 µg/mL to 200 µg/ml. However, lower or higher nanopar
ticle concentrations can be used. 
[0045] The substrates upon which the elongated nanopar
ticle films are deposited may be hydrophilic or hydrophobic 
substrates. Examples of hydrophilic substrates include sili
con and silicon oxide (e.g., SiO2). Other hydrophilic sub
strate materials that can be used include metal oxides 
(including, but not limited to, aluminum oxide, hafnium 
oxide, and lanthanum oxide), silicon nitride, hydrophilic 
semiconductor materials, such as germanium, and organic 
materials such as hydrophilic polymers or polymers with 
grafted or crosslinked materials with hydrophilic functional 
groups such as poly(ethylene glycol) or zwitterions, on their 
surfaces. Hydrophobic substrate materials include substrates 
coated or functionalized with hydrophobic chemical func
tionalities or coatings, such as HMDS and hydrophobic 
organic polymers, including those that can be used in 
flexible electronics applications. Such polymers include, but 
are not limited to, polydimethylsiloxane (PDMS), polyether
sulfone, poly( ethylene terephthalate ), and the like. These 
materials may compose the deposition substrate or may be 
applied as coatings over a bulk substrate base. The liquid 
film-adsorbing and/or liquid film-repelling regions can be 
patterned onto a substrate surface using known methods, 
such as surface treatment or the deposition of patterned 
coatings. 
[0046] In embodiments of the methods that use a barrier 
wall to define a flow channel ( e.g., FIG. 2B), the barrier wall 
material is desirably, but not necessarily, selected such that 
the elongated nanoparticles adhere less readily to the surface 
of the barrier wall than to the surface of the deposition 
substrate. It is not necessary to eliminate the deposition of 
nanoparticles on the barrier wall. However, if deposition of 
the nanoparticles on the barrier wall is significant, it may be 
desirable to periodically replace the barrier wall or to clear 
the barrier wall of the deposited nanoparticles. 
[0047] The liquid film-adsorbing surface regions can be 
various shapes and sizes. Because the elongated nanopar
ticles are deposited along contact lines having contours 
defined by the borders of the liquid film-adsorbing surface 
regions, the deposited elongated nanoparticle films will 
reflect the shape of the liquid film-adsorbing regions. This 
enables the deposition of elongated nanoparticle films hav
ing complex shapes and varied dimensions. By way of 
illustration, the liquid film-adsorbing surface regions and the 
nanoparticle films deposited thereon may have a square or 
rectangular shape, may form a straight line, may have a 
curved edge ( e.g., circular or ovoid), or may form a line with 
sharp bends and/or rounded comers. 
[0048] The nanoparticle films can be deposited as highly 
uniform, monolayer films over large surface areas. The area 
over which the uniform nanoparticle films can be formed is 
not particularly limited and can be sufficiently large to cover 
the surface of an entire semiconductor wafer. By way of 
illustration, elongated nanoparticle films can be deposited 
over surface areas of at least 1 mm2

, at least 10 mm2
, at least 

100 mm2
, or at least 1 m2

. 

[0049] Conventional methods of patterning substrate sur
faces with liquid film-adsorbing and liquid film-repelling 
surface regions, such as lithography, can be used. A novel 
method of forming a deposition substrate 302 having liquid 
film-adsorbing and liquid film-repelling surface regions 
starting with a silicon oxide (SiO2 ) substrate 302 is depicted 
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schematically in FIG. 3. In the embodiment of the method 
shown in FIG. 3, the SiO2 surface is disposed on an 
underlying silicon substrate 303. The process begins by 
depositing a layer of positive resist 330, such as an electron
beam or photoresist, on SiO2 substrate 302 and developing 
and lithographically patterning the resist to expose one or 
more regions of the underlying SiO2 substrate surface. (FIG. 
3, panel (a)). PMMA is used as resist 330 in the method 
shown in FIG. 3, but other resist materials can be used. 
Layer of resist 330 is then, optionally, cleaned using an 
ultraviolet (UV)/ozone exposure (FIG. 3, panel (b )). A thin 
layer of yttrium or scandium metal 333 is then deposited 
over patterned resist layer 330 and the exposed surface 
regions ofSiO2 substrate 302 (FIG. 3, panel (c)). Next, resist 
lift off removes resist layer 330, leaving yttrium or scandium 
metal 333 on the regions of SiO2 substrate 302 that had been 
exposed through patterned resist layer 330 (FIG. 3, panel 
(d)). The sample is then exposed to an oxygen-containing 
atmosphere at a temperature and for a time sufficient to 
oxidize yttrium or scandium metal 333 and to increase the 
extent of SiO2 surface oxidation (FIG. 3, panel ( e )). By way 
of illustration only, the sample may be exposed to ozone and 
ultraviolet light at a temperature of at least 60° C. (for 
example, from 60° C. to 100° C.) for a time of at least 5 
minutes (for example, from 5 to 20 minutes). A hydrophobic 
polymer or molecule-based coating 335, such as an HMDS 
coating, is then deposited over the exposed surface regions 
of SiO2 substrate 302 and the oxidized yttrium or scandium 
337 (FIG. 3, panel (f)). Oxidized yttrium or oxidized scan
dium 337 is then selectively etched to form a deposition 
surface comprising one or more hydrophilic SiO2 surface 
regions 304 and one or more hydrophobic regions 306. 

EXAMPLES 

Example 1: Surface Water-Assisted TaFISA 

[0050] This Example demonstrates methods of using thin 
films of water on a chemically patterned surface to direct 
s-SWCNTs into high density films in which the s-SWCNTs 
are aligned along a solvent-water-substrate or air-water
substrate contact line. To demonstrate this process, narrow 
hydrophilic stripes on Si/SiO2 wafers were used as water 
film-adsorbing regions and narrow films of s-SWCNTs were 
deposited near the edges of patterned hydrophilic stripes 
(FIG. 4, panels (a)-( d) ). The proposed film formation mecha
nism is substantiated by the following evidence from this 
example: first, the substrates selectively retain surface water 
on the hydrophilic surface regions during the deposition: 
second, the s-SWCNTs can be fixed in place on the substrate 
at a contact line: third s-SWCNTs are not deposited on the 
interior of the hydrophilic surface that contains water; and 
fourth, the presence of water allows the s-SWCNTs to 
self-align with previously deposited s-SWCNTs in a mono
layer and form very closely packed films with very uniform 
alignment that have packing densities of up to 250 
s-SWCNTs µm- 1

. Field effect transistors using these films as 
semiconductor channel material were fabricated to demon
strate the high current density and transconductance enabled 
by such densely packed films. 
Films Formed with Low s-SWCNT Concentration: 
[0051] The sample in FIG. 4, panels (a)-(d) was patterned 
to have 50 µm wide hydrophilic stripes with a water contact 
angle (WCA) of <10° surrounded by a less hydrophilic 
surface with a WCA of 40°. This surface chemistry pattern 
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was formed by lithographically depositing yttrium metal in 
the desired hydrophilic regions, using UV/ozone treatment 
to clean and hydroxylate the whole substrate and also to 
oxidize the yttrium metal, functionalizing the surfaces with 
HMDS to produce the less hydrophilic surfaces, and then 
etching the oxidized yttrium with a 5 second exposure to 
dilute aqueous hydrochloric acid to reveal a hydrophilic 
surface where the yttrium oxide had been while preserving 
the HMDS functionalized surface in all other regions (FIG. 
3, panels (a)-(g)). The s-SWCNT films were deposited using 
a variant of the TaFISA process which is described in detail 
elsewhere. (K. R. Jinkins, Aligned 2D carbon nanotube 
liquid crystals for wafer-scale electronics, Science 
Advances. 2021. Vol. 7. Issue 37.) Briefly, as shown in FIG. 
2A, the patterned substrate and a barrier wall were held 
parallel to each other to form a narrow flow channel between 
them and were immersed in a deionized (DI) water bath. A 
suspension of polymer wrapped semiconducting s-SWCNTs 
in chloroform (a s-SWCNT ink) was injected into the 
channel between the substrates and flowed along the surface 
of the water while the substrates were lifted through the 
ink-water interface. The s-SWCNT deposition took place as 
the substrate passed through the interface. In the liquid 
film-repelling HMDS surface regions, the s-SWCNTs were 
deposited as a uniform film aligned with the direction of the 
ink-water-substrate contact line. Since the s-SWCNT ink 
concentration was low (-5 µg mL- 1

) the films in these 
regions were relatively sparse, having only 10-30 
s-SWCNTs µm- 1

. The s-SWCNT morphology on the hydro
philic stripes was very different. AFM was used to image 
these regions since it generates topographic images of the 
s-SWCNTs and can also indicate the different surface chem
istries and show the border between the hydrophilic and the 
relatively hydrophobic (HMDS) regions (white dashed lines 
in FIG. 4, panels (b )-( c )). The center of the hydrophilic 
surface region was bare and had no s-SWCNTs. Inside and 
near the boundary of the hydrophilic region, the s-SWCNT 
films formed very uniform and high packing density films 
near the edges of the hydrophilic stripe. Between the surface 
chemistry boundary and the high packing density film was 
a region with one or more gaps in the film. Topographic 
imaging by AFM indicated all the s-SWCNTs in both the 
high packing density film and the less densely packed film 
had the same height from the substrate and were monolay
ers, with an occasional stray s-SWCNT that appeared to be 
on a second level. The s-SWCNTs in the high packing 
density films were not resolvable with typical AFM probes 
(2 to 10 nm tip radius) but can be resolved with specialized 
sharper probes (Tip radius -1 nm) as shown in FIG. 4, panel 
( d). The high packing density films had a packing density of 
-250 s-SWCNTs µm- 1

. 

Proposed Surface-Water-Assisted Film Deposition 
Mechanism: 

[0052] The proposed mechanism by which these 
s-SWCNT films are formed is described above and shown 
schematically in FIG. 2A-2H. The images in FIGS. 2B-2H 
show how this mechanism operates during a TaFISA type 
deposition process and how the retained surface water stays 
on the substrate as it passes through the ink-water interface, 
then the ink-air interface, and eventually evaporates leaving 
a dry surface film. The black dots in FIG. 2B represent 
s-SWCNTs aligned parallel to the ink flow direction and 
perpendicular to the substrate surface; the black lines indi-
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cate s-SWCNTs with other orientations. For simplicity all 
the s-SWCNTs on interfaces are represented by aligned dots, 
though mobile s-SWCNTs on a water surface can have other 
orientations. Individual s-SWCNTs floating on the retained 
surface water migrate to and are deposited at the ink
retained water film-substrate contact line while s-SWCNTs 
that are deposited on the HMDS surface regions do not move 
after deposition. By observing specific parts of the deposi
tion process, analyzing the s-SWCNT film morphology, and 
separate controlled experiments, the plausibility of the 
mechanism can be demonstrated. This is done by breaking 
down the mechanism into smaller parts that are more easily 
evaluated: retention of surface water as a film on hydrophilic 
surface regions, deposition of s-SWCNTs at the suspension
water-substrate contact line, mobility of s-SWCNTs on the 
water surface, and the self-alignment and close packing of 
s-SWCNTs in the presence of surface water. 
[0053] The first part of the investigation confirms the 
retention of water on the hydrophilic surface regions of the 
substrate. Surface water in the hydrophilic surface regions 
was observable by eye during the preparation of the sub
strate after both the dilute aqueous HCl etching and the DI 
water rinsing. To confirm that surface water was retained 
even during the deposition conditions with the chloroform
based s-SWCNT ink flowing across the substrate surface, 
videos of the surface through transparent quartz substrates 
were collected, and the retention of water was clearly 
visible. In the videos, some chloroform solvent was also 
present on the substrate, though it evaporated quickly, within 
1-2 seconds, while the water was retained for longer, up to 
3-4 seconds. 

[0054] The second part of this investigation confirmed that 
s-SWCNTs were deposited at liquid-liquid-solid contact 
lines formed by the retained water films on the surface, 
surrounded by the chloroform ink. 
[0055] The third part of this investigation confirmed that 
s-SWCNTs deposited on the retained surface water films are 
mobile and do not pass through the surface water film to 
deposit on the interior of the hydrophilic region while the 
water is present. It was inferred that this must be the case by 
looking at the solubility of the s-SWCNTs, the properties of 
the hydrophilic surface regions in the presence of water, and 
the morphology of the deposited films. To start, polymer
wrapped s-SWCNTs used are not soluble in water, so when 
they diffused from the chloroform ink to the chloroform
bulk water interface, they stayed at that interface. The 
retained surface water films on the substrate could be thin 
enough to behave differently than bulk water. To check this, 
a surface with water-adsorbing and water-repelling surface 
regions was prepared, sparse s-SWCNTs were deposited on 
them directly from chloroform using no water via spin 
coating, and then the samples were dipped in water. Before 
the water exposure, the s-SWCNTs were randomly distrib
uted on the whole surface on both the water-adsorbing 
hydrophilic and water-repelling, less hydrophilic (relatively 
hydrophobic) regions. After the water exposure, all the 
s-SWCNTs on the water-adsorbing hydrophilic surface 
regions were gone, and all those on the relatively hydro
phobic surfaces remained in place. The ability to remove 
s-SWCNTs with a simple water rinse demonstrates that any 
s-SWCNT that managed to penetrate the retained water film 
would not adhere to the hydrophilic surface and would 
diffuse back to the ink-water film interface or the ink-water 
film-substrate contact line. When the experiment was 
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repeated with a high packing density of randomly oriented 
s-SWCNTs that formed an interconnected network, most of 
the s-SWCNTs on the hydrophilic surface regions were not 
removed by a simple water rinse, which implies that the 
adhesion forces between neighboring s-SWCNTs can stabi
lize the location of deposited s-SWCNTs. 

[0056] Next, the morphology of the deposited films on the 
water-repelling region and on the water-adsorbing region 
was studied (FIG. 4, panels (a)-(d)). Those images are from 
two regions on the same substrate from a single deposition 
process. The relatively hydrophobic water-repelling surface 
region had a relatively uniform deposition of s-SWCNTs in 
a film with -20 s-SWCNTs µm- 1

, while the hydrophilic 
striped surface regions only had s-SWCNTs at the edges of 
the stripe with bare regions in the interior of the stripe. Based 
on the uniform s-SWCNT density in the relatively hydro
phobic region, it was inferred that the solvent-water inter
face of the retained surface water started with a uniform 
distribution of s-SWCNTs. If the s-SWCNTs remained in 
place while the water was evaporating, then they would be 
transferred to the substrate in a similar uniform distribution, 
but all the deposited s-SWCNTs were found near the edges 
of the stripes. Based on this, it can be inferred that the 
s-SWCNTs that were initially uniformly distributed across 
the surface of the retained water films were able to migrate 
to the edges of the water stripes before the water evaporated. 

[0057] The final part in this investigation confirmed the 
self-alignment of the s-SWCNTs in the hydrophilic surface 
regions into s-SWCNT films that are more closely packed 
compared to the less closely packed s-SWCNT films depos
ited onto the relatively hydrophobic surface regions. In this 
Example, high-resolution AFM imaging with very sharp 
probes having a tip radius close to 1 nm was used to examine 
the s-SWCNT films. With the high-resolution probes and 
very careful imaging conditions, individual s-SWCNTs that 
have a pitch of3.5 to 4 nm can be resolved. It was observed 
that the high packing density films near the borders of the 
hydrophilic surface regions (FIG. SA and corresponding 
histogram in FIG. SC) had a packing density that was -250 
s-SWCNTs µm- 1 and a relatively uniform height from the 
substrate of -3 nm. In the films formed in the uniform 
relatively hydrophobic surface regions (FIG. SB and corre
sponding histogram in FIG. SD), the s-SWCNTs were 
arranged in strands of -1 to 10 s-SWCNTs arranged in an 
interconnected film via a Y-branching pattern where, for 
example, a strand with 5 s-SWCNTs will have two 
s-SWCNTs that separate from the original strand and merge 
with the neighboring strand. Within each strand, the 
s-SWCNTs were also closely packed at -250 s-SWCNTs 
µm- 1

. Films of both types were also imaged with cross
section transmission electron microscopy (TEM), which 
confirmed the high-resolution AFM images were showing 
monolayers with mean pitches of 3.5 and 3.4 nm for the 
films on both hydrophilic and relatively hydrophobic 
regions (Insets in FIGS. SA and SB). Almost all the strands 
were a similar 3 nm height to the high packing density films, 
though some clearly had multiple layers of s-SWCNTs that 
were co-linear with the lower layers thus forming bundles as 
described in previous work. (S. M. Foradori, K. R. Jinkins, 
M. S. Arnold, Journal of Applied Physics 128 (23), 234301 
(2020)], [S. M. Foradori, J. H. Dwyer,A. Suresh, P. Gopalan, 
M. S. Arnold, Applied Physics Letters 121 (7), 073504 
(2022).) 
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[0058] The more fully packed morphology on the hydro
philic surface regions can be explained as follows. Because 
the hydrophilic surface regions retain water films, the con
tact line on the surface near the border of the hydrophilic and 
relatively hydrophobic regions is relatively stable, compared 
to the moving contact line on the uniform relatively hydro
phobic regions, and the interaction time between the 
s-SWCNTs and the substrate is longer than on the relatively 
hydrophobic surface regions. The extra interaction time 
afforded by the relatively stable contact line can explain the 
very close packing of the films. This extra time would allow 
the s-SWCNTs to migrate right up to the previously depos
ited s-SWCNT, self-align to it, and form the closely packed 
films with very few gaps. 
[0059] The high-resolution imaging allowed for the mea
surement of the degree of aligrnnent as well as the packing 
density. Each s-SWCNT in a 325 nm square portion of the 
film was manually traced to determine the length and angle 
of each visible s-SWCNT segment. Histograms were then 
made and these lengths and angles, using a Gaussian fit and 
the standard deviation of the high packing density films on 
hydrophilic regions, were -3.5°. The packing density results 
are summarized in Table 1. 
[0060] FIGS. 6A-6C shows high resolution AFM height 
images of s-SWCNT films (panels (a)), manual traces of the 
visible s-SWCNT segments (panels (b )) and histograms of 
the angle distribution of the visible s-SWCNT segments 
(panels (c)) for three of the s-SWCNT films deposited using 
surface-water-assisted TaFISA. The histograms were all 
centered to zero degrees to compensate for misalignment of 
the sample relative to theAFM probe scanning direction and 
any stage drift occurring of the long scans (-77-minute scan 
for each high-resolution image) The curves in the histo
grams are Gaussian functions fitted to the binned histogram 
data using Origin with standard deviations and R2 values 
listed in Table 1 below. 

TABLE 1 

Gaussian Curve Fitting of s-SWCNT film Alignment Histograms 

s-SWCNT Standard 
Histogram Ink Cone. Deviation 
Figure# (µg mL-1) (degrees) R2 

FIG. 6A 3.64 ± 0.05 0.9980 
FIG. 6B 3.50 ± 0.04 0.9987 
FIG. 6C 100 4.74 ± 0.13 0.9868 

[0061] More concentrated inks (>20 µg mL- 1
) can deposit 

more s-SWCNTs at the ink-water interface where the 
s-SWCNTs can interact and form two-dimensional liquid 
crystals. These interfacial liquid crystals also can be aligned 
by the shear force of the flowing ink. When this interfacial 
liquid crystal is deposited on a hydrophilic surface region, it 
is transferred to the surface of the retained water film instead 
of being directly deposited on the substrate surface. When 
the hydrophilic surface region is patterned into stripes 
oriented to the liquid crystal's alignment direction, the 
retained water film-substrate contact lines constrain the 
liquid crystal and preserve the global alignment of the 
s-SWCNT film. The self-alignment process condenses the 
constrained liquid crystals into high packing density films. 
In narrow hydrophilic stripes (<=-100 µm) the condensed 
s-SWCNT film typically deposits near the first edge of the 
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hydrophilic surface region to pass through the ink-water 
interface and leaves a gap on the bottom edge of the stripe 
where retained surface water likely prevents the deposition 
of other s-SWCNTs. In wider stripes (200 and 300 µm) the 
s-SWCNT film is held in the center of the stripe by con
nections to the films fixed in place on the relatively hydro
phobic surface regions on either end of the stripe. 
[0062] Large area depositions are desirable for many 
applications, so films were deposited on a sample with a set 
of 100 µm by 2 mm stripes spanning a 25x25 mm region, 
and closely packed and well aligned films were deposited in 
almost every hydrophilic stripe. 
[0063] To determine how the improved alignment and 
increased packing density of the s-SWCNT films affect their 
electronic performance, top gated FETs were fabricated 
using a 5 nm HfD2 atomic layer deposition insulator. The 
films were made using 100 µg mL- 1 s-SWCNT ink from the 
high packing density films (FIG. 7) on 100 µm hydrophilic 
stripes. Example transfer curves from the devices and plots 
of current density and transconductance are shown in FIGS. 
SA-SD. 

Detailed Methods and Materials: 

[0064] Hydrophilic Pattern Fabrication: The hydrophilic 
patterns were made using a lithographic process on thermal 
oxide coated Si wafers. The desired hydrophilic pattern was 
formed using an e-beam lithography system with a polym
ethyl methacry late (PMMA) resist. Very large regions were 
patterned using a foil shadow mask and UV/ozone chamber 
to dry etch the resist. After development, the patterned 
wafers were cleaned in a UV/ozone chamber and then 2 or 
3 nm of yttrium metal was deposited in a thermal evaporator 
that was built into a nitrogen glovebox. After removal from 
the glove box and completing a standard liftoff process using 
hot acetone, the substrates were again placed in a UV/ozone 
chamber at 90° C. for 8 minutes to clean and oxidize all the 
surfaces, as well as to oxidize the deposited yttrium metal. 
The samples were then treated with HMDS using either a 
vapor or liquid process. The exposure time and concentra
tion were calibrated to partially functionalize the non
patterned regions to a water contact angle of 35-45 degrees. 
Alternatively, the samples were prepared, by overexposure 
to HMDS to produce WCA values greater than 45 degrees, 
then using short exposures in a UV /ozone chamber to lower 
the WCA to the target of 35-45 degrees. Just before the 
s-SWCNT deposition process, the oxidized yttrium thin 
films, now -3-5 nm thick due to oxidation, were removed 
using a 5 second dip in dilute aqueous hydrochloric acid 
(1:25 v/v, -0.1 molarity), followed by a quick dip/rinse in 
clean DI water then dried with compressed nitrogen. At this 
point, the prepared samples had a 35-45° WCA in the 
non-patterned regions and a very hydrophilic surface (<10° 
WCA) in the regions that previously had the oxidized 
yttrium thin film. 
[0065] s-SWCNT Deposition Processes: s-SWCNT inks 
were made from poly [(9,9-dioctylfluorenyl-2.7-diyl)-alt-(6, 
6'-[2,2'-bipyridine])](PFO-BPy)-wrapped and sorted arc dis
charge s-SWCNTs dispersed in chloroform using a previ
ously published procedure. (G. J. Brady, A. J. Way, N. S. 
Safron, H. T. Evensen, P. Gopalan, M. S. Arnold, Science 
Advances, 2 (9) (2016).) Two deposition processes were 
used to make s-SWCNT films. The films made with a 
TaFISA process were made using a previously published 
process. (K. R. Jinkins, Aligned 2D carbon nanotube liquid 
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crystals for wafer-scale electronics, Science Advances, 
2021, Vol. 7, Issue 37.) Two substrates were inserted in a 
water bath at 45° with their surfaces facing each other to 
make a 3 mm wide channel. A needle injected the chloro
form-based s-SWCNT ink across the top of the water surface 
in the channel between the two substrates (4 mL min- 1

) 

while the substrates were lifted through the ink-water inter
face at 40) mm min- 1

. In this Example, one of the substrates 
had the hydrophilic chemical patterns and the other, sacri
ficial substrate was treated with HMDS to have a -40° 
WCA. The films made for calibrating the Raman based 
measurement of packing density were made using a shear 
alignment technique using a previously published process. 
(Jinkins. Katherine R ... et al. "Substrate-Wide Confined 
Shear Alignment of Carbon Nanotubes for Thin Film Tran
sistors." Advanced Electronic Materials 5.2 (2019): 
1800593.) The chloroform-based s-SWCNT ink is injected 
with a high volumetric flow rate into a sub-mm height and 
-1 cm wide and 2.5 cm long channel formed between the 
substrate and a highly polished metal surface. The high flow 
rate and confined channel dimensions generate a large 
amount of shear that aligns the s-SWCNTs in the direction 
of ink flow as they are deposited on the substrate. 
[0066] Water Contact Angle Measurement: Static water 
contact angle measurements were performed using a Data
physics OCA 15 optical contact angle system. Depending on 
the surface condition, DI water droplets of 2 to 5 µL were 
dispensed and the contact angle immediately measured. 
[0067] Atomic Force Microscopy: AFM images were col
lected on a Bruker Icon instrument using a TESPA and/or 
ScanAsist-Air probes for low resolution imaging and SAA
HPI-SS probes for high resolution imaging. High resolution 
images were collected with square pixel sizes of approxi
mately 0.3 nm. 
[0068] Transmission Electron Microscopy: s-SWCNT 
films on Si/SiO2 substrates were sent to Eurofins EAG 
Laboratories (Santa Clara, CA, USA) for sample preparation 
and TEM imaging. The samples were prepared using the 
ex-situ focused ion beam (FIB) lift out technique on a FEI 
Dual Beam FIB/SEM and were capped with Carbon-based 
Epoxy/I-C prior to milling. TEM imaging was performed on 
a FEI Tecnai Osiri FEG/TEM operated at 200 kV in bright
field TEM mode and high-resolution TEM mode. 
[0069] FET Device Fabrication: A 100 kV E-beam system 
(Elionix G-100) was used to lithographically pattern devices 
using a multi-step process. After deposition of alignment 
marks and s-SWCNT films, unwanted s-SWCNTs were 
removed using a radiofrequency (RF) oxygen plasma etch. 
Electrodes were deposited in two steps: first the high pre
cision channel forming electrodes, and second the large 
contact pads. The conformal 5 nm HfD2 insulator for the top 
gate was deposited by atomic layer deposition (Veeco Fiji 
G2 PE-ALD). The top gate metal was deposited on top of 
that insulating layer. 
[0070] s-SWCNT Sorting and Ink Fabrication: Single wall 
arc discharge carbon nanotubes were purchased (Aldrich, 
698695) and sorted to isolate semiconducting s-SWCNTs by 
sonicating with toluene solutions of PFO-BPy (ADS Dyes, 
ADS153UV, Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6, 
6-{2,2"-bipyridine} )], MW N=-40 to 100 kDa). A mixture of 
120 mg of raw s-SWCNTpowder and 60 mL of2 mg mL- 1 

PFO-BPy in toluene were sonicated using a Fisher sonic 
dismembrator model 500 ( 400 W) for 30 minutes at 40% 
power in a 150 mL beaker surrounded by a static water bath 
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for cooling. Next, the solution was divided into six tubes that 
were centrifuged with a swing bucket rotor (Sorval WX, 
TH-641, Thermo Scientific) at 41,000 rpm (300,000 g, max) 
for 10 minutes to remove soot and undispersed s-SWCNTs. 
The top -90% of the suspension was collected, and this 
process was repeated for a total of six batches. The com
bined suspensions from all six batches were condensed 
using a rotary evaporator down to -50 mL and then centri
fuged again (same rotor and speed) for 1 hour to precipitate 
any poorly dispersed s-SWCNTs. The top suspension was 
collected, diluted to 60 mL with toluene, and centrifuged 
again (F65L-6x13 rotor at 25,500 rpm for 24 hours: in 10 
mL PTFE tubes with ETFE caps, part 3114-0010, Thermo 
Scientific Nalgene) to form a pellet of all the suspended 
semiconducting s-SWCNTs. The pellet was separated from 
the PFO-BPy rich supernatant which was discarded. The 
semiconducting s-SWCNT pellets were redispersed in fresh 
toluene using stirring on a hot plate set at 80° C., and the 
pelleting process was repeated two or three more times to 
reduce the mass ratio of PFO-BPy: s-SWCNT to -0.5:1 as 
measured by UV/Vis/NIR absorption spectroscopy. The 
s-SWCNT ink was prepared by dispersing the final pellet 
into chloroform (Fisher Scientific, C606-4) and diluting to a 
concentration of 100 µg s-SWCNT mL- 1

. 

Raman Spectroscopic Measurement of s-SWCNT Film 
Packing Density: 

[0071] Raman spectroscopy was also used to characterize 
the packing density and alignment of s-SWCNT films, and 
those results corroborate the high packing density and 
excellent alignment results. Using Raman spectroscopy to 
measure the packing density of s-SWCNTs in a film, a 
calibration curve is necessary. The intensity of s-SWCNT 
peaks in a Raman spectrum are dependent on many spec
trometer and sample prep factors, so care must be taken to 
ensure the calibration and unknown samples are measured 
under the same conditions. Two sets of calibration samples 
were fabricated using a shear force alignment method 
(ShASAM) described elsewhere. (Jinkins. Katherine R ... 
et al. "Substrate-Wide Confined Shear Alignment of Carbon 
Nanotubes for Thin Film Transistors." Advanced Electronic 
Materials 5.2 (2019): 1800593.) The s-SWCNT packing 
density at marked locations was measured using AFM since 
that imaging technique does not contaminate the sample 
surface. This deposition technique was used because it is 
expected to deposit individual s-SWCNTs in relatively well 
aligned films. The deposition of individualized s-SWCNTs 
is important since the calibration relies on manually count
ing the s-SWCNTs in particular locations to determine the 
density. If bundles of s-SWCNTs were deposited, then the 
number of s-SWCNTs present in any location would be 
undercounted since a feature that looks like a single 
s-SWCNTs might be 2 or more s-SWCNTs that were not 
resolved. Raman spectra were collected at those same loca
tions, and the packing density and spectral information was 
used to generate the calibration curves shown in FIG. 9. 
Since all the samples had been prepared on pieces of a 
Si/SiO2 wafer, the intensity of the Si peak at 520 cm- 1 was 
used as a type of internal standard and the ratio of the 
s-SWCNT G peak height at-1580 cm- 1 to the Si peak height 
was used as the measured signal. The calibration curve 
spanned packing densities of -3 to -30 s-SWCNT µm- 1 and 
G/Si ratios of -0.1 to 2.3. (FIG. 9). Calibration curves were 
measured for s-SWCNT arrays on HMDS treated SiO2 and 
on hydrophilic SiO2 fabricated using the same yttrium based 
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process used to make patterned regions and the calibration 
curves on both surfaces were found to be equivalent. 
[0072] Spectra of films high packing density were col
lected using the same conditions and were found to have a 
maximum G/Si ratio of -17, corresponding to a packing 
density of -210 s-SWCNT µm- 1

. This indicates a very high 
packing density that is outside the range of the calibration 
curve. Extrapolating this calibration curve outside of its 
measured range provides a rough estimate of the s-SWCNT 
packing density of greater than 200 s-SWCNTs µm- 1

. 

[0073] Polarized Raman spectroscopy can be used to 
determine the degree of alignment of a s-SWCNT film 
because of a combination of the one-dimensional nature of 
s-SWCNTs and the enhancement of the Raman signal due to 
the s-SWCNT's electronic transition near the energy of the 
Raman laser. If the excitation laser energy is near to an 
optically active electronic transition, the intensity of a 
Raman signal is highly enhanced. In s-SWCNTs laying on 
a surface, the absorption cross-section of a photon approach
ing normal to the surface is proportional to the square of the 
cosine of the angle, a, between the polarization of the photon 
and the direction of the long axis of the s-SWCNT. When 
using a polarized filter before the detector, the Raman signal 
of that s-SWCNT is also proportional to the square of the 
cosine of the angle between the polarizer and the long axis 
of the s-SWCNT. Combining a polarized light source and 
polarized scattered photons, both at the same angle, the 
Raman signal intensity of a s-SWCNT oriented with angle 
a to those polarizers is proportional to cos4(a). By knowing 
the orientation of the polarizers, the Raman signal can be 
used to determine the orientation of the s-SWCNT by 
holding the polarizers in a fixed position and using a rotating 
stage (~) to rotate the s-SWCNT. If a film of s-SWCNTs is 
measured instead of a single s-SWCNT, then each 
s-SWCNT in the film will contribute signal intensity based 
on its angle relative to the polarizers' angles. If the film is 
perfectly aligned, the Raman signal will be proportional to 
cos4(~) as the sample is rotated. 
[0074] Practical considerations of the spectroscopy equip
ment must be considered to ensure accurate measurements. 
The polarizers must be aligned at the same angle and that 
angle must be aligned to the beam splitter. If the polarizers 
are misaligned, then the signal will be artificially attenuated. 
If the laser polarization is not aligned to the beam splitter, 
then the light exiting the beam splitter will be elliptically 
polarized instead of linearly polarized. The equipment used 
in this measurement used a half-wave plate to adjust the 
polarization angle of the laser and an adjustable polarizer in 
the beam path just before the detector mirrors, gratings, and 
detector. Both of those optical elements were mounted in 
holders with stepper motors and were installed in the spec
trometer only when needed. Matching the laser and detector 
polarization angle and matching that angle to the beam 
splitter requires careful measurements. This data was col
lected on a confocal Raman microscope using a 50x, long 
working distance objective, and the spot size was -1-3 µm 
depending on how tightly focused the beam was. This small 
spot size means the rotating sample stage must be very 
precisely centered (and flat) or different portions of the film 
will be measured as the sample is rotated. 
[0075] After aligning the polarizers, one high packing 
density and highly aligned film was mounted on a rotating 
stage and measured at various angles. The intensity of the G 
peak vs sample rotation is plotted in FIGS. l0A and l0B. 
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Low power and long exposures were used to avoid damag
ing the s-SWCNTs from exposure to the highly focused 
laser. Also plotted in those figures are simulated curves of 
films with perfect alignment and curves with alignment 
modeled using a wrapped normal distribution with increas
ing alignment disorder. Comparison of the measured data to 
the simulated curves shows the film alignment matched the 
modeled films with sigma between 5 to 15 degrees in the 
15-7 5-degree stage rotation positions. When plotted on a log 
scale, the data closely matched the sigma=l0-degree simu
lated film. Also plotted were the intensity of the 521 cm- 1 Si 
peak and the expected intensity of a Si<l 00>oriented sample 
measured under these polarization conditions. The close 
match of the Si measured intensity to the expected values 
indicates the polarization optics were properly aligned for 
this measurement and the minimum peak height also pro
vides an indicator of the quality of the polarization optics 
and stage alignment. This represents a combination of the 
extinction coefficients of the polarizers, the relative align
ment of the laser polarization to the detector polarizer, the 
alignment of the laser polarization to the beam splitter, the 
flatness of the stage, the polarization ratio of the Raman 
laser, and the alignment of the rest of the optical elements in 
the light path, so it combines many experimental factors. 
[0076] The intensity ratio of the s-SWCNT Raman spectra 
of the film aligned parallel to and perpendicular to the 
matched laser and detector polarizers has been used to 
determine the degree of alignment of s-SWCNT films. For 
the data measured, the ratio is (8465/18)=470 and this 
corresponds to a wrapped normal distribution with a stan
dard deviation of approximately 9.4°. When comparing the 
measured ratio of 470 to the expected polarization ratio of 
the Raman laser (nominally 1000:1) and including all the 
potential sources of error described above, it becomes appar
ent that this measurement is likely near the performance 
limits of this equipment. To see how the measurement limit 
relates to the expected results for the closely packed films, 
the film alignment measurements provided by the AFM 
images were used to calculate the expected parallel to 
perpendicular ratio (Table 2). 

TABLE 2 

Predicted Polarized Raman Measurements 

Histogram 
Figure Description 

6A First low cone 
6B Second low cone 
6C Center of wide close-packed 

film 

Predicted Parallel/ 
Perpendicular Peak 

Height Ratio 

3253 
2133 
5301 

*This table refers to the same images listed in Table 1, and they are listed in the same order 
for easy comparison. 

FET Fabrication: 

[0077] Highly p-doped silicon wafer pieces with -15 nm 
of dry thermal oxide were cleaved to the desired size. 
[0078] Alignment marks (global and local) were fabri
cated using e-beam lithography and 0.7/50 nm of Cr/Au 
using a -290 nm thick PMMAresist (475 PMMAA6, 4000 
rpm for 60 seconds, softbake at 185° C. for 90 seconds; 
development using 2:1 (v/v) isopropanol/methyl-isobutyl 
ketone in an ice bath at 0° C. for 40 seconds; liftoff using hot 
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acetone. These softbake, development, and liftoff processes 
were the same for all subsequent process steps.). 

[0079] Yttrium metal stripes (3 nm thick) were fabricated 
using e-beam lithography with a -55 nm thick PMMA resist 
(950 PMMA Cl, 2000 rpm for 60 seconds). UV/ozone 
cleaning was carried out at 90° C. for 8 minutes (and a 
3-minute air purge, also at 90° C.). HMDS surface treatment 
(vapor or liquid) was used to achieve a water contact angle 
of -40° in regions without oxidized yttrium. Etching of the 
oxidized yttrium used a 5 second dip in dilute aqueous 
hydrochloric acid (1:25 v/v, -0.1 molar HCl concentration), 
followed by a dip rinse in DI water and blow dry with 
nitrogen. Deposition of s-SWCNT films using the TaFISA 
process was as described above. 

[0080] The FET channel was defined using an RF oxygen 
plasma etch. The desired s-SWCNTs were protected with an 
e-beam patterned PMMA mask (-100 nm, 950 PMMA C2, 
4000 rpm, 60 seconds). Electrodes defining the FET channel 
were precisely written using e-beam lithography with -100 
nm thick PMMA resist, (950 PMMA C2, 4000 rpm, 60 
seconds) and thermal evaporation of 10/10 nm of Pd/Au. 
Thick contact pads were deposited on the channel electrodes 
to ensure low device electrode resistance and were fabri
cated using e-beam lithography and -290 nm thick PMMA 
resist (475 PMMAA6, 4000 rpm for 60 seconds) and 10/80 
nm of Pd/Au. 

[0081] Atomic Layer Deposition (Veeco Fiji G2 PE-ALD) 
was used to deposit 5 nm of HfD2 on all surfaces (150° C., 
41 cycles alternating Hf-TDMAH [tetrakis(dimethylamido) 
hafnium (IV)] and water pulses). 

[0082] Top gate metal was deposited using e-beam lithog
raphy with -100 nm thick PMMA resist, (950 PMMA C2, 
4000 rpm, 60 seconds) and thermal evaporation of 0.7/20 
nm of Cr/Au. 

[0083] Contact to the source and drain electrode pads were 
made using gold coated tungsten needles in a custom-built 
probe station. The 10/80 nm Pd/Au on SiO2 electrode pads 
had an intermediate adhesion strength, and application of 
moderate pressure with the probe needles allowed scratch
ing/delamination of the metal and penetration of the thin 5 
nm HfO2 insulating layer. 

[0084] Some devices were fabricated with intentional 
shorts across the channel to measure the electrode resistance 
which was 20-40 Ohms. 

TABLE 3 

FET Device Dimensions and Parameters: 

Parameter 

Charmel Length 
Charmel Width 
Charmel Electrode Composition 
Probe Contact Electrode 
Composition 
Gate Metal Composition 
Substrate Insulator Composition 
Top Gate Insulator Composition 

Short Material Composition 
( only for measuring 
electrode resistance) 
Electrode Resistance 

Value 

60, 80 or 130 nm 
1.08 µrn 
10 nm Pd/10 nm Au 
10 nm Pd/-80 nm Au 

0. 7 nm Cr/30 nm Au 
-15 nm Dry Thermal Oxide 
5 nm of ALD HfD2 

(deposited at 150° C.) 
10 nm Pd/-80 nm Au 
(fabricated in same step as 
Probe Contact Electrodes) 
20 to 40 Ohms 
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Example 2: Surface Water-Assisted ShASAM 

[0085] This example demonstrates elongated nanoparticle 
film deposition processes for delivering water and an 
s-SWCNTs-containing ink (i.e., an s-SWCNT suspension) 
to a substrate that differ from those described in Example 1. 
The principle of the film deposition mechanism is the same 
for this example as was described in Example 1 and so 
demonstrates that the methods are not restricted to any 
particular process for delivering liquids or s-SWCNT inks to 
the substrate. 
[0086] The s-SWCNT films were deposited using a variant 
of the ShASAM process which is described in detail else
where. (Jinkins, Katherine R., et al. "Substrate-Wide Con
fined Shear Alignment of Carbon Nanotubes for Thin Film 
Transistors." Advanced Electronic Materials 5.2 (2019): 
1800593.) The flow channel apparatus used to in this 
example is shown in FIG. 1 of Jinkins et al. (2019). The 
substrate was placed between two metal plates with the 
target surface facing the smooth polished surface of one 
plate wall with a gasket and stainless-steel foil spacers 
between them. The foil spacers are slightly thinner than the 
gasket so when the screws holding the metal plates together 
are tightened the gasket is compressed to the thickness of the 
foil spacers. This forms an open flow channel between the 
substrate surface and the polished metal surface with a liquid 
tight seal and gap equal to the thickness of the foil spacers. 
The polished metal plate has a liquid inlet at one end of the 
substrate and the gasket is open at the other end, such that 
a liquid injected into the channel flows across the substrate 
in one direction from the inlet to the gasket opening. First 
water was injected into the channel and allowed to drain. 
Next a set of three liquids were staged in the inlet line: first 
0.5 mL of chloroform saturated with water, then 0.25 mL of 
chloroform containing 125 µm/mL of s-SWCNTs, and last 
3.25 mL of dry chloroform. This set of liquids was injected 
into the channel inlet at a volumetric flow rate of 100 
mL/min and then followed with a manual injection of -10 
mL 2-propanol. The high velocity injection of the s-SWCNT 
ink into the narrow channel results in a high shear rate of up 
to 10,000 s- 1

. On the patterned hydrophilic regions of this 
sample with retained surface water the s-SWCNTs are 
deposited on the chloroform-water interface and migrate to 
the chloroform-water-substrate contact line where they 
deposit aligned with the direction of the contact line which 
may or may not be aligned with the direction of liquid flow. 
On substrates with no patterning and no retained surface 
water the high shear liquid flow aligns the s-SWCNTs to the 
direction of the ink flow as they are deposited on the 
substrate directly from the chloroform ink. 
[0087] FIGS. llA and 11B show cross-polarized optical 
images of a s-SWCNT film deposited as described above, 
including a rectangular region of retained surface water. 
Carbon nanotube arrays imaged with cross polarized light 
have a contrast that is dependent on their alignment direction 
and packing density. (Deng, Shibin, et al., "High-Through
put Determination of Statistical Structure Information for 
Horizontal Carbon Nanotube Arrays by Optical Imaging" 
Advanced Materials, 2016, Volume 28, Issue 10, pages 
2018-2023.) If polarization directions of linear polarizing 
filters on the light source and detector are set at -80 to 89° 
relative to each other, and a carbon nanotube array is 
arranged at 45° to one of the polarizing filters, then the 
contrast of the carbon nanotube array is dependent on the 
direction and packing density of the array. An array in one 
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direction will appear bright against the neutral background 
and an array in the perpendicular direction will appear dark 
against the neutral background. The degree of contrast is a 
function of the packing density of the array and the unifor
mity of alignment direction of the nanotubes within the 
array, as well as the relative angle between the two linear 
polarizing filters. In FIG. llA and FIG. 11B the polarizers 
are set to show horizontally aligned arrays as bright and 
vertically aligned arrays as dark. FIG. 11B is a copy of FIG. 
llA showing the region with retained water as a white 
dashed rectangle with rounded comers. The s-SWCNT array 
(i.e., deposited film) within the retained surface water region 
is bright along the horizontal sides of the rectangle, and in 
most of the interior regions, indicating the s-SWCNTs in the 
deposited film are horizontally aligned as directed by the 
horizontal chloroform-water-substrate contact line. On the 
left and right sides, however, the film image is dark indi
cating the s-SWCNTs in the film are aligned vertically as 
directed by the vertical chloroform-substrate-water line on 
the sides of the retained surface water region. The regions 
around the retained water region also have s-SWCNTs 
deposited, but their packing density and degree of alignment 
is low, relative to the region with retained surface water, so 
they have very little contrast in these imaging conditions. 
The images in FIGS. 12A and 12B are AFM height images 
showing representative s-SWCNT films from an unpat
temed sample without retained surface water fabricated 
under similar ink concentration, volume and flow rate con
ditions without filling the channel with water before the 
deposition (FIG. 12A) and from a patterned sample with in 
a region with retained surface water fabricated as described 
above (FIG. 12B). These images show the increase in 
packing density and uniformity of alignment direction 
improvement gained by using the invention. 
[0088] Cross-Polarized Optical Microscopy: Optical 
images were collected on a Nikon Optiphot-2 microscope 
equipment with a fixed direction linear polarizing filter in 
the camera light path and a rotatable linear polarizing filter 
in the light source path. 
[0089] The foregoing description of illustrative embodi
ments 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 modifications and variations are possible 
considering the above teachings or may be acquired from 
practice of the invention. The embodiments were chosen and 
described in order to 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 embodi
ments and with various modifications as suited to the 
particular use contemplated. 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 film of aligned elongated 

nanoparticles on a substrate, the method comprising: 

providing a substrate having at least one liquid film
adsorbing surface region bounded by at least one liquid 
film-repelling surface region; 

forming a liquid film on the at least one liquid film
adsorbing surface region, wherein the liquid film is 
bounded by the at least one liquid film-repelling surface 
region; 
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contacting a suspension that comprises dispersed elon
gated nanoparticles with the at least one liquid film, 
wherein the suspension is immiscible with the at least 
one liquid film, such that the at least one liquid film and 
the suspension form an interface and elongated nan
oparticles are transferred from the suspension to a 
surface of the at least one liquid film at the interface; 
and 

allowing the at least one liquid film to dissipate, whereby 
the elongated nanoparticles are deposited on the at least 
one liquid film-adsorbing surface region along a con
tact line defined by: the liquid film: the substrate; and 
the suspension or air, as the liquid film dissipates. 

2. The method of claim 1, wherein the at least one liquid 
film-adsorbing surface region is more hydrophilic than the at 
least one liquid film-repelling surface region. 

3. The method of claim 2, wherein the liquid is an aqueous 
medium. 

4. The method of claim 1, wherein the at least one liquid 
film-adsorbing surface region is less hydrophilic than the at 
least one liquid film-repelling surface region. 

5. The method of claim 1, wherein forming the liquid film 
on the at least one liquid film-adsorbing surface region 
comprises flowing a liquid over the at least one liquid 
film-adsorbing surface region to wet the at least one liquid 
film-adsorbing surface region, whereby the liquid is retained 
on the at least one liquid film-adsorbing surface region and 
not on the at least one liquid film-repelling surface region. 

6. The method of claim 1, wherein contacting the sus
pension with the at least one liquid film comprises flowing 
the suspension over the at least one liquid film. 

7. The method of claim 1, wherein forming the liquid film 
on the at least one liquid film-adsorbing surface region 
comprises submerging at least one liquid film-adsorbing 
surface region in a liquid and withdrawing the at least one 
liquid film-adsorbing surface region, from the liquid, 
whereby the liquid film is retained on the at least one liquid 
film-adsorbing surface region after said at least one liquid 
film-adsorbing surface region has been withdrawn from the 
liquid. 

8. The method of claim 1, wherein the steps of forming a 
liquid film on the at least one liquid film-adsorbing surface 
region and contacting a suspension that comprises dispersed 
elongated nanoparticles with the at least one liquid film are 
carried out by forming a layer of the suspension on the 
liquid, submerging the at least one liquid film-adsorbing 
surface region in the liquid, and withdrawing the at least one 
liquid film-adsorbing surface region from the liquid and 
through the layer of the suspension. 

9. The method of claim 8, wherein the layer of the 
suspension is continuously flowed over the liquid as the at 
least one liquid film-adsorbing surface region is withdrawn 
from the liquid and through the layer of the suspension. 

10. The method of claim 1, wherein the elongated nan
oparticles are carbon nanotubes. 

11. The method of claim 10, wherein the elongated 
nanoparticles are semiconducting single-walled carbon 
nanotubes. 
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12. The method of claim 11, wherein the semiconducting 
single-walled carbon nanotubes form a liquid crystal on the 
surface of the aqueous film. 

13. The method of claim 11, wherein the semiconducting 
single-walled carbon nanotubes have a linear packing den
sity of at least 200 µm- 1 in the film of aligned semiconduct
ing single-walled carbon nanotubes. 

14. The method of claim 1, wherein the film of aligned 
elongated nanoparticles has an area of at least 50 cm2

. 

15. The method of claim 1, wherein the substrate is a 
silicon substrate. 

16. The method of claim 15, wherein the at least one 
liquid film-adsorbing surface region comprises silicon diox
ide. 

17. The method of claim 16, wherein the at least one 
liquid film-repelling surface region comprises an organic 
polymer or organic functional groups. 

18. A method of patterning a silicon dioxide surface of a 
substrate with one or more hydrophilic surface regions 
bounded by one or more less hydrophilic surface region, the 
method comprising: 

forming a layer of a resist on the silicon dioxide surface; 
patterning the layer of resist to expose one or more 

regions of the silicon dioxide surface through the layer 
of resist; 

depositing a layer of yttrium metal or a layer of scandium 
metal over the layer of resist and the one or more 
exposed regions of the silicon dioxide surface to form 
yttrium metal-coated or scandium metal-coated surface 
regions on the silicon dioxide surface; 

removing the patterned layer of resist from the silicon 
dioxide surface; 

oxidizing the yttrium metal or scandium metal on the 
silicon dioxide surface; 

forming a layer of material having a lower hydrophilicity 
than the silicon dioxide on the silicon dioxide surface 
and over the oxidized yttrium or oxidized scandium; 
and 

removing the oxidized yttrium or oxidized scandium from 
the silicon dioxide surface to form one or more hydro
philic silicon dioxide surface region bounded by the 
material having the lower hydrophilicity than the sili
con dioxide. 

19. A field effect transistor comprising: 
a source electrode; 
a drain electrode; 
a gate electrode; and 
a conducting channel in electrical contact with the source 

electrode and the drain electrode, the conducting chan
nel comprising a film comprising aligned semiconduct
ing single-walled carbon nanotubes, the field effect 
transistor having a current density of at least 1.8 mA 
µm- 1 and a transconductance of at least 1.14 mS µm- 1

, 

as measured at 0.6 V drain voltage. 
20. The field effect transistor of claim 19 having a current 

density in the range from 1.8 mA µm- 1 to 2.2 mA µm- 1 and 
a transconductance in the range from 1.14 mS µm- 1 to 1 .4 
mS µm- 1

, as measured at 0.6 V drain voltage. 

* * * * * 


