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E N G I N E E R I N G

Aligned 2D carbon nanotube liquid crystals for  
wafer-scale electronics
Katherine R. Jinkins1, Sean M. Foradori1, Vivek Saraswat1, Robert M. Jacobberger1,  
Jonathan H. Dwyer2, Padma Gopalan1,3, Arganthaël Berson4, Michael S. Arnold1*

Semiconducting carbon nanotubes promise faster performance and lower power consumption than Si in field-effect 
transistors (FETs) if they can be aligned in dense arrays. Here, we demonstrate that nanotubes collected at a 
liquid/liquid interface self-organize to form two-dimensional (2D) nematic liquid crystals that globally align with 
flow. The 2D liquid crystals are transferred onto substrates in a continuous process generating dense arrays of nano-
tubes aligned within ±6°, ideal for electronics. Nanotube ordering improves with increasing concentration and de-
creasing temperature due to the underlying liquid crystal phenomena. The excellent alignment and uniformity of the 
transferred assemblies enable FETs with exceptional on-state current density averaging 520 A m−1at only −0.6 V, 
and variation of only 19%. FETs with ion gel top gates demonstrate subthreshold swing as low as 60 mV decade−1. 
Deposition across a 10-cm substrate is achieved, evidencing the promise of 2D nanotube liquid crystals for com-
mercial semiconductor electronics.

INTRODUCTION
As field-effect transistors (FETs) continue to shrink and node scaling 
in conventional semiconductor devices becomes increasingly diffi-
cult, other next-generation materials must be investigated. Carbon 
nanotubes are one material candidate and are projected to outper-
form conventional semiconductors in FETs in terms of power effi-
ciency, electrostatic gate control, and switching speed (1–3) but only 
when organized into aligned arrays. In addition, aligned arrays that 
can be deposited from solution or other low-temperature method 
might open the door to three-dimensional (3D) integrated circuits 
to increase FET areal density.

The fabrication of aligned arrays of nanotubes and other aniso-
tropic particles from solution approaches has been investigated us-
ing shear (4, 5), vacuum filtration (6), directed evaporation (7, 8), 
dielectrophoresis (9), evaporative self-assembly (10, 11), elasto-
meric release (12), dimension-limited self-alignment (13), DNA-
directed assembly (14, 15), Langmuir-Blodgett (16), and Langmuir- 
Schaefer (17) methods among others. However, more research is 
needed before any of these methods will be able to meet the needs of 
the semiconductor electronics industry. As examples, exceptionally 
large shear rates are needed to achieve deposition of nanotube films 
with even relatively poor quasi-alignment from bulk ink solutions 
(4), and evaporative self-assembly is a slow process that results in 
dense “coffee rings” of nanotubes that are difficult to efficiently gate 
electrostatically (10, 11). In addition to alignment, especially 
important are achieving uniformity at the wafer scale and realizing 
partial monolayer coverage at an intermediate nanotube packing 
density (1) of roughly 100 m−1 [because higher nanotube densities 
result in cross-talk effects that decrease performance, while lower 
densities yield lower currents (18)].

Broadly, the self-assembly of nanoparticles in solution at liquid 
interfaces offers an attractive route to fabricate supramolecular and 
2D arrangements of nanostructures (19–21). This assembly is highly 
dynamic, enabling defects to be corrected quickly, as opposed to 
assembly and deposition directly on substrates. Nanoparticle ad-
sorption at liquid/liquid interfaces occurs to minimize liquid/liquid 
interfacial energy, and the size of the nanoparticles, interfacial tension, 
and particle surface wettability all affect interface adsorption. When 
anisotropic particles, such as rods, collect at liquid/liquid interfaces, 
liquid crystal nematic assemblies can form (22, 23).

Here, we demonstrate that single-walled carbon nanotubes that 
collect at a liquid/liquid interface can form 2D nematic liquid crystal 
assemblies, providing a route for accessing the nanotube array attri-
butes needed for high-performance electronics. The 2D carbon 
nanotube assemblies are composed of individual domains of highly 
aligned nanotubes, and when the liquids are static, the domains lack 
global alignment. By tangentially flowing one liquid across the sur-
face of the other, the domains orient with the direction of flow to 
form a globally ordered and structured interface. The assemblies are 
transferred to target substrates in a continuous process that enables 
the wafer-scale deposition of aligned and densely packed nanotubes.

Previously, locally aligned rafts of multiwalled carbon nanotubes 
(24, 25) and relatively thick bundles or mats of randomly oriented 
single-walled nanotubes (26–29) have been deposited from liquid/
liquid interfaces. However, these assemblies have lacked long-range 
order, and both multiwalled and disordered single-walled nanotube 
films are less desirable for electronics. Separately, the bulk liquid 
crystal assembly of nanotubes (i.e., not at a liquid/liquid interface) 
has been studied (30); however, bulk liquid crystals typically produce 
thick multilayer nanotube films with (31–33) or without (34, 35) 
global alignment and rarely demonstrate submonolayer aligned 
nanotube arrays desired for FETs (36). It has also been hypothesized 
that 2D liquid crystal phenomena can affect nanotube organization 
at substrate/liquid interfaces (37).

Prior studies have also reported that stripes of aligned nanotubes 
can be deposited onto substrates during the spreading of sequential 
droplets of chloroform-based nanotube inks on an aqueous subphase 
(38, 39). The roles of flow and liquid crystal assembly in this process, 
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called floating evaporative self-assembly (FESA), are unknown. The 
excellent alignment, individualization, and packing of nanotubes in 
FESA films have enabled FETs with not only on-state current den-
sities exceeding that of Si and GaAs devices (40, 41) but also high-
speed radio frequency devices (42). However, the drop-by-drop 
nature of deposition is irreproducible; is inherently difficult to scale 
[the best alignment has been demonstrated to occur across only 
15 mm of a 100-mm wafer (43)], which limits FESA to the laboratory 
benchtop scale; and problematically yields stripes of aligned nano-
tubes that are either separated by randomly oriented nanotubes (38) 
or overlap (43).

Here, 2D nematic liquid crystals of nanotubes are obtained by 
applying continuous, well-defined ink layers with constant thickness 
and flow velocity to the surface of an aqueous subphase. The nano-
tubes collect at the interface, forming submonolayer 2D liquid 
crystals over a window of bulk ink concentrations ranging from 5 to 
200 g ml−1. Sparse films of randomly oriented nanotubes and 
thicker multilayers of nanotubes are obtained at concentrations 
below and above this window, respectively. The 2D (as opposed to 
bulk) nature of the liquid crystalline assemblies is ideal for obtaining 

partial monolayer coverage at the intermediate nanotube packing 
density needed for high-performance electronics. As a benefit of the 
constant ink thickness and velocity, the 2D nanotube assemblies can 
be transferred to target substrates in a process that is scalable and 
continuous. We call this process 2D nematic tangential flow inter-
facial self-assembly (TaFISA). The excellent alignment in TaFISA 
nanotube arrays (within ±6°) and the continuous nature of the tech-
nique are substantial steps toward the uniformity and scalability that 
are needed to exploit carbon nanotubes in industrial electronics.

RESULTS
The apparatus for studying the liquid crystalline interfacial self-
assembly of carbon nanotubes and subsequent deposition onto target 
substrates is shown in Fig. 1 (A to C). An ink of polymer-wrapped 
semiconducting carbon nanotubes (Fig. 1A) flows through a channel 
formed by a target substrate and a barrier suspended in a water sub-
phase (Fig. 1B). Typical ink layer thicknesses in the channel depend 
on the ink volumetric flow rate and are between 0.1 and 0.5 mm, 
and the channel width (i.e., separation between substrate and barrier) 

Fig. 1. Experimental apparatus for studying 2D liquid crystalline interfacial assembly in TaFISA. (A) Polymer-wrapped arc-discharge carbon nanotube (CNT) used 
in this work. (B) Experimental apparatus for TaFISA. (C) Magnified view of ink/water interface and alignment process shown in (B). In this process, nanotubes collect from 
the bulk ink at the ink/water interface (i) and deposit on the substrate (ii), yielding wafer-scale assemblies of aligned nanotubes (D) as the substrate is lifted (iii). The 
directed nature of TaFISA enables highly aligned nanotube FETs with uniform performance to be fabricated on the wafer scale. (D) Right: SEM image of aligned carbon 
nanotubes in FET channel of length 134 nm.
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is roughly 3 mm. The characteristic time for evaporation of the ink 
layer is much greater than the characteristic transit time of the ink 
through the channel (calculation in the Supplementary Materials); 
therefore, evaporation is minor. The interfacial nanotube assemblies 
are transferred and deposited onto the substrate by translating the 
substrate and barrier together, through the flowing ink/water inter-
face. The experimental setup is described in more detail in Materials 
and Methods, and specific experimental conditions for each figure 
are included in table S1. The directed and controlled ink flow enable 
uniform deposition across the wafer scale, and the exceptional 
alignment is ideal for FETs (Fig. 1D).

Evidence of 2D nematic assembly phenomena is shown in Fig. 2A 
(without added flow) and Fig. 2B (with flow). Even without flow, 
locally ordered domains of densely aligned nanotubes are deposited 
onto the substrate (observed underneath spurious random nano-
tubes), distinct from the disordered films of randomly oriented 
nanotubes that are created by dip-coating substrates into bulk solu-
tions of nanotube ink without the 2D liquid/liquid interface (44, 45). 
The approximate domain boundaries are outlined in black, and the 
characteristic orientation within each domain (termed the director) 
is marked by red arrows in Fig. 2A (green lines are traces of repre-
sentative nanotubes in domains). Without flow, the orientation of 
each domain is different, and the nanotubes lack global order.

With flow, the domains globally align parallel to the direction of 
flow (Fig. 2B). On a 1.5 m by 1.5 m scale, the alignment is excellent 
with a half width at half maximum (HWHM) in an angular spread 
of 5.7° (calculated order parameter = 0.90). This narrow spread is 
comparable to the excellent alignment observed in the striped re-
gions of FESA (Fig. 2C); however, the TaFISA arrays are continu-
ously deposited across the substrate, without the randomly oriented 
regions of FESA films. The continuous, uniform nature of TaFISA, 
both without and with flow, is evidenced by Raman spectroscopy 
maps of relative nanotube density in Fig. 2 (D and E, respectively), 
in comparison to striped FESA films in Fig. 2F.

As discussed further below, the addition of flow enables aligned 
arrays of carbon nanotubes to be deposited on the wafer scale 
(Fig. 2, G to I). Shown in Fig. 2G is an optical image of a 10-cm-wide 
wafer piece with TaFISA-aligned nanotubes deposited across it. 
Overlaid are Raman spectroscopy maps of carbon nanotube density, 
confirming nanotube deposition and alignment (Fig. 2I) across the 
region of developed flow (~60% of the wafer).

With increasing flow velocity, the local directors become more 
aligned with each other—even over large areas—as characterized 
and quantified in Fig. 3. Large (greater than 6 m by 6 m) scanning 
electron microscopy (SEM) images of assemblies deposited using a 
volumetric flow rate of 0, 1, and 4 ml min−1 are compared in 
Fig. 3 (A to C, respectively). 2D fast Fourier transforms are used to 
quantify and map local director orientation as shown in red (46). 
This mapping is conducted on six different areas of each sample 
(see figs. S1 and S2), and cumulative distributions of director orien-
tations are shown in Fig. 3 (D to F).

Without flow, the directors are oriented at all angles, showing a 
lack of global ordering but with local ordering in domains that is 3 to 
30 m in extent (Fig. 3, A and D). With increasing flow (1 ml min−1), 
a clear global preferential orientation appears in the director distri-
bution with an HWHM of 37.3° (Fig. 3, B and E), and at high flow 
(4 ml min−1), the distribution narrows, with an HWHM of 16.1° 
centered around 0°, the direction of flow (Fig. 3, C and F). The spread 
in director orientation in TaFISA films (Fig. 3F, blue distribution) 

reduces at high flow rates, nearing that of the local nanotube orien-
tation histogram (Figs. 2B, inset, and 3F, dashed black line).

These trends are moreover qualitatively observed over an even 
larger scale (1.4 mm by 1.4 mm) in the polarized optical microscopy 
(POM) images in Fig. 3 (G to I), where bright yellow corresponds to 
nanotubes aligned with the flow direction (horizontal) and darker 
regions correspond to misaligned nanotubes. The nanotube density 
can also be smaller in these darker regions (fig. S3). Without flow, 
the POM images are composed of roughly equal amounts of bright 
and dark regions, indicating a lack of global uniformity and align-
ment (Fig. 3G). At intermediate flow (1 ml min−1), the POM images 
become more homogeneous, and at a high flow (4 ml min−1), the 
POM images are nearly uniform in intensity, with all nanotube do-
mains oriented roughly with the flow direction and deviation limited 
to highly localized regions.

An SEM image of one of these highly localized darker regions is 
shown in Fig. 3H inset. These nanotube arrangements correspond 
to liquid crystal defects or disclination lines, i.e., locations where the 
director cannot be determined. Liquid crystal defects are character-
ized with a charge related to the direction and number of times the 
director rotates 2 after traversing a circle around the defect. The 
liquid crystal defects in Fig. 3H inset have charges of −1/2 (blue) 
and +1/2 (red). The uniformity at a flow rate of 8 ml min−1 is similar 
to that at 4 ml min−1, with marginal increase in defects; however, 
increasing the flow rate to 16 ml min−1 considerably deteriorates 
ordering, introduces more substantial defects, and results in incom-
plete coverage (fig. S4). Thus, there is a trade-off between shear-
inducing alignment of the 2D liquid crystalline domains and assembly 
degradation. Possible factors that degrade the film alignment and 
uniformity are flow instability and director turbulence (47, 48).

Ordering in TaFISA films markedly improves with increasing 
concentration (Fig. 4, A to C), indicating the importance of collective 
interactions among nanotubes and further evidencing underlying 
lyotropic liquid crystal phenomena. At low bulk ink concentrations 
of 0.1 g ml−1 (Fig. 4A), nanotubes that are poorly aligned and at a 
low density are deposited, despite the high flow rate (4 ml min−1). 
Collective interactions begin to create local order as the concentra-
tion increases to 5 g ml−1 (Fig. 4B) and then reach a high degree of 
order at a concentration of 100 g ml−1 (Fig. 4C). At higher ink 
concentrations, such as 200 g ml−1, the size of the defect regions 
increases (fig. S6), possibly because of increased heterogeneity within 
the ink caused by nanotube bundles and aggregates that form at 
elevated concentrations (34, 49–51). The linear packing density of 
resolvable rod-like objects increases with bulk ink concentration, 
reaching 50 ± 4 m−1 at an ink concentration of 100 g ml−1 near 
the intermediate density needed for carbon nanotube–based FETs 
(Fig. 4, C and D). Note that the density of nanotubes is likely higher 
than measured because of undercounting of individual nanotubes 
that are spaced by less than the resolution of the SEM.

The concentration dependence data inform about the mechanism 
and dimensionality of the underlying phenomena. In bulk solution, 
Onsager’s rigid rod theory predicts the onset of liquid crystal assem-
bly at a concentration of 13 mg ml−1 (considering the dimensions of 
nanotubes used here, see calculation in the Supplementary Materials) 
(52, 53). Experimental work has observed liquid crystal behavior in 
bulk nanotube solutions at concentrations as much as an order of 
magnitude below the prediction of Onsager’s theory (33). In con-
trast, liquid crystal behavior emerges at markedly lower concentra-
tions in TaFISA, with optimal ordering obtained at 100 g ml−1 and 
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nanotube ordering and liquid crystal defects (−1/2 defect seen in 
Fig. 4B) observed at concentrations as low as 5 g ml−1. The onset of 
nematic assembly at orders of magnitude lower concentration than 
theory and past experiments is a result of the 2D confinement and 

accumulation of nanotubes at the liquid/liquid interface (54). At the 
onset of nematic ordering at ink concentration of 5 g ml−1, the areal 
density of nanotubes deposited is 26 m−2. This areal density matches 
predictions for the onset of nematic ordering for a 2D system of 

Fig. 2. Effect of flow on TaFISA alignment and demonstration of TaFISA alignment across a 10-cm-wide SiO2/Si wafer piece. (A and B) SEM of TaFISA films obtained 
without flow and with flow. The inset in (B) is a histogram (manually extracted) of orientation angle, weighted by nanotube length. The x axis varies from −90° to 90°. 
(C) SEM of FESA film. The scale bar in (C) is 250 nm and applies to (A) to (C). (D to F) Raman spectroscopy maps of relative carbon nanotube density from each respective 
film in (A) to (C). Color scale bar on the right of (F) is linear and applies to (D) to (G). The scale bar in (F) is 250 m and applies to (D) to (F). Histograms of nanotube density 
from the Raman maps are included as insets in each panel. The x axis of each histogram quantifies nanotube density, normalized so that the mode of each distribution 
occurs at a density of 0.5 (arbitrary units). (G) Raman spectroscopy maps of the relative nanotube density overlaid on an optical image of the 10-cm-wide SiO2/Si wafer 
piece with TaFISA-aligned nanotubes deposited across. The ink is injected at position (i), and the flow is fully developed between regions (ii) and (iii). (H) Histogram of the 
relative density from the maps between positions (ii) and (iii) on the substrate. (I) SEM images of the aligned carbon nanotube film from approximate areas indicated 
across the sample. The scale bar in the right SEM image is 500 nm and applies to all SEM images in (I).
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rods (54) of 28 m−2 (considering the dimensions of nanotubes used 
here, see calculation in the Supplementary Materials), further con-
firming the centrality of the 2D liquid/liquid interface and liquid 
crystal assembly in TaFISA.

The continuous arrays of well-aligned nanotubes assembled by 
TaFISA (at optimized flow rate and ink concentration) are punctu-
ated only by small regions of disorder, such as liquid crystal defects. 
Decreasing temperature provides a route to suppress this disorder 
(55, 56), for example, by reducing thermal motion and increasing 
the relative importance of anisotropic van der Waals interactions 
among mesogens (47). The substantial effect of temperature on TaFISA 
is clearly observed in the POM images presented in Fig. 4, which 
become notably more uniform by decreasing the temperature from 
35°C (Fig. 4E) to 23°C (Fig. 4F) to 10°C (Fig. 4G). The figure insets 

quantify the distribution of POM pixel intensities, which converge 
to a uniform, tight distribution at 10°C, evidencing a substantial re-
duction in disorder and defects. The nanotube assemblies obtained 
at 10°C are highly ordered both on a large scale (0.7 mm by 0.7 mm 
area), as shown in Fig. 4G, and on a local scale, as shown in a corre-
sponding SEM image in Fig. 4H.

FET measurements demonstrate that TaFISA arrays have excellent 
and uniform electrical characteristics (Figs. 5 and 6). FETs with 
100- to 130-nm channel lengths are fabricated linearly across 
large-area assemblies of TaFISA nanotubes and, for comparison, 
FESA nanotubes as well. Representative source-drain current (IDS) 
versus gate-source bias (VGS) characteristics are shown in Fig. 5B for 
back-gated FETs, at a source-drain bias (VDS) of −1 V. FETs fabri-
cated from TaFISA arrays are shown in black, while FETs fabricated 

Fig. 3. Quantifying the effect of flow rate on ordering in TaFISA. (A to C) SEM images from TaFISA films fabricated with volumetric flow rates of 0, 1, and 4 ml min−1, 
respectively, overlaid with local director orientations obtained from 2D fast Fourier transform analysis. Scale bars (A to C), 1 m. Images without overlays are shown in fig. S5. 
(D to F) Director orientation distributions at flow rates of 0, 1, and 4 ml min−1. The dashed line in (F) is the Gaussian fit of the local orientation histogram from Fig. 2B. (G to 
I) POM images from TaFISA films fabricated with volumetric flow rates of 0, 1, and 4 ml min−1, respectively. Scale bar in (I) is 250 m and applies to (G) to (I). SEM image 
inset in (H) shows −1/2 (blue) and +1/2 (red) liquid crystal defects in TaFISA films. Scale bar in inset, 2 m.
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from FESA films are separately binned depending on whether the 
FETs are fabricated in aligned, stripe regions (red) or unaligned 
regions (blue).

The back-gated FETs (Fig. 5, A to C) turn on at negative VGS, 
typical of p-type nanotube FETs with Pd source and drain con-
tacts measured in ambient air on SiO2. Using an ion gel top gate 
(Fig. 5, D and E) results in more ambipolar behavior, with an excel-
lent subthreshold swing of 60 to 173 mV decade−1, approaching the 
Boltzmann limit at room temperature of 60 mV decade−1.

The Fig. 5B inset shows representative IDS versus VDS character-
istics for back-gated TaFISA FETs, as VGS is varied from −8 to −2 V.  

Typical on-state current densities reach 520 A m−1 (corresponding 
to 11 A per nanotube) in TaFISA FETs at a VDS of −0.6 V (at a 
channel length of 110 nm) and then saturate at more negative VDS. In 
the linear regime at a small VDS of −0.1 V, the typical on-state con-
ductance is 1100 S m−1 (corresponding to 0.29 G0 per nanotube, 
where G0 = 2e2 h−1 = 77 S is the quantum conductance), demon-
strating that charge transport in TaFISA arrays is approaching 
the quantum conductance limit of 2G0. The performance matches 
state-of-the-art FESA FETs (40), except TaFISA characteristics are 
uniformly obtained continuously across the substrate as opposed to 
selectively fabricated on well-ordered stripe regions as in FESA. The 

Fig. 4. Effect of concentration and temperature on TaFISA. (A to C) SEM images of TaFISA films fabricated using nanotube ink concentrations of 0.1, 5, and 100 g ml−1, 
respectively. The scale bar in (C) is 500 nm and applies to (A) to (C). (D) Packing density of resolvable rods as a function of bulk ink concentration. (E to G) POM images from 
TaFISA films deposited at 35°, 23°, and 10°C, respectively. The scale bar in (G) is 200 m and applies to (E) to (G). To achieve temperatures of 35° and 10°C, the water sub-
phase/trough is heated on a hot plate and placed in an ice bath, respectively. In (G), faint horizontal lines are spaced with a regular period of 29.6 m. The substrate motor 
lift rate of 2670 m s−1 divided by the line period corresponds to a frequency of 9.0 × 101 Hz, matching a frequency of 9.0 × 101 Hz inherent to the substrate lift motor 
control; therefore, these faint lines are artifacts. Histograms of POM image pixel intensity are shown in the insets in (E) to (G). (H) SEM image from the sample in (G). The 
measured packing density from SEM is 48 ± 2 m−1. Scale bar (H), 500 nm.
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on-state current and conductance moreover match or exceed state-
of-the-art nanotube array FETs in the literature when gating efficiency 
is considered. For example, while (13) reaches an on-state current of 
770 A m−1 (at VDS = −0.6 V and comparable gate length), it does so 
by using a much more efficient dielectric top gate to achieve a free 
carrier density in the nanotube channel that is several times higher. 
While gating efficiency is essential for obtaining high-performance 

circuits, it is largely an extrinsic parameter controlled by gate stack 
design that does not reflect the performance characteristics funda-
mental to a nanotube array. The comparable on-state current achieved 
here at several times lower charge density evidences the exceptional 
charge transport properties inherent to TaFISA-aligned arrays.

The FET-to-FET uniformity in on-current is quantified in Fig. 5C, 
for back-gated FETs, at VDS = −1 V. Comparing all 58 TaFISA and 

Fig. 5. Charge transport measurements of FETs fabricated on FESA and TaFISA carbon nanotube arrays. (A) Schematic of a nanotube array aligned on a SiO2/Si back 
gate with top Pd source and drain contacts. (B) IDS versus VGS curves for representative back-gated TaFISA (black) and FESA (aligned, red; unaligned, blue) FETs. The on/
off ratio is typically greater than 102 at a VDS of −1 V. Inset: IDS versus VDS curves as VGS is varied from −8 to −2 V (top to bottom) in 2-V steps. (C) On-current of all FESA and 
TaFISA FETs measured at a VDS of −1 V. The lower on-current of the aligned FESA stripes compared to TaFISA arrays is attributed to a lower nanotube packing density of 
38 ± 2 versus 50 ± 4 m−1 (data in terms of on-current per nanotube are shown in fig. S7). (D) Schematic of a nanotube array aligned on a SiO2/Si substrate with ion gel top 
gate and Pd source and drain contacts. (E) IDS versus VGS curve for TaFISA arrays (nanotube packing density of 25 to 28 m−1) with ion gel top gate. This device exhibits a 
subthreshold swing of 60 mV decade−1. The on/off ratio of FETs (Lch = 130 nm) with an ion gel top gate is typically greater than 105 at a VDS of −0.1 V.

Fig. 6. Back-gated charge transport measurements of FESA and TaFISA carbon nanotube arrays correlated with array morphology. (A) On-current versus position 
across the substrate for selected individual FESA FETs. The channels of the FETs corresponding to each data point are shown directly below in the SEM images. From left 
to right, the channel lengths are 93, 100, 118, 115, 113, 124, 111, and 95 nm. (B) Schematic of FETs fabricated across FESA film. (C) On-current versus position along the 
substrate for individual TaFISA FETs. From left to right, the channel lengths are 114, 121, 126, 120, 101, 127, 129, and 134 nm. (D) Schematic of FETs fabricated across a 
TaFISA film. The effects of charging during SEM vary, causing the nanotubes to appear different in each SEM image.
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117 FESA devices measured (Fig. 5C), the TaFISA FETs demonstrate 
a mean normalized SD of only 19% (540 ± 100 A m−1) as com-
pared to 52% for FESA FETs (210 ± 110 A m−1). The large varia-
tion in FESA FETs is a direct result of the stripe morphology—the 
devices fabricated on aligned regions (red), on average, exhibit 2.4× 
higher on-current than FETs fabricated on random regions (blue). 
Even in other implementations of FESA that have minimized the 
random regions, the variation in FET performance is large. For ex-
ample, a mean normalized SD of 25% is obtained in (43) only after 
excluding most devices, which are lower performing.

The correlation between array morphology and FET performance 
is visualized in Fig. 6, in which nanotube morphology in the channel 
and on-current at VDS = −1 V for the same back-gated FETs are 
directly compared. Disordered regions cause suppression of the 
on-current in FESA FETs, resulting in nonuniform electrical char-
acteristics (Fig. 6, A and B). In contrast, on-current is consistent 
in TaFISA FETs because the channels are uniformly composed of 
aligned nanotubes, yielding more homogeneous FET performance 
(Fig. 6, C and D).

In addition to the superior electrical transport, the scalability of 
TaFISA is demonstrated by aligning nanotubes uniformly across 
the majority of a 10-cm-wide wafer piece (Fig. 2, G to I). The ink is 
injected in the channel at position (i). The flow develops between 
positions (i) and (ii) where few nanotubes are deposited. Between 
positions (ii) and (iii), the flow is developed, and aligned nanotubes 
are uniformly deposited onto the substrate as it is withdrawn from 
the water subphase. After position (iii), the flow is perturbed by end 
effects encountered at the edge of the wafer, related to the curvature 
of the water meniscus and divergence of the flow as it exits the 
channel. Raman spectroscopy maps of nanotube density are mea-
sured across the 10-cm-wide wafer and overlaid on a photograph of 
the wafer in Fig. 2G. The Raman maps demonstrate that the depo-
sition is uniform across the region where the flow is fully developed 
(~60% of the wafer), confirming scalability. A histogram of the den-
sity analyzed between positions (ii) and (iii) is shown in Fig. 2H and 
shows that density varies with an HWHM of only 19%. SEM images 
(Fig. 2I) obtained across the substrate also confirm the continuous 
deposition of highly aligned, densely packed nanotubes.

DISCUSSION
These results demonstrate that carbon nanotubes collect and con-
fine at a 2D liquid/liquid interface, self-organize via liquid crystal 
phenomena, and globally align with flow. The resulting nanotube 
assemblies can be transferred and deposited onto substrates to create 
wafer-scale arrays with exceptional local alignment (±6°). The high 
degree of local order (Fig. 2A) and birefringence (Fig. 3G) obtained 
without flow and without an external driving force to induce align-
ment, the strong dependence of ordering on concentration and 
temperature, and the observation of liquid crystal defects confirm 
the underlying role of liquid crystal phenomena in TaFISA. More-
over, the importance of the 2D liquid/liquid interface is evidenced 
by the excellent ordering obtained at nanotube ink concentrations 
much lower than bulk liquid crystal phase concentrations and at 
areal densities expected for 2D nematic ordering. Practically, the 
global alignment and uniformity improve with increasing flow 
rate up to 4 ml min−1, increasing nanotube ink concentration up to 
100 g ml−1, and decreasing temperature down to 10°C. The high 
degree of alignment and array uniformity lead to high on-state 

current densities averaging 520 A m−1 at −0.6 V and FET-to-FET 
variation of only 19%. Subthreshold swing measurements approach-
ing the Boltzmann limit of 60 mV decade−1 are achieved using an 
ion gel top gate, demonstrating the intrinsic quality of TaFISA 
nanotube arrays and the ability to efficiently modulate their con-
ductivity with only small changes in gate potential.

The exploitation of TaFISA in future industrial processes will be 
facilitated by its continuous (e.g., continuously fed stream of wafers 
or continuous roll-to-roll deposition) nature, although full wafer 
coverage and more defect-free assembly will be needed. Full wafer 
coverage (as opposed to majority wafer coverage in Fig. 2G) should 
be viable by using wafer holders that allow the ink flow to fully de-
velop before crossing the substrate and that control water meniscus 
curvature to avoid end effects. The coating of a 300-mm wafer in 
less than 2 min should be viable at a lift rate of 160 mm min−1, the 
lift rate used in Figs. 2 (G to I) and 4 (A to D and E to H). At the 
same time, implementing the process in a cleanroom environment, 
taking measures to eliminate spurious particles and contaminants 
from the nanotube ink and aqueous subphase, and creating nano-
tube inks with more homogeneous nanotube populations that are 
free of short nanotube fragments and large nanotube aggregates 
[that can seed and stabilize liquid crystal defects (34, 49, 50)] are 
each expected to yield more uniform, defect-free assemblies. Engi-
neering the polymer wrapper to suppress the formation of problematic 
nanotube aggregates, even at concentrations greater than 100 g ml−1, 
also has the potential to increase ordering while providing a route to 
higher nanotube packing densities. Further in situ studies of nano-
tube collection and ordering at the ink/water interface using 
interface-sensitive and polarization-dependent spectroscopies could 
shed light on the thermodynamics and kinetics of nanotube assembly 
at the 2D liquid/liquid interface and enable a deeper understanding 
of this powerful alignment phenomenon.

MATERIALS AND METHODS
Experimental design
A video of a typical TaFISA deposition and an additional simplified 
experimental schematic (fig. S10) are included in the Supplementary 
Materials. The TaFISA process is conducted using a channel, com-
posed of a coplanar target substrate and a barrier (where the 
substrate and barrier are the same material with the same surface 
treatment; see the “Preparation of substrates” section below), that is 
attached to a substrate lift motor (Thorlabs, MTS50-Z8) and sus-
pended in a trough filled with deionized (resistivity, ~18 megohms) 
water. Nanotube ink (polymer-wrapped carbon nanotubes suspended 
in an organic solvent) is injected into the channel using a needle, 
and the ink volumetric flow rate is controlled using a syringe pump 
(Chemyx, Nexus 3000). The needle is angled 15° from the horizontal, 
just slightly touching the surface of the water and roughly centered 
between the target substrate and barrier.

In the implementation of TaFISA studied, here, the channel is 
open at each end (i.e., at the entrance where the needle is inserted 
and the organic ink is introduced into the channel and also at the 
end of the substrate where the ink exits the channel). One implica-
tion of this open design is that while most of the ink flows down the 
length of the channel (i.e., away from the needle toward the exit), a 
small amount of ink escapes backward behind the needle. We find 
that the optimal channel width for this open-channel design is 
roughly 3 mm. If the channel is too wide (e.g., greater than 6 mm), 
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then the ink velocity is too slow, causing the nanotube uniformity 
and alignment to decrease. If the channel width is too narrow 
(e.g., less than 2 mm), then the viscous friction in the channel is too 
large, and too much ink flows backward out the entrance side of 
the channel.

It is important to translate both the substrate and the barrier in 
parallel through the ink layer as it flows through the channel. If only 
the substrate is translated and the barrier remains stationary, the 
continuous accumulation of carbon nanotubes on the barrier be-
comes a problem and affects the ink flow and subsequent deposition. 
The channel lift rates used in this work, 26 to 160 mm min−1, yield 
similar aligned nanotube deposition; however, qualitatively, at much 
higher lift rates (e.g., 2000 mm min−1), the nanotube deposition de-
creases and becomes more disordered.

At the high ink flow rates that yield the best global alignment of 
nanotube domains (e.g., 4 ml min−1; see Fig. 3), the ink layer trans-
lates more smoothly across the surface of the translating substrate 
(resulting in the deposition of more uniform assemblies of aligned 
nanotubes) when the substrate and channel are tilted (e.g., at 45° 
from the horizontal surface of the water trough). The experiments 
presented in Figs. 1 to 6 and figs. S1 to S9 use a channel oriented 45° 
from the horizontal. Figure S11 further elucidates the effect of channel 
tilt on nanotube deposition on both substrate and barrier. Specific 
experimental conditions for each figure are included in table S1.

Preparation of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(6,6′-{2,2′-bipyridine})]–wrapped semiconducting 
carbon nanotubes
Semiconducting carbon nanotubes are isolated from arc-discharge 
nanotube soot (Sigma-Aldrich, #698695) using a mass ratio (1:1) 
of the raw soot to polyfluorene derivative polymer wrapper, 
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-{2,2′-bipyridine})] 
(PFO-BPy) (#ADS153-UV, American Dye Source Inc., Quebec, 
Canada). The PFO-BPy is first dispersed in toluene at a concentra-
tion of 2 mg ml−1 and is then combined with the nanotube soot and 
sonicated at 40% amplitude for 10 to 30 min using a horn-tip ultra-
sonicator (Sonic Dismembrator 500, Thermo Fisher Scientific, 
Waltham, MA). This solution is centrifuged (Sorvall WX, TH-641, 
Thermo Fisher Scientific) at 3 × 105g for 10 min to remove undis-
persed nanotubes and other amorphous carbon allotropes. The top 
90% of the supernatant of each centrifuge tube is collected and fil-
tered. The filtered supernatants are concentrated to a total volume 
of 60 ml using a rotary evaporator. This concentrated solution is 
centrifuged for 12 to 24 hours. The pellets are collected and then 
redispersed with fresh toluene. This centrifugation/redispersion 
process is repeated until the PFO-BPy:nanotube ratio is near 0.5:1 
(4 to 10 repetitions). For the TaFISA alignment process, the pellets 
are then dispersed in chloroform (stabilized with ethanol from 
Thermo Fisher Scientific, #C606SK-1), and the concentration is mea-
sured optically. The nanotube concentration in solution is determined 
using known optical cross sections from the S22 transition (40, 57).

An example optical absorption spectrum for the PFO-BPy–sorted 
arc-discharge carbon nanotubes used in this work is shown in fig. 
S12. After converting wavelength to energy, the S22 peak can be fit 
to a Gaussian distribution, and from this fit, we obtain a diameter 
distribution of 1.5 ± 0.2 nm, based on literature reference diameter-
S22 data (58). Atomic force microscopy (AFM) measurements of 
nanotube diameters yields a diameter range of 1.3 ± 0.3 nm (example 
images shown in fig. S13), consistent with the diameters measured 

from optical absorption spectroscopy considering higher-order 
effects that skew AFM height data when there is surface energy 
contrast between nanostructure and substrate. Prior studies have 
established the semiconducting electronic-type purity of PFO-BPy–
sorted arc-discharge nanotubes, prepared via the same methods as 
here, to be greater than 99.9% (59). The fact that there are so few 
metallic nanotubes in conjunction with the AFM measurements 
evidences that the nanotubes are effectively debundled during the 
sonication stage to allow metallic nanotubes to be removed during 
the centrifugation. Raman spectroscopy characterization of the 
nanotubes used in this work is shown in fig. S14. The Raman spec-
trum shows a large IG/ID ratio, indicating high-crystalline quality 
and low defect density.

Preparation of substrates
Highly p-type–doped Si wafers with 90 or 15 nm of dry, thermal 
oxide are used. The substrates are cleaned with a piranha solution 
with a 2:1 volume ratio of H2SO4 (91 to 92.5%):H2O2 (30%) in a 
crystallizing dish on a 110°C hot plate for 15 min (for 15-nm oxide) 
or 60 min (for 90-nm oxide), rinsed with deionized water, and dried 
with N2. These piranha-cleaned wafers are baked for 335 s at 205°C 
and exposed to hexamethyldisilazane (HMDS) vapor (Solitec, VBS200 
HMDS prime oven) for 2 to 10 s to achieve a water contact angle of 
30° to 45°. If the water contact angle of the substrate is too low (e.g., 
less than 10°), then thick ropes of carbon nanotubes are deposited. 
As the substrate water contact angle increases (e.g., greater than 65°), 
the deposition on the target substrate becomes primarily random 
carbon nanotubes.

Fabrication of carbon nanotube FETs
After deposition of nanotubes on 15-nm SiO2/Si substrates, 2 weight % 
polymethyl methacrylate is spin-cast at 3000 rpm for 90 s and then 
baked on a hot plate set at 185°C for 90 s. Electron-beam lithography 
is used to define the active channel areas (channel width, 4 m), and 
the substrates are developed in 1:2 ratio of methyl isobutyl ketone to 
isopropyl alcohol by volume. Following a reactive ion etch to re-
move the nanotubes surrounding the active channel areas, the films 
are boiled in toluene to remove excess PFO-BPy and vacuum annealed 
at 400°C for 1 hour to decompose and remove the alkyl side chains 
of the PFO-BPy. Next, source and drain electrodes with a channel 
length of 100 to 120 nm are fabricated within the isolated regions of 
nanotubes via electron-beam lithography, development, and thermal 
deposition of 17.5 nm of Pd and 17.5 nm of Au. Back dielectric and 
top ionic liquid gate architectures are used to electrostatically con-
trol the FETs. The back gate architecture consists of 15-nm SiO2 and 
Si substrate serving as the gate dielectric and gate electrode, respec-
tively. One advantage of this back gate architecture is that it facili-
tates correlation between array morphology (via SEM) and electrical 
characteristics. While the relatively low capacitance of the 15-nm 
SiO2 back gate challenges optimization of transconductance and 
subthreshold swing, these parameters can be largely improved by 
using thinner top gate dielectrics that increase the gate-channel 
capacitance (60) as opposed to improving nanotube alignment and 
ordering. The top gate architecture uses an ion gel prepared according 
to a previously published procedure (61). Briefly, the ionic liquid 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide 
is initially dried under vacuum at 100°C for 3 days. The dried ionic 
liquid is fully mixed with polystyrene-b-poly(ethylene oxide)-b-
polystyrene in dichloromethane to create the ion gel. The ion gel is 
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spuncoat on samples at 4000 rpm to uniformly coat the entire sub-
strate. During measurement, the gate probe is simply inserted into 
the gel near the FET being measured. The back-gated FETs exhibit 
hysteresis (fig. S8) as expected for FETs measured on SiO2 in air, 
which has been previously attributed to adsorbed water and oxygen 
and/or charge traps in the oxide, while the ion gel top-gated FETs 
exhibit much lower hysteresis (fig. S9). Figure 5 (B and E) presents 
forward sweeps; both forward and backward sweeps are shown in 
figs. S8 and S9, respectively.

Raman spectroscopy
Raman spectroscopy (Thermo Fisher Scientific, DXRxi, 532-nm ex-
citation laser wavelength) is used to map carbon nanotube density. 
The intensity of the G-band Raman mode is directly related to the 
density of carbon nanotubes on the substrate (assuming a spatially 
uniform chirality distribution) (30). Before Raman measurement, 
the carbon nanotube films are soaked in toluene at 120°C for 1 hour 
and then vacuum-annealed at 400°C for 1 hour. A Raman spectrum 
is collected at each pixel of the map, and the nanotube density is 
quantified by spectrally integrating over the G-band mode.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh0640
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