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 Single-walled carbon nanotubes (SWNTs) are promising 

nanoelectronic materials [  1–3  ]  but face long-standing chal-

lenges including the production of pure semiconducting 

SWNTs and integration into ordered structures. Here, highly 

pure semiconducting single-walled carbon nanotubes are sep-

arated from bulk materials and self-assembled into densely 

aligned rafts utilizing depletion attraction forces. Micro scopy 

and spectroscopy revealed a high degree of alignment and a 

high packing density of  ∼ 100 tubes/ μ m within SWNT rafts. 

Field-effect transistors (FETs) made from aligned SWNT 

rafts afforded short channel ( ∼ 150 nm long) devices com-

prised of tens of purely semiconducting SWNTs derived from 

chemical separation within a  < 1  μ m channel width, achieving 

unprecedented high on-currents (up to  ∼ 120  μ A per 

device) with high on/off ratios. The average on-current was 

 ∼ 3–4  μ A per tube. The results demonstrated densely aligned 

high quality semiconducting SWNTs for integration into high 

performance nanoelectronics. 

 One approach to address the challenges of carbon nano-

tube electronics is to combine controlled growth of aligned 

SWNT arrays on a surface with removal of metallic SWNTs 

(m-SWNTs) during or after growth. [  4–7  ]  The process of uti-

lizing crystal steps on annealed quartz [  5  ,  7  ]  or sapphire [  6  ,  8  ]  and/

or ultralow gas fl ow [  9  ]  to grow SWNTs by chemical vapor 

deposition (CVD) into well-aligned arrays has been demon-

strated. There are several approaches to selectively remove 

metallic tubes from the aligned arrays, including electrical 

break-down, [  5  ]  plasma etching, [  10  ]  ultraviolet irradiation, [  7  ]  

functionalized Scotch tape removal, [  6  ]  and so on. [  11  ]  Most 

of these approaches can successfully remove m-SWNTs, 

but at the expense of partial s-SWNT destruction. The den-

sity of nanotubes in these arrays is limited by CVD growth 

( < 15 tubes/ μ m) [  12  ]  and the number of transfers (up to fi ve 

with decreasing effi ciency), [  13,14  ]  and is further decreased 

by the removal of metallic tubes. In addition to this ‘dry’ 

strategy, there are several wet approaches for the solution-

phase separation of m- and s-SWNTs, including density gra-

dient ultracentrifugation (DGU), [  15,16  ]  dielectrophoresis [  17  ]  

and chromatography techniques. [  18–21  ]  These methods can 

produce highly pure s-SWNTs and even s-SWNTs of specifi c 

chirality. [  19,20  ]  It remains challenging to control the arrange-

ment of those sorted SWNTs when placing them from a solu-

tion onto substrates for device integration. Dielectrophoresis 

has been utilized for dense assembly of SWNTs between elec-

trodes; however, this method has been limited to 25 tubes/ μ m, 

with a possible preference for residual metallic tubes. [  22  ]  Self-

assembly is a unique ‘bottom-up’ approach for making well-

ordered architectures using various nanomaterials as building 

blocks. [  23  ]  It has been shown that a self assembly approach 

can place SWNTs into patterned trenches with controlled 

trench density, but the inter-tube relations (density and align-

ment) within a trench are not defi ned or controlled. [  24  ]  The 

Langmuir Blodgett and Langmuir Schaeffer methods have 

been used to densely align SWNTs, [  25  ]  although FETs fab-

ricated on the arrays show less than 0.2  μ A of current per 

SWNT. [  26  ]  In this work, we developed a method for densely 

packing enriched s-SWNTs into arrays through the self-

assembly of well-aligned raft-like structures. Semiconducting 

SWNTs from raw material synthesized by the arc discharge 

process [  27  ]  were extracted by a single step gel fi ltration or 

density gradient ultracentrifuge and then assembled to pro-

duce aligned semiconducting rafts on substrates. We found 

that s-SWNTs dispersed in sodium cholate (SC) and sodium 

dodecyl sulfate (SDS) solutions could close-pack into fl at 

rafts with a typical raft length of  > 5  μ m and width of  > 1  μ m, a 

process driven by depletion attraction during water evapora-

tion on a (3-aminopropyl) triethoxysilane (APTES)-modifi ed 

SiO 2 /Si substrate. The rafts were characterized by atomic 

force microscopy (AFM) and Raman spectroscopy, and were 
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also made into fi eld effect transistors (FETs). The high purity 

and high quality of densely aligned SWNTs ( ∼ 100 tubes/ μ m) 

led to the highest performance short-channel multi-tube 

semiconducting FETs based on chemically sorted semicon-

ducting SWNTs to date in both total current per device and 

current density. 

 To obtain semiconducting-enriched SWNTs, we separated 

SC- and SDS-coated, stably suspended arc-grown SWNTs 

by modifying the gel fi ltration technique [  21  ,  28–30  ]  using an 

allyl dextran-based size-exclusion gel (Sephacryl S-200, GE 

Healthcare). The metal/semiconductor selectivity of this sepa-

ration approach originates from distinct interactions between 

different types of SWNTs, surfactants, and gel. [  20,21  ]  Metallic 

SWNTs in solution are more reactive and fully surfactant-

coated than their semiconducting counterparts and therefore 

interact more weakly with the gel; these tubes were eluted 

fi rst from the column. We used a modifi ed gel fi ltration pro-

cedure to reach high selectivity through a single fi ltration by 

washing with several eluent solutions composed of increasing 

SC to SDS ratios to increase the ‘dispersing power’ [  31  ]  for 

eluting metallic species fi rst (see Supporting Information for 

details). The third wash with a 0.75 wt% SC/0.25 wt% SDS 

solution eluted a dark red fraction (S-fraction), indicating a 

high concentration of s-enriched SWNTs ( Figure    1  c).  

 Atomic force microscopy (AFM) was used to investi-

gate the length distribution of the s-SWNTs (Figure S1). 

The mean SWNT length was  ∼ 0.7  μ m, with SWNT lengths 

up to  ∼ 1.8  μ m. We characterized the as made and sorted 

fractions of SWNTs by Raman and UV-vis-NIR absorption 

spectroscopies in solution. Raman spectra of the as-made 

solution and s-SWNT fraction, mass-normalized by the   π    → 
   π   ∗  interband transition  ∼ 4.5 eV, [  32,33  ]  were measured using 

both 532 nm and 785 nm laser excitation (Figure  1 a,b). The 

radial breathing mode (RBM) at  ∼ 170 cm  − 1  corresponds 

to s-SWNTs with a diameter of  ∼ 1.5 nm in resonance with 

532 nm laser excitation, while the peak at  ∼ 160 cm  − 1  is due 

to m-SWNTs (diameter  ∼ 1.6 nm) in resonance with 785 nm 

laser excitation (see Supporting Information for the assign-

ment of s- and m-SWNTs and diameter estimation). As 

expected, the S-fraction showed a stronger semiconducting 

peak (Figure  1 a) and highly diminished metallic peak 

(Figure  1 b) compared to the unseparated solution. The 

intensity ratios of the 785 nm-excited m-SWNT peak to 

the 532 nm-excited s-SWNT peak were used to estimate an 

s-SWNT purity of  ∼ 97% in the separated solution using our 

previously reported method. [  29  ]  UV–vis–NIR absorption 

spectra of the S-fraction demonstrated a large decrease in 

the intensity of metallic M 11  peak near 700 nm (Figure  1 c), 

further indicating the removal of m-SWNTs by gel fi ltra-

tion. With our single-step gel-fi ltration method, we obtained 

a large volume of s-SWNTs in solution. The relatively 

large diameter ( ∼ 1.2–1.7 nm) of s-SWNTs obtained by this 

approach makes them more suitable for producing electronic 

devices with high mobility and high on-state currents than 

smaller diameter HiPco SWNTs. [  34  ]  

 The next step towards device integration of the sorted 

s-SWNTs is to assemble them into aligned or other ordered 

structures. We found that s-SWNTs could be self aligned 

into raft assemblies by utilizing depletion attraction 

forces originated from entropic effects at high surfactant 

loading. [  35–37  ]  To achieve self-assembly of s-SWNTs 

( Figure    2  a), we fi rst placed a drop of s-SWNT solution, 

in which the total SC and SDS surfactant concentration 

was above its critical micelle concentration (CMC), on an 

     Figure  1 .     Separation for enrichment of semiconducting single-walled 
carbon nanotubes. (a) and (b) Raman spectra of mass-normalized 
as made and s-SWNTs solutions under 532 nm excitation and 
785 nm excitation, respectively. Raman measurement parameters 
were maintained for the same excitation wavelength. The purity of the 
semiconducting SWNTs may be estimated from the ratios of the s-SWNT 
RBM peak intensities under 532 nm excitation to the m-SWNT RBM peak 
intensities under 785 nm excitation (see the Suporting Information). 
(c) UV–vis–NIR absorption spectra of mass-normalized as made 
(black) and semiconducting-enriched (red) SWNTs solutions. Left inset, 
spectrum showing equal absorption intensity at the   π   →   π   ∗  transition 
 ∼ 4.5 eV (273 nm). [  29,30  ]  Right inset, photographs of as made (left) and 
S-fraction (right) SWNT solutions.  
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APTES-modifi ed SiO 2 /Si substrate. In order to judge the con-

centration of tubes within the solution, a UV–vis spectrum 

was taken, revealing an optical density (OD) of 0.31 at the 

  π   →   π   ∗  transition  ∼ 278 nm. We then let water partially evap-

orate from the droplet until 50% of the volume remained 

before drying the substrate with a directional gas fl ow.  

 AFM showed that s-SWNT rafts with sizes of up to a few 

square micrometers could be made reliably under the opti-

mized conditions (Figure  2 b–e). The density of s-SWNTs 

within these rafts reached up to  ∼ 100 tubes/ μ m. The thick-

ness of the raft was 1–2 times of the diameter of s-SWNTs as 

measured by AFM, indicating mostly a mono-layer assembly. 

 Figures    3  a–d show an AFM image and RBM Raman map-

ping images of the same s-SWNT raft measured under 532, 

633 and 785 nm excitations, respectively. Despite the stronger 

resonance of m-SWNTs at 785 nm excitation compared 

with s-SWNTs at 532 nm excitation (Figure  1 a,b), a much 

lower signal from m-SWNTs (RBM  ∼  198 cm  − 1  @ 633 nm, 

RBM  ∼  160 cm  − 1  @ 785 nm) than s-SWNTs (RBM  ∼  153 and 

 ∼ 171 cm  − 1  @ 633 nm, RBM  ∼  170 cm  − 1  @ 532 nm) (Figure S3) 

was observed, demonstrating substantial s-SWNT enrich-

ment in the rafts. In polarized Raman spectroscopy measure-

ments, the semiconducting RBM modes (Figure  3 e–g) from 

the same raft in Figure  3 a showed the maximum intensity 

along the same direction of the raft align-

ment direction, indicating good alignment 

of s-SWNTs along the raft direction. [  25  ]  No 

obvious Raman D-band was observed in 

these s-SWNTs rafts, demonstrating that 

the separation and assembly procedures 

retain the high quality of SWNTs.  

 We attribute self-assembly of SWNTs 

into aligned rafts to depletion attraction 

forces, previously observed to achieve self-

assembly of cellular macromolecules, [  38  ]  

colloidal nanorods, [  39  ]  and silver nanocrys-

tals. [  40  ]  Briefl y, a system containing nano-

objects like carbon nanotubes and many 

depletion agents such as surfactant 

micelles, obtains maximum entropy when 

a maximum volume is available to the 

depletion agents. [  41  ]  A so called deple-

tion zone exists around the shell of each 

object that excludes the agents. When two 

objects approach each other during sol-

vent evaporation, the excluded volumes 

(or depletion zone) around the objects 

begin to overlap, giving an increase in the 

volume accessible to the depletion agents 

(e.g., surfactant micelles in the current 

case) and thus increase the entropy of the 

entire system. This provides an attractive 

force between the objects and promotes 

alignment of rod- or tube-like objects to 

maximize the accessible volume. In our 

case, the depletion attraction-driven self-

assembly of s-SWNTs at the solid-liquid 

interface is clearly affected by surfactant 

composition and concentration, substrate 

functionalization, and degree of solvent evaporation. We 

systematically investigated the effects of these three factors 

on raft formation to achieve optimized and densely packed 

s-SWNT arrays. 

 We fi rst studied the role of surfactant composition in the 

formation of SWNT raft arrays. Surfactants act in two impor-

tant ways in the self-assembly process: fi rst, as depletion agents 

in solution, and second, as surface ligands to stabilize SWNT 

suspension. The competition and balance of these two factors 

and tube-substrate interactions at the APTES coated SiO 2  

substrate led to SWNTs assembly. We determined the opti-

mized surfactant conditions for raft formation using s-SWNTs. 

The composition of surfactant in the freshly separated 

S-fraction was 0.25 wt% SDS and 0.75 wt% SC, slightly above 

the CMC of SDS ( ∼ 0.24 wt%) and much higher than the 

CMC of SC ( ∼ 0.6 wt%). Under this condition, the s-SWNTs 

are stably suspended in solution due to coating by a high per-

centage of SC molecules. The s-SWNTs coexist with SC and 

SDS micelles in this solution. With this solution, we found indi-

vidually distributed SWNTs on the substrate as evidenced by 

AFM imaging (see Supplementary Information, Figure S2a), 

indicating a weak depletion force and stable coating against 

SWNT packing at this surfactant composition. As the per-

centage of SDS increased, the range of the depletion force 

     Figure  2 .     Formation of rafts of semiconducting carbon nanotubes. (a) Schematic of the 
process of assembly of s-SWNTs into aligned rafts driven by depletion force and gas fl ow. 
At a high loading of surfactant (signifi cantly higher than CMC), numerous micelles coexist 
with SWNTs. Entropic effects result in short-range attractive depletion force between SWNTs. 
Attractive forces also exist between SWNTs and amine functionalized substrates. These forces 
lead to SWNTs assembling into densely packed structures at the interface of water-substrate 
to increase the free volume available to micelles. Gas fl ow is then used to orient the 2D 
structures in an ordered way on the surface. (b–e) AFM images of semiconducting SWNT rafts.  
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between SWNTs increased due to the much larger excluded 

volume of SWNTs to SDS micelles caused by the size differ-

ence between SDS micelles (aggregation number  N  A   =  64) [  42  ]  

and SC micelles ( N  A   =  4). [  43  ]  Additionally, SDS is a poorer 

coating surfactant than SC, resulting in less stable SWNT sus-

pensions. Upon increasing the SDS concentration to 1 wt% 

with no added SC, SWNTs formed parallel closely packed 

arrays with some big bundles (Figure S2b), indicating a large 

depletion force and low stability of SWNT suspension. 

 Based on these results, we tuned the conditions for 

self-assembly by mixing varying amounts of SC and SDS 

to suspend SWNTs while maintaining the total concentra-

tion of SDS and SC at 1 wt%. We found the optimized sur-

factant composition to assemble s-SWNTs into raft arrays 

to be  ∼ 0.9 wt% SDS and  ∼ 0.1% wt% SC (Figure  2 b–e), 

achieving a balance between depletion force and stability of 

surfactant coating on SWNTs against packing. When devi-

ating from this condition, higher percentages of SDS resulted 

in thicker and narrower bundles whereas lower percent-

ages resulted in fewer and narrower rafts. Assembly results 

obtained at other surfactant compositions are further dis-

cussed in Supporting Information (Figure S2c–f). 

     Figure  3 .     Characterization of the semiconducting enriched SWNT rafts with Raman spectroscopy. (a) AFM image of a s-SWNT raft. (b–d) Raman 
mapping of the s-SWNT raft in panel (a) at 532, 633, and 785 nm excitations, respectively. Brighter regions in the 532 and 633 nm mappings 
correspond to areas with semiconducting RBM signals. Brighter regions in the 785 mapping correspond to areas with metallic RBM signals. 
(e) Spectra of RBM peaks taken with 532 nm laser excitation at polarizations 0 °  to 90 °  relative to the raft orientation in 30 °  intervals. (f–h) Polar 
plot of RBM intensities after background subtraction to the laser polarization direction for different RBM shifts and excitations (170 cm  − 1  using 
532 nm, 171 cm  − 1  using 633 nm, and 160 cm  − 1  using 785 nm). Intensity scales are linear from zero intensity with arbitrary units. A cos 4 ( θ ) fi tting 
to the intensity is shown in solid line.  
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 Substrate surface modifi cation also affected the forma-

tion of s-SWNTs rafts. We found that APTES modifi ca-

tion of SiO 2  improved the deposition of SWNTs on SiO 2 /Si 

substrates, likely due to attractive interactions between the 

amine groups and surfactant coated SWNTs. [  44  ]  Depletion 

attraction between SWNTs and the substrate additionally 

aids deposition. The substrate-SWNT interactions facilitated 

the formation of 2D rafts instead of 3D bundles during sol-

vent evaporation, as s-SWNTs spread over the planar sub-

strate to maximize attractive interactions with the substrate. 

Without APTES functionalization, very few s-SWNTs were 

deposited on the substrate (Figure S3a). 

 The degree of water evaporation is another factor in 

successful assembly. Depletion attraction is a short-range 

force and therefore, the distance between tubes needs to 

be decreased before tube-tube attraction can play a role. 

To confi rm this, we decreased the rate of water evapora-

tion by sealing a SiO 2 /Si substrate with a drop of s-SWNTs 

solution in a humidifi ed container with water (inset of 

Figure S3b). After 24 h, no obvious shrinkage of the droplet 

was observed. After blow drying, we only observed mostly 

aligned single tubes or small bundles on the substrates 

(Figure S3b), suggesting the necessity of water evapora-

tion to bring SWNTs into the effective depletion distance. 

Water evaporation also increases the surfactant concentra-

tion, associated with the increase of micelle density. Too 

much or too rapid evaporation resulted in thick assemblies 

and large aggregations (Figure S3c–f). Directional blow-

drying after the evaporation helped to orient individual 

rafts approximately along one direction on the substrates 

(Figure S3g,h). 

 The self-assembly technique could be easily generalized 

to solution sorted SWNTs by other sorting methods. We 

succeeded in making SWNT rafts from solutions of arc-dis-

charge grown ‘P2 SWNTs’ (Carbon Solutions, Inc) sorted by 

DGU 15  (see Supporting Information for experimental details 

of the DGU). We exploited the high quality, purity, relatively 

large diameter, high packing density and good alignment of 

s-SWNTs for building fi eld effect transistor (FET) devices. 

With the DGU sorted semiconducting SWNTs, we fabricated 

FETs with short ( ∼ 150 nm) channel lengths on rafts annealed 

in vacuum at 700  ° C using 20-nm-thick Pd as source and 

drain electrodes, 10 nm thick SiO 2  as dielectric, and p  +  +   Si as 

the back gate. The electrodes were fabricated using standard 

electron-beam lithography and the width of the electrodes 

were 180 nm (which set the contact length of source and 

drain electrodes with SWNTs to be ≤ 180 nm) as imaged by 

AFM ( Figure    4  c, inset). To improve the contacts, the devices 

     Figure  4 .     Electrical devices formed on densely packed semiconductor enriched SWNT rafts. (a) Schematic of short channel device on 10 nm SiO 2 . 
(b) Source-drain current vs. back gate voltage ( I  d – V  gs ) characteristics of FET made on s-SWNTs raft with a channel length of 140nm. Bias voltages: 
1 V, 500 mV, 100 mV, and 1 mV, from top to bottom. (c)  I  d – V  ds  curves of the same FET as in (a).  V  g  was swept from –5 V to 0 V in steps of 0.5 V. 
Inset: AFM image of the device. (d)  I  d – V  gs  characteristics of the next best fi ve FETs made on s-SWNTs rafts. Curves correspond to the bias voltages 
of 1 V, 500 mV, 100 mV, and 1 mV, from the top.  
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were annealed in vacuum at 200  ° C for 20 min before elec-

trical measurements in ambient. [  45  ]   

 The highest on current achieved by the semiconducting 

raft FET devices on 10 nm SiO 2  was 121  μ A under a 1 V 

bias within an effective channel width of  ∼  1 micron (Figure 

 4 b,c), suggesting a high current density of 125  μ A/ μ m. Effec-

tive channel width was measured as the distance from the 

leftmost SWNT to the rightmost SWNT contained within 

the device (Figure  4 a–c). The on/off ratio of this device was 

 ∼ 4000, again, measured at 1 V bias. The number of SWNTs 

within this device was counted to be  ∼ 37, corresponding to an 

average of 3.2  μ A of current per SWNT. The highest current 

density achieved was 160  μ A/ μ m in a different device with 

a raft width of  ∼ 500 nm containing  ∼ 39 SWNTs, affording a 

current of 80  μ A. Multiple devices were found to have cur-

rent on this order while maintaining a high on/off ratio larger 

than 10 3  (Figure  4 d). The average current per SWNT over 

the device set was found to be 3.0  μ A per SWNT, matching 

devices that had been made on individual SWNTs from the 

DGU sorted P2 solution (see Supporting Information). 

 Our devices compare favorably with several reports from 

literature. Based on our relatively high current per SWNT, 

our process and device structure maintain the quality of the 

SWNT and minimize the contact resistance degradation asso-

ciated with dense SWNT proximity. [  26  ]  The  ∼ 3  μ A on-current 

per SWNT was the highest for high density ( >  10/ μ m) multi-

tube FETs with on/off  >  1000. [  24  ,  29  ,  46–49  ]  It was the fi rst time 

that  > 100  μ A total on-current was reached for SWNT short 

channel FETs with on/off  > 1000 using sorted CNTs in a sub 

micron parallel short channel. Our highest measured cur-

rent density of 160  μ A/ μ m exceeds the highest previously 

reported (125  μ A/ μ m [  26  ] ) for semiconducting CNT devices. 

Recent work in this fi eld showed chemical assembly of 

sorted semiconducting SWNTs into well ordered channels of 

increasingly small pitch down to 100 nm. [  24  ]  However, at this 

pitch, the achievable density of CNTs within a single small 

device is still very limited due to a CNT/channel number of 

 < 3 in a channel width of 70 nm at a pitch of 200 nm, limiting 

the current density of parallel CNT devices to 20  μ A/ μ m. Our 

method of packing CNTs together allows for much closer 

proximity of CNTs and consequently higher currents. On 

the other hand, a method for even denser packing of CNTs 

over large areas at densities of  > 500/ μ m using the Lang-

muir Schaeffer method has also been published recently. [  26  ]  

Devices fabricated on SWNTs at this density show very high 

contact resistance due to the close proximity of SWNTs, 

with current per SWNT on average  < 0.2  μ A. This limits on-

current density to a comparable value of 125  μ A/ μ m despite 

their higher SWNT/ μ m density. In addition, a lower current 

per SWNT requires substantially higher purity to achieve the 

same on current without m-SWNTs reducing the on/off ratio. 

They were limited to 100 nm wide channels carrying only 

12.5  μ A of total current. In contrast, our devices show much 

higher current per SWNT, which allows for a higher current 

density in our FETs. 

 In summary, we separated high purity semiconducting 

SWNTs by a new gel fi ltration method and assembled them 

into fl at, densely-packed and aligned arrays on SiO 2 /Si sub-

strates utilizing depletion attraction between SWNTs and 

attractions with the substrate. We investigated the effects of 

the composition of surfactant, substrate surface modifi cation 

and the evaporation of water on the formation of s-SWNT 

rafts. Self-assembly of s-SWNTs into dense 2D raft arrays up 

to 10  μ m 2  and high density of  ∼ 100 tubes/ μ m were obtained 

reliably. Short channel FETs made on these rafts showed 

high performance, with on currents reaching over a hun-

dred  μ A. Measurements showed high current density within 

devices containing only semiconducting nanotubes. The per-

formance of raft electronic devices can be further improved 

by increasing the purity of s-SWNTs by further refi ning gel 

fi ltration or density gradient ultracentrifuge. Although raft 

positional control has not yet been achieved, chemical pat-

terning of APTES on substrates could be one possible route 

to achieving this, further facilitating electronic applications. 

This simple, reliable and nondestructive assembly method 

opens up a new way to produce densely packed semicon-

ducting SWNTs aligned arrays for high performance elec-

tronic devices.  

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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